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Abstract

Action Mechanism of Antimicrobial
peptide, Pseudin-2 from

Pseudis paradoxa

Jeong, Chan-Young
Supervisor : Prof. Hahm, Kyung-Soo, Ph. D.
Department of Bio-Material Engineering,

Graduate School of Chosun Univercity

Pseudin-2 was isolated from an extract of the siinthe paradoxical frog
pseudis paradoxa (Pseudidae). Pseudin-2, a naturally occurring 24dwes antimicrobial
peptide (GLNALKKVFQGIHEAIKLINHVQ), had broad-spectraantimicrobial activity
and relatively low cytotoxicity. This peptide was libeed to exert its antimicrobial

activity via formation of pores in the target cell membrane.



In this study, The mechanical action of pseudin-2 microorganisms and
artificial model membranes were investigated. Cacutlichroism (CD) studies showed
that Pseudin-2 has an more amphipathibelical structure in negative liposome than
in zwitterionic liposome. The peptide had no strumtuchange in the increased salt
concentration which affected in antimicrobial aityiv Therefore, it was found that salt
did not affect to peptide conformation but did tembrane potential energy.

A study of interaction of pseudin-2 with severapolkomes revealed that it
causes perturbation of bilayer integrity of bothutn@ and negatively charged
membranes and that the action of peptide is mcetlilab some extent by membrane
lipid composition. In addition, pseudin-2 formed sa$ociated oligomeric structure in
zwiterionic liposome. It also confirmed be found ttlthe release of fluorescent markers
caused by pseudin-2 was size-dependent and it fbiamger pore than that by melittin
used as a control peptide on the zwitterionic lipos. It was also confirmed that
pseudin-2 gave a rise to effect morphological ckangf microorganisms and liposomes
using electron microscopy. In conclusion, the datasgmted in this study show that
oligomerization of pseudin-2 is required for pomrnfiation which follows the toroidal
pore-forming mechanism in zwittrerionic liposomedabarrel-stave model in negatively

charged liposome.



I . Introduction

Antimicrobial peptides are evolutionarily ancienteapons. Their widespread
distribution throughout the animal and plant kingdo suggests that antimicrobial
peptides have served a fundamental role in the ess@d evolution of complex
multicellular organisms [1]. Currently, data basepore over 800 sequences for natural
antimicrobial peptides and proteins, whereas seui@sand others have been designed
de novo and produced synthetically. Many are positively rghd, adopt an amphipathic
structure when they are in contact with biologicaembrane, and act through a
non-receptor mediated membrane Iytic mechanism. Merverecent studies suggest
other targets as well. Furthermore, because theyragily against various targets,
including Gram-negative and Gram-positive bactefimgi, enveloped viruses, parasites,
and even tumor cells, with a direct and destructivede of action, they can escape
the mechanisms involved in drug resistance, althotigere is some evidence that
specific resistance might occur. Therefore, antinfiigio peptides have been extensively
studied for their potential use as antibiotics witbw target and attracted increasing
research and clinical interest [2].

Amphibian skin has proved to be an especially rédurce of such peptides
[3]. The synthesis of peptides with antimicrobialtivdty in granular glands located in
the skin is a feature of several anuran (frog apad)t species: Pipida¥enopus [4],
DiscoglossidaeBombina [5, 6], HyperolidaeKassina [7], RanidaeRana [8, 9], Hylidae
Phyllomedusa [10], Agalychnis [11], and Litoria [12], and MyobatrachidadJperoleia
[13]. Several classes of peptides have emerged udimg the following: () linear
peptides free of cysteines and often with an angthip sequence;I) peptides with
disulfide bonds that can produce a flat dimefiesheet structure; andIl) peptides
with an unusual bias toward certain amino acidshsas proline, arginine, tryptophan,

or histidine[4, 14-16]. They are believed to kill tharget cell by destabilizing the



ordered structure of the cell membranea either a "barrel stave”, “"carpet" and
"toroidal-pore” models.

In the "barrel stave" model, peptide helices formbundle in the membrane
with a central lumen, much like a barrel composedhefical peptides as the staves.
The hydrophobic peptide regions align with thedigiore region of the bilayer and the
hydrophilic peptide region form the interior regiami the pore [17]. Peptide assembly
can occur on the surface or within the hydrophobare of the membrane, since
hydrophobic peptides can span membranes as monorfl8s Therefore such
monomers must associate on the surface of the nammbbefore insertion and the
inserted peptides associated in membranes suchthtbmt non-polar side chains face the
hydrophobic lipid core of the membrane and the bptilic surfaces of peptides point
inward into the water-filled pore.

In the "carpet model", peptides accumulate on thaydi surface. Peptides are
electrostatically attracted to the anionic phosjpliel head groups at numerous site
covering the surface of the membrane in a carget-lmanner. At high peptide
concentrations, surface-oriented peptides are though disrupt the bilayer in a
detergent-like manner, eventually leading to themfdion of micelles [19]. At a
critical threshold concentration, the peptides frawroidal transient holes in the
membrane, allowing additional peptides to accessntieenbrane. Finally, the membrane
disintegrates and forms micelles after disruptidnttee bilayer curvature [20].

In the "toroidal-pore model", antimicrobial peptideelices insert into the
membrane and induce the lipid monolayers to bendtimoously through the pore so
that the water core is lined by both the insertexptides and the lipid head groups
[21]. The lipids in these openings then tilt frome ttamellar normal and connect the
two leaflets of the membrane, forming a continuoesnd from the top to the bottom
in the fashion of a toroidal hole; the pore is dinby both the peptides and the lipid
head groups, which are likely to screen and maskoriat peptide charges. The
toroidal model differs from the barrel-stave modal the peptides are always associated
with the lipid head groups even they are perpemalilyu inserted in the lipid bilayer
[17].



The purpose of the present study was to contriiateour understanding of
the membrane activity and specificity of pseudin-2
(GLNALKKVFQGIHEAIKLINNHVQ). Pseudin-2 is an antimiabial peptide with 24
amino acids, and was first isolated from an extfcthe skin of the paradoxical frog,
Hylidae (pseudis paradoxa) [22]. A Schiffer-Edmundson helical wheel projection [23] of
its structure indicates to amphipathic peptide witie hydrophilic residues L§s Lys’,
Glu* and Lys’ segregating on one face and the hydrophobic residued, Lel?,
val’, Phé, I1le”> 1le”® and Vaf® segregating on the opposite face (Figure. 1)
Pseudin-2 has broad-spectrum antimicrobial actistych as melittin but it has less
cytotoxicity than melittin against HaCaT Cell andHBT3 Cell more than melittin. A
study of interaction of pseudin-2 with several &pmes revealed that it causes
perturbation of bilayer integrity of both neutrahda negatively charged membranes and
that the action of peptide is modulated to somesrgxby membrane lipid composition.
In addition, pseudin-2 formed self-associated oligom structure in zwiterionic
liposome. We also performed that the release of rékment markers caused by
pseudin-2 was size-dependent and it formed largee ghan melittin, used as control
peptide, on the zwitterionic liposome. We confirmedhatt pseudin-2 effected
morphological changes of microorganisms and liperby using electron microscopy.
The results are discussed in terms of a proposedeimfor the mode of action of

pseudin-2.



II. MATERIALS AND METHODS

1. Maternals

Bis (sulfosuccinimidyl)suberate (BS chitin, cellulose, chitosan, peptidoglycan
(from S aureus), lipopolysaccharide (LPS) (fronk. coli 0111:B4), bicinchoninic acid
(BCA) protein reagent, la-phosphatidylethanolamine (PE) (Type V, frol coli),
cholesterol (CH), and fluorescein isothiocyanate trdes of 4, 10, 40, 70 and 500
kDa average molecular mass (FITC-D 4/ 10/ 40/ 700)5were purchased all from
Sigma Chemical Co. (St. Louis, MO). Egg yolkohosphatidyk.-glycerol (PG) and
egg yolk _..-phosphatidylcholine (PC) were obtained from Avarfolar Lipids
(Alabaster, AL). 3,3 -diethylthio-dicarbocyanine iodid(Dis-G-5) and calcein were

from Molecular Probes (Eugene, OR). The rest of #egents were analytical grade.

2. Peptide synthesis

All peptides were synthesized by solid phase meth¢24] using Fmoc
(N-(9-fluorenyl)methoxycarbonyl)-protected aminoidsc on a Applied Biosystems Model
433A peptide synthesizer. 4-methyl benzhydrylamiesinr (MBHA, Novabiochem) (0.55
mmol/g) was used to produce an amidated C-termifigs. each coupling step, the
Fmoc protected amino acid and coupling reagents veelded in 10-fold molar excess
with respect to resin substitution. Coupling (60-98in) was carried out with
dicyclohexylcarbodiimide (DCC) and 1-hydroxy ben@asole (HOBT) in the presence
of N-methyl-2-pyrrolidone (NMP). Cleavage from resiand deprotection of the
synthesized peptide were carried out with a salutad 90% trifluoroacetic acid, 3%
water, 1% triisopropylsilane, and 2% each of 1,2-e#Hahiol, thioanisole, and phenol.
After repeated precipitation with ether. Labeling tae N terminus of a peptide was

achieved by a standard procedure reported earl®s]. [In brief, 15-20 m of
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resin-bound peptide was treated with 25% piperid{me DMF) to remove the Fmoc
group from the N-terminal amino group. The resin weashed and dried. Then Fmoc
de-protected resin-bound peptides were incubatdl tetramethyrhodamine succinimidyl
ester in dimethyformamide in the presence of 5%ogiiopylethylamine for 48-72 h,
which ultimately resulted in the formation of N-Rpeptides. Similarly, resin-bound
peptides were treated with NBD-fluoride to obtainNBD-peptide. After sufficient
labeling, the resins were washed with DMF and DCM drder to remove the
unreacted probe. The peptides were cleaved fromrésin as above and precipitated
with dry ether. The crude peptide was purified byeaersed-phase preparative HPLC
on a Waters 1mm Deltapak C18 column (19 x 300 mm), using an apjate 0-60%
acetonitrile gradient in 0.1% trifluoroacetic aciduri®/ of the purified peptide was
checked by the analytical reversed-phase HPLC uaingydac C18 column (46250
mm, 3004, 5 nm). The molecular masses of the peptides wengfirced with
matrix-assisted laser desorption ionization masctspmeter (MALDI II, Kratos
Analytical Ins) [26].

3. Preparation of liposomes

SUVs [27] and LUVs [28] were prepared for dye legdkaand binding assays,
respectively. The desired mixtures of lipids wassdliged in chloroform, dried in a
glass tube under nitrogen, and then lyophilized migat to obtain a thin lipid film.
Then, dry lipid films were resuspended in phospHaiéfer (10 mM sodium phosphate
containing 10 mM NaCl, pH 7.4) on water-bath at™50and sealed with parafilm
under nitrogen. The resulting mixtures were vortexectasionally to disperse the
lipids. To prepare the SUVs, lipid dispersions weomicated in a bath-type soincated
for 5 min in cold water until the turbidity had aked and then extruded 10 times
through polycarbonate membranes with 0idm diameter pores to ensure a
homogeneous population. LUVs were prepared by frdemeing the desired lipid

suspensions five times under nitrogen, and then udett 10 times through



polycarbonate membranes with 0@dm diameter pores to ensure a homogeneous
population. Their concentration was determined by standard phosphate assay,
preceded by acid digestion of the phospholipids. BEwerage dimeters of vesicles

were confirmed by transmission electron microsc@pll Tecnai 12).

4. Antimicrobial assay

(1) Stains

Escherichia coli (ATCC 25922), Salmonela typhimurium (KCTC 1926),
Pseudomonas aeruginosa (KCTC 1637), Bacillus subtilis (KCTC 1918), Saphylococcus
epidermis (KTCT 1917), Salmonella typhimurium (KCTC 1926), Saphylococcus
aureus (ATCC 25923), Candida albicans (KCTC 7270), Trichosporon beigellii (KCTC
7707), Aspergillus fumigatus (KCTC 6145), Fusarium oxysporum (KCTC 16909), and
Aspergillus flavus (KCTC 6905) were supplied by the Korean Collectitor Type
Cultures (KCTC), Korea Research Institute of Bioscee and Biotechnology (Taejon,

Korea).
(2) Antibacterial activity assay

The bacteria were grown to the mid-logarithmic ghas trypticase soy broth
at 37C. The antibacterial activity of each peptide was fgremed using the
microdilution assay. Briefly, bacteria cells were ledled in mid-log phase and
suspended with buffer | (low ionic strength buffd) mM sodium phosphate, pH 7.2)
and buffer 1l (high ionic strength buffer; phosphéuffer saline, pH 7.2). Two-fold
serial dilutions of each peptide, ranged form 0.56tb uM, in buffer | and Il, were
arranged in sterile 96-well plates, then an aligobtcell suspension was added to each
well. The cell count was 1x10CFU (colony forming units) / ml. The plates were

incubated for 2 hr at 3¢ for fungal cell. At the end of the incubation, %0 of
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20-fold diluted samples were plated on appropriagar plates, depending on the
microorganism tested. Plates were incubated for 24ahd then colonies were counted.
The lowest concentration of peptide that completiliibited growth was defined as
the minimal inhibition concentration (MIC). The Mi®alues were calculated as an

average of independent experiments performed plicaie.
(3) Antifungal activity assay

To determine MIC of peptide against various fungathogens, fungal spores
from 10-days-old cultures grown on PDA plate at @8Were collected with 0.08%
Triton X-100. Eighty microliters of a spore suspensi (final concentration f0
spores/ml) in PD media was subjected in 96-well ratiter plates and mixed twenty
microliters of peptides, which are appropriately oif serial diluted concentrations.
After 12 to 36 h of incubation at 28°C, growth oermpination of fungi was evaluated
microscopically, using an inverted microscope, andidity of each well was also
measured by absorbance at 595 nm using a microtéader (Molecular Devices
Emax, CA, USA).

5. Hemolytic and cytotoxic assay

(1) Hemolytic assay

Hemolytic activities were measured for all peptidesd assessed determined
sing hRBCs from healthy donor, collected on hepafiresh hRBCs were rinsed three
times in PBS (1.5 mM KHPQ, 2.7 mM KCI, 8.1 mM NgHPQ, 135 mM NaCl, pH
7.4) by centrifugation for 10 min at 800 x g andugggended in PBS. The peptides
dissolved in PBS were then added to 100 of the stock hRBCs solution in PBS
(final erythrocyte concentration, 4% v/v). The sarspleere incubated with agitation

for 60 min at 37C. The samples were then centrifuged at 800 x g forniin. The
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absorbance of the supernatant was measured at 44 amd controls for zero
hemolysis (blank) and 100% hemolysis consisted RB@®s suspended in PBS and 1%

Triton X-100, respectively. Each measurement was niadgiplicate [29].

% haemolysis = [ (Absis nm in the peptide solution - Abgis nm in PBS) / (Absis nm in
0.1% Triton-X100 - AbSsi2 nm in PBS) ] x 100

(2) Cytotoxic assay

NIH/3T3 (Mouse Fibroblast cells) and HaCaT (Humaeara€inocyte cells) were
cultivated in Dulbecco’s minimal Eagle medium (DMEMnedium at 3T and 5%
CO, for 5-7 days. Assays were performed by incubatibn2el0® cells with varying
concentration of peptides for 19 h at 37 °C and &%, in a 96-well plate. The
Triton X-100 (0.1% final concentration) was used reegative control and pure medium
assay was used as negative control. Proliferatioth \anbility a was determined by
MTT [3-94, (5-dimethylthiazole-2-yl)-2,5-diphrnyl tazolium bromide] assay. The plate
was then incubated for 24 h before adding to ea@il WO pul of MTT reaction
solution. The medium containing MTT was removed, 400 ul of dimethyl sulfoxide
(DMSO) was added. Cells were incubated for 10 mirfC3W®ith gentle shaking. The
optical density was read at 550 nm in an enzymetnimmunosorbent assay plate
reader after 2 h of incubation. Cell viability wastermined relative to the control. All

studies were performed in triplicate.

6. Circular Dichroism (CD) spectroscopy

All CD spectra were recorded using a J-810 pecttgpheter (Jasco, USA)
Spectral scans were performed from 190 and 250 nith & step resolution of 0.1
nm and bandwidth of 1.0 nm at 50 nm/min. A 0.1 cm{eatjth quartz optical was

used for the measurements and values from 5 scame waweraged per sample. The
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peptides were scanned as $® solutions in appropriate buffers with and/or rdaCl

and in the presence of various liposomes [30, 31].
7. Peptide binding to microbial cell wall componers

To perform anin vitro binding assay of synthetic peudin-2 and melittire w
used Curdlan §-1, 3-glucan; yeast), peptidoglycafs-{, 4-glycosidic linkage between
N-acetylmuramic acid and N-acetylglucosamine; Gpsiive bacteria), chitin 3-1,
4-N-actyl-D-glucosamine) and celluloseB-{, 4-glucan). The synthetic peptides were
suspended with 10 mM sodium phosphate, pH 7.4. Inkolpblysaccharide (20Qg)
were added to a 20@l aliquot of peptides solution (ig) and incubated at room
temperature with mild agitation for 30 min. The robd were centrifuged (12,000 x g
for 20 min) and the resulting pellet was washecedhtimes with 0.5 ml of washing
buffer (10 mM Tris, pH 7.5, 500 mM NaCl, 0.02% Tween .20he peptides bound
to the insoluble polysaccharide were detached kdingdSDS-PAGE sample buffer and
then subjected to 16.5% Tricine SDS-PAGE. The LPSaifGnegative bacteria)
binding assay was carried out using essentially ghme method as described above,
except for centrifugation at 22,000 x g for 15 minedto precipitate small liposomes
of LPS [32].

8. Detemination of peptide detergent-like action 0

liposomes

To evaluate the bilayer-disruptive property of miet2 and melittin, the
change in attenuance at 405 nm of liposome suspeisiwas measured upon
incubation with pseudin-2 and melittin. Clearing dfie turbid vesicle suspension
indicates the solubilization of liposomes into deralparticles. LUVs suspensions in 10
mM sodium phosphate, pH 7.4, were incubated with asing amounts of either

pseudin-2 or melittin at room temperature for 30n.mAfter this time, attenuance of

_13_



samples were measured on a ELISA at 405nm. Contolgained liposomes but no

peptides. Measurements were made in triplicate.
9. Oligomenzation of the peptides in solution

Rhodamine-labelled peptide (04M final con.) was added to 2 ml of 10
mM Sodium Phosphate buffer, and rhodamine fluoreseeemission was monitored.
Proteinase K (1Qug / ml) was then added, resulting in an increaseha fluorescence
emission as a result of the dequenching of the aimime fluorescence. More
proteinase K was added until no further increasethia fluorescence emission was
observed. Excitation was set at 530 nm (10 nm alit)) emission was set at 582 nm
(8 nm slit). All subsequent fluorescence measuresnewere performed at room

temperature on a Perkin-Elmer LS-55 luminoscencectspmeter.

10. Accessibility of membrane-bound peptides to pteolytic

degradation

Lipid vesicles (150uM in a 1 ml cuvette) were added to NBD labeled
peptides (0.1uM, in 10 mM Sodium Phosphate buffer). After 15 minptpmase K
(10 ng / ml) was added. Fluorescence emission as a @umalf time was recorded
before and after the addition of the enzyme. In mbnexperiments, NBD-labeled
peptides were pre-incubated with proteinase K imeags solution, followed by the
addition of the liposomes. Fluorescence measuremeete performed with excitation

set at 470 nm (10 nm slit) and emission set at B30(8 nm slit).

11. Chemical cross-linking analysis

Pseudin-2 and melittin were incubated with LUVs fb®@ min at room temperature.

_14_



The samples were further incubated with 8® of BS’ [33] and for 1 hr. After
incubation, the samples were added to a tricine karpffer (1 ml 1M Tris-HCI pH
6.8, 0.4 g SDS, 2 ml glycerol, 0.02 g bromophenol blud &B81 g DTT adjust
volume to 20 ml) and subjected to 16.5% Tricine-SEXS5E without heating. The
peptide bands were identified in the gels followipomassie Brilliant Blue G-250

staining.

12. Fluorescence resonance energy transfer analysis

Fluorescence energy transfer experiments were rmpeetb with excitation
wavelength set at 467 nm and emission range of6B00m. Desired amount of the
NBD-labeled peptide was taken in a fluorimeter ¢teve Sufficient amounts of the
phospholipid vesicles were added to the NBD-labelgebtide to ensure that the
peptides were bound to the membrane. Now Rho-labatsdptor peptide was added
to the donor peptide-lipid complex. Energy transfeom donor to acceptor was
determined by subtracting the acceptor fluorescemtethe presence of lipid and
unlabeled donor from the fluorescence signal obthinn the presence of donor,

acceptor and lipid vesicles.

13. Membrane potential depolarization assays

(1) depolarization assay with liposomes

The ability of the peptides to destabilize the pimdipid bilayer was
detected by their efficacy to dissipate the diffimsipotential across the membrane. The
experiments were performed as follows [34, 35]. Lipidsicles were prepared in*K
buffer (50 mM KkSQJ/25 mM HEPES sulfate, pH 6.8). Required amounts of lipie
vesicles were mixed with isotonic (Hree) Na buffer (50 mM NaSQ/25 mM

_15_



HEPES sulfate, pH 6.8) followed by the addition ofe tipotential sensitive dye
diS-G-5. Addition of valinomycin created a negative poit@ninside the lipid vesicles
by the selective efflux of K ions from the lipid vesicles. As a result of that a
guenching of the fluorescence of the dye occurrethemVthe dye exhibited a steady
fluorescence level, peptides were added. Membranengadiility of the peptide was
detected by the increase in fluorescence, which Itegsufrom the dissipation of
diffusion potential. Fluorescence was monitored &0 6im with respect to time (S)
with excitation wavelength of 620 nm. The peptiddticed dissipation of diffusion
potential was measured in terms of percentage wfrdscence recovery ((Fas defined

by Refs. 25 and 36 in Equation ,

F=[ (It -lo) / (It -lo) ]1x100%

where | = the observed fluorescence after the additiora gbeptide at time t (10 min
after the addition of the peptide); £ the fluorescence after the addition valinomycin

and = the total fluorescence observed before the madiof valinomycin.

(2) Depolarization assay with bacteria

The assay was performed with whole cells of Grasitpe and
Gram-negative bacteria and spheroplasts of Grarativeg bacteria using the
experimental conditions described previously [37].

Gram-positive Bacteria— S aureus was grown at 37 °C with agitation to
mid-log phase (OBEo = 0.4). The cells were centrifuged and washed onith hwffer
(20 mM glucose, 5 mM HEPES, pH 7.3) and resuspended ©Ds of 0.05 in a
similar buffer containing 0.1 M KCI. The cells (theanse concentration as in the
biological activity assay) were incubated with M diS-G-5 until a stable reduction
of fluorescence was achieved (around 60 min), itiigathe incorporation of the dye

into the bacterial membrane. The peptides were #mdohed from the stock solution (1
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mg / m!) and dissolved in the KCI buffer to achieve thesidsl concentration (0.1-10
fold the MIC concentration). Membrane depolarizatias monitored by observing the
change in the intensity of fluorescence emissiontted membrane potential-sensitive
dye diS-G-5 (excitation wavelengtihex = 622 nm, emission wavelengitem = 670
nm) after the addition of different concentratioois peptides.

Gram-negative Bacteria— Spheroplasts ofE. coli  (lipopolysaccharide and
peptidoglycane free bacteria [38]) were prepared dsmotic shock procedure as
follows. First, the cells from cultures grown to &P = 0.8 were harvested by
centrifugation and washed twice with 10 mM Tris8@, 25% sucrose, pH 7.5. Next,
the cells were resuspended in the washing buffertaging 1 mM EDTA. After a
10-min incubation at 20°C with rotary mixing, the llge were collected by
centrifugation and resuspended immediately in frepz(0°C) water. After a 10-min
incubation at 4°C with rotary mixing, the spheropasere collected by centrifugation.
The spheroplasts were then resuspended t@oO&F 0.05 in a buffer containing 20
mM glucose, 5 mM HEPES, 1 M KCI, pH 7.3. Further treatim&as done exactly as

described forS. aureus.

14. Calcein leakage from lipid vesicles

Peptide induced release of calcein from calceinapped vesicles is often
employed to detect the pore-forming activity of teins and peptides.
Calcein-entrapped lipid vesicles were prepared veittself-quenching concentration (60
mM) of the dye in 10 mM HEPES at pH 7.4 as reporeadlier [39, 40]. Briefly,
thin film of lipid (either PC/CH or PE/PG) was repended in calcein solution,
vortexed for 5 min and then sonicated in a batletgonicator. The non-encapsulated
calcein was removed from the liposome suspensiongddyfiltration using a Sephadex
G-50 column. Usually lipid vesicles are diluted t®-fbld after passing through a

Sephadex G-50 column. The eluted calcein-entrappesicles were diluted further in
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the same buffer to a final lipid concentration of0 3uM for the experiment.

Peptide-induced release of calcein from the lipidsieles was monitored by the
increase in fluorescence due to the dilution of tbge from its self-quenched
concentration. Fluorescence was monitored at roompéeature with excitation and
emission wavelengths fixed at 490 and 520 nm, rdéisehec Calcein release as
measured by the fluorescence recovery is definedth®y same equation as used to
determine the dissipation of diffusion potential. wéwer, in this case If, the total
fluorescence, was determined after the addition aftod X-100 (0.1% final

concentration) to the dye-entrapped vesiclepsasion.

15. Dextran leakage from lipid vesicles

Dextran-loaded vesicles containing the FITC-D obick (FITC-D 4, 10, 40,
70, and 500) were prepared as reported elsewherde T4k release of dextran from
loaded vesicles upon interaction with pseudin-2 angklittin  were examined
fluorimetrically; excitation and emission wavelengt were 494 nm and 520 nm
respectively. In a typical experiment, an aliquot tbé peptide solution in 20% (v/v)
ethanol was incubated with a suspension of dextaded vesicles in buffer, with a
final lipid concentration of 50uM. The mixture (2 ml, final volume) was stirred
gently for 10min in the dark and then centrifuged 22500 x g for 30 min. The
supernatant was recovered and its fluorescencensitye recorded. The maximum
fluorescence intensity was determined by the amditof 20 uyl of 10% (v/v) Triton
X-100 to the vesicle suspension. Dextran releasemassured by the fluorescence

recovery is defined by the same equation as usedetermine the calcein leakage.

16. Electron microscopy assay

(1) Confocal laser-scanning microscopy
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In order to analyze cellular distribution of Rhodaen (Rho) labeled pseudin-2,
confocal laser scanning microscopy was usdfl. coli, S. aureus and C. albicans were
inoculated into 3 ml of each medium and incubated3#C and 28°C for 12 h. The
cells were then diluted 1:50 in Saubouraud dextros#h medium (SDB medium; 1%
bacto peptone, 4% glucose) and incubated at 28°C3fbr to enrich the population of
exponentially growing cells. The number of cells wasjusted to 10 cells per
milliliter by diluting in the SB medium. In some @&s the stationary-phase cells were
used instead of the exponential-phase cells. Rhodps® was added to 100l of the
cell suspension at 6.26M, and the cells were incubated at 37°C and 28°C Zor
min. The cells were pelleted by centrifugation at06,0opm for 5 min and washed
three times with ice-cold PBS buffer. Extracellulacalization of Rho-pseudin-2 was

examined by LSM510-META microscope (ZIESS).

(2) Scanning electron microscopy (SEM)

Mid-log growth phase S. aureus, E. coli and C. albicamse resuspended at
1¢® C.F.U./ml in sodium-phosphate buffer, pH 7.4, suppleetenwith 100 mM NaCl,
and incubated at 37 and 28C, respectively, pseudin-2 and melittin. Controls were
run in the absence of peptide solution. After 30 nifre cells were fixed with an
equal volume of 5% (v/v) glutaraldehyde in 0.2 Mdison-cacodylate buffer, pH 7.4.
After fixation for 2 h at 4, the samples were filtered on isopore filters (Qr@ pore
size, Millipore, Bedford, MA) and extensively washedthw0.1 M cacodylate buffer,
pH 7.4. The filters were then treated with 1% (wAdmium tetroxide, washed with
5% (w/v) sucrose in cacodylate buffer and subsetjedehydrated with a graded
ethanol series. After lyophilization and gold cogtinthe samples were examined on a
HITHACHI S-2400 instrument (HITHACHI, Japan) [42].

(3)Transmission electron microscopy (TEM)
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Pseudin-2 and melittin were incubated with SUVsoatm temperature in 10 mM
sodium phosphate buffer. After incubation, peptidesrewapplied to glow-discharged
carbon-coated copper grids. After allowing the mptand SUVs to absorb for 1 min, the
grids were rinsed with the same buffer , and staimitd 2% (w/v) uranyl acetate. Electron
micrographs were then recorded (FEI Technei 12as@mpe) at nominal magnifications (67

000-110,000 %4y and an accelerating voltage of 120 kV [42].
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II. RESULTS

1. Antimicrobial activity and cytotoxicity of pseudn-2

Pseudin-2 was analyzed for its potential, that imhthe growth of bacteria,
yeast and fungi compare to melittin (table 1). Pse@dhad more a potent antibiotic
activity against bacteria more than yeast and fumgid it showed a similar activity
with melittin, used as a control peptide, in diffaréonic strength buffer.

Cytotoxicities of pseudin-2 and melittin in the dbr cell lines were compared,
RBCs (Human Red Blood Cells), NIH/3T3 (Mouse Fibeshl cells), HaCaT
(Spontaneously immortalized Human Keratinocyte s§ellPseudin-2 showed relatively
low hemolytic activity, whereas melittin exerted #oag hemolytic activity (Table 2).
Melittin also exhibited a strong cytotoxicity adtiv against NIH/3T3 and HaCaT cells.
Melittin has been known as one of most potent dnotobial peptide (AMP) but has a
strong cytotoxic activity which can lead to seriopsoblems onin vivo applications.
But, pseudin-2 has comparative high antimicrobialtivdg and relatively low
cytotoxicity. Comparing selectivity of peptides awsi bacterial cells and mammalian

cells, We suggest that pseudin-2 is a better AMP timelittin.

2. Secondary Structure of pseudin-2

To examine the secondary structure of the pseudim® performed its CD
measurements in different solutions. As shown in uf€g 2A, pseudin-2 formed
concentration-dependently helical conformation iigently, which has lower ellipticity
at 208 nm and 222 nm. These result indicates thahcamacids of each peptides was
induced from random coil to amphipathichelical structure, because the increasing

peptides may make a hydrophobic environment as mpamide is closed to another by
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increasing concentration of peptide. In the more rbgdobic solvent (50%
trifluoroethanol), the negative bands centered & 80d 222 nm and the positive band
centered at 193 nm are indicative of significamthelical character. Interestingly,
although antimicrobial activity of pseudin-2 wasfeated by ion strength as salt, its
structure did not change when the peptides werebated in a buffer with an NaCl
concentration of up to 100 mM (Figure. 2C). To sinmlshe contact of the peptides
with microorganism membrane, we incubated the pseRdivith unilamellar vesicles
having different compositions. It is induced to bali structure in the presence of
liposomes, although to different extents, that is ilaimto hydrophobic solvent. Its
helicity was increased in the negatively chargedioles more than zwitterionic vesicles
due to electrostatic interaction between positiveharged amino acids of peptide and

head groups of negatively charged lipid.

3. Tamget of pseudin-2 confiimed by confocal laseseanning

microscopy

To determine the site of action of the pseudin-2,0-Ribeled peptide was
incubated withE. coli, S. aureus and C. albicans and their localization were visualized
by confocal laser-scanning microscopy. Figure 3 shalwat Rho-labeled pseudin-2
bound on bacterial cell surfaces and bound on aedetpated into yeast cells.
Therefore, we performed next experiment which fotoiscell surfaces (cell wall and

membrane).

4. Effective pseudin-2 recognize the chitin and p&gdoglycan

To evaluate the binding specificity of pseudin-2 tuoicrobial cell wall
components, various insoluble oligosaccharide potgnfsuch as3-1,3-glucan and chitin

from vyeast, LPS from Gram-negative bactria, peptiglgh from Gram-positive
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bacteria, chitosan and celullose) was used. Afteubation, the peptides bound to the
insoluble polymers were extracted using an SDS-PAgaEple buffer and confirmed
by SDS-PAGE. As shown in Figure 4, pseudin-2 boundchdin and peptidoglycan
but did not interact with LPS, which is comparablgéhwesult of melittin as previous
report [48]. The binding ability in peptidoglycan meopredominated than in chitin.
These results is consistent with previous antintigdo activity assay, in which
pseudin-2 has a better antibiotic activity agaibatterial cells than fungal cells. But,
all can not be described by only this result duedifferent cell wall conponents of

gram-negative and -positive bacteria.

5. Effects of pseudin-2 to liposomes disruption

Several a-helical peptides, including melittin and magainirese known, at
high peptide concentrations, to solubilize membrainea detergent-like manner, causing
both bilayer micellization and fusion [49, 50]. Inder to investigate effects of
pseudin-2 toward membranes, its another target, wesuned the attenuance of
artificial LUVs with various compositions. Peptiddstibution in changes of vesicle
size resulting from peptide-induced aggregation nucellization can be monitored by
following the attenuance of the liposome suspensibhe changes in the peptide to
lipid molar ratio are shown in Figure 5, which werempared with melittin, used as a
reference. Pseudin-2 did not caused aggregation eftral and negative vesicles,
whereas the melittin aggregated a negatively cldargesicles in dose-dependent

manner.

6. Pseudin-2 self-associates in solution

The ability of pseudin-2 to self associate in dolutwas investigated using
Rho-labelled peptides. Rho-labelled melittin was dusas a control peptide. The

fluorescence of rhodamine is only slightly sensitito the polarity of its environmental
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and therefore it can studied in solution. This asgaypased on the principle that the
fluorescence is quenched when several rhodaminesimarclose proximity, i.e., when

they self-associate or form oligomers. The fluorasee of the respective peptide at
different concentrations is compared to the fluceese of the peptide after treatment
with proteinase K, which resulted in total degraolatiof the peptides. The percentage
of fluorescence recovery in solution is a measurgnw the aggregation state. Figure
6 showed that the initial fluorescence of Rho-pge&d is lower than that of

Rho-melittin, which suggests a higher oligomerictestéor pseudin-2 compared with

melittin. After 2 hr of treatment with proteinase khich resulted in total degradation
of the peptides, the fluorescence intensity of &k tpeptide reached similar values.

This indicates that pseudin-2 can self-associdte 10 melittin.

7. Pseudin-2 self-assembles in lipid vesicles

To further evaluate whether the observation desdribove indeed reflected
self-association in lipid vesicles, we performed tfaorescence resonance energy
transfer with the peptides labelled by NBD as fkswmence energy donor and
rhodamine as energy acceptor. Two probes fulfill tepectroscopic criteria of
fluorescence resonance energy transfer when they imrclose proximity, and the
assembly of a peptides can be determined with #p bf energy transfer experiment
between its NBD and rodamine labelled peptides.hi presence of lipid vesicles (400
uM), addition of Rho-pseudin-2 (final concentratioh @05-0.4 uM) to NBD-pseudin-2
(0.2 uM) quenched the donor's emission and increasedateptor's emission, which is
consistentent with energy transfer (Figure 7A, B). gkown in the panel A of figure
7, the addition of energy acceptor Rho-pseudin-2 dionor NBD-pseudin-2 onto
zwitterionic liposome resulted in an appreciablecrdase in NBD fluorescence
concomitant with the increase in rhodamine fluoeese. This observation was
consistent with the energy transfer from NBD-psetli to Rho-pseudin-2. This

suggests that pseudin-2 self-assembled in PC/CHttéziwnic) liposomes. The panel B
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of figure 7 depicts the results of energy transtgperiments between NBD-pseudin-2
and Rho-pseudin-2 in PE/PG (negatively charged)styme. In contrast to zwitterionic
liposome, fluorescence of the donor peptide littteerdased . These result suggest that
pseudin-2 did weakly self-assemble in PE/PG (neggl liposomes. Panel C, D of
figure 7 shown that melittin self-assembled in b&®KE/CH (zwitterionic) and PE/PG
(negatively) liposomes.

We examined oligomeric states of pseudin-2 usingngbal cross-linking in
the lipid vesicles. As shown in Figure 8, in PC/CH, @8, D) liposomes, multimeric
complexes of pseudin-2 were observed, and pseud#xgts to trimer in PE/PG

liposomes.

8. Ormganization of the peptides upon binding to vesles

In order to determine the location of the peptidesto the membrane,
proteolytic cleavage experiments were performedh witBD-labelled peptides in their
membrane-bound state. The basis of this experimgenthat NBD-labelled peptides,
bound onto the membrane-surface, are cleaved byotegbytic enzyme like proteinase
K, which can be monitored by the decrease in NBDfHigcence from the
characteristic membrane-bound level. On the othendhaNBD-fluorescence of a
membrane-inserted peptide is not be decreased d$mca@uoteinase K is not be
accessible in membrane. Figure 9(A) shows that, afterteinase K treatment, the
fluorescence of the NBD-labelled pseudin-2 did mwEcrease (a, b, ¢). This result
indicates that at least a part of the peptide waklem inside the lipid bilayer and
hence not cleaved after incubation. Whereas, therefoence of NBD decreased when
pseudin-2 added in PC/CH (d). This indicates tha fiseudin-2 bound to PC/CH is
susceptible to degradation. Control experiment wasedby adding proteinase K to
NBD-labelled peptide prior to the addition of vdeg (Figure 9B). Melittin is the case
with control experiment, when vesicles were addedhi partially degraded peptide, a

smaller increase in fluorescence was observed dueinding of the partially uncleaved

_25_



peptide to vesicles. The finding that NBD-pseudinliél not protected from degradation
when bound to PC/CH vesicles, is different from tesults found with melittin. We
suggests that pseudin-2 is not inserted but jusindboin zwitterionic liposome and
inserted in negatively charged liposome. This inggathat it might be bound in
eukaryotic membrane and inserted in prokaryotic brame, and that consistent with

the results of its antimicrobial activity.

9. Depolanzation of the membrane potential of baetia and

liposomes

To further investigate how their interaction withhet bacterial plasma
membrane leads to cell death, we assessed theyabilitthe peptides to induce
membrane depolarization in intact bacteria d@hdcoli spheroplasts (Figure 10). The
cell concentrations in the diffusion potential assaere similar to that used in the
antimicrobial assay. Figure 10 shows the dose-depgnddissipation of the
transmembrane potential of bacteria by peptides. Esellts reveal a direct correlation
between the MIC values for them. The depolarizatédfects of pseudin-2 are almost
similar to both outer membrane (intact cells) ander membraneE, coli spheroplast),
but especially melittin was more sensitive in int& coli than E. coli spheroplasts. It
is reasonable to deduce that the major targets sefigin-2 are both membranes and
that of melittin is the outer membrane of the baateTherefore, pseudin-2 is more
effective than melittin against bacterial strains.

Dissipation of diffusion potential experiments weused to test whether the
pseudin-2 reduced the ability to increase the pehiliey of SUVs composed of PE/PG
(7:3) and PC/CH (8:2). The peptides were mixed aioua concentrations with lipid
vesicles and pretreated with the fluorescent dy& @i5 and valinomycin. Fluorescence
recovery over time was used to measure the kinafcgissipation of the diffusion

potential induced by the peptides. Pseudin-2 haderbeability than melittin in
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increasing the permeability of PC/CH vesicles (FéigullA). Figure 11 show that
pseudin-2's permeabilizing activity in PE/PG vessclis better than PC/CH vesicles.
This data is consistent that antimicrobial activity pseudin-2 toward bacterial cells

more potent and fungal cells.
10. Pemmeabilization of lipid vesicles

The membrane-permeabilizing ability of pseudin-2 swanvestigated by
measuring the release of the fluorescent markarealfrom liposomes. The percentage
of calcein leakage 10 min after exposure to thetigepwas used as a measure of the
membrane permeability enhancing effect of pseudiar@l melittin (Figure 12). These
peptides caused the release of the entrapped mbddar all tested liposomes, although
the effectiveness were significantly dependent @siole composition. This data show
that activity of peptides were similar to differemhembrane-permeabilizing ability.
Specially melittin has a little activity for neutrposomes than pseudin-2. The activity
of peptides were against negatively charged lipesmand the peptide caused an
almost total disruption of these vesicles at a eatration (lipid/peptides = 20).
However, the variance in the extent of peptide-iedupermeabilization of vesicles of
any lipid composition at high peptide concentradiomas in reality quite low indicating
that a threshold peptide/lipid value had been redch

To gather further clues as to the type and sizenembrane damage caused by
pseudin-2, we assessed the peptide-induced reldaposome-encapsulated markers of
different size. The different lipid vesicles wereelpaded with fluorescently labelled
dextrans of FD4 (3.9 kDa, 1.8 nm radii), FD10 (9.9 kD@20 (19.8 kDa, 3.3 nm
radii), FD40 (40.5 kDa, 4.8 nm radii), FD70 (71.6 kDa, & madii) and FD500 (530
kDa) and then incubated with increasing amounts pséudin-2 and melittin. This
method allows one to distinguish between the acwtbna pore-forming peptide, with
the possibility to size such pores, and a peptice #cts in a detergent-like manner
[57]. The results obtained with pseudin-2 and nieliteveal a marked dependence of

peptide-induced leakage on the molecular massiafzéhe fluorescent probe (data not
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show). Figure 13 show that these peptides reveatedtentration-dependent leakage to
vesicles. And then psedusin-2 of 1M has high activity more than melittin of neutral
charged vesicles. Melittin and pseudin-2 were found release 09% and 100% of
FITC-D 4, 48% and 89% of FITC-D 10, 18% and 52% ofGID 40, 17% and 32%
of FITC-D 70 and 14% and 25% of FITC-D 500, from €8/ (8:2) at a peptide
concentration of 10uM (lipid/peptide = 30). In the previous data, theyvdasimilar
antimicrobail activity and forms small pore whiclancpass calcein and ion. Therefore,
the of radii pore size induced by pseudin-2 couighl&n ~4.8 nm. Pseduin-2 made

bigger pore than melittin on zwitterionic vesicles.

11. Electron microscopy analysis

The effects of pseudin-2 on the morphology Bf coli, S aureus and C.
albicans were observed using scanning electron microscopyenitihe peptides were
applied at concentrations corresponding to 60% Mi& morphological changes were
compared to cells in absence of peptide (Figure 14)C. albicans pseudin-2 caused
flabbiness over the entire cell wall, whereas intégal cells it induced the burst and
aggregation of cells (Figure 14B). This differencaynreflect the fact that modes of
action of pseudin-2 against various microorganismarevexpressed by components of
cell surface, e.g., cell wall and membrane. On the bakithe electron microscopy
studies and spectrometric analysis, pseudin-2 clhrthie pathogenic cells and disrupt its
membranes by multiple mechanisms of action.

To analyze the morphological changes of melitteated vesicles, a
comparative examination was carried out before afigr the addition of peptide.
Electron micrographs revealed that control vesi@dppear as spherical or oval bubbles
of 50-120 nm (Fig. 15A). Addition of peptide in anpappriate peptide-to-lipid molar
ratio (1:20) caused morphological changes (Fig. 1%B, Figure 15B shows that

released micelle-liked structures were induced bptide, which due to a toroidal pore
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mechanism, at critical concentration of peptide. Tdlectron micrograph shows that
pseudin-2 forms ring-like structures on PC/CH lpmes. These ring-shaped molecules
are either attached to liposomes or are releaseéd $wolution. The complexes of
pseudin-2 bound to membrane were shown to oligamienim. The results of electron
microscopy and chemical cross-linking (Fig. 8) swsggiat pseudin-2 forms oligomeric
pore complexs. However, in the PE/PG liposomes, noelleitike structures were
observed (Fig. 15C). The remarkable change of negjaticharged liposome was not
visible, but the size became larger. This result cagi that peptides bind to head
group of lipids electrostatically and insert intatt§ acid of lipids, and then form small
pore as a barrel-stave mechanism. On the basis eofeldactron microscopy studies of
liposomes, we propose that pseudin-2 disrupts merabrdby multiple mechanisms of

action according to microorganism.
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IV. Discussion

In this study, weshowed that pseudin-2 folds into a helical stnectat the
membrane and then assembles into oligomer. Ouitseswicate that the mode of
action of pseudin-2 changes according to the ligoehposition of the liposome (or
microorganism). On the basis of the present resuli® propose that, in
zwitterionic liposomes, pseudin-2 forms a toroigmre with oligomeric structures
at threshold concentration, whereas in negativdlgrged liposomes, it forms small
channel. These findings were analyzed by using 8pectrometric studies,
biochemical techniques and electron microscopy.

In this studies we found that pseudin-2 has sevienattional properties. These
are: (i) pseudin-2 has a strong antimicrobial activity betatively low cytotoxicity;
(i) it can bind to chitin and peptidglycan but not tdPS; (ii) it can form
self-oligomers in solution; i) it binds and permeates efficiently in negativelyarged
better than in zwitterionic liposome;v( it can form highly aggregate as a multimer
when bound to zwitterionic liposome, but as a trimgvon binding to negatively
charged liposome;v{) it is significantly resistant to proteolytic dagiation when bound
to negatively charged liposome, whereasit is highgceptible to enzymatic degradation
when it bound to zwitterionic charged liposomeyji)( depolarization and dye-leakage
assay are concentration-dependent in both liposonssl (ii) it has different
mechanisms according to lipid to peptide ratio acell types. In the following
paragraphs these observations will be discussetidre detail.

Linear antimicrobial peptides that form an ampHipata-helical structure upon
their binding to the bacterial membrane are amdmg most abundant and widespread
in nature. Many studies have demonstrated thatasitber of amphipathicity significantly
reduces their broad spectrum of antimicrobial #agti(19, 44-45). A wheel diagram

showed that pseudin-2 could form an amphipathidelix. Here, by using CD
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spectroscopy, we found that pseudin-2 adoptedu-éwelical structure in an hydrophobic
environment such as 50% TFE and in a mimic enviemmof the bacterial cell
membrane.

Pseudin-2 show increased potency against micrommarbut appreciably less
cytolytic activity against keratinocytes, fibroblasand hRBCs. The composition of the
bacterial cytoplasmic cell membrane is rich in &cighospholipids, whereas the plasma
membrane of mammalian cells contains a much higheportion of zwitterionic
phosphatidylcholine and sphingomyelin [46]. Here, w@nfirmed that pseudin-2 has a
strong antimicrobial activity and it reveal similactivity with melittin that has been
known as requiring very strong activity.

In most microorganisms, the cytoplasmic membrane sisrounded and
supported by a cell wall that provides strength,diig and shape. To interact with
the membrane, antimicrobial peptides, including rielitmust pass through the cell
wall. Therefore, if they are unable to bind to thdl eeall, they may have less or a
complete loss of activity. Although this is an imamt concept, mechanism studies of
cell wall components have been reported only forSLFConsequently, pseudin-2 is a
cationic antimicrobial peptide and it should proenahteraction with negatively charged
components of microbial surface and increase aotohial potency. Here, we show that
pseudin-2 can bind to insoluble polysaccharides.addition, our results indicate that
melittin can specifically bind to chitin from yeasand peptidoglycan from
Gram-positive bacteria, although can not to LPSmfr&ram-negative bacteria. In
previous report, it demonstrated that melittin douleutralize to LPS, but pseudin-2
showed that could not interact and neutralize i anpublished data. Can this
data explain how pseudin-2 has such a broad ambbia activity? We proposes
that its antibacterial activity against Gram-negatibacteria is not upon interaction

with LPS but with other lipids as another cell fenr
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Selectively, pseudin-2 was less hemolytic at up t® @M and it less
efficiently than bacteria with negatively-chargecembranes. Human RBCs are rich in
negatively-charged sialic acid-containing carbohydrate moieties in thHerm of
glycoproteins and glycosphingolipids, which form the glycocalixyda. It is possible
that the peptides stick to the negatively chargsaogalix layer and, because of their
low capacity to partition within zwitterionic mengres, they cannot diffuse into the
membrane. There is also a general consensus thatophgiic peptide-membrane
interactions should determine the hemolytic poteridy]. These studies has been
reported previous [22, 48]. In addition we found tipgeudin-2 in eukaryotes was less
effective than in prokaryotics and it in 10 mM sadi phosphate buffer as low ionic
strength buffer also more effective than in PBShagh ionic strength buffer, as shown
table 1. Therefore, we confirmed that pseudin-2 ismgortant antimicrobial peptide
with therapeutic potential.

The fluorescence dequenching experiments using l&tbeded pseudin-2 showed
that it oligomerizes in an aqueous solution at loancentration (0.1uM) more than
melittin and it also oligomerizes in liposomes. Iddiion pseudin-2 was protected from
enzymic degradation when bound to negatively lipgsobut it susceptibility enzymic
degradation bound to zwitterionic liposome. Psedirmay already exist to be
oligomeric form in solution, so in zwitterionic lipome it may tend to bind weakly.
We also found that pseudin-2 exist higher oligozeion in zwitterionic liposome than
in negatively charged liposomes, is supported by dhemical cross-linking and FRET
analysis. The means that different oligomeric stgien reaching membrane exists.

Next, pseudin-2 ability to dissipate the membraogential of liposomes and
bacteria cells was also tested. We found that pseldiave high potency to permeable

negatively charged liposome. It is related to itstivdies toward bacteria and
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mammalian cells. And peptides was tested on theilityalio dissipate the membrane
potential of bacteria cells. Here, we found a direotrelation between the MICs of
peptides againsk. coli and S. aureus and their ability to dissipate membrane potential.
Specially, pseudin-2 revealed same dissipate membpatential against intadE. coli
and spheloplast ofE. coli , differently in the case of melittin. Melittin has a
comparative high responsibility on outer membraheacteria.

Specially, Pseudin-2 and melittin caused the leakaje dextran on the
zwitterionic much than negatively charged liposom&nd pore size of liposome
increasing as the peptide concentration was raifée. FITC-dextran leakage suggests
the formation of toroidal pores with an internabmieter of 5 nm on the zwitterionic
liposome when liposome : peptide ratio is a 10 Inlthe high concentration was that
it caused small channel formation on the negativaigrged liposome and formation of
toroidal pore on the zwitterionic liposome. And pdiee? has composed a bigger size
pore than melittin on the zwitterionic liposome.

Schematic diagrams illustrating the pore formatimn peptide via the barrel-stave
and toroidal models (Figure 16). Given the fact ,thiat negatively charged vesicle
pseudin-2 can span the membrane and thus form d# simnnel-like transmembrane
pore composed of a helical cluster presumed to Ishatel-stave pores in the bilayer.
On the other hand, it spontaneously interact withicR@esterol bilayers, and it forms
the toroidal pores, as is previously proposed fodittime and other cationic peptides
[49]. This differs from the barrel-stave model inaththe peptides are always
associated with the lipid head groups, even whey #ire inserted perpendicularly into
the lipid bilayer, and that the lipid monolayer bgndontinuously through the pore so
that the water core is lined by both the peptided the lipid head groups.

In conclusion, we propose that pseudin-2's mode ctibra changes according

to the lipid composition of the membranes. In membésa made up of zwitterionic
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lipids, it forms toroidal pores that progress to ellies, where its effects are mostly
due to hydrophobic interactions. In contrast, itse@&f on negatively charged
membranes are mostly governed by electrostaticraictiens, and it make small

channels.
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Table 1. Antimicrobial activity of pseudin-2 and mdittin

MIC (uM)
Pseudin-2 Melittin
Buffer 1' Buffer 11" Buffer 1' Buffer '
Bacteria cell G(+)
L. monocytogenes 1 8 2
S aureus 1 2 2
B. subtilis 1 2 2
S epidermidis 2 8 2 16
Bacteria cell G(-)
E. coli 2
P. aeruginosa 2
S typhimurium
Yeast
C. albicans 8 16 8 16
T. beigellii 8 16 4 16
Fungi
A. fumigatus 32 64 32 64
F. oxysporum 64 >64 32 64
A. flavus 32 64 32 64

T; Buffer | and Il consist of 10 mM sodium phosphated PBS, respectively.
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Table 2. Cytotoxicity of pseudin-2 and melittin.

Compound  MIC (uM) Cytotoxicity (IC so uM)

Selectivity (ICso/MIC)

E. coli RBCs NIH/3T3 HaCat RBCs NIH/3T3  HaCaT
Pseudin-2 2 12.5 25 25 6 12 12
Melittin 2 15 1.5 15 0.75 0.75 0.75
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Figure 1. A Schiffer-Edmundson helical wheel prdjgetof the pseudin-2
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Figure 2. Detemination of secondary structure of psudin-2 in PBS (A), in solution

(B), NaCl in sodium phosphate (C), in liposomes (D).
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Figure 3. Confocal laser-scanning microscopy imagesof microbial cells with
Rho-labeled pseudin-2.
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Control Chitosan Chitin Peptidoglycan Cellulose 8-1,3—glucan LPS

Figure 4. Binding activity of the synthetic peptides In vitro binding assay were carried

out using various cell wall components.
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Figure 5. Liposome aggregation measured by turbidity changes(A) Pseudin-2, (B) Melittin
into liposome of 30uM. Dark squares, PE/PG ; white squres, PC/CH
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Figure 6. Detemination of the aggregation state opseudiin-2 and melittin in solution.
The percentage of fluorescence recovery of Rhodisel (0.1 uM) and Rho-melittin
(0.1 uM) in PBS in the presence and absence of proteiase
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Figure 7. Detemination of self-assembly of pseudii2 and melittin by studying the
fluorescence energy transfer experiments with NBDabelled donor and Rho-labelled acceptor
peptides in the presence of lipid vesiclesThe spectra were recorded with the donor peptide
alone and in the presence of varying concentratioh acceptor peptide with excitation
wavelength set 467 nm. (A) The spectra of NBD-pse@d (0.2 uM) in the prescence of
400 yM of PC/CH (8:2) lipid vesicles alone (a) and witharious concentrations of
Rho-pseudin-2: b. 0.02uM; ¢, 0.1 yM; d, 0.2 uM; e, 0.4 uM. (B) The spectra of
NBD-pseudin-2 in PE/PG (7:3). (C) The spectra of INBelittin in PC/CH (8:2). (D) The
spectra of NBD-melittin in PE/PG (7:3).
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Figure 8. Oligomeric states of pseudin-2 on lipid \gcles. Chemical cross-linked
samples were prepared as described in Experimesg¢gtion. (A), control (only
pseudin-2); (B), PC/CH (Molar ratio of peptide anpids 1:10); (C) PC/CH (1:50); (D)
PC/CH (1:100); (E) PE/PG (1:10); (F) PE/PG (1:5@) PE/PG (1:100).
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Figure 9. Accessibility of membrane-bound peptidesot proteolytic degradation.

(A) Protection of membrane-bound NBD-labelled psedd and melittin against
proteolytic digestion in the presence of negativat zwitterionic vesicles. (B) In a
control experiment proteinase K was added to NBigllad psedudin-2 and melittin in
buffer prior to the addition of lipid vesicles. THriorescence intensity of the labelled
peptides were monitored at 530 nm with the excitatset at 470 nm. The digestion
performed in PBS, pH 7.0. 1,2 and 3 indicated the madiof NBD-peptide (a and c
are melittin, b and d are pseudin-2), vesicles (a bndre PE/PG (7:3), ¢ and d are
PC/CH (8:2)) and proteinase K, respectively. The eotration of NBD-peptides were
0.2 uyM and that of vesicles was fixed at 4QM.
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Figure 10. Maximal dissipation of the diffusion potetial in bacterial membrane, induced
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Symbols: circles; Melittin, inverted triangles; Pd&u2.
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Figure 11. Maximal dissipation of the diffusion potetial in vesicles, induced by the
peptides. The peptides were added to isotoni&-fiee buffer containing SUVs composed
of PC/ICH (8:2) (A) or PE/PG (7:3) (B), pre-equilited with the fluorescent dye
diS-G-5 and valinomycin. Fluorescence recovery was medsus-20 min after the

peptides were mixed with the vesicles. Symbols: lestc Melittin, inverted triangles;
Pseudin-2.
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Figure 12. Dependence of calcein leakage from lipidesicles on pseudin-2 and melittin
concentration. Liposomes (final lipid concentration 50M in 10 mM HEPES buffer)
were incubated in the presence of different comatiohs of peptides for up to 10 min
at room temperatures. Calcein release was detetdednietrically. (A): PC/CH (8:2),

(B): PE/PG (7:3). Symbols: circles, Melittin ; sgesr Pseudin-2
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Figure 13. Effect of pseudin-2 on leakage of FITC-Ofrom liposomes. Liposomes (final

lipid concentration 300uM in 2 ml of 10 mM HEPES buffer) PE/PG, first and
second column are PC/CH, third and fourth column REZPG were incubated in the 1
uM of the peptides (A) and 1QM of the peptides (B) (Clear columns, Melitin; Dark

columns, Pseudin-2) for 10 min at room temperatextran release was detected
fluorimetrically.
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E. coli S. aureus C. albicans

Figure 14. Effect of pseudin-2 on cell mormphology.Microbial were treated with
pseudin-2 at their MICs. (A) Untreated cells and (Bated cells.
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Figure 15. Electron microscopy analysis of morphology changetn PC/CH and PE/PG
liposomes. Electron micrographs of a PC/CH liposome withoutklittin (A), after
incubation with 1 yM of melittin for 2 min (B). The galleries of rindxaped
molecules, which are either attached to a liposome radeased. PE/PG liposome

incubated with 1uM of melittin for 5 min (C). Scale bars is 100 nm.
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Figure 16. Schematic diagram illustrating the interactions of pseudin-2 with microbial

cell membranes. A, the barrel-stave model toward bacterial membraith negatively

charged character. In this model, the attached peptabgregate and insert into the
membrane bilayer so that the hydrophobic peptidgions align with the lipid core

region, and the hydrophilic peptide regions form timng of the pore channel. B, the
toroidal model toward fungal membrane with zwitbeic character. In this model, the
attached peptides aggregate and induce the lipichotagers to bend continuously
through the pore so that the channel is lined byh bihe inserted peptides and the

lipid head groups.

_53_



V. References

(1) Zzasloff, M. Antimicrobial peptides of multiceled organisms.Nature. 2002, 415,
389-395.

(2) Boman, H.G., and Hultmark, D. Cell-free immunity imsects. Annu. Rev.
Microbiol. 1987.41, 103-126.

(3) Simmaco, M., Mignogna, G., and Barra, D. Antimicroljalptides from amphibian
skin : what do they tell usBiopolymers. 1998, 47, 435-450.

(4) Zasloff, M., Magainins, a class of antimicrobial ppides from Xenopus skin:
Isolation, characterization of two active forms amdrtial cDNA sequence of a
precursor.Proc. Natl. Acad. Sci USA. 1987, 84, 5449-5453.

(5) Gibson, B. W., Tang, D., Mandrell, R., Kelly, M., and Spinde E. R.
Bombinin-like peptides with antimicrobial activityfrom skin secretions of the Asian
toad, Bombina orientalis. J. Biol. Chem. 1991, 266, 23103-23111.

(6) Simmaco, M., Barra, D., Chiarini, F., Noviello, L., Melahip P., Kreil, G., and
Richter, K. A family of bombinin-related peptides 1mo the skin of Bombina
variegata. Eur. J. Biochem. 1991, 199, 217222.

(7) Matutte, B., Knoop, F. C., and Conlon, J. M. KassinatdleriA peptide with
broad-spectrum antimicrobial activity isolated frothe skin of the Hyperoliid frog,

Kassina senegalensis. Biochem. Biophys. Res. Commun. 200Q 268, 433-436.

(8) Simmaco, M., Mignogna, G., Barra, D., and Bossa, F. Aatohial peptides from

_54_



skin secretions oRana esculenta. J. Biol. Chem. 1994 269, 11956-11961.

(9) Goraya, J., Wang, Y., Li, Z.,; O"Flaherty, M., Knoop, F. @latz, J. E., and
Conlon, J. M. Peptides with antimicrobial activity rrofour different families isolated
from the skins of the North American frogRana luteiventris, Rana berlandieri and
Rana pipiens. Eur. J. Biochem. 200Q 267, 894-900.

(10) Mor, A., Hani, K., and Nicolas, P. The vertebrate idepantibiotics dermaseptins
have overlapping structural features but targetcifipeicroorganisms.J. Biol. Chem.
1994 269, 3163531641.

(11) Wechselberger, C. Cloning of cDNAs encoding neeptides of the dermaseptin
family. Biochim. Biophys. Acta, 1998 1388, 279-283.

(12) Steinborner, S. T., Currie, G. J., Bowie, J. H., WallaceC.J and Tyler, M. J.
New antibiotic caerin 1 peptides from the skin ston of the Australian tree frog
Litoria chloris. Comparison of the activities of the caerin 1 peggtidrom the genus
Litoria. J. Pept. Res. 1998 51, 121-126.

(13) Bradford, A. M., Bowie, J. H., Tyler, M. J., and Wallace,Cl New antibiotic
uperin peptides from the dorsal gland of the Alistnatoadlet, Uperoleia mjobergi.
Aust. J. Chem. 1996 49, 1325-1333.

(14) Boman, H. G. Peptide antibiotics and their rafeimnate immunity.Annu. Rev.
Immunol. 1995, 13, 61-92.

(15) Sawai, M. V., Jia, H. P., Liu, L., Aseyev, V., Wiencek, J. M¢cQvay, P. B.,
Jr., Ganz, T., Kearney, W. R., and Tack, B. F. The NMR strictof human
beta-defensin-2 reveals a novel alpha-helical segmdiochemistry. 2001, 40,
3810-3816.

_55_



(16) Selsted, M. E., Novotny, M. J., Morris, W. L., Tang, Y. Q.,itBmW., and
Cullor, J. S. Indolicidin, a novel bactericidal tridpeptide amide from neutrophilsl.
Biol. Chem. 1992, 267, 4292-4295.

(17) Yong, L., Harroun, T. A.,, Weiss, T. M., Ding, L. and Huang, W.
Barrel-stave model or toroidal model ? A case stugy melittin pores.Biophys. J.
2001, 81, 1475-1485.

(18) Ben-Efraim, I., and Shai, Y. The structure and miggion of synthetic putative
membranous segments of ROMK1 channel in phosploligiembranes.Biophys J.
1997, 72, 85-96.

(19) Shai, Y. Mechanism of the binding, insertion aseitabilization of phospholipid
bilayer membranes by alphahelical antimicrobial avedl non-selective membrane-lytic
peptides.Biochim. Biophys. Acta. 1999 1462, 55-70.

(20) Oren, Z., and Shai, Y. Mode of action of linear hipathic o -helical
antimicrobial peptidesBiopolymers. 1998 47, 451-463.

(21) Heller, W.T., Waring, A.J., Lehrer, R.l, and Huang, H.W. thild states of
beta-sheet peptide protegrin in lipid bilayeBiochemistry. 1998,37, 17331-17338.

(22) Olson, L,, Soto A,, Knoop. F.C,, and Conlon J.M. Psefdian antimicrobial
peptide with low hemolytic activity from the skinf dhe paradoxical frog.Biochem
Biophys Res Commun. 2001, 288, 1001-1005.

(23) Schiffer, M., and Edmundson. A.B. Use of helical @beto represent the

structures of proteins and to identify segmentshwitlical potential.Biophys J. 1967,
7, 121-135.

_56_



(24) Lee, D. G., Kim, H. N., Park, Y., Kim, H. K., Choi, B. H., Choi, B. and
Hahm, K. S. Design of novel analogue peptides withemtotantibiotic activity based
on the antimicrobial peptide, HP (2-20), derived frawterminus of Helicobacter

pylori ribosomal protein L1. Biochim. Biophys. Acta. 2000, 1598, 185-194.

(25) Rapaport, D., and Shai, Y. Aggregation and orgéoizaof pardaxin in
phospholipid membranes. A fluorescence energy teansfudy J. Biol. Chem. 1992,
267, 6502-6509.

(26) Mayer, L. D., Hope, M. J. and Cullis, P. R. Vesiclesvafiable sizes produced
by a rapid extrusion procedurBiochim. Biophys. Acta. 1986, 858, 161-168.

(27) Hu, Z., Gogol, E. P., and Lutkenhaus, J. Dynamic adgernb MinD on
phospholipid vesicles regulated by ATP and MirfEoc. Natl. Acad. <i. U. S A
2002, 99, 6761-6766.

(28) Yang, S. T., Shin, S. Y., Lee, C. W., Kim, Y. C., Hahm, K. S., Eimd, J. |.
Selective cytotoxicity following Arg-to-Lys subaition in tritrpticin adopting a unique
amphipathic turn structurd=EBS Lett. 2003, 540, 229-233.

(29) Blondelle, S.E., and Houghten, R.A. Design of modeiplapathic peptides
having potent antimicrobial activie®iochemistry. 1992, 31, 12688-12694.

(30) Wu, C. S., lkeda, K., and Yang, J. T. Ordered confoomatif polypeptides and
proteins in acidic dodecyl sulfate solutioBiochemistry. 1981, 20, 566-570.

(31) Asthana, N., Yadav, S. P., and Ghosh, J. K. Dissecfioantibacterial and toxic

activity of melittin: a leucine zipper motif playa crucial role in determining its

hemolytic activity but not antibacterial activity. Biol Chem. 2004, 279, 55042-55050.

_57_



(32) Kim, Y. S., Ryu, J. H.,, Han, S. J., Choi, K. H.,, Nam, K. B., JdngH.,
Lemaitre, B., Brey, P.T., and Lee, W. J. Gram-negative badberding protein, a
pattern recognition receptor for lipopolysaccharidnd beta-1,3-glucan that mediates
the signaling for the induction of innate immunengg in Drosophila melanogaster
cells. J. Biol. Chem. 2000, 275, 32721-32727.

(33) Onaderra, M., Mancheno, J. M., Lacadena, J., de los, Rigs Martinez del
Pozo, A. and Gavilanes, J. G. Oligomerization of theotoyxin alpha-sarcin associated
with phospholipid membraneddol. Membr. Biol. 1997, 15, 141-144.

(34) Sims, P. J., Waggoner, A. S., Wang, C. H., and HoffmanR. Btudies on the
mechanism by which cyanine dyes measure membratentjz in red blood cells and
phosphatidylcholine vesicle®iochemistry. 1974, 13, 3315-3330.

(35) Loew, L. M., Rosenberg, |., Bridge, M., and Gitler, C. fiGifon potential
cascade. Convenient detection of transferable merabpmres. Biochemistry. 1983, 22,
837-844.

(36) Ghosh, J. K., Ovadia, M., and Shai, Y. A leucine zippetif in the ectodomain
of Sendai virus fusion protein assembles in sofuttmd in membranes and specifically

binds biologically-active peptides and the virugiochemistry. 1997, 36, 15451-15462.

(37) Wu, M., Maier, E., Benz, R., and Hancock, R. E. Mechanidninteraction of
Different Classes of Cationic Antimicrobial Pepsdeith Planar Bilayers and with the
Cytoplasmic Membrane of Escherichia cdbiochemistry. 1999, 38, 7235-724.

(38) Yanagida, N., Uozumi, T., and Beppu, T. Specific diame of Serratia

marcescens protease through the outer membrane sofiefichia coli. J. Bacteriol.
1986, 166, 937-94.

_58_



(39) Ghosh, J. K., Peisajovich, S. G., Ovadia, M., and Shai, S¥um-induced
leakage of liposome contentsJ. Biol. Chem. 1998, 273, 27182-27190.

(40) Rajarathnam, K., Hochman, J., Schindler, M., and Ferghfller, S. Interaction
of antimicrobial dermaseptin and its fluorescentipeled analogues with phospholipid
membranesBiochemistry. 1989, 28, 3168-3176.

(41) Mangoni, M. L., Rinaldi, A. C., Di Giulio, A., Mignogna,.GBozzi, A., Barra,
D. and Simmaco, M. Structure-function relationshigsteamporins, small antimicrobial
peptides from amphibian skirfkur. J. Biochem. 2000, 267, 1447-1454.

(42) Park, S. C., Kim, J. Y., Shin, S. O., Jeong, C. Y., Kim, M. Hin,SB. Y.,
Cheong, G. W., Park, Y., Hahm, K. S. Investigation of toloigsore and
oligomerization by melittin using transmission étea microscopy.Biochem Biophys
Res Commun. 2006. 343 222-8.

(43) Ladokhin, A. S., Selsted, M. E. and White, S. H. Sizimgmbrane pores in lipid
vesicles byleakage of co-encapsulated markers: fmeation by melittin. Biophys. J.

1997. 72, 1762-1766.

(44) Lehrer, R. 1., and Ganz, T. Antimicrobial peptidasmammalian and insect host

defence.Curr. Opin. Immunol. 1999 11, 23-27.

(45) Hancock, R. E., and Diamond, G. The role of cati@mtimicrobial peptides in

innate host defencegrends Microbiol. 200Q 8, 402-410.

(46) Yeaman, M. R., and Yount, N. Y. Mechanisms of antibial peptide action and
resistance Pharmacol Rev. 2003, 55, 27-55.

_59_



(47) Dathe, M., Wieprecht, T., Nikolenko, H., Handel, L., Maldy, MacDonald, DL.,
Beyermann, M.. and Bienert, M. Hydrophobicity, hydroplbokbinoment and angle
subtended by charged residues modulate antibdcteni@ haemolytic activity of
amphipathic helical peptide$&EBS Lett. 1997,403 208-212.

(48) Pal T, Sonnevend A, Galadari S, Conlon JM. Desan potent, non-toxic
antimicrobial agents based upon the structure ef ftbg skin peptide, pseudin-Regul
Pept. 2005, 129, 85-91.

(49) Yang, L., Harroun, T. A, Weiss, T. M., Ding, L. and Huahly, W. Barrel-Stave

Model or Toroidal Model? A Case Study on MelittinorEs. Biophys. J. 2001. 81,
1475-1485.

_60_



2

DRE

BT O{ £ [ TF. O MOk 320 200l

LM o

BHe 1

ofw
MHA

Q2
~L,

.2

o

o URSH M2

|

5
p:

UD
XF
r

Xk

~L
/0P

Q2

-,

2goz AL

iy

A3

I MYEE 2

FEH UTH

IS

Aoz

[

25N YAT

el
AT YNEHUTH

o
-
V3

-

ofw

EL
A

\RD
|

o]}

(813

Z{ Ol ™Al

d

M3

[

A
(5

2
=9

-
/10

o

ok

UD
Xk
r
mﬂo
o
N._
KF

olm

EL

S$EA NYEE B AR

Kool B YAoK

2ol

9]

[e:

ol

o
A HIBHZ

B 222 G
o 9 Q

=]
=1

(@]

o

e 3oy,

2
£

s

—-
/10

Rgoz

of WX 4£RME 2AIQYUH HABHZ E

o

o 2ol 4N LU

Fo
g

o

ok
r~

/0
o

\ﬂu
Q4
I
~L

nel

ML
T0
Il
FH
Fio

olm

/o

MIE]

, Ot o BFz o,

ol

ol,

o

SFUTH. 22/ BE

FALB

9
o

DEL

J

ol *

=
[

t

=
[9)

¢
A2

b

o)
=)
222

TR SEHOIAHILE 10
LUoHE UMD o

%0 8.

A 71

b9
o)
R
X

.l

oW

Y
0

W
o¥

<

“ol

A7

- 61



)y A ZHE o] A

o0
< | & =
T | 5 o
s E
mnN
E 2
5 Kl s
<l x| § 3
£ M s ¢
El m E
= o 3
o | & &4
) X
o B o _._m_ 3
Te) N =
N =< w 8
=~ < A =
o oW
S| % m
SI®Ieg® ¢
f |3n| S|® E
O = | =
5 | & < M <
s e O M = S
P e 2B
o W o c O
|8 &%
“ 18 88
= | B Bl 8 =4
H| ©|8_ & g
< | o NN
i . Amn a8 <a
53 1l o E..L
g ol
m
Tl 4w F
,lm_u X0 ZT Mﬂ HT_
1)

wolo] Aate 9o Azl djajel o}

A7}

YA
ar

37 ool Mizo] oA}

=
=8

N

am

mjn

ool thstel of

ERQloll o) gk e

Aato] Y sh=

A Aze=

o %

=3
=

39| o] 43

AEM &

oL
& =R

o) g7 Hol ALEel A

T

il
Xq

o
Ar
w

el
T
N
4o
XA

)

_62_



	Ⅰ. INTRODUCTION
	Ⅱ. MATERIALS AND METHODS
	1. Materials
	2. Peptide synthesis
	3. Preparation of liposomes
	4. Antimicrobial assay
	5. Hemolytic and cytotoxic assay
	6. Circular Dichroism (CD) spectroscopy
	7. Peptide binding to microbial cell wall components
	8. Determination of peptide detergent-like action on liposomes
	9. Oligomerization of the peptides in solution
	10. Accessibility of membrane-bound peptides to proteolytic degradation
	11. Chemical cross-linking analysis
	12. Fluorescence resonance energy transfer analysis
	13. Membrane potential depolarization assays
	14. Calcein leakage from lipid vesicles
	15. Dextran leakage from lipid vesicles
	16. Electron microscopy assay

	Ⅲ. RESULTS
	1. Antimicrobial activity and cytotoxicity of pseudin-2
	2. Secondary Structure of pseudin-2
	3. Pseudin-2 confirmed membrane target peptide by confocal laser-scanning microscopy
	4. Effective pseudin-2 recognize the chitin and peptidoglycan
	5. Effects of pseudin-2 to liposomes disruption
	6. Pseudin-2 self-associates in solution
	7. Pseudin-2 self-assembles in lipid vesicles
	8. Organization of the peptides upon binding to vesicles
	9. Depolarization of the membrane potential of bacteria and liposomes
	10. Permeabilization of lipid vesicles
	11. Electron microscopy analysis

	Ⅳ. DISCUSSION
	Ⅴ. REFERENCES

