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ABSTRACT

Effect of Prolineto Peptoid Residue Substitution on the Structure,
Cell Sdlectivity and M echanism of Antibacterial Action of

Antimicrobial Peptide Tritrpticin-amide

By Wan Long Zhu
Advisor: Prof. Song Yub Shin Ph.D.
Department of Bio-Materials,

Graduate School of Chosun University

To investigate the effect of prolire peptoid residue substitution on cell selectivityl ahe
mechanism of antibacterial action of Pro-contairfirigrn antimicrobial peptides, tritrpticin-
amide (TP, VRRFPWWWPFLRR-NHland its peptoid residue-substituted peptideshichv
two Pro residues at positions 5 and 9 were replagidd Nleu (Leu peptoid residue), Nphe
(Phe peptoid residue) or Nlys (Lys peptoid residueye synthesized, respectively. Peptides
with Pro — Nleu (TPI) or Pro— Nphe (TPf) substitution retained antibacterialéiyt but

had significantly higher toxicity to mammalian cellin contrast, Pro—~ Nlys (TPKk)



substitution increased the antibacterial activity dbecreased the toxicity to mammalian cells.
Tryptophan fluorescence studies indicated that bk selectivity of TPk was closely
correlated with a preferential interaction with atgely charged phospholipids. Interestingly,
TPk was much less effective at causing the leakdge fluorescent dye entrapped within
negatively charged vesicles and depolarizing ofrtieenbrane potential ditaphylococcus
aureus and Escherichia coli spheroplasts. Furthermore, confocal laser-scanmigcgoscopy
showed that TPk effectively penetrated the membm@nboth E. coli and S. aureus and
accumulated in the cytoplasm, whereas TP and TtPhdi penetrate the cell membrane but
remained outside or on the cell membrane. Thes#tsesiggest that the bactericidal action of
TPk is maybe due to inhibition of the intracelluleomponents after penetration of the
bacterial cell membrane. In addition, TPK with Lsigbstitution induced rapid and effective
dye leakage from bacterial membrane-mimicking liposs. TPK effectively depolarized the
membrane potential & aureus andE. coli spheroplasts and did not penetrate the bacterial
cell membranes. These results suggested that ilitg abTPk to penetrate the bacterial cell
membranes appears to involve the dual effectsaieatelated to the increase in the positive
charge and the peptide’s backbone change by pemsidue substitution. Collectively, our
results showed that Pre> Nlys substitution in Pro-containinfi-turn antimicrobial peptides
is a promising strategy for the design of new shuatterial cell-selective antimicrobial

peptides with intracellular mechanisms of action.



I.INTRODUCTION

Antimicrobial peptides play an important role iretmnateimmunity system of many
higher organisms such as planissects, amphibians, and mammals5). Due to the
alarming emergence of pathogenic organisms resistan conventional antibiotics,
antimicrobial peptides are beimgtensively studied with the objective of develgpia new
class of antimicrobial drug. The 13-residue catiamitrpticin (VRRFPWWWPFLRR) is a
member of the cathelicidifiamily, a group of diverse antimicrobial peptidesurid in
neutrophil granuless]. Tritrpticin has a unique compositiazgnsisting of 30% arginine, 23%
tryptophan, and 15%roline. Tritrpticin may be a candidate for drugrelepmentbecause it
has a broad spectrum of antimicrobial activétyainst Gram-positive and Gram-negative
bacteria and somi@ingi. Its therapeutic potential, however, is liedgitby itsrelatively strong
hemolytic activity against human erythrocy(é<3).

Tritrpticin contains two Pro residues at positidnand 9.Nuclear magnetic resonance
(NMR) study has shown thah membrane-mimicking sodium dodecyl sulfate (SB&klles,
tritrpticin adopts a unique structure with twojacentp-turns around Pro5 and Pro9. The
hydrophobicresidues are clustered together and are clearlgraiep fromthe basic Arg
residues, resulting in an amphipatfi#urn structure ). The Pro residue plays a critical role
in determining the secondary structure of the peptidesauseit induces a reversal in
backbone conformation, resulting time breaking of helices as well as in the formatbf-
turns.Like Pro, peptoid-alkylglycyl) residues are imino acitt®cause their side chains are

shifted from thea-carbonposition to the N-position. Peptoid residue-coritajnpeptides



generally exhibit greater proteolytic stability apidavailability than their respective peptide
analogues 10). They have been found to be potential drugs as wdised from
peptidomimetic libraries1(l) and determined to beffective molecular transporters via their
enhancement of the cellular uptake of ageti®$. (n another interesting application, the Leu
peptoid residue (Nleu) has been introduced as satifutled proline into synthetic collagen-
like structures13).

Like proline, peptoid residues hagdurn-forming potentiads well as an ability to break
a-helices because diiey lack an amide proton for forming intramolecuigdrogen bonds
(14, 15). To our knowledge, previous studiesve not addressed the effect of Rrgpeptoid
residue substitution on cell selectivity and the mechanisin antibacterial action of
amphipathicp-turn antimicrobialpeptides containing Pro residues such as tritmptigio
address these issues, tritrpticin-amide (MRRFPWWWPFLRR-NH) and its peptoid
residue-substitutedpeptides having the sequence VRRFXWWWXFLRRNHvere
synthesized, in which X represents substitutionBrofwithNleu (Leu peptoid residue), Nphe
(Phe peptoid residue), bilys (Lys peptoid residue).

The cell selectivity of the peptides was assesgenhdasuring the antimicrobial activity
against bacteriadtrains including antibiotic-resistant clinical liations and fungal strain, the
hemolytic activity against human red blood cells] #éhe cytotoxicity against human cervical
carcinoma HelLa and mouse fibroblastic NIH-3T3 cdfisrthermore, the molecular basis for
the cell selectivity of the peptides was invesegatby using tryptophan fluorescence
spectroscopy and model membrane systems mimickiey bacterial and mammalian

cytoplasmicmembranes. The secondary structures of the peptidae SDS micelles were



further examined by circular dichroism (CD) spestapy. Additionally, the mechanism of
antibacterial action of the peptides was investidaty fluorescent dye leakage, membrane
depolarization, confocalaser-scanning microscopy, and gel retardation.s&hpeptoid
residue-containing antimicrobial peptides offerqua insight into how peptides interact with
model membranes, intact bacterial membranes, ormadian cell membranes, and the results
provide important information about the design afsgible cell-selective antimicrobial

peptides for therapeutic applications.



II. MATERIALSAND METHODS

II-1. Materials

Rink amide 4-methylbenzhydrylamine resin, fluoregHnethoxycarbonyl (Fmoc)-amino
acids, Fmoc-Ahx-OH and other reagents for the gdepsynthesis were purchased from
Calibochem-Novabiochem (La Jolla, CA). Egg yolkeiphosphatidylcholine (EYPC), egg
yolk L-a-phosphatidyl-DL-glycerol (EYPG), acrylamide, catte3-(4,5-dimethylthiazol-2-
yl)- 2,5-diphenyl-2H-tetrazolium bromide (MTT) ar&D (gramicidin D) were supplied by
Sigma Chemical Co. (St. Louis, MO). 3, 3'-Dipropididicarbocyanine iodide (diS5) was
obtained from Molecular Probes (Eugene, OR). DMEM é&tal bovine serum (FBS) were
supplied from HyClone (SeoulLin Bioscience, Korddliman cervical carcinoma HelLa and
mouse fibroblastic NIH-3T3 cells were purchasedrfithe American Type Culture Collection
(Manassas, VA). All other reagents were analytigalde. The buffers were prepared in

double glass-distilled water.

II-2. Peptide Synthesis and purification

Tritrpticin-amide and its peptoid-containing pepsdand FITC-labeled peptides (FITC-
labeled aminocaproic acid-peptides) were prepayethé standard Fmoc-based solid-phase
method on rink amide 4-methylbenzhydrylamine re@€irb4 mmole/g). Fmoc-Nleu-OH,

Fmoc-Nphe-OH, and Fmoc-Nlys-OH were synthesizedgu#ie previous method$4, 15).



The crude peptides were purified by RP-HPLC usii@hien-pack Ggcolumn (15um, 20 mm

x 250 mm Shimadzu, Japan). The purified peptide® wkown to be homogeneous (> 98%)
by analytical RP-HPLC on a Shim-packs@olumn (5um, 4.6 mm x 250 mm Shimadzu,
Japan). Matrix-assisted laser-desorption ionizatioe-of-flight mass spectrometry

(MALDI-TOF MS) (Shimadzu, Japan) was used to confiheir molecular weight (Table 1).

II-3. Microorganisms

Three Gram-positive bacterial strainBagillus subtilis (KCTC 3068), Saphylococcus
epidermidis (KCTC 1917) andtaphylococcus aureus (KCTC 1621)], three Gram-negative
bacterial strainsHscherichia coli (KCTC 1682),Salmonella typhimurium (KCTC 1926) and
Pseudomonas aeruginosa (KCTC 1637)] and one fungal straidndida albicans (KCTC
7965)] were purchased from the Korean Collection Tgpe Cultures (KCTC) at Korea
Research Institute of Bioscience & BiotechnologyR(BB) in Korea. Two antibiotic-
resistantSaphylococcus aureus (CCARM 3089 and CCARM 3108) and two antibiotic-
resistantEscherichia coli (CCARM 1129 and CCARM 1238) were obtained from @héture

Collection of Antibiotic-Resistant Microbes (CCARNM) Seoul Women's University in Korea.

II-4. Antimicrobial activity assay

In antimicrobial activity assay, the broth micradibn method was used. Briefly, single

colonies of bacteria or fungi were inoculated itite culture medium (LB broth for bacteria



and YM broth forC. albicans) and cultured overnight at 37 °C (or 30 °C @@ralbicans). An
aliquot of this culture was transferred to freshuwe medium and incubated for an additional
3-5 h at 37 °C (for bacteria) or 30 °C (f@x albicans) to obtain mid-logarithmic phase
organisms. Aliquots (10QL) of a bacterial suspension at 2 x°iblony-forming units
(CFU)/mL in 1% peptone were added to 1Q0of a peptide solution (serial 2-fold dilutions
in 1% peptone). After incubation for 18-20 h at &7 (or 30 °C forC. albicans), the
inhibition of bacterial growth was assessed by mag absorbance at 620 nm with a
Microplate ELISA Reader EL 800 (Bio-Tek InstrumgntsThe minimal inhibitory
concentration (MIC) was defined as the lowest cotregion of peptide that inhibited the

microorganism growth.

II-5. Hemolytic activity assay

Hemolytic activity of the peptides against humad tdood cells (h-RBCs) was tested.
Fresh h-RBCs were washed three times with phosphatedmdfesaline (PBS) [35 mM
phosphate buffer containing 150 mM NaCl, pH 7.4]daptrifugation for 10 min at 1000g
and resuspended in PBS. The peptide solutionsa(s&ifiold dilutions in PBS) were then
added to 5QuL of h-RBC in PBS to give a final volume of 10 and a final erythrocyte
concentration of 4% (v/v). The resulting suspensi@s incubated with agitation for 1h at
37 °C. The samples were centrifuged at 1000g fonib. Release of hemoglobin was

monitored by measuring the absorbance of the safsrhat 405 nm. Controls for no



hemolysis (blank) and 100% hemolysis consistedunfidn red blood cells suspended in PBS

and 0.1% Triton-X 100, respectively.

II-6. Cytotoxicity against mammalian cells

Human cervical carcinoma HelLa and mouse fibroldastH-3T3 cells were cultured in
DMEM with 10% FBS. The cells were maintained un8ét CQ at 37 °C. Cytotoxicity
against mammalian cells of the peptides was deteanby the MTT assay as previously
reported {6) with minor modifications. The cells were seeded9®-well microplates at a
density of 2 x 1B cells/well in 150uL of DMEM containing 10% FBS. The plates were then
incubated for 24 h at 37 °C in a 5% £@mosphere. 20L of peptide solution (serial 2-fold
dilutions in DMEM) were added, and the plates wieibated for a further 2 days. Wells
containing cells without peptides served as cositi®ubsequently, 20 of an MTT solution
(5 mg/mL) was added to each well, and the platae weubated for a further 4 h at 37 °C.
The precipitated MTT formazan was dissolved int®f 20% (w/v) SDS containing 0.01 M
HCI overnight. The absorbance at 570 nm was medsusig a microplate ELISA reader
(Molecular Devices, Sunnyvale, CA). Percent celVsal was expressed as a percent ratio of

As7o Of cells treated with peptide over cells only.

II-7. Circular dichroism (CD) spectroscopy



The CD spectra of peptides were recorded in soginosphate buffer in the presence of 30
mM SDS by utilizing a Jasco J-715 CD spectrophotem@ okyo, Japan). The samples were
scanned at room temperature in a capped quartzteuvel-mm path length cells in the

wavelength range of 250-190 nm.

II-8. Preparation of small unilamellar vesicles (SUVS)

Small unilamellar vesicles were prepared by a stahgrocedure with required amounts of
either EYPC/EYPG (7:3, wiw) or EYPC/cholesterol:{10n/w) for tryptophan fluorescence.
Dry lipids were dissolved in chloroform in a smglass vessel. Solvents were removed by
rotary evaporation to form a thin film on the wafla glass vessel. The dried thin film was
resuspended in Tris-HCI buffer by vortex mixing.€Tlipid dispersions were then sonicated in
an ice/water mixture for 10-20 min with a titanidip- ultrasonicator until the solution

became transparent.

II-9. Tryptophan fluorescence blue shift

In the tryptophan fluorescence, small unilamellesigles (SUVs) were used to minimize
differential light scattering effectd, 18). The tryptophan fluorescence measurements were
taken with a model RF-5301PC spectropho tometeim@lzu, Japan). Each peptide (final
concentration of 3iM) was added to 3 ml of Tris buffer [LOmM Tris, QriM EDTA, 150

mM NacCl, pH 7.4] containing 0.6 mM liposomes, amg tpeptide/liposome mixture was

10



allowed to interact at 20 °C for 10 min. Tryptophasidues of each peptide were excited at

280 nm, and the emission spectra were recorded3aghto 400 nm.

II-10. Tryptophan fluorescence quenching by acrylamide

Acrylamide quenching experiments were carried daneexcitation wavelength of 295 nm
instead of 280 nm to reduce absorbance by acrylm@idl emission spectrum was 330 nm
(29, 20). Aliguots of the 4.0 M solution of this water-sble quenchewere added to the
peptide in the absence or presencéipalsomes at a peptide:lipid molar ratio of 1:200e
acrylamide concentration in the cuvette was fro64@00.21 M. The effect of acrylamide on

the fluorescence of eageptide was analyzed with a Stern-Volmer equation:

Fo/F =1 +K4[Q]

whereF, andF represent the fluorescence insensitivities ofpibgtide in the absence and

the presence of acrylamide, respectivély,is the Stern-Volmer quenching constant, and [Q]

is the concentration of acrylamide.

II-11. Preparation of calcein-loaded LUVs and leakage assay

Calcein-entrapped LUVs composed of EYPC/EYPG (A8w) were prepared by

vortexing the dried lipid in dye buffer solutionmM calcein, 10mM Tris, 150 mM NacCl,

11



and 0.1 mM EDTA (pH 7.4)]. The suspension was froaad thawed in liquid nitrogen for
ten cycles and extruded through polycarbonatergilfevo stacked 100 nm pore size filters)
with a LiposoFast extruder (Avestin, Inc. Canad#irapped calcein was removed by gel
filtration on a Sephadex G-50 column. Usually lipgkicles are diluted to approximately 10-
fold after passing through a Sephadex G-50 colufime. eluted calcein-entrapped vesicles
were diluted further to the desired final lipid centration for the experiment. The leakage of
calcein from the LUVs was monitored by measuring ffuorescence intensity at an
excitation wavelength of 490 nm and an emissionealength of 520 nm on a model RF-
5301PC spectrophotometer (Shimadzu, Japan). Ferndieation of 100% dye-release, 10%
Triton-X 100 in Tris-buffer (20uL) was added to dissolve the vesicles. The pergentd

dye-leakage caused by the peptides was calculatili@wvs:

% Dye leakage = 100 xH(- Fo) / (F; - Fo)]

where F is the fluorescence intensity achieved by the igeptandFy, and F; are

fluorescence intensities without the peptides aitll Witon X-100, respectively.

II-12. Membrane depolarization assay with bacteria

The membrane depolarization activity of the petidas determined with Gram-positive

bacteria and Gram-negative bacterial spheroplasiaguthe experimental conditions

described previously2(, 22). Gram-positive bacterie&s. aureus, was grown at 37 °C with

12



agitation to mid-log phase (QR= 0.4). The cells were centrifuged, washed twicéhwi
buffer [20 mM glucose and 5 mM HEPES (pH 7.4)], aeslispended to an @gof 0.05 in a
similar buffer containing 0.1 M KCI. Spheroplast§ Gram-negativeE. coli bacteria
(lipopolysaccharide- and peptidoglycan-free baajewere prepared by the osmotic shock
procedure as follows. Cells from cultures grownaio ODyy of 0.8 were harvested by
centrifugation and washed twice with buffer [10 m¥s-H,SO, and 25% sucrose (pH 7.5)],
and resuspended in the similar buffer containimgM EDTA. After a 10 min incubation at
20 °C with rotary mixing, the cells were collectéy centrifugation and resuspended
immediately in cold (4 °C) water. After a 10 mircubation at 4 °C with rotary mixing, the
spheroplasts were then collected by centrifugafitre spheroplasts were then resuspended to
an ODyy of 0.1 in a buffer containing 20 mM glucose, 5 NMEPES, and 0.1 M KCI (pH
7.4). The prepared cells & aureus or E. coli spheroplasts were incubated with 20 nM
diSG;-5 until a stable reduction of fluorescence waseadd (around 60 min), indicating the
incorporation of the dye into the bacterial memietarhe peptides were then added from the
stock solution (1 mg/mL) and dissolved in the bufi@ achieve the desired concentration.
Membrane depolarization was monitored by the changéhe intensity of fluorescence
emission of the membrane potential-sensitive dgCgdb (excitation wavelengthe, = 622
nm; emission wavelength.,,= 670 nm) after different concentrations of peptidese added.
Full dissipation of the membrane potential was ioletd by adding gramicidin D (fo&
aureus, the final concentration is 0.2 nM) or melittino(fE. coli spheroplasts, the final
concentration is 0.M). The membrane potential dissipating activity tbé peptides is

expressed as follows:

13



% inhibition = 100 x [, - Fo) / (Fg - Fo)]

where Fq is the stable fluorescence value after additiorthef diSG-5 dye, Fp is the
fluorescence value 2 min after addition of the ks, and~g the fluorescence value after

the addition of gramicidin D (foB. aureus) or melittin (forE. coli spheroplasts).

II-13. Confocal laser-scanning microscope in bacterial strains

E. coli andS. aureus cells in mid-logarithmic phase were preparedcoli and S. aureus
cells (1d CFU/mL) in 10 mM sodium phosphate buffer (NAPB, pH) were incubated with
FITC-labeled peptides (Bg/mL) at 37 °C for 30 min. After being incubatele tcells were
washed with 10 mM NAPB and immobilized on a glaides The FITC-labeled peptides
were observed with an Olympus IX 70 confocal las=mning microscope (Japan).

Fluorescent images were obtained with a 488 nm-pasd filter for excitation of FITC.
II-14. DNA binding assay

Gel retardation experiments were performed by mgixif0f0 ng of the plasmid DNA
(pBluescript Il SK) with increasing amounts of peptide in g0 of binding buffer [5%

glycerol, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1 mulithiothreitol, 20 mM KCI, and 50

g/ml bovine serum albumin]. The reaction mixturesrgvincubated at room temperature for

14



1 h. Subsequently, 4L of native loading buffer was added [10% FicolD4Q@0 mM Tris-HCI
(pH 7.5), 50 mM EDTA, 0.25% bromophenol blue, an?596 xylene cyanol] and a 20
aliquot was subjected to a 1% agarose gel eleatreglts in 0.5 x Tris borate-EDTA buffer
[45 mM Tris-borate and 1 mM EDTA (pH 8.0)]. The glaid DNA used in this experiment
was purified by CsCl-gradient ultracentrifugatiam gelect the closed circular form of the

plasmid.

II-15. Peptide internalization and visualization in mammalian cells by confocal laser-

scanning microscope

HeLa cells (18cells/mL) were seeded on a 12-well culture platen{Zwell) and cultured
for 16 h. After complete adhesion, the culture mediwas discarded, and the cells were
washed once with PBS. The cells were pre-incubsteddmL fresh DMEM medium (FBS-
free) at 37 °C for 30 min before incubation witke fpeptides. Then, the cells were incubated
at 37 °C with 1 mL fresh DMEM medium (FBS-free) taining FITC-labeled peptides. The
final concentration of the peptides wagsMl. After 30 min, cells were washed three times
with PBS and then were mounted with an Olympus 0Xc@nfocal laser-scanning microscope
(Japan). Fluorescent images were obtained with8and® band-pass filter for excitation of

FITC.
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II. RESULTS

III-1. Peptide design

To investigate the effect of Pre peptoid residue substitution in tritrpticin-amide cell
selectivity and the mechanism of antibacterial action, tritrptieimide (TP,
VRRFPWWWPFLRR-NH) and its peptoid residue-substituigeptides having the sequence
VRRFXWWWXFLRR-NH, were synthesized, in which X represents subsiitstiof Pro
with Nleu (Leu peptoid residue), Nphe (Phe peptoid tesidorNlys (Lys peptoid residue).
In addition, to compare the effect of Pre Nlys substitution and Pre> Lys substitution in
tritrpticin-amide on their biological activity amiode of antibacterial action, TPK in which
two Pro residues were replaced with two lysinedwss was synthesized. The amino acid

sequences of all peptides are summarized in Table 1

II-2. Antimicrobial activities

The antimicrobialactivities of the peptides against six bacterighiss includingthree
Gram-negative and three Gram-positive speciesfuorgal strain and four antibiotic-resistant
S aureus andE. coli strains werenvestigated using the broth microdilution meth@d-25).
The MIC values of the peptides against these miatatrainsare summarized in Table 2.
TPl and TPf exhibited antimicrobiattivities similar to those of TP against all of thacterial

strains that were tested. In contrast, TPk and &Rtidbited 2-4-fold higher activity than TP.

16



In addition, the antimicrobial activities of pep&lagainst antibiotic-resistant clinical isolates
were also investigated. All of the peptides haveatiive antimicrobial activities against these
antibiotic-resistant clinical isolates at the ramfé.-8 uM (Table 3). Noticeably, TPk had the

highest antimicrobial activity compared to othepfiges.

III-3. Hemolytic activities

The hemolytic activity othe peptides against human erythrocytes was alssndieed.
The dose-response curves for the hemobtitivities of the peptides are shown in Figure 1.
TPl and TPf exhibited great@emolytic activity than TP, whereas TPk and Té&kibited
decreased hemolytic activity. Interestingly, TP# dot cause any hemolysis at 2081, but

TPK caused 20%emolysis.

III-4. Cytotoxicity against mammalian cells

The abilities of the peptides to inhibit the growdhtwo mammalian cell lines (human
cervical carcinoma HelLa and mouse fibroblastic ISIF8 cells) were examined to investigate
the cytotoxicity of peptides against mammalian sellhe growth inhibition dose-response
curves for the peptides were shown in Figure 2. [Chgis the peptide concentration causing
50% inhibition of cell growth compared to untreatzmhtrol cells (Table 4). TPI, TPf, and
TPK were much more cytotoxic than TP and TPk. Imtipaar, TPk was not cytotoxic

against HeLa and NIH-3T3 cell lines even at 180 (Figure 2).
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III-5. CD spectroscopy

The secondary structures of the peptides in theepee of 30 mM SDS was next
determined by CD spectroscopy (Figure 3). The Cécsp of TP, TPIl, and TPf showed a
positive band at near 212 nm, suggesting a chaistae3-turn conformation, and a negative
band at near 225 nm, which was due to the intenaaf the tryptophan side chain with the
backbone of its nearest-neighbor resid&. (In contrast, the CD spectrum of TPK showed
two negative minimum bands at near 208 nm and 22znd a positive maximum band at
195 nm, suggesting anhelical structure. Interestingly, the CD spectroinT Pk displayed no
signal at 212 nm, suggesting the disappearanpduwh structure, but a negative band at near
203 nm and a positive band at near 220 nm, suggestpoly-L-proline Il helix conformation

7).

III-6. Tryptophan fluorescence blue shift

The fluorescence emission of each peptide's tryatopresidue in Tris-buffer or in the
presence of vesicles composed of either negatoleyged phospholipids [EYPC/EYPG (7:3,
wiw) SUVs], which mimic bacterial membranes, or t&ionic phospholipids
[EYPC/cholesterol (10:1, w/w) SUVs], which mimic menalian membranes were monitored
to determine the local environments of the peptifleable 5). In the negatively charged

vesicles, all of the peptides exhibited similargiarblue shifts in their emission maxima,

18



suggesting that the Trp residue in all of the pig#iinserts into the more hydrophobic
environment of the membrane interior. In the zwiitteic phospholipid vesicles, TP, TPI, TPf,
and TPK exhibited much larger blue shifts in thainission maxima than TPk, suggesting
that the Trp residue of TPk more shallowly inségslf into the membrane interior than TP,

TPI, TPf, and TPK.

III-7. Tryptophan fluorescence quenching studies

The fluorescence quenching experiment using theervgatiuble neutral fluorescence
quencher acrylamide in SUVs was performed to ingatd the relative extent of peptide
burial in the model membranes. The Stern-Volmetspfor the quenching of tryptophan
recorded by acrylamide in the absence and pres#rgad vesicles are shown in Figure 4.
The fluorescence of typtophan of the peptides dsee in a concentration-dependent manner
via the addition of acrylamide to the peptide solutboth in the absence amdthe presence
of liposomes. However, compared with tmeasurements in the absence of liposomes, the
slopes werelecreased in the presence of EYPC/EYPG (7:3, wiwysor EYPC/cholesterol
(10:1, wiw) SUVs, suggesting thatptophan of the peptides was buried in the bilgye
becoming inaccessible for quenching by acrylamidethe presence of EYPC/EYPG (7:3,
wiw) SUVs, all of thepeptides exhibited similar extents of quenchingygastingthat their
Trp residues are buried effectively in the negdyiveharged phospholipid membranes. In
contrast, the order fdhe relative extent of quenching of the tryptopllanrescencen the

presence of EYPC/cholesterol (10:1, w/w) SUMas as follows: TPk > TPK > TP >> TPI >
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TPf, suggestinghe Trp residue of TPk is less able to insert ith® hydrophobic core of

zwitterionic phospholipid membranes than that of TRable 5). In particular, the slope for
TPk in the presence of EYPC/cholesterol (10:1, w\Vs was much higher than in the
presence of EYPC/EYPG (7:3, wiw) SUVs, suggestiRg ias a preferential interaction with

negatively charged phospholipids.

III-8. Peptide-induced dye leakage from negatively charged LUVs

The ability of the peptides to release the fluoeesenarker calcein from calcein-entrapped
bacterial cell membrane-mimicking negatively char@ge'PC/EYPG (7:3, w/w) LUVSs was
assessed to determine the membrane disruptiontaaivthe peptides. The does-dependent
and time-dependent response curves of peptide-@tdwalcein leakage from negatively
charged vesicles are shown in panels A and B airEi§, respectively. TPk induced little or
no calcein release, whereas TP, TPI, TPf and TRHbézd relatively strong membrane-lytic
activity. Even at a high concentration of iBl, TPk did not cause any dye-leakage. These
results further confirm that, whereas membraneugitn represents a major killing event for

TP, TPI, TPfand TPK, TPk apparently exerts itstéacidal effect in some other way.

III-9. Membrane potential depolarization

The ability of the peptides to cause membrane @ejzation ofS. aureus and E. coli

spheroplasts using the membrane potential-sensiligadiSC3-5 was evaluated to determine
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the extent to which permeabilization of the cytspié&c membrane contributed to the
antibacterial activity of the peptides (Figure Bpon addition of the dye to a suspensiois.of
aureus and E. coli spheroplasts, its fluorescence was strongly queheiseit entered the
membrane until levels within the membrane staldliz8ubsequent addition of peptides
resulted in an increase in di$& fluorescence reflecting the membrane depolaozatfter
which addition of gramicidin D (foS. aureus) or melittin (for E. coli spheroplasts) fully
collapsed the membrane potential. TP, TPI, TPf, BHAK depolarizeds. aureus andE. coli
spheroplasts at a concentration of gM, strongly suggesting that the bacterial cytopliasm
membrane is a major target of these peptides. Intrast, TPk caused very little
depolarization at a concentration of 2:¥ (2-fold MIC), suggesting that the antibacterial

activity of TPk is not due to permeabilization bétbacterial cell membrane.

III-10. Confocal laser-scanning microscopy in bacterial strains

To determine the site of action of the peptidesn®&negative E. coli and Gram-positive S.
aureus were incubated with FITC-labeled peptided then their localization in bacterial
strains were visualized by confocal laser-scannimgroscopy (Figures 7 and 8). FITC-
labeled TPk penetrated the membranes and accuuhulathe cytoplasm of both Gram-
negativeE. coli and Gram-positivés. aureus. This finding indicates that the cytoplasm and
not the membrane is the major site of action of .TIRkcontrast, under the same conditions,
FITC-labeled TP, TPf and TPK did not penetrate bemained associated with the

membranes.
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III-11. DNA binding activity

The DNA binding properties of the peptides werengixed to attempt to determine their
molecular mechanisms of action. The DNA bindingnities of the peptides were determined
by analyzing the electrophoretic mobility of DNAMus at various peptides: DNA weight
ratios. TPk and TPK similarly inhibited the migatiof DNA at concentrations at 2wM. In

contrast, TP, TPI, and TPf inhibited the migratocdriDNA at 8-16uM (Figure 9).

III-12. Confocal laser-scanning microscopy in Hel a cells

Because the mammalian cell penetration propentidsaatimicrobial activity can coexist in
cell-penetrating peptides (CPPs) and our TPk caretpate into the bacterial strains, it has
interest to research TPk's penetrating efficiemcynammalian cells. The location of FITC-
labled TP, TPf and TPk in Hela cells were visualiby confocal laser-scanning microscopy,
respectively (Figure 10). Results showed that TRicty had penetrating efficiency in Hela
cells at 37 °C. However, TP and TPf cann't peneftatl membrane into cytoplasm at 37 °C.
In the case of TPk, its internalization mechanisih @xact intracellular location still plausible,

so the additional experiments must be performesbbee all of these problems.
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Tablel

Amino acid sequences of Tritrpticin-amide and &ptoid residue-substituted peptities

Molecular mass (Da)

Peptide Sequence
Calculated Observ&d
Tritrpticin VRRFPWWWPFLRR 1902.2 1903.3
TP VRRFPWWWPFLRR-NK 1901.2 1903.2
TPI VRRAWWWIFLRR-NH, 1933.3 1935.3
TPf VRREWWWIfFLRR-NH, 2001.4 2002.0
TPk VRREKWWWKFLRR-NH, 1963.3 1965.2
TPK VRRFKWWWKFLRR-NH, 1963.3 1963.4

3l Nleu [(CHs),-CH-NH-CH,-COOH)], f: Nphe (HCs-CH,-NH-CH,-COOH),
k: Nlys [NH,-(CH,)4-NH-CH,-COOH].

®Molecular masses of the peptides observed from MIALDF MS.
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Table?2

Minimal inhibitory concentration of the peptidesaaitst bacterial strains

Minimal Inhibitory Concentrationu\)

Microorganisms

Tritrpticin TP TPI TPf TPk TPK
Gram-negative bacteria
E. coli 8 8 8 8
P. aeruginosa 16 8 16 8 4 4
S typhimurium 16 8 16
Gram-positive bacteria
B. subtilis 4 1 1 1 1 0.5
S epidermidis 4 1 1 1 1 0.5
S aureus 4 2 2 2 1 1
Fungus
C. albicans 32 16 16 32 4 2

#Each MIC was determined in three independent expearis performed in triplicate with a

standard deviation of 9.8 %.
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Table3

Minimal inhibitory concentration of the peptidesaaust antibiotic-resistant bacterial strdins

Minimal Inhibitory Concentration\)®

Peptide E. coli S aureus
CCARM 1229 CCARM 1238 CCARM 3089 CCARM 3108
TP 4 4 1 1
TPI 2 2 1 1
TPf 4 4 1 1
TPk 1 1 1 1
TPK 1 2 1 1

®Bacterial strains were clinically isolated at theltGre Collection of Antibiotic-resistant
Microbes. Oxacillin was inactive at 25/ for E. coli CCARM 1229 and CCARM 1238,
andS. aureus CCARM 3089 and CCARM 3108.

PEach MIC was determined in two independent experimeerformed in triplicate with a

standard deviation of 7.0 %
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Table4

Cytotoxicities of the peptides against mammalidiste

Peptide ICso (M)
Hela NIH-3T3
TP 70 >100
TPI 18 52
TPf 8 48
TPk >100 >100
TPK 24 32

*The 1G, values were defined as the concentration of pegtid cause 50% cell growth
inhibition by the MTT assay.
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Table5b

Tryptophan fluorescence emission maxima of theigeptin Tris-HCI buffer (pH 7.4) or in

the presence of EYPC/EYPG (7:3, wiw) and EYPC/Gétel®l (10:1, w/w) liposomes

. Ksv (M?)°
Peptide Tris-HCl buffer ~ EYPC/EYPG  EYPC/cholesterol EYPEIEYPG EYPC/cholostor)
(nm) (7:3, ww) (nm§  (10:1, w/w) (nm§
(7:3) (10:1)
TP 346.6 335.6 (11.0) 338.2 (8.4) 2.64 3.52
TPI 390.0 338.8 (10.8) 339.2 (9.8) 2.88 2.58
TPf 350.0 340.0 (10.0) 341.2 (8.8) 2.71 2.18
TPk 349.6 342.4 (7.2) 346.0 (3.6) 2.79 3.92
TPK 349.6 339.4 (10.2) 342.6 (7.0) 2.56 3.62

& Blue shifts in emission maxima in parentheses.
®: Ksv is the Stern-Volmer quenching constant.
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Figure 1. Dose-response curves of the hemolytic activitytred peptides toward human
erythrocytes: TP«), TPI (0), TPf (V¥), TPk(V ), and TPKK).
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Figure 2. Growth inhibition dose-response curves for the idegtagainst HelLa cells (A)
and NIH-3T3 cells (B): TP«), TPI (0), TPf (¥), TPk(V ), and TPKn).
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Figure 3. CD spectra of the peptides in 10 mM sodium phospbaffer (pH 7.2) in the

presence of 30 mM SDS: TR)( TPI (0), TPf(V¥), TPk (), and TPKx).
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Figure 4. Stern-Volmer plots for the quenching of Trp fluaresce of the peptides by an
aqueous quencher, acrylamide, in Tris-HCI buffeH (p.4) (A) or in the presence of
EYPC/EYPG (7:3, w/w) SUVs (B) or EYPC/cholesterd0(1, w/w) SUVs (C) : TPd«), TPI

(0), TP (), TPK(V ), and TPK).
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Figure 5. (A) The dose-dependent percent leakage of calogim fnegatively charged

EYPC/EYPG (7:3, w/w) LUVs at pH 7.4 measured ati after the addition the peptides:

TP (o), TPI (0), TP (V¥), TPk(V ), and TPK ). (B) The timedependent percent leakage of

calcein from negatively charged EYPC/EYPG (7:3, WMJVs at pH 7.4 in the presence of 2

UM peptides.
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Figure 6. Dose-response curves of the membrane depolarizattivities of the peptides
againstS. aureus (A) andE. coli spheroplasts (B). Membrane depolarization was tomd
by an increase in the fluorescence of diSJexcitation wavelength=622nm; emission
wavelength\,=670nm) after the addition of peptides at differemricentrations: TR, TPI

(0), TP (¥), TPK(V ), and TPK).
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Figure 7. Confocal laser-scanning microscopy images of GragativeE. coli treated with

.
'

FITC-labeled peptides. The cells were reacted wiflg/ml of FITC-labeled TP (A), FITC-

labeled TPf (B), FITC-labeled TPk (C) or FITC-lagaITPK (D).
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Figure 8. Confocal laser-scanning microscopy images of Grasitipe S. aureus treated with

FITC-labeled peptides. The cells were reacted witlg/ml of FITC-labeled TP (A), FITC-

labeled TPf (B), FITC-labeled TPk (C) or FITC-lagsTPK (D).
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Figure 9. Interaction of the peptides with plasmid DNA. Bingiwas assayed by measuring
the degree of inhibition of migration by plasmid BN100 ng; pBluscriptll SK): Lane 1,
plasmid DNA alone; lane 2, 0.28V of peptide; lane 3, 0.aM of peptide; lane 4, 1.AM of
peptide; lane 5, 2.AM of peptide; lane 6, 4.QM of peptide; lane 7, 8.AM of peptide; and
lane 8, 16.0uM of peptide. DNA and the peptides were co-incuthater 1 h at room

temperature before electrophoresis on a 1.0 % sgayel.
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Figure 10. Peptide internalization and visualization assays$i@ia cells by confocal laser-
scanning microscope. Hela cells were treated WitfCHabeled TP (A), FITC-labeled TPf

(B) and FITC-labeled TPk (C) for 30 min at 37 °@dt peptide concentration isyéM.
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IV. DISCUSSION

Proline is an amino acid that creates a bend irp#midebackbone because of its cyclic
structure. Thus, the Presidue is generally thought to be@helix breaker. Indeedome of
the naturally occurringi-helical antimicrobialpeptides, such as cecropin A, pardaxin, and
PMAP-23,contain one or two Pro residués 28). Due to the presencd a Pro residue near
the central position, such antimicrobfedptides form a unique helix-bend-helix structa@& (
32). Many studies have demonstrated that a Pro resiéarthe central position of these R-
helical antimicrobial peptidgdays an important role in their bacterial cellesgivity (30-38).

In a recent study, we designed antimicrobial pegstabntaining peptoid residues with cell
selectivity by incorporatingne or two Nala residues into the hydrophobic h&flia non-cell-
selective ideal amphiphatic LK-rich-helicalmodel peptide39).

Due to the presence of the two Pro residues atigosi5and 9, tritrpticin forms a unique
turn-turn structure in thenembrane-mimicking SDS micelleS)( The first turnconsists of
residues 4-7, followed immediately by a secovill-defined 3q-helical turn consisting of
residues 8-11The hydrophobic residues are clustered togetheaesulearly separated from
the basic Arg residues, resultingan amphipathic structure. Peptoid residues, lilaing,
lack an amide nitrogen as a proton-donating group fairdgenbonding to the peptide
backbone. Thus, replacement of Pesidues with peptoid residues may also simultasigou
induce a turn or a rigid bend in the secondaryctiine ofthe peptide40).

In present study, to investigate the effect of Propeptoid residue substitution on the

structure, cell selectivityand mechanism of antibacterial action of-#urn antimicrobial
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peptide such as tritrpticin, tritrpticin-amid&P) and its peptoid residue-substitufezbtides
(TPI, TPf, and TPk) were synthesized (Table 1).sElsudies were also carried out to
provide information for the design new short antiobial peptides with selectivity for
bacterial cells. As for TP, TPl and TPf displayest only powerful antibacterial activity but
also relativelystrong hemolytic activity. In contrast, TPk had thestpotent antimicrobial
activity but lacked hemolytic activiteven at 200uM (Table 2, 3 and Figure 1). The
cytotoxicity of the peptides was further examingdtdsting their ability tacause the lysis of
human cervical carcinoma HelLa and mofiibeoblastic NIH-3T3 cells. All of the peptides
were morecytotoxic to the transformed tumor Hela cells ttiha normal NIH-3T3 cells.
This may be due to the presenceadiigher concentration of exposed anionic phospiudli
onthe outer membrane surface of transformed tumds tenon normal cells41, 42). TPI
and TPf not only had thieighest hemolytic activity but also were the mogbtoxic against
mammalian cells, whereas TPk did not exhsinificant cytotoxicitiy against either HelLa or
NIH-3T3 cellsat concentrations up to at least 100 (Table 4 and Figurg).

To investigate whether the selectivity of TPk tosvbacterial cells is related to differences
in the interaction wittthe outer monolayer of membranes of bacterial aathmaliancells,
tryptophan fluorescencguenching for each peptide in the presence of ivegjatcharged
model membranes (bacteria-mimicking membranes) anitterionic model membranes
(mammalian-mimicking membranes) were studied. Unlikke TPI, andlPf, TPk effectively
embedded the negatively chargedmbrane but not the zwitterionic membrane, suguest
that the selectivity of TPk toward bacterial cefisassociatedavith a preferential interaction

with negatively chargeghospholipids (Table 5 and Figure 4).
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Three general mechanisms, including barrel-staamaidal, and carpetlike models, were
originally proposed to describéhe process of permeabilization of the phospholipid
membranedy membrane-active peptide®3( 43-47). In thebarrel-stave model, the peptide
may create transmembracieannels or pores by forming bundles of amphipatHielices. In
this case, the hydrophobic surfaces offaptides may interact with the hydrophobic core of
themembrane, while their hydrophilic surfaces facedrdyproducing an aqueous pore. The
toroidal model differs fronthe barrel-stave model in that the lipid bends backtselflike
the inside of a torus. Unlike the barrel-stave nhederethe peptide needs to be long enough
to span the membranthe toroidal model can be induced by smaller pegti@écause here the
peptides probably play the role of stabilizitng lipid pore rather than lining the pore. In the
carpetlike model, the peptides lie at the interface paratiethe membrane, allowing their
hydrophobic surfaces to interawith the hydrophobic component of the lipid, whileeir
positively charged residues interact with the nieght charged head groups of the
phospholipid.

In contrast to membrane-active peptides, othesemsfantimicrobial peptides have been
suggested to target nonmembramgacellular components, such as DNA or RN#R-39,
from porcine leucocytest), and buforin 2, fronthe stomach tissue of the Asian tdaufo
bufo gargarizans (49), are two peptides that penetrate cells withowduaing severe
membrane permeabilization. Once in the cytoplasey bind to and inhibit the activity of
specific moleculatargets essential to bacterial growth, therebyinguselldeath 49-54).

The ability of TPk to causleakage of a fluorescent dye entrapped within Lid¥sposed

of negatively charged phospholipids was tedbstpite effectively binding and inserting into
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negativelycharged phospholipids, as demonstrated by tryptofilharescence blue shift and
quenching experiments (Tableahd Figure 4), TPk induced very little leakage lté dye
from negatively charged phospholipid vesicles ewagrithe highest concentration that was
tested (1uM) (Figure 5).To examine whether the cytoplasmic membrane ofattells is
the target of TPk, the abilities of the peptidesdépolarize the cytoplasmic membrane of
Gram-positiveS. aureus and Gram-negative. coli spheroplasts were examined by using the
membrane potential-sensitive fluorescent dye ei®CThe diSG5 inserts into the
cytoplasmic membrane under the influence of the bmare potential gradient and quenches
its own fluorescence. After the addition of a paptithat forms a pore or channel or disrupts
the membrane potential, the membrane potentidk@pated and the dye is released into the
medium, leading to an increase in fluorescenceth®rbasis of the studies with this dye, TPk
induced very little dissipation of the membranegptitl even at levels 2-fold greater than the
MIC againstS. aureus andE. coli spheroplasts. In contrast, TP, TPI, T&id TPK caused a
significant depolarization of the membramader their MIC (Figure 6). These results
suggested that the bactericidal action of T¥kot due to the formation of transmembrane
channels opores or the perturbation of the cell membrane.

The inability to cause leakage of calcein from bdaat membrane-mimicking liposomes
and to depolarizeés. aureus and E. coli spheroplast membranes prompted us to examine
whether TPk is able to penetrate bacterial cell bramesTherefore, we used confocal laser-
scanning microscopy iconjunction with FITC-labeled peptides to determimeetherthe
peptides penetrate bacterial cell membranes. FAbEKJTPk penetrated the cell membrane

and accumulated in troytoplasm of both Gram-negatite coli and Gram-positivé. aureus,
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whereas neither FITC-labeled TP nor FITC-labeldef penetrated the cell membranes.
Furthermore, in the geletardation experiment, it was confirmed that TRis ta higher
binding affinity for DNA. Taken together, these ults indicated that TPk inhibits bacterial
growth by intracellulatargets like buforin 239, 52-54). Next, to investigatevhether the
ability of TPk to translocate across the bacteréd membranes is due to only the increase in
two positive charges, TPK with Lys at positions 5 and 9 of TPswgnthesized and its
biological functions were investigatetPK induced rapid and effective leakage of dye from
bacterial membrane-mimicking liposomes, and it aifely depolarized the cytoplasmic
membrane ofS. aureus andE. coli spheroplasts (Figures 5 and 6). Confocal laserrsegn
microscopy revealed that TPK did not penetratecilianembrane but remained outside or on
the cell membrane (Figure 7 and 85 mentioned earlier, despite the peptide’s backbon
changeby Phe peptoid residue (Nphe) substitution, TPfriittranslocate across the bacterial
cell membranes. Takeogether, these results suggested that the abilifyPk topenetrate
into the bacterial cell membranes appears toelsed to the dual effects that are related to
the increase inhe positive charge and the peptide’s backbone gehdny peptoid residue
substitution.

In conclusion, Pre~ Nlys substitution (TPkin TP significantly increased the antibacterial
activity anddecreased the cytotoxicity against mammalian cigyltingin its cell selectivity.
Unlike TP, TPI, TPf, and TPK, TP&aused very little dye leakage in negatively chdrge
model membranes mimicking bacterial membranes. TPk alsducded very little
depolarization of the membrane potenimB. aureus andE. coli spheroplasts. Furthermore,

TPk effectively penetrated the membranes of both GragativeE. coli and Gram-positivé.
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aureus and bound strongly t®NA (Figure 9). These results suggest that the ebimidal
effect of TPk is mediated by intracellular sites rather thgndisruptionof the exterior
membrane. Further studies to identifyiamacellular site to which TPk binds may revea th
mechanisnof its bactericidal action. Interestingly, TPk alsad the penetrating efficiency in
mammalian cells (Figure 10). After further reseaatlout its internalization mechanism and
its exact intracellular location, it maybe becoraggod cargo deliver in mammalian cells.
Collectively, our results demonstrate that a naskedrt antimicrobial peptide with high
selectivity for bacterial celland an intracellular mechanism of action can beggadby Pro
— Nlys substitution in a Pro-containifigturn antimicrobial peptide, such as tritrpticin. These
findings helpclarify the behavior of peptoid-containing antinwbral peptides, and they
provide a framework for the design stiort synthetic antimicrobial peptides with optiedz
activity and selectivity profiles for possible therapeuiplécation.Particularly, TPk may be

a suitable leadompound for the development of cell-selectiveraittiobial peptides.
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VI. ABBREVIATIONS

CD, Circular cichroism;

CFU, colony-forming unite;

CPPs, cell-penetrating peptides;

diSG;-5, 3,3-dipropylthiadicarbocyanine iodide;

DMEM, Dulbecco's modified Eagle's medium;

EYPC, egg yolk La-phosphatidylcholine;

EYPG, egg yolk L-phosphatidyl-DL-glycerol;

FBS, fetal bovine serum;

FITC, fluorescein isothiocyanate;

Fmoc, fluoren-9-yl-methoxycarbonyl;

h-RBC, human red blood cells;

LUVs, large unilamellar vesicles;

MALDI-TOF MS, matrix-assisted laser-desorption mation-time-of-flight
spectrometry;

MIC, minimal inhibitory concentration;

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2Hetrazolium bromide;

RP-HPLC, reverse phase high-performance liquidrolatography;

PBS, phosphate buffered saline;

SDS, sodium dodecyl sulfate;

SUVs, small unilamellar vesicles.
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