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ABSTRACT

Antimicrobial and Anti-inflammatory Activities and
Mechanism of Action of Cathelicidin-derived Synthetic

Antimicrobial Peptides

Binu Jacob
Advisor: Prof. Song Yub Shin
Department of Bio-Materials

Graduate School of Chosun University

PART 1

KR-12 (residues 18-29 of LL-37) was known to be the smallest peptide of human
cathelicidin LL-37 possessing antimicrobial activity. In order to optimize a-helical
short antimicrobial peptides having both antimicrobial and antiendotoxic activities
without mammalian cell toxicity, we designed and synthesized a series of KR-12
analogs. Highest hydrophobic analogs KR-12-a5 and KR-12-a6 displayed greater
inhibition of LPS-stimulated TNF-aproduction and higher LPS-binding activity.
We have observed that antimicrobial activity is independent of charge but LPS

neutralization requires a balance of hydrophobicity and net positive charge. Among

-Xi -
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KR-12 analogs, KR-12-a2, KR-12-a3 and KR-12-a4 showed much higher cell
specificity for bacteria over erythrocytes and retained antiendotoxic activity,
relative to parental LL-37. KR-12-a5 displayed the strongest antiendotoxic activity,
whereas almost similar cell specificity as compared to LL-37. Also, these KR-12
analogs (KR-12-a2, KR-12-a3, KR-12-a4 and KR-12-a5) exhibited potent
antimicrobial activity (MIC: 4 pM) against methicillin-resistant Staphylococcus
aureus. Taken together, these KR-12 analogs have the potential for future
development as novel class of antimicrobial and anti-inflammatory therapeutic

agents.

PART II

To develop short antimicrobial peptide (AMPs) with improved cell selectivity and
reduced mammalian cell toxicity compared to sheep myeloid antimicrobial
peptide-29 (SMAP-29) and elucidate the possible mechanisms responsible for their
antimicrobial action, we synthesized an N-terminal 18-residues peptide amide
(SMAP-18) from SMAP-29 and its Trp-substituted analog (SMAP-18-W). Due to
their reduced hemolytic activity and retained antimicrobial activity, SMAP-18 and
SMAP-18-W showed higher cell selectivity than SMAP-29. In addition, SMAP-18
and SMAP-18-W had no cytotoxicity against three different mammalian cells such
as RAW 264.7, NIH-3T3 and HeLa cells even at 100 uM. These results suggest
that SMAP-18 and SMAP-18-W has potential for future development as novel
therapeutic antimicrobial agent. Unlike SMAP-29, SMAP-18 and SMAP-18-W
showed relatively weak ability to induce dye leakage from bacterial membrane-
mimicking liposomes, N-phenyl-1-napthylamine (NPN) uptake and o-nitrophenyl-
B-galactoside (ONPG) hydrolysis. Similar to SMAP-29, SMAP-18-W led to a
significant membrane depolarization (>80%) against Staphylococcus aureus at 2 x
MIC. In contrast, SMAP-18 didn’t cause any membrane depolarization even at 4 x
MIC. In confocal laser scanning microscopy, we observed translocation of SMAP-

18 across the membrane in a non-membrane disruptive manner. SMAP-29 and

- Xii -
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SMAP-18-W was unable to translocate the bacterial membrane. Collectively, we
propose here that SMAP-29 and SMAP-18-W kill microorganisms by
disrupting/perturbing the lipid bilayer and forming pore/ion channels on bacterial
cell membranes, respectively. In contrast, SMAP-18 may kill bacteria via

intracellular-targeting mechanism.

PART III

Sheep myeloid antimicrobial peptide-29 (SMAP-29) is a potent but equally
cytotoxic antimicrobial peptide. Its highly hydrophobic C-terminal region (19-29
residues) containing three isoleucines is responsible for hemolytic and cytotoxic
activities. To study the membrane interaction of this hydrophobic region, D-
enantiomer (SMAP-29D), and diastereomer (SMAP-29DA) containing D-allo-
isoleucines had prepared. To improve cell selectivity and LPS neutralization ability
of SMAP-29, 2 isomers consist of L-form (1-18 residues) and D-form (19-28
residues) segments were also synthesized (SMAP-29HD and SMAP-29HDA). The
non-hemolytic N-terminal region (SMAP-18, 1-18 residues) is having an
intracellular target. We had prepared D-enantiomer (SMAP-18D) and
diastereomer (SMAP-18DA) of SMAP-18 to probe the cytoplasmic chiral
interaction and to study the membrane penetrating efficiency of enantiomeric
peptides. Except SMAP-29HD and SMAP-29HDA, all peptides showed a typical
a-helical conformation in the presence of SDS or LPS. SMAP-29DA, SMAP-
29HD and SMAP-29HDA had significantly lesser relative hydrophobicity,
hemolytic activity, and several fold increase in therapeutic index than the
corresponding L- and D-enantiomer of SMAP-29. SMAP-29 peptides but not
SMAP-18 peptides showed a powerful inhibition of LPS-induced production of
NO, TNF-q, IL-6 and MCP-1 in RAW264.7 cells. SMAP-29HD and SMAP-
29HDA were less cytotoxic to RAW?264.7 cells. SMAP-29 peptides showed instant
membrane depolarization against Staphylococcus aureus, but SMAP-18 peptides

did not induce membrane depolarization. SMAP-29L, SMAP-29D and SMAP-

- Xiii

Collection @ chosun



29DA readily released dye from bacterial membrane mimicking liposomes.
SMAP-29HD and SMAP-29HDA took longer time to reach full release of dye
from liposomes. SMAP-18D and SMAP-18DA showed 4- or 8-fold higher
antimicrobial activity against five bacteria in broth dilution assay. In agar
diffusion assay, SMAP-18L had smaller but distinct clear zone but SMAP-18D
and SMAP-18DA had border but blurred clear zone. Both SMAP-18L and SMAP-
18D peptides binds with bacterial plasmid DNA at 2uM. SMAP-18L killed E. coli
faster than SMAP-18D. Both SMAP-29 and SMAP-18 peptides showed good
activity against 3 MRSA strains.

- XiV -
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PART 1|

Short KR-12 analogs designed from human
cathelicidin LL-37 possessing both
antimicrobial and antiendotoxic activities

without mammalian cell toxicity
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1. Introduction

LPS (lipopolysaccharide), also known as endotoxin, is a major constituent of the outer
membrane of Gram-negative bacteria [1,2].The antibiotic therapy against Gram-
negative bacterial infections is often accompanied by the release of LPS [1,2]. LPS is
recognized as a key molecule in the pathogenesis of septic shock syndromes associated
with serious Gram-negative bacterial infections [1,2]. Although the exact mechanism is
not yet well understood, upon its release, LPS is recognized by mononuclear phagocytes
(monocytes and macrophages), and it activates them. This enhances their phagocytic
activity and significantly raises the secretion level of proinflammatory cytokines, such
as tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), and others [3-6]. However, an
unbalanced systemic secretion of these cytokines can rapidly give rise to septic shock
syndrome, frequently resulting in death [3—6]. The neutralization of LPS-mediated toxic
injury has been considered for a long time to be as possible therapeutic target in patients.

Antimicrobial peptides (AMPs) are components of the innate immune system
and have been identified in almost all living organisms, ranging from plants to insects to
mammals, including humans [7,8]. AMPs are capable of targeting bacteria, fungi, and
enveloped viruses and are considered potential alternatives to conventional antibiotics,
as they physically disrupt the bacterial membranes, leading to membrane lysis and
eventually cell death [7,8]. Human cathelicidin LL-37 is a 37 residue long cationic and
amphipathic a-helical AMP [9]. Besides direct antimicrobial action, LL-37 is known to
be effective in binding to and neutralizing LPS and consequently has considerable
potential in the treatment of endotoxin shock and sepsis associated with Gram-negative

bacterial infections [10—14]. These properties make LL-37 as an attractive therapeutic
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agent for Gram-negative bacterial infection and inflammatory disease [10-14]. Even
though LL-37 has potent antimicrobial and LPS-neutralizing activities, it causes a
significant hemolysis toward human red blood cells [15]. The length of LL-37 is too
long to develop as a therapeutic agent for Gram-negative bacterial infection and
inflammatory disease. Short AMPs attract attention due to the potentially lower cost of
production.

For this reason, we used a 12-meric short KR-12peptide (residues18-29 of LL-
37) identified as the smallest region of LL-37 possessing antimicrobial activity [16], to
optimize short AMPs having cell specificity and antiendotoxic activity. We designed
and synthesized a series of amino acid-substituted analogs from the a-helical wheel
diagram of KR-12. The cell selectivity of peptides was investigated by examining their
antimicrobial activity against Gram-positive and Gram-negative bacterial strains, and
their hemolytic activity against human red blood cells. The LPS-neutralizing activity of
peptides was evaluated by examining their inhibition of TNF-aproduction in LPS-
stimulated mouse macrophage RAW?264.7 cells. The ability of KR-12 and its analogs to
bind LPS were assessed using chromogenic Limulus amoebocyte lysate (LAL) assay.
The secondary structure of the peptides in the presence of LPS was investigated by
circular dichroism(CD) spectroscopy. Our results will help in the design of novel short
o-helical AMPs having both antimicrobial and antiendotoxic activities without
mammalian cell toxicity. LPS (lipopolysaccharide), also known as endotoxin, is a major
constituent of the outer membrane of Gram-negative bacteria [1,2]. The antibiotic
therapy against Gram-negative bacterial infections is often accompanied by the release
of LPS [1,2]. LPS is recognized as a key molecule in the pathogenesis of septic shock

syndromes associated with serious Gram-negative bacterial infections [1,2]. Although
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the exact mechanism is not yet well understood, upon its release, LPS is recognized by
mononuclear phagocytes (monocytes and macrophages), and it activates them. This
enhances their phagocytic activity and significantly raises the secretion level of
proinflammatory cytokines, such as tumor necrosis factor-o. (TNF-a), interleukin-6 (IL-
6), and others [3-6]. However, an unbalanced systemic secretion of these cytokines can
rapidly give rise to septic shock syndrome, frequently resulting in death [3—6]. The
neutralization of LPS-mediated toxic injury has been considered for a long time to be as

possible therapeutic target in patients.
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2. Materials and Methods

2.1. Materials

Fmoc (9-fluorenylmethoxycarbonyl) amino acids and Fmoc amino acid-Wang resins
were purchased from Calbiochem-Novabiochem (La Jolla, CA). Other reagents used for
peptide synthesis including trifluroacetic acid (TFA; sigma), piperidine (Merck),
dicyclohexylcarbodiimide (DCC; Fluka), N-hydroxybenzotriazole hydrate (HOBT;
Aldrich) and dimethylformamide (DMF, peptide synthesis grade; Biolab).
Lipopolysaccharide (LPS from Escherichia coli O111:B4), and 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were obtained from Sigma Chemical
Co (St. Louis, MO). DMEM and fetal bovine serum (FBS) were purchased from
HyClone (SeouLin, Bioscience, Korea). RAW 264.7 cells were procured from American
Type culture Collection (Bethesda, MD). All other reagents were of analytical grade.

The buffers were prepared in double glass-distilled water

2.2 Peptide Synthesis

Peptides listed in Table 1 were prepared by the standard Fmoc-based solid-phase
synthesis technique on rink amide4-methylbenzhydrylamine resin (0.54 mmol/g). DCC
(dicyclohexylcarbodiimide) and HOBt (N-hydroxybenzotriazole) were used as coupling
reagents, and a 10-fold excess of Fmoc-amino acids was added during every coupling
cycle. After cleavage and deprotection with a mixture of trifluoroacetic
acid/water/thioanisole/phenol/ethanedithiol/triisopropylsilane (81.5 : 5 : 5 : 5 : 2.5:1,
v/v/v/v/v/v) for 2 h at room temperature, the crude peptide was repeatedly extracted

with diethyl ether and purified by RP-HPLC (reverse-phase high-performance liquid
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chromatography) on a preparative Vydac C18 column (20 mm x250 mm, 300 A, 15-mm
particle size)using an appropriate 0-90% water/acetonitrile gradient in the presence of
0.05% trifluoroacetic acid. The final purity of the peptides (>95%) was assessed by RP-
HPLC on an analytical Vydac C18column (4.6x250 mm, 300 A, 5-mm particle size).
The success of the synthesis of the peptide was confirmed by analysis using a matrix-
assisted laser desorption/ionization, time-of-flight (MALDI-TOF) mass spectrometry

(Shimadzu, Japan)(Table 1).

2.3 Antimicrobial Activity (MIC)

The antimicrobial activity of the peptides against three Gram-positive bacterial strains,
three Gram-negative bacterial strains and three MRSA strains was examined by using
the broth microdilution method in sterile 96-well plates. Aliquots (100 pl) of a bacterial
suspension at 2 x 10° colony-forming units (CFU)/mL in 1% peptone were added to 100
ul of the peptide solution (serial 2-fold dilutions in 1% peptone). After incubation for
18-20 h at 37°C, bacterial growth inhibition was determined by measuring the
absorbance at 600 nm with a Microplate Autoreader EL 800 (Bio-Tek Instruments, VT).
The minimal inhibitory concentration (MIC) was defined as the minimum peptide
concentration that inhibited bacteria growth. Three types of gram-positive bacteria
(Bacillus subtilis [KCTC 3068], Staphylococcus epidermidis [KCTC 1917] and
Staphylococcus aureus [KCTC 1621]) and three types of gram-negative bacteria
(Escherichia coli [KCTC 1682], Pseudomonas aeruginosa [KCTC 1637] and
Salmonella typhimurium [KCTC 1926]) were procured from the Korean Collection for
Type Cultures (KCTC) at the Korea Research Institute of Bioscience and Biotechnology

(KRIBB). Three methicillin-resistant Staphylococcus aureus (MRSA) (CCARM 3089,
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CCARM 3090 and CCARM 3095) were obtained from the Culture Collection of

Antibiotic-Resistant Microbes (CCARM) at Seoul Women’s University (Seoul, Korea).

2.4 Hemolytic Activity

Fresh human red blood cells (hRBCs) were centrifuged, washed three times with
phosphate-buffered saline (PBS) (35 mM phosphate buffer, 0.15 M NaCl, pH 7.4),
dispensed into 96-well plates as100ul of 4% (w/v) hRBC in PBS, and 100 pl of peptide
solution was added to each well. Plates were incubated for 1 h at 37 °C, then
centrifuged at 1000 x g for 5 min. Samples (100 ul) of supernatant were transferred to
96-well plates and hemoglobin release was monitored by measuring absorbance at 414
nm. Zero hemolysis was determined in PBS (Apgs) and 100% hemolysis was
determined in 0.1% (v/v) Triton X-100 (Agin)- The hemolysis percentage was

calculated as: % hemolysis = 100 X [(Asample — Apgs) / (Agiton— Apps)]

2.5 Circular Dichroism (CD) Spectroscopy

The CD spectrum of the peptide was obtained with a Jasco J-715 CD spectrophotometer
(Tokyo, Japan) at 25 °C using a fused quartz cell with a 1-mm path length over a
wavelength range of 190-250 nm at 0.1 nm intervals (speed, 50 nm/min; response time,
0.5 s; bandwidth, 1 nm). CD spectra were collected and averaged over three scans.
Samples were prepared by dissolving the peptide to a final concentration of 100 pg/mL
in 10mM sodium phosphate buffer (pH7.2) or 0.1% LPS.The mean residue ellipticity
[0], was given in degree -cm”dmol™ . The spectra were expressed as molar ellipticity
[6] vs. wavelength. The fractional helical content £, of peptides in a helical conformation

was calculated as follows:
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Fractional helical content (f;) = (0—0rc)/(0u—0rc),
where 0 is observed ellipticity and Orc and Oy are the limiting values for a completely
random coil and a completely helical conformation, respectively. Here, we use the
following values, both at 222 nm: Ogc= —1.5 x10° degree - cm? -dmol™ and 0=

—33.4x10° degree -cm™ -dmol™ [17].

2.6 Cell Culture

RAW 264.7 cells were purchased from the American Type Culture Collection
(Manassas, VA) and cultured in DMEM supplemented with 10% fetal bovine serum and
antibiotic-antimycotic solution (100 units/ml penicillin, 100ug/ml streptomycin and
25pg/ml amphotericin B) in 5% CO, at 37 °C. Cultures were passed every 2 to 3 days,
and cells were detached by brief trypsin treatment, and visualized with an inverted

microscope.

2.7 Cytotoxicity (MTT proliferation assay)

Cytotoxicity of peptides against RAW 264.7 cells was determined using the MTT assay.
The cells were seeded on 96-well microplates at a density of 2x10* cells/well in 150 pl
DMEM containing 10% fetal bovine serum. Plates were incubated for 24 h at 37 °C in
5% CO,.Peptide solutions (20 pL) (serial 2-fold dilutions in DMEM) were added, and
the plates further incubated for 2 days. Wells containing cells without peptides served as
controls. Subsequently, 20 ul MTT solution (5 mg/ml) was added in each well, and the
plates were incubated for a further 4 h at 37°C. Precipitated MTT formazan was

dissolved in 40 ul of 20% (w/v) SDS containing 0.01 M HCI for 2h. Absorbance at 570
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nm was measured using a microplate ELISA reader (Molecular Devices, Sunnyvale,
CA). Cell survival was expressed as a percentage of the ratio of As7y of cells treated

with peptide to that of cells only.

2.8 Assay for Evaluation of LPS-neutralizing Activity

Cultured RAW264.7 macrophage cells at 5x 10° cells/well in 96-well plate were
stimulated with E. coli LPS O111:B4 (20 ng/ml) in the presence (10uM) or absence of
peptides. Cells stimulated with LPS alone and untreated cells were used for maximum
and minimum tumor necrosis factor-o. (TNF-a) production in a given set of experiments.
The cells were later incubated for 6 h at 37°C in an incubator. Afterward, samples of the
medium from each treatment were collected. Concentrations TNF-o in the samples
were evaluated using mouse enzyme-linked immunosorbent assay kits for TNF-a (R&D
Systems, Minneapolis, MN, USA) according to the manufacturers’ protocol, and data
were presented in terms of percentage inhibition of LPS-induced cytokine production in

the presence of these peptides.

2.9 Binding of Peptides to Endotoxin (LAL assay)

The abilities of KR-12 and its analogs to bind LPS were assessed using a
quantitative chromogenic Limulus amoebocyte lysate (LAL) with a QCL-1000 (Lonza
50-647U) kit. Experiments were carried out following the protocols recommended by
the manufacturer. Peptides at concentrations of 0.25, 0.5, 1, 2.5, 5 and 10uM were
incubated with 3.0 endotoxin units (EU) of LPS in non pyrogenic micro tubes at 37°C
for 30 min to allow the binding of peptides to LPS. A total of S0uL of this mixture was

then added to an equal volume of LAL reagent (50uL), and the mixture was further
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incubated for 10 min, followed by the addition of 100 uL of LAL chromogenic substrate
(Ac-Ile-Ala—Arg—p-nitroaniline). The reaction was terminated by the addition of 37%
sulphuric acid, and the yellow color that developed due to cleavage of the substrate was
measured spectrophotometrically at 450 nm. The reduction of absorbance at 450 nm as
a function of the peptide concentration is directly proportional to the inhibition of LPS

by the peptide.

10
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3. Results and Discussion

3.1 Peptide Design and Synthesis

In this study, we had systematically altered the net positive charge and hydrophobicity
of the peptides to obtain the effective short AMPs having antimicrobial and
antiendotoxic activities without mammalian cell toxicity. Amino acid sequences of KR-
12 and its analogs generated in this study are summarized in Table 1. To design each
peptide sequence, we used the a-helical wheel projections of peptides shown in Figure
1. As shown in its a-helical wheel projection, the starting molecule, KR-12, adopted an
amphipathic a-helical structure by converging the hydrophobic residues to one side and
the hydrophilic residues to the other side of the helical axis (Figure 1). Several studies
suggested that AMPs containing Trp display more potent antimicrobial activity than
those with either Phe or Tyr. The bulkier Trp side chain may ensure a more efficient
interaction with membrane surfaces, allowing the peptides to partition in the bilayer
interface [18-20]. Some reports showed that the best position for Trp-substitution in o-
helical peptide to design novel a-helical AMPs is the amphipathic interface between the
end of the hydrophilic side and the start of the hydrophobic side of its a-helical wheel
projection [21-23]. For this reason, KR-12-al was designed by replacing Phe'® (the
amphipathic interface position in o-helical wheel projection of KR-12) with Trp. KR-
12-a2 and KR-12-a3 are obtained by substituting Asp’ or/and Gln’ with Lys to get
increase in positive charge. KR-12-a4, KR-12-a5 and KR-12-a6 from KR-12-a3 were
designed to increase hydrophobic angle by substituting more Leu residues. KR-12-a7

and KR-12-a8 from KR-12-a3 were generated to increase hydrophilic angle by

11
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substituting more Lys residues. The observed and calculated molecular weights of
synthesized peptides were in agreement (Table 1). The physiochemical properties of

KR-12 and its analogs were shown in Table 1.

3.2 Secondary Structure Studies using CD Spectroscopy

The CD spectra for all the peptides in 10mM sodium phosphate buffer (pH 7.2)
displayed a negative band at approximately 200 nm, indicating that the structure is
random (Figure 2-a). All the peptides showed characteristic a-helical CD spectra with
two dichroic minimal values at 208 and 222 nm and a positive band near 192 nm

(Figure 2-b). Among these peptides, KR-12-a8 had showed least a-helical structure.

3.3 Antimicrobial and Hemolytic Activities

The antimicrobial activity of KR-12 and its analogs was tested against three Gram-
positive bacteria (B. subtilis, S. epidermidis and S.aureus) and three Gram-negative
bacteria (E. coli, P. aeruginosa and S. typhimurium) (Table 2). Compared to the activity
of parent peptide LL-37, all peptides showed equal or higher activity (Table 2). Except
for KR-12-a6, KR-12 and most of its analogs were likewise similarly effective when
assessed using the geometric mean (GM) (2.5-4.2 uM) of the MIC values from all
selected microbial strains, as an overall measure of the antimicrobial activity of the
peptides (Table 3). In particular, KR-12-a6 showed the weakest antimicrobial activity
against E. coli and P. aeruginosa. For a quantitative measure of the hemolytic activity of
the peptides, we introduced the hemolytic concentration (HCsp) defined as the lowest
peptide concentration that produces 50% hemolysis against human red blood cells

(Figure 3 and Table 3). Hemolytic activities of the peptides were highly significantly

12
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lower than that of LL-37. Except for KR-12-a5 and KR-12-a6, most of KR-12 analogs
did not show 50% hemolysis even at high concentration as 800 uM (Figure 3 and Table

3). KR-12-a5 and KR-12-a6 had HCs values 96 uM and 22 uM, respectively.

3.4 Cell Specificity (Therapeutic Index)

The therapeutic potential of antimicrobial agents lies in the cell specificity for bacteria
over erythrocytes. Cell specificity is a measure of peptide’s capability to differentiate
any pathogen against host cells. It is one of the most difficult challenges in the
development of antimicrobial agents, especially if the target of action is the cytoplasmic
membrane. Cell specificity of the peptides is expressed as the therapeutic index (TI)
=HC5¢/GM, where HCs is peptide concentration needed to reach 50% lysis of human
red blood cells, while GM is expressed as the geometric mean of MICs against six
bacterial cells. The TI is a widely accepted parameter to represent the specificity of
antimicrobial agents between bacterial and mammalian cells [24-27]. Larger values of
TI indicate greater cell specificity. The TI values of KR-12 and its designed analogs are
shown in Table 3. Except for KR-12-a5, KR-12-a6, KR-12, other KR-12 analogs
showed an increase in TI by more than 16-24-fold, relative to parental LL-37. KR-12-

a5 displayed almost same TI value when compared to LL-37.

3.5 Anti-MRSA Activity

Methicillin-resistant Staphylococcus aureus (MRSA) strains, which have become
resistant to most antibiotics, are most often found associated with institutions such as
hospitals, but they are also becoming increasingly prevalent in community-acquired

infections[28, 29]. KR-12-a2, KR-12-a3 and KR-12-a4 having cell specificity and

13
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antiendotoxic activity exhibited good anti-MRSA activity. These peptides displayed the

MIC value of 4 uM against three MRSA strains.

3.6 Cytotoxicity towardRAW264.7 Cells

In addition to hemolytic activity, RAW264.7 macrophage cells were used to evaluate
cytotoxicity against mammalian cells (Figure 4). Similar to hemolytic activity of the
peptides, the cytotoxicity towards RAW?264.7 cells also increased with hydrophobicity.
As shown in Fig. 4, KR-12-a4, KR-12-a5 and KR-12-a6 were non-toxic to RAW264.7
cells until 12.5uM, respectively. In contrast, other KR-12 analogs did not show a
significant cytotoxicity even at 100 puM. Therefore, antiendotoxic activity of the
peptides using RAW264.7 macrophage cells was conducted at concentration less than

12.5uM.

3.7 Antiendotoxic Activity (Anti-LPS activity)

Several natural, analogs and de novo designed peptides are reported to have LPS
neutralization activity [2, 30-34]. The suggested mechanism for LPS neutralization is
that the peptides binds to the LPS and change the structure from cubic lamellar into
multilamellar form and thereby preventing the binding of LPS to host proteins involved
in inflammation pathways [2, 32]. LL-37 was shown to have the ability to displace the
bounded LPS from macrophages [2], which is highly desirable for a potential drug.
Thus, we have investigated the ability of KR-12 and its analogs to neutralize the LPS
mediated cytokine release. TNF-a is one of the first proinflammatory cytokines secreted
by LPS-stimulated immune cells [35]. To evaluate the antiendotoxic activity of KR and

its analogs, LPS-induced TNF-a production was evaluated in macrophage cell, RAW

14
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264.7, in the absence and presence of these peptides by ELISA experiment (Figure 5).
We observed that KR-12-a2, KR-12-a3, KR-12-a4, KR-12-a5 and KR-12-a6 efficiently
inhibited the production of TNF-o from LPS-stimulated RAW 264.7 cells at 10uM,
whereas other peptides (KR-12, KR-12-al, KR-12-a7 and KR-12-a 8) were less active
in inhibiting the production of TNF-a from these cells (Figure 5 and Table 3). Among
KR-12 analogs, both KR-12-a5 and KR-12-a6 with higher hydrophobicity showed
greater inhibiting activity on LPS-induced TNF-a production.

LPS-neutralizing activity such as the inhibition of TNF-a production of AMPs
lies in the binding LPS and then disintegration of the LPS core region takes place which
is primarily constituted of lipid A. To investigate correlation between LPS-neutralizing
activity and LPS binding activity of KR-12 and its analogs, the binding activity of the
peptides to LPS was conducted by chromogenic /limulus amebocyte lysate (LAL) assay.
Binding of the peptides to LPS was determined by measuring their efficacy to inhibit
the LPS-induced activation of LAL enzyme. In the LAL assay, KR-12-a5 and KR-12-a6
displayed the highest LPS-binding activity (Figure 6). The ability of the peptides to bind
to LPS was in accordance with their LPS-neutralizing activity. However, KR-12-a2 and
KR-12-a3 showed potent LPS-neutralizing activity, but their direct LPS binding affinity
is considerably lower than KR-12-a5 and KR-12-a6. This can be arising from another
factor that cathelicidin-derived AMPs are able to bind directly with proteins of LPS
signaling complex and thereby blocking the binding of LPS with its downstream
proteins [4, 36]. Further studies are required to explore these possibilities.

There was no linear correlation between the positive charge and LPS binding or
LPS-neutralizing activity. KR-12 and KR-12-al having a net positive charge of +5 did

not show any LPS-neutralizing activity and LPS-binding affinity. However, KR-12-a2
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and KR-12-a3 with a net positive charge of +7 and +8, respectively, but less
hydrophobic compared to KR-12 and KR-12-al. These peptides displayed higher LPS-
neutralizing activity than KR-12 and KR-12-al. KR-12-a4 with relatively higher net
positive charge (+7) and hydrophobicity had lower LPS-neutralizing activity than KR-
12-a2 and KR-12-a3. KR-12-a5 and KR-12-a6 bearing positive charge of +5 or +6 and
highest hydrophobicity caused much higher LPS-neutralizing activity and LPS-binding
activity as compared to KR-12-a7 and KR-12-a8 having positive charge of +9 or +10.
These results suggested that a delicate balance between hydrophobicity and charge of
the peptides is required for optimal activity for LPS neutralization. Rosenfeld et.al.
reported that an increase in ratio between hydrophobicity and charge of peptides will
increase both antimicrobial and LPS neutralization effect [37].

Even though KR-12-a5 and KR-12-a6 showed higher LPS binding activity,
their corresponding MIC values are slightly higher than that of other peptides against
Gram-negative bacteria. This may be due to the lower efficiency of these peptides on

other factors that determines the inhibition of bacterial growth.
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4. Conclusion

In the present study, we optimized novel short KR-12 analogs (KR-12-a2, KR-12-a3
and KR-12-a4) possessing both antimicrobial anti-inflammatory activities without
mammalian cytotoxicity. Also, these peptides exhibited anti-MRSA activity. All of these
properties make KR-12 analogs good candidates for the development of antimicrobial

and anti-inflammatory agents.

17
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Table 1. Amino acid sequences and physicochemical properties ofKR-12
and its analogs used for comparison

Peptides Amino acid sequences Molecular mass Net H° [0]% £,4
Calculated Observed® charge

KR-12 KRIVQRIKDFLR-NH, 1570.9 1570.8 +5 -0.47 -22.72; 0.64
KR-12-al | KRIVQRIKDWLR-NH, 1609.9 1610.1 +5 -0.49 -18.29; 0.50
KR-12-a2 | KRIVQRIKKWLR-NH, 1623.1 1622.7 +7 -0.53 -18.27;0.50
KR-12-a3 | KRIVKRIKKWLR-NH, 1623.1 1623.7 +8 -0.56 -14.66; 0.39
KR-12-a4 | KRIVKLIKKWLR-NH, 1580.1 1580.9 +7 -0.37 -19.95; 0.55
KR-12-a5 | KRIVKLILKWLR-NH, 1565.1 1565.2 +6 -0.23 -20.62; 0.57
KR-12-a6 | LRIVKLILKWLR-NH, 1550.0 1551.1 +5 -0.10 -10.39; 0.26
KR-12-a7 | KRIRKRIKKWLR-NH, 1680.2 1680.5 +9 -0.75 -16.46; 0.48
KR-12-a8 | KRIRKRIKKWKR-NH, 1695.2 1695.3 +10 -0.89 -10.53;0.27

*Molecular mass were determined using MALDI-TOF-MS. Bold letters are substituted
amino acids.
°H = mean hydrophobicity, as calculated using the HydroMCalc applet
(http://www.bbem.univ.trieste.it/~tossi/HydroCalc/HydroMCalc.html.),
not considering the amidated C-termini.
¢ Units of 10°x (deg - cm” - dmol™)
4 The formula f;= (0—-8rc)/(O—Orc) Was used to estimate the fractional helical content
foof peptides in a helical conformation, where 0 is observed ellipticity and Ogrc and Oy
are the limiting values for a completely random coil and a completely helical
conformation, respectively. Here, we use the following values, both at 222 nm: Ogc =
~1.5x 10% deg - cm™ - dmol™ and 6= —33.4 x 10° deg - cm™ - dmol ™.
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2. Antimicrobial activity of KR-12 and its analogs

Peptides MIC* (uM)
Gram-negative bacteria Gram-positive bacteria

E. P. S. B. S. S.

coli aeruginosa typhimurium subtilis epidermidis aureus
KR-12 2 4 2 8 1 4
KR-12-al 2 8 4 4 1 2
KR-12-a2 2 8 1 8 1 2
KR-12-a3 2 8 2 2 1 2
KR-12-a4 2 4 1 8 1 2
KR-12-a5 4 8 4 4 1 4
KR-12-a6 16 16 4 8 2 4
KR-12-a7 2 4 2 2 1 4
KR-12-a8 2 2 2 4 2 4
LL-37° 8 8 4 8 8 4

*MIC (minimal inhibitory concentration), the lowest peptide concentration for no
microbial growth, was determined from three independent experiments in triplicate.
®The MIC values of LL-37 were derived from Reference 21.
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19




Table 3. Cell specificity (therapeutic index) and antiendotoxic activity of KR-12 and
its analogs

Peptides GM HCs TI¢ Fold* % TNF-o.
(uM)* (uM)° (HCso/GM) Inhibition”
KR-12 35 > 800 457 17.6 3.8
KR-12-al 35 > 800 457 17.6 3.4
KR-12-a2 3.7 > 800 432 16.6 58.6
KR-12-a3 2.8 > 800 571 22.0 742
KR-12-a4 3.0 > 800 533 20.5 532
KR-12-a5 42 96 23 0.9 80.7
KR-12-a6 8.3 22 3 0.1 87.7
KR-12-a7 2.5 > 800 640 246 3.1
KR-12-a8 2.7 > 800 593 22.8 13
LL-37 6.7 175 26 1 93.4

*GM denotes the geometric mean of MIC values from all six bacterial strains.

"HCsy is peptide concentration that produces 50% hemolysis of human red blood cells.
¢ Therapeutic index (TI) is the ratio of the HCso value (uM) over theGM (uM).

When 50% hemolysis was not observed at800uM, a value of 1600uMwas used for
calculation of the HCsgvalue.

4 The fold improvement in therapeutic index compared with that of LL-37.

"The percent inhibition of TNF-a production at 10 uM.
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Figure 1.Helical wheel diagrams for KR-12 and its analogs designed in this study. The
peptide name is presented in the middle of each diagram. The order of design is
depicted by the flow of the arrows. The underline indicates substituted-amino acids. The
positive charged amino acids and hydrophobic amino acids were represented as the red
and blue colors, respectively. The line indicates the interface between the hydrophobic
face and the negatively charged face. Unstructured ends of these peptides can slightly
change the exact helical wheel representation, and hydrophobic/hydrophilic amino acid
distribution.
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Figure 2.Circular dichroism (CD) spectra of the peptides in 10 mM sodium phosphate

buffer, pH 7.2 (a) or 0.1% LPS (b)
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Figure 3.Concentration—response curves of percent hemolysis of KR-12 and its
analogs against human red blood cells. HCs, is minimal peptide concentration that
produces50% hemolysis of human red blood cells, indicated by middle line parallel to

peptide concentration axis.
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Figure 4. Cytotoxicity of KR-12 and its analogs against macrophage-derived
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Figure 5.Inhibitory effects of KR-12 and its analogs on LPS-stimulated
TNF-a production in RAW?264.7 cells.
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Figure 6.Ability of the peptides to bind with LPS was evaluated by Limulus Amebocyte
Lysate (LAL) Kinetic-QCL™ according to manufacturer’s instructions.
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PART I

Bacterial killing mechanism of sheep myeloid
antimicrobial peptide-18 (SMAP-18) and its
Trp-substituted analog with improved cell

selectivity and reduced mammalian cell toxicity

31

Collection @ chosun



1. Introduction

The cathelicidins are a large family of structurally diverse antimicrobial peptides
(AMPs) found in mammalian species including humans [1,2]. All members of the
cathelicidin family contain an N-terminal cathelin domain and a C-terminal domain of
varied structure that displays antimicrobial activity after being freed by proteolytic
processing of the holoprotein [3,4].Among these, sheep myeloid antimicrobial peptide-
29 (SMAP-29) is a 28 residue a-helical cathelicidin-derived AMP with an amidated C-
terminus [5]. Another form of SMAP-29 also exist which is having 29-residue and non-
amidated carboxyl terminal [6]. In this study, 28-residue amidated peptide will be
referred as SMAP-29. SMAP-29 display potent and broad-spectrum antimicrobial
activity against gram-negative and gram-positive bacteria and fungi [5,6]. However, it is
also highly cytotoxic both to human red blood cells (hRBCs) and human embryonic
kidney (HEK) cells[7]. The cytotoxicity against human normal cells of SMAP-29 is a
major barrier for developing it into a novel therapeutic antimicrobial agent. The
antimicrobial activity of SMAP-29 has been attributed to the N-terminal amphipathic o-
helix region (residues 1-18), and the hemolytic activity to the hydrophobic C-terminal
region (residues 19-29) [8]. A number of variants of SMAP-29 have been prepared in
an attempt to improve the cell selectivity for pathogenic microorganisms over
mammalian cells [8,9].

In this study, therefore, to develop short AMPs with improved cell selectivity and
reduced mammalian cell toxicity compared to SMAP-29 and explore the possible

mechanisms responsible for their antimicrobial action, we synthesized SMAP-29 (1-18)
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amide with amidated C-termini (hereafter called SMAP-18) corresponding to N-
terminal amphipathic a-helical domain. Previous study had shown that the N-terminal
region is responsible for the antimicrobial activity of SMAP-29 [8]. SMAP-29 has two
o-helical regions connected by a hinge region consisting of Gly and Pro. The carboxyl
terminal region is more hydrophobic and may be responsible for higher hemolytic
activity of SMAP-29. Other studies also showed that analogs of N-terminal region of
SMAP-29 showed potent antimicrobial activity with lower hemolytic activity [9].

Several studies suggested that AMPs containing Trp display more potent
antimicrobial activity than those with either Phe or Tyr. The bulkier Trp side chain may
ensure a more efficient interaction with membrane, allowing the peptides to partition in
the bilayer interface [10-12]

. For this reason, SMAP-18 analog (SMAP-18-W) was designed by replacing Leu,
Leu, Ile and Val residues at positions 3, 6, 10 and 14 of SAMP-18 with Trp. The cell
selectivity of the peptides was investigated by examining their antimicrobial activity
against Gram-positive and Gram-negative bacterial strains and their hemolytic activity
against human red blood cells. The cytotoxicity of these peptides against three different
types of mammalian cells (mouse macrophage RAW 264.7, mouse fibroblastic NIH-
3T3 cells and human cervical carcinoma HeLa cells) was evaluated. Furthermore, to
gain insight the mechanism of bacterial killing action of the peptides, we performed
fluorescent dye leakage assay, membrane depolarization assay, time-killing kinetics, N-
phenyl-1-napthylamine (NPN) assay (outer membrane permeability), o-nitrophenyl-f3-
galactoside (ONPG) hydrolysis assay (inner membrane permeability)and confocal laser

scanning microscopy.
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2. Materials and methods

2.1 Materials

Rink amide 4-methylbenzhydrylamine (MBHA) resin and 9-fluorenylmethoxycarbonyl
(Fmoc) amino acids were obtained from Calbiochem-Novabiochem (La Jolla, CA,
USA). Other reagents used for peptide synthesis included TFA (Sigma, St. Louis, MO,
USA), piperidine (Merck, Darmstadt, Germany), DCC (Fluka, Buchs, Switzerland),
HOBT (Aldrich) and DMF (peptide synthesis grade; Biolab). DiSCs-5 was obtained
from Molecular Probes (Eugene, OR, USA). EYPE, EYPG, EYPC, cholesterol,
gramicidin D, calcein and NPN, ONPG were supplied by Sigma Chemical Co. (St.
Louis, MO, USA). DMEM and FBS were supplied by HyClone (SeouLin, Bioscience,
Korea). Escherichia coli ML-35, a lactose, permease-deficient strain with constitutive
cytoplasmic 3-galactosidase activity (lacllacZ™ lacY), utilized for inner membrane
permeability assays, was obtained from Prof. Jae Il Kim, School of Life Science,
Gwangju Institute of Science and Technology (GIST), Gwangju, Republic of Korea. All
other reagents were of analytical grade. The buffers were prepared in double glass-

distilled water.

2.2 Peptide Synthesis

SMAP-29, SMAP-18 and SMAP-18-W shown in Table 1 were synthesized by the
standard Fmoc-based solid-phase method on rink amide 4-methylbenzhydrylamine resin
(0.54 mmol/g). DCC and HOBt were used as coupling reagents, and tenfold excess
Fmoc-amino acids were added during every coupling cycle. After cleavage and

deprotection with a mixture of
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TF A/water/thioanisole/phenol/ethanedithiol/triisopropylsilane (81.5 : 5 : 5 : 5 : 2.5:1,
v/v/v/v/v/v) for 2 h at room temperature, the crude peptide was repeatedly extracted
with diethyl ether and purified by RP-HPLC on a preparative Vydac C18 column (20
mm x250 mm, 300 A, 15-mm particle size) using an appropriate 0-90%
water/acetonitrile gradient in the presence of 0.05% TFA. The final purity of the
peptides (>95%) was assessed by RP-HPLC on an analytical Vydac C18 column (4.6
x250 mm, 300 A, 5-mm particle size). The molecular mass of synthetic peptides was

determined by MALDI-TOF MS (Shimadzu, Kyoto, Japan) (Table 1).

2.3 Antimicrobial Assay

The antimicrobial activity of the peptides against three Gram-positive bacterial strains
and three gram-negative bacterial strains was examined by using the broth microdilution
method in sterile 96-well plates. Aliquots (100 pl) of a bacterial suspension at 2 x 10°
CFU/ml in 1% peptone were added to 100 pl of the peptide solution (serial 2-fold
dilutions in 1% peptone). After incubation for 18-20 h at 37°C, bacterial growth
inhibition was determined by measuring the absorbance at 600 nm with a Microplate
Autoreader EL 800 (Bio-Tek Instruments, VT). The minimal inhibitory concentration
(MIC) was defined as the lowest peptide concentration that causes 100% inhibition of
microbial growth. Two types of gram-positive bacteria (Staphylococcus epidermidis
[KCTC 1917] and Staphylococcus aureus [KCTC 1621]) and three types of gram-
negative bacteria (Escherichia coli [KCTC 1682], Pseudomonas aeruginosa [KCTC
1637] and Salmonella typhimurium [KCTC 1926]) were procured from the Korean
Collection for Type Cultures (KCTC) at the Korea Research Institute of Bioscience and

Biotechnology (KRIBB).
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2.4. Measurement of Hemolytic Activity

The hemolytic activity of the peptides was measured as the amount of hemoglobin
released by the lysis of human erythrocytes [13]. Fresh human red blood cells (hRBCs)
were centrifuged, washed three times with PBS (35 mM phosphate buffer, 0.15 M NacCl,
pH 7.4), dispensed into 96-well plates as100ul of 4% (v/v) hRBC in PBS, and 100 ul of
peptide solution was added to each well. Plates were incubated for 1 h at 37 °C, then
centrifuged at 1000 x g for 5 min. Samples (100 pl) of supernatant were transferred to
96-well plates and hemoglobin release was monitored by measuring absorbance at 414
nm. Zero hemolysis was determined in PBS (Apgs) and 100% hemolysis was
determined in 0.1% (v/v) Triton X-100 (Agiton). The hemolysis percentage hemolysis

was calculated as: % hemolysis = 100 X [(Asample — ApBs) / (Aiton— Apss)]

2.5 Mammalian Cell Culture

RAW 264.7, NIH-3T3 and HeLa cells were purchased from the American Type Culture
Collection (Manassas, VA) and cultured in DMEM supplemented with 10% fetal bovine
serum and antibiotic-antimycotic solution (100 units/ml penicillin, 100pg/ml
streptomycin and 25pg/ml amphotericin B) in 5% CO, at 37 °C. Cultures were passed
every 3 to 5 days, and cells were detached by brief trypsin treatment, and visualized

with an inverted microscope.

2.6 Cytotoxicity against Mammalian Cells
Cytotoxicity of peptides against RAW 264.7,NIH-3T3 and HeLa was determined using

the MTT proliferation assay as reported previously with minor modifications[14]. The
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cells were seeded on 96-well microplates at a density of 2 x 10* cells/well in 150 pl
DMEM containing 10% fetal bovine serum. Plates were incubated for 24 h at 37 °C in
5% CO,.Peptide solutions (20 ul) (serial 2-fold dilutions in DMEM) were added, and
the plates further incubated for 2 days. Wells containing cells without peptides served as
controls. Subsequently, 20 pul MTT solution (5 mg/ml) was added in each well, and the
plates were incubated for a further 4 h at 37 °C. Precipitated MTT formazan was
dissolved in 40 pl of 20% (w/v) SDS containing 0.01 M HCI for 2h. Absorbance at 570
nm was measured using a microplate ELISA reader (Molecular Devices, Sunnyvale,
CA). Cell survival was expressed as a percentage of the ratio of As;y of cells treated

with peptide to that of cells only.

2.7. Dye Leakage Assay

Calcein-entrapped LUVs composed of EYPE/EYPG (7:3, w/w) and EYPC/cholesterol
(10:1, w/w) were prepared by vortexing the dried lipid in dye buffer solution (70 mM
calcein, 10mM Tris, 150 mM NaCl, 0.1 mM EDTA, pH 7.4). The suspension was
subjected to 10 frozen-thaw cycles in liquid nitrogen and extruded 21 times through
polycarbonate filters (two stacked 100-nm pore size filters) with a LiposoFast extruder
(Avestin, Inc. Canada). Untrapped calcein was removed by gel filtration on a Sephadex
G-50 column. The concentration of calcein-entrapped LUVs was determined in
triplicate by phosphorus analysis (Barlett1959). Calcein leakage from LUVs was
monitored at room temperature by measuring fluorescence intensity at an excitation
wavelength of 490 nm and emission wavelength of 520 nm on a model RF-5301PC

spectrophotometer. Complete dye release was obtained by using 0.1% Triton X-100.
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2.8 Membrane Depolarization Assay

The cytoplasmic membrane depolarization activity of the peptides was measured using
the membrane potential sensitive dye, diSC;-5 as previously described [15,16]. Briefly,
Staphylococcus aureus (KCTC 1621) grown at 37°C with agitation to the mid-log phase
(ODgoo = 0.4) was harvested by centrifugation. Cells were washed twice with washing
buffer (20 mM glucose, 5 mM HEPES, pH 7.4) and resuspended toODgg of 0.05 in
similar buffer. The cell suspension was incubated with 20 nM diSCs-5 until stable
reduction of fluorescence was achieved, implying incorporation of the dye into the
bacterial membrane. Then KCl was added to a final concentration of 0.1 M to
equilibrate K" levels. Membrane depolarization was monitored by recording changes in
the intensity of fluorescence emission of the membrane potential-sensitive dye, diSC;-5
(excitation A = 622 nm, emission A = 670 nm) after peptide addition. The membrane
potential was fully dissipated by adding gramicidin D (final concentration of 0.2 nM).
The membrane potential dissipating activity of the peptides is calculated as follows:

% Membrane depolarization = 100 x [(F,— Fo) / (Fg— Fo)]

where F denotes the stable fluorescence value after the addition of the diSCs-5 dye, F,
denotes the fluorescence value 5 min after peptide addition, and F, denotes the

fluorescence signal after gramicidin D addition.

2.9 NPN Uptake Assay

The ability of peptides to increase outer membrane permeability of gram-negative
bacteria was determined by measuring incorporation of the fluorescent dye NPN into
the outer membrane of Escherichia coli (KCTC 1682) as previously described[17-19].

Briefly, Escherichia coli cells were suspended to a final concentration of ODggo = 0.05

38

Collection @ chosun



in 5 mM HEPES buffer, pH 7.2, containing 5 mM KCN. NPN was added to 3 ml of
cells in a quartz cuvette to give a final concentration of 10 uM and the background
fluorescence recorded (excitation A = 350 nm, emission A = 420 nm). Aliquots of
peptide were added to the cuvette and fluorescence recorded as a function of time until
there was no further increase in fluorescence. As outer membrane permeability is
increased by addition of peptide, NPN incorporated into the membrane causes an

increase in fluorescence.

2. 10 ONPG Hydrolysis Assay

Inner membrane permeability was determined by measurement in EscherichiacoliML-
35 of B-galactosidase activity using the normally impermeable, chromogenic substrate
ONPG as substrate [20,21]. Escherichia coli ML-35 were washed in 10 mM sodium
phosphate(pH 7.4) containing 100 mM NaCl and resuspended in the same buffer at a
final concentration of ODggo = 0.5 containing 1.5 mM ONPG. The hydrolysis of ONPG
to o-nitrophenol over time was monitored spectrophotometrically at 405nm following

the addition of peptide samples.

2.11 Time Killing Kinetics Assay

The time-killing kinetics of the peptides was assessed using E. coli (KCTC 1682) and S.
aureus (KCTC 1621), as described in previous studies[22,23]. The initial density of the
cultures was approximately 1x10° CFU/ml. After 1, 2, 5, 10, 20 or 40 min of exposure to
the peptides at 37°C, 50 pl aliquots of serial 10-fold dilutions (up to 10~) of the cultures
were plated onto Luria-Bertani (LB) agar plates to obtain viability counts. Colonies were

counted after incubation for 24 h at 37 °C.
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2.12 Confocal Laser Scanning Microscopy

Escherichia coli (KCTC 1682) and Staphylococcus aureus (KCTC 1621) cells in mid-
logarithmic phase were harvested by centrifugation, washed three times with 10 mM
phosphate buffer saline, pH 7.4. Bacteria (107 CFU/ml) cells were incubated with FITC-
labeled peptides (5 pg/ml) at 37 °C for 30 min. After being incubated, the bacterial cells
were pelleted down and washed 3 times with 10 mM phosphate buffer saline, pH 7.4
and immobilized on a glass slide. The FITC-labeled peptides were observed with an
Olympus FV1000 confocal laser scanning microscope (Japan). Fluorescent images were

obtained with a 488 nm band-pass filter for excitation of FITC.
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3. Results

3.1 Antimicrobial and Hemolytic Activities

We examined the antimicrobial activities of the peptides against a representative set of
bacterial strains, including three Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa and Salmonella typhimurium) and two Gram-positive bacteria
(Staphylococcus epidermidis and Staphylococcus aureus). As shown in Table 2, both
SMAP-18 and SMAP-18-W showed a 2- or 4-fold decreased antimicrobial activity
when compared to parental SMAP-29. The cytotoxicity of the peptides to mammalian
cells was measured by their hemolytic activity toward human red blood cells (hRBCs)
(Figure 1). For a quantitative measure of the hemolytic activity of the peptides, we
introduced the hemolytic concentration (HCsp) defined as the lowest peptide
concentration that produces 50% hemolysis (Table 2). SMAP-29 displayed relatively
high hemolytic activity with HCsy value of 86uM. However, both SMAP-18 amide and
SMAP-18-W amide did not cause hemolysis at the highest concentration tested

(400pM).

3.2 Cytotoxicity againstMammalian Cells

To further look into the toxic activity of these peptides against mammalian cells, the
viability against three different types of mammalian cells, the murine macrophage RAW
264.7 and fibroblast NIH-3T3 cells and the human cervical carcinoma HelLa cells, was
determined in the presence of these peptides. MTT assay was performed to determine
the activity of the mitochondrial dehydrogenase, which ultimately suggests the viability

of the cells. The cytotoxicity of each peptide was defined by ICs, (the concentration that
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causes 50% growth inhibition for each cell lines). SMAP-29 showed relatively strong
cytotoxicity (ICso = 16.0 ~ 30uM) against all three different cells (Figure 2). In contrast,
both SMAP-18 and SMAP-18-W displayed no or less cytotoxicity (ICso:>100 puM)

against all three different cells even at 100 uM (Figure 2).

3.3 Dye Leakage from Model Membranes

To evaluate the ability of the peptides to permeabilize bacterial and mammalian
membranes, we measured their ability to induce leakage of the fluorescent dye calcein
from negatively charged EYPE/EYPG (7:3, w/w) LUVs (Figure 3-a, b) and zwitterionic
EYPC/cholesterol (10: 1, w/w) LUVs (Figure 3-c, d), respectively. SMAP-29 induced a
near-complete dye leakage from EYPE/EYPG (7:3, w/w) and EYPC/cholesterol LUV
(10: 1, w/w)at 0.5 uM. SMAP-18 induced 11% and 20% leakage from EYPE/EYPG
(7:3, w/w) and EYPC/cholesterol (10: 1, w/w) LUVs even at 16uM,
respectively. SMAP-18-W caused 40% dye leakage from both EYPE/EYPG (7:3, w/w)

and EYPC/cholesterol (10: 1, w/w) LUVs.

3.4 Membrane Depolarization

The membrane potential sensitive dye diSCs-5 was used to monitor the cytoplasmic
membrane depolarization of Staphylococcus aureus cells in the presence of peptides.
This dye is distributed between the cells and medium, depending on the cytoplasmic
membrane potential, and self-quenches when concentrated inside bacterial cells. If the
membrane is depolarized, the probe will be released into the medium, causing a
measurable increase in fluorescence. SMAP-29 and SMAP-18-W induced a significant

membrane depolarization against Staphylococcus aureus in a concentration-dependent
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manner and depolarized membrane potential of more than 80% at their 2 x MIC (Figure
4-a). In contrast, SMAP-18 did not cause any membrane depolarization even at 4 x MIC
(Figure 4-a). Membrane depolarization was monitored over a period of 550 s for
SMAP-29, SMAP-18 and SMAP-18-W (Figure 4-b). SMAP-29 was fast acting,
achieving maximum fluorescence at 80 s. The lag time of SMAP-18-W was much
longer, leading to maximum fluorescence be achieved after 200 seconds. The ability of
SMAP-29 to depolarize bacterial cells was much greater than of SMAP-18-W. SMAP-
29 induced 100% membrane depolarization at 2uM. SMAP-18-W caused
approximately 80% membrane depolarization at 8uM. In contrast, SMAP-18 did not

depolarize the bacterial cytoplasmic membrane even at 16puM.

3.5 Evaluation of Quter Membrane Permeability (NPN uptake)

The ability of the peptides to permeate the outer membrane of Escherichia coli was
evaluated by the fluorescence-based NPN uptake. NPN is a hydrophobic fluorescent
probe that remains quenched in an aqueous environment but fluoresces strongly in a
hydrophobic environment. Destabilization of the bacterial outer membrane allows the
dye to enter the damaged membrane, where an increase in fluorescence is measured. As
observed in LL-37 and melittin, the outer membrane permeabilization of SMAP-29 was
detected in a concentration-dependent manner (Figure 5). In contrast, like to buforin-2,
SMAP-18 and SMAP-18-W induced relatively little NPN uptake even at 16uM (Figure

5).

3.6 Evaluation of Inner Membrane Permeability (ONPG hydrolysis)

In order to complete membrane permeabilization, peptides translocation to inner
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membrane is one of the critical steps. Inner membrane permeabilization was indicated
by influx of nonchromogenic substrate ONPG and subsequently cleaved to the yellow
product ONP by [-galactosidase in the cytoplasm. As shown in Figure 6, the inner
membrane permeabilization of SMAP-29 was detected in a concentration-dependent
manner. SMAP-29 induced inner membrane permeation at a high rate, as reflected in
the greater slope of ONPG hydrolysis at 0—80 min. In contrast, SMAP-18 and SMAP-
18-W did not induce inner membrane permeation even at 16 pM. Also, LL-37 and
buforin-2 (used as reference peptides) caused weak or less inner membrane permeation

even at 16 uM.

3.7 Time-Kill Kinetics

To study the bactericidal kinetics of the peptides against Gram-negative and -positive
bacteria, time killing analyses were carried out using E. coli(KCTC 1682) and S. aureus
(KCTC 1621)at 0.5 xMIC. As shown in Figure 7, SMAP-29completely killed both
Gram-negative and -positive bacteria in less than 2 minutes. SMAP-18-W was slower
than SAMP-29 but killed bacteria faster than SMAP-18.SMAP-18 took longest time

among all peptides.

3.8 Confocal Laser Scanning Microscopy

To investigate the action site of SMAP-29, SMAP-18 and SMAP-18-W, their FITC-
labeled peptides was incubated with log phase Escherichia coli and Staphylococcus
aureus and their localization was visualized by confocal laser-scanning microscopy
(Figure 8). Bacterial cells treated for half an hour with FITC-labeled SMAP-18 and

buforin-2 at room temperature appeared as green rods with fluorescence spread
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throughout the bacterial cell indicating the internalization of FITC-labeled peptide into
the cytoplasm of the bacteria. In contrast, the internalization of FITC-labeled peptide

into the cytoplasm of the bacteria was not found in SMAP-29 and SMAP-18-W.
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4. Discussion

The therapeutic potential of AMPs lies in the cell selectivity for bacteria over human
erythrocytes. Cell specificity is a measure of peptide’s capability to differentiate any
pathogen against host cells. It is one of the most difficult challenges in the development
of antimicrobial agents, especially if the target of action is cytoplasmic membrane. The
cell selectivity of the peptides is defined by the concept of the therapeutic index (TI) as
a measure of the relative safety of the drug [24-29]. Larger values of TI indicate greater
cell selectivity. The TI of each peptide was calculated as the ratio of the HCsy (the
peptide concentration needed to reach 50% lysis of human red blood cells) value to the
GM (geometric mean of MICs against five microorganisms) (TI= HCs¢/GM). As shown
in Table 2, SMAP-18 and SMAP-18-W showed higher TI than SMAP-29. In addition to
hemolytic activity toward human erythrocytes, the cytotoxicity of the peptides against
three mammalian cells including NIH-3T3 fibroblasts, HeLa and RAW?264.7 cells were
evaluated. Unlike SMAP-29, SMAP-18 and SMAP-18-W were not cytotoxic up to
100uM. These results suggest that SMAP-18 and SMAP-18-W are promising
candidates for novel therapeutic antimicrobial agents, complementing conventional
antibiotic therapies to combat pathogenic microorganisms.

Bacterial killing effect of the majority of AMPs such as LL-37, melittin and
SMAP-29 is considered to be due to their action on the lipid matrix of bacterial cell
membranes, either by forming pore/ion channels or disrupting the bilayer (i.e.
membrane-targeting AMPs) [30-32]. These membrane-targeting AMPs were reported

to act mainly by causing membrane lysis either by barrel stave, toroidal pore or carpet-
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like mechanisms [33-35]. No single mechanism can be defined for all peptides [36].
Furthermore, membrane disruption mechanisms for a given peptide can vary depending
on lipid composition or other environmental conditions, for example melittin and aurein
were found to act by three different mechanisms depending on the conditions used [36—
40]. In contrast, a few AMPs such as buforin 2 and PR-39 were known to penetrate
microbial cell membranes without inducing membrane permeabilization and cause
bacterial cell death by inhibiting protein, DNA or RNA synthesis (i.e. intracellular-
targeting AMPs) [41-44].

To examine whether the cytoplasmic membrane of bacterial cells is the
ultimate target of SMAP-18 and SMAP-18-W and to determine their membrane
selectivity, the abilities of these peptides to cause leakage of a fluorescent dye entrapped
within LUVs composed of negatively charged EYPE/EYPG (7:3, w/w) was tested.
SMAP-29 showed very strong dye leakage from bacterial-membrane-mimicking lipid
vesicles as melittin does. In contrast, SMAP-18 and SMAP-18-Wcaused a 20% and
40% leakage from calcein-entrapped negatively charged EYPG/EYPE (7:3, wAw) at 16
UM, respectively. Also, SMAP-29 induced very strong dye leakage from mammalian
membrane-mimetic EYPC/cholesterol (10: 1, w/w) liposome, but SMAP-18 and
SMAP-18-W displayed 11% and 40% dye leakage. These results suggested that SMAP-
18 is more selective to bacterial membranes as compared to SMAP-29 and SMAP-18-
W.

Next, we measured the effects of the peptides on bacterial membrane potential
in Staphylococcus aureus using a membrane potential sensitive dye, diSC;-5. The
diSCs-5 release assay indicated the peptides ability to disrupt the membrane potential

across the cytoplasmic membrane. SMAP-29 and SMAP-18-W induced a significant
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membrane depolarization at 1 or 2 x MIC. In contrast, SMAP-18 caused no membrane
depolarization even at 4 x MIC. Our previous study, buforin-2 also induced less or no
membrane depolarization even at 4 x MIC [45].This high membrane depolarization
ability of SMAP-18-W is not extended to ability to induce calcien leakage from LUVs.
This may be due to reasons that SMAP-18-W could form pores on the membrane which
could only allow small ions not large molecules such as calcien.

The ability of the peptides to permeabilize the outer membrane was observed
using NPN uptake on E. coli. Increase in NPN fluorescence was due to outer membrane
disintegration from peptide permeabilization. Like LL-37 and melittin, SMAP-29 was
able to induce NPN uptake. However, SMAP-18 and SMAP-18-W induced relatively
little NPN uptake even at 16uM. Furthermore, the potential of inner membrane
permeation of the peptides was evaluated by ONPG hydrolysis assay. Interestingly, the
inner membrane permeabilizing activity of SMAP-29 is considerably higher than that of
other membrane-targeting AMPs such as LL-37. However, SMAP-18 and SMAP-18-W
did not induce inner membrane permeation even at 16 pM. The membrane-targeting
AMPs in general have faster time-kill kinetics compared to intracellular-targeting AMPs.
The time-killing kinetics of SMAP-29, SMAP-18 and SMAP-18-W were carried out
using E. coli and S. aureus to compare the time taken to kill bacteria. The fast kinetics
of SMAP-29 and SMAP-18-W compared to SMAP-18 indicated that the membrane as
their target. On the contrary, the slow kinetics of SMAP-18 suggested that it has a
different mode of interaction with the lipid bilayer. The slower killing of SMAP-18 may
be due to its plausible intracellular targets.

For the determination of site of action of the peptides, FITC-labeled peptides

were incubated with log phase E. coli and their localization was visualized by confocal
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laser-scanning microscopy. Like buforin-2, it was observed that SMAP-18 was able to
traverse bacterial membrane along with cell damage. This finding indicates that the
mayjor site of action of SMAP-18 is the cytoplasm of bacteria. In contrast, SMAP-29 and
SMAP-18-W was unable to translocate the bacterial membrane.

The structure of SMAP-29 has three segments; the flexible N-terminal region,
a hinge of Gly, nearly a-helical segment of Arg 8 to Tyr 17, another hinge of glycine
and proline, anda-helix like carboxy-terminal region. A previous study had shown that
the removal of second hinge region and carboxy-terminal region will significantly
reduce the hemolytic activity [8]. It suggests that the membrane interaction is due to
carboxy-terminal region following the initial electrostatic interaction of N-terminal
region.

On the other hand, SMAP-18lacks the hinge and second helix like region, thus
unable to disrupt the membrane immediately as its parent peptide SMAP-29. Other
studies had shown that the derivatives of SMAP-18 have amphipathic o-helical
structure [46]. Amphipathic a-helical peptides that are rich in Arg and Leu were shown
to have cell penetrating abilities without pore formation[47,48]. Thus, it is possible that
SMAP-18has a unique cell penetrating property across the membrane and killing
bacteria by acting on intracellular targets.

Based on these results, we propose here that SMAP-29 and SMAP-18-Wkill
microorganisms by disrupting/perturbing the lipid bilayer (carpet-like model) and
forming pore/ion channels on bacterial cell membranes (barrel stave model or toroidal
model), respectively. In contrast, the bacterial killing SMAP-18 may due to the

inhibition of the intracellular functions (e.g. DNA, RNA or protein).
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Table 1. Amino acid sequences, calculated and observed molecular masses of
SMAP-29, SMAP-18 and its analogs

Peptides Amino acid sequences Molecular MS
Calculated Measured®
SMAP-29 RGLRRLGRKIAHGVKKYGPTVLRIIRIA-NH, 3197.9 3197.3
SMAP-18 RGLRRLGRKIAHGVKKYG-NH, 2064.5 2065.1
SMAP-18-W [ RGWRRWGRKWAHGWKKYG-NH, 2370.7 23712
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Table 2. Antimicrobial and hemolytic activities and cell selectivity (therapeutic index)
of SMAP-29, SMAP-18 and SMAP-18-W

Minimal Inhibitory Concentration (MIC)" (uM) GM® [HCs® [TI

Peptide Gram-negative bacteria Gram-positive bacteria (M) [(uM) | (HCso/GM)

E. P. S. S. S.

coli | aeruginosa | typhimurium | epidermidis | aureus
SMAP-29 2 2 1 1 1 1.4 86 61.4
SMAP-18 8 8 2 2 4 4.8 | >400 >83.3°
SMAP-18-W 4 8 2 2 4 4.0 | >400 >100.0°
LL-37 8 8 4 64 8 184 | NDf ND
Melittin 4 8 4 4 2 4.4 ND ND
Vancomycin 32 4 32 32 0.5 20.1 ND ND

*The lowest peptide concentration that causes 100% inhibition of microbial growth.

°The geometric mean of MICs(minimal inhibitory concentrations)fromfive bacterial

strains.

‘The lowest peptide concentration that produces50% hemolysis.

dTherapeu‘[ic index: The ratio of the HCs5o(uM) to the GM (uM).

®The “>” denotes that there were no HCs, values to calculate the TI within the
concentration range tested, so the reported values were minimal TI calculated with 400
puM.

"ND: not determined
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Figure 1. Concentration—response curves of percent hemolysis of SMAP-29, SMAP-18
and SMAP-18-W against human red blood cells. Symbols: SMAP-29 (e), SMAP-18 (0)
and SMAP-18-W (V).
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Figure 2.Cytotoxicity of SMAP-29, SMAP-18 and SMAP-18-W against three different
types of mammalian cells, mouse macrophage RAW 264.7 cells, and mouse fibroblast
NIH-3T3 cells and human cervical carcinoma HeLa cells. Symbols: SMAP-29 (e),
SMAP-18 (o) and SMAP-18-W (V).
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Figure 3.(a) Concentration-dependent peptide-induced calcein release from calcein-
entrapped negatively charged EYPE/EYPG (7:3, w/w) LUVs. Symbols: SMAP-29 (e),
SMAP-18 (o) and SMAP-18-W (V). (b) Time-dependent peptide-induced calcein
release from calcein-entrapped negatively charged EYPE/EYPG (7:3, w/w) LUVs.(c)
Concentration-dependent  peptide-induced dye release from calcein-entrapped
zwitterionic EYPC/cholesterol (10: 1, w/w) LUVs. Symbols: SMAP-29 (e), SMAP-18
(o) and SMAP-18-W (V). (d) Time-dependent peptide-induced dye release from

calcein-entrapped zwitterionic EYPC/cholesterol (10: 1, w/w).
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Figure 7.(a) Concentration-dependent membrane depolarization of Staphylococcus
aureus by SMAP-29, SMAP-18 and SMAP-18-W. Symbols: SMAP-29 (e), SMAP-18
(o) and SMAP-18-W (V). (b) Time-dependent membrane depolarization of
Staphylococcus aureus by SMAP-29 (2 uM), SMAP-18 (16 uM) and SMAP-18-W (8

uM).
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Figure 5. Peptide-mediated NPN uptake in Escherichia coli. E.coli cells were
incubated with NPN in the presence of various concentrations of the peptides. Enhanced
uptake of NPN was measured by an increase in fluorescence caused by partitioning of
NPN into the hydrophobic interior of the outer membrane. Symbols: SMAP-29 (e),
SMAP-18 (o), SMAP-18-W (V). LL-37 (), melittin (m) and buforin-2 (o).
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Figure 6. Peptide-mediated inner membrane permeabilization of Escherichia coli ML-
35. Permeabilization was determined by following spectrophotometrically at 420 nm,
the unmasking of cytoplasmic [-galactosidase activity as assessed by hydrolysis of the
normally impermeable, chromogenic substrate ONPG. E.coli (approximately 10° colony
forming units/ml) were resuspended in 10 mM sodium phosphate buffer, pH 7.5,
containing 100mM NaCl and 1.5mM substrate. Symbols: SMAP-29 (e), SMAP-18 (o),
SMAP-18-W (V), LL-37 (V) and buforin-2 (m).
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Figure 7. Time-kill kinetics of Escherichia coli (a) and Staphylococcus aureus (b)
treated with the peptides at 0.5 x MIC. Symbols: without peptide (@), SMAP-29 (o),
SMAP-18 (¥ ) and SMAP-18-W (V).
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Figure 8. Confocal laser scanning microscopy of Escherichia coli (KCTC 1682) or
Staphylococcus aureus (KCTC 1621) treated with FITC-labeled peptides. The cells
were incubated with FITC-labeled peptides (5 pg/ml) at 37 °C for 30 min. Panels on the
left, middle and right represent laser-scanning images, transmitted light scanning image
(normal image), and merged image of E. coli (A) and S. aureus (B) respectively, treated
with FITC-labeled peptides.
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PART III

Enantiomer and diastereomers of sheep myeloid
antimicrobial peptide-29 (SMAP-29) with
improved cell selectivity and different

membrane interaction
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1. Introduction

Antimicrobial peptides (AMPs) are often regarded as promising alternatives to the
increasingly ineffective conventional antibiotics. They are additionally attractive for
therapeutics use because of their ability for immune modulation, including anti-
inflammatory action. Another desirable quality of AMP as drugs is less chance of side
reaction. Despite all these well-disposed traits, AMPs suffer some drawbacks to be used
as drug; cytotoxicity, poor biostability and lower activity, and higher size are being the
major disadvantages [1-5].

Lipopolysaccharide (LPS)-induced inflammation is a serious threat associated
with Gram- negative infection, which still lacks any complete effective treatment. This
is amplified by the emergence of drug resistance. Thus, an ideal antibacterial drug
should have both bactericidal action and anti-endotoxin effects [6,7]. Many AMPs have
LPS-neutralizing properties combined with relatively higher efficiency against drug
resistant pathogens, making them as ideal drug candidate for this double jeopardy.
Intense research had been done on how to modify the properties of AMPs, enhancing
the good qualities while eliminating or improving the undesirable properties [8,9].

Sheep myeloid antimicrobial peptide-29 (SMAP-29) belongs to the cathelecidin
family of AMPs. However, SMAP-29 is equally cytotoxic to host cells, making them
difficult to consider for antibiotics [10,11]. SMAP-29 had a-helical N-terminal, hinge
and a heavily hydrophobic C-terminal. The hinge region is induced by glycine and
proline at 18" and 19" positions [12]. It had been showed that trimming SMAP-29 at
this point will remove its cytotoxicity, while retaining the antimicrobial activity [13].

Isoleucine has a second assymetric carbon center at carbon position 3 along its
chain. Therefore, isoleucine has four configurations in R/S notation. The absolute
configuration of the normal protein component, L-isolucine, is 2S,3S. D-isoleucine is
2R,3R-configuration. The diastereomer with 2R, 3S-configuration is D-allo-isoleucine.
Previous study had showed that AMP, Pin 2 (FWGALAKGALKLIPSLFSSFSKKD)
from African scorpion Pandinusimperator and its D-Pin2 with D-allo-isoleucine had
different retention time in analytical RP-HPLC profile [14]. D-form of some AMPs

containing D-allo-isoleucine has different interaction with membrane compared to
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corresponding L-form [15,16].

In the present study, in order to investigate the effects of L- to D-amino acid conversion
of SMAP-29 on the structure, membrane interaction, cell selectivity (bacterial cells
versus mammalian cells) and LPS-neutralizing activity, we synthesized SMAP-29 and
its SMAP-29D (the enantiomer) with D-isoleucine (2R, 3R-configuration) and SMAP-
29DA (the diastereomer) with D-allo-isoleucine (2R, 3S-configuration). SMAP-29 has
antimicrobial and LPS-neutralizing properties [12,17]. It was clear from previous
studies that the C-terminal amino acids largely contribute to cytotoxicity of this peptide
[13,18]. In this study, in order to reduce the cytotoxicity of SMAP-29 without losing
antimicrobial and LPS-neutralizing activities, and to investigate the effect of
introduction of D-amino acids at C-terminal region of SMAP-29 on cell selectivity and
LPS-neutralizing activity, we synthesized two diastereomers (SMAP-29HD and SMAP-
29HDA). These two peptides have 1-18 residues of L-amino acids and D-amino acid
substitution in 19-28 residues with D-isoleucine and D-allo-isoleucine are replaced in
SMAP-29HD and SMAP-29HDA, respectively.

Although the mechanism of action of AMPs has not been clarified, it is believed
that most AMPs kill bacteria by disrupting/perturbing the lipid bilayer and forming
pore/ion channels on bacterial cell membranes (i.e., membrane-targeting AMPs). In
contrast, a few AMPs such as buforin 2, PR-39 and Bac 7 were known to penetrate
microbial cell membranes without inducing membrane permeabilization and cause
bacterial cell death by inhibiting protein, DNA or RNA synthesis (i.e., intracellular-
targeting AMPs) [19]. In previous work, we reported that SMAP-18 corresponding to
N-terminal fragment (1-18 residues) of SMAP-29 has the intracellular targeting-
mechanism. SMAP-18 is non-disruptive to the bacterial membrane while the parent
molecule SMAP-29 is acting on the lipid bilayer [18]. The interaction of SMAP-29 with
mammalian cell membranes is due to the hydrophobic interaction of between
hydrophobic residues and the core of lipid bilayer. SMAP-18, which lacks this lining of
hydrophobic amino acids in the carboxyl side of SMAP-29, did not induce any
membrane perturbation. This led us to study the nature of hydrophobic interaction of
SMAP-29 with lipid bilayer.

Most studies have shown that D-enantiomers of membrane-targeting AMPs

have similar antimicrobial activity in vitro to their L-enantiomers. This suggests that the
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antimicrobial mechanism of these AMPs does not involve stereoselective interactions
with chiral enzymes, lipids or protein receptors. In this study, to examine the
antimicrobial activity and the ability to traverse through the bacterial membrane of D-
enantiomer of intracellular-targeting AMP compared to its L-enantiomer, we had
prepared D-enantiomers of SMAP-18 (SMAP-18D and SMAP-18DA) with D-amino
acid substitution. Here, D-isolucine and D-allo-isolucine are located in SMAP-18D and
SMAP-18DA, respectively. It is well established that our designed enantiomers and
diastereomers of SMAP-29 and SMAP-18 composed of D-amino acid are resistant to

both bacterial proteases as well as host proteases [14,20].
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2. Materials and methods

2.1 Materials

Rink amide 4-methylbenzhydrylamine (MBHA) resin, 9-fluorenylmethoxycarbonyl
(Fmoc) amino acids and Fmoc-D-allo-lle-OH were obtained from Calbiochem-
Novabiochem (La Jolla, CA, USA). Fmoc-D-Ile-OH had purchased from Bachem
(Bachem AG, Bubendorf), other reagents used for peptide synthesis are obtained from,
TFA (Sigma, St. Louis, MO, USA), piperidine (Merck, Darmstadt, Germany), DCC
(Fluka, Buchs, Switzerland), HOBT (Aldrichjand DMF (peptide synthesis grade;
Biolab). DiSCs-5 was obtained from Molecular Probes (Eugene, OR, USA). EYPE,
EYPG, EYPC, gramicidin D, calcein by Sigma Chemical Co. (St. Louis, MO, USA).
DMEM and FBS were supplied by HyClone (SeouLin, Bioscience, Korea) and Lonza
(Lonza Walkerville Inc.), respectively. All other reagents were of analytical grade. The

buffers were prepared in double glass-distilled water.

2.2 Peptide Synthesis

All peptides were synthesized by the standard Fmoc-based solid-phase method on rink
amide 4-methylbenzhydrylamine resin. DCC and HOBt were used as coupling reagents,
and fivefold excess Fmoc-amino acids were added during every coupling cycle. After
cleavage and deprotection with a mixture of
TFA/water/thioanisole/phenol/ethanedithiol/triisopropylsilane (81.5 : 5 : 5 : 5 : 2.5:1,
v/v/v/v/viv) for 2 h at room temperature, the crude peptide was repeatedly extracted
with diethyl ether and purified by RP-HPLC on a preparative Vydac C18 column (20
mm x250 mm, 300 A, 15-mm particle size) using an appropriate 0-90%
water/acetonitrile gradient in the presence of 0.05% TFA. The final purity of the
peptides (>95%) was assessed by RP-HPLC on an analytical Vydac Cg column (4.6
x250 mm, 300 A, 5-mm particle size). The molecular mass of synthetic peptides was

determined by MALDI-TOF MS (Shimadzu, Kyoto, Japan) (Table 1).

2.3 Circular Dichroism (CD) Spectroscopy
The CD spectrum of the peptide was obtained with a Jasco J-715 CD spectrophotometer
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(Tokyo, Japan) at 25 °C using a fused quartz cell with a 1-mm path length over a
wavelength range of 190-250 nm at 0.1 nm intervals (speed, 50 nm/min; response time,
0.5 s; bandwidth, 1 nm). CD spectra were collected and averaged over two scans.
Samples were prepared by dissolving the peptide to a final concentration of 100 pg/ml
in 10mM sodium phosphate buffer (pH7.2), 30mM SDS or 0.1% LPS. The mean
residue ellipticity [0], was given in degree -cm™dmol™ . The spectra were expressed as

molar ellipticity [0] vs. wavelength.

2.4 Antimicrobial Assay

2.4.1 Broth microdilution method

The antimicrobial activity of the peptides against bacteria had examined by using the
broth microdilution method in sterile 96-well plates. Aliquots (100 pl) of a bacterial
suspension at 2 x 10° CFU/ml in 1% peptone were added to 100 ul of the peptide
solution (serial 2-fold dilutions in 1% peptone). After incubation for 18-20 h at 37°C,
bacterial growth inhibition was determined by measuring the absorbance at 600 nm with
a Microplate Autoreader EL 800 (Bio-Tek Instruments, VT). The minimal inhibitory
concentration (MIC) was defined as the lowest peptide concentration that causes 100%
inhibition of microbial growth. Two types of Gram-positive bacteria (Staphylococcus
epidermidis [KCTC 1917] and Staphylococcus aureus [KCTC 1621]) and three types of
Gram-negative bacteria (Escherichia coli [KCTC 1682], Pseudomonas aeruginosa
[KCTC 1637] and Salmonella typhimurium [KCTC 1926]) were procured from the
Korean Collection for Type Cultures (KCTC) at the Korea Research Institute of
Bioscience and Biotechnology (KRIBB).

2.4.2 Agar Plate Disc Diffusion Method

For SMAP-18L and SMAP-18D peptides, MIC was additionally determined using agar
plate disc diffusion method. Agar plates were prepared by inoculating 2 x 10° CFU/mL
of E.coli to 2.5% LB broth and 0.8% agar mixture and allowed to solidify. Peptides
diluted to 10uL were added to the paper discs and incubated at 37°C for 1 day. The
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diameter of the clear zone is manually measured and images had taken digitally.

2.5 Measurement of Hemolytic Activity

The hemolytic activity of the peptides was measured as the amount of hemoglobin
released by the lysis of human erythrocytes [21]. Fresh human red blood cells (hRBCs)
were centrifuged, washed three times with PBS (35 mM phosphate buffer, 0.15 M NaCl,
pH 7.4), dispensed into 96-well plates as 100ul of 4% (w/v) hRBC in PBS, and 100 pl
of peptide solution was added to each well. Plates were incubated for 1 h at 37 °C, then
centrifuged at 1000 x g for 5 min. Samples (100 ul) of supernatant were transferred to
96-well plates and hemoglobin release was monitored by measuring absorbance at 414
nm. Zero hemolysis was determined in PBS (Apgs) and 100% hemolysis was
determined in 0.1% (v/v) Triton X-100 (Agiton). The hemolysis percentage hemolysis
was calculated as: % hemolysis = 100 % [(Asumple — Apps) / (Aiton — Apps)]

2.6 Cell Culture

RAW 264.7 cells were purchased from the American Type Culture Collection
(Manassas, VA) and cultured in DMEM with 10% fetal bovine serum and antibiotic-
antimycotic solution (100 units/ml penicillin, 100pg/ml streptomycin and 25pg/ml
amphotericin B) in 5% CO, at 37 °C. Cultures were passed every 2 to 3 days, and cells

were detached by brief trypsin treatment, and visualized with an inverted microscope.

2.7 Cytotoxicity against Mammalian Cells

Cytotoxicity of peptides against RAW 264.7 cells was determined using the MTT
proliferation assay as reported previously with minor modifications [22]. The cells were
seeded on 96-well microplates at a density of 2 x 10* cells/well in 150 pl DMEM
containing 10% fetal bovine serum. Plates were incubated for 24 h at 37 °C in 5%
CO,.Peptide solutions (20 pl) (serial 2-fold dilutions in DMEM) were added, and the
plates further incubated for 2 days. Wells containing cells without peptides served as
controls. Subsequently, 20 ul MTT solution (5 mg/ml) was added in each well, and the
plates were incubated for a further 4 h at 37 °C. Precipitated MTT formazan was
dissolved in 40 ul of 20% (w/v) SDS containing 0.01 M HCI for 2h. Absorbance at 570

nm was measured using Microplate reader EL 800 (Bio-Tek Instruments, VT). Cell
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survival was expressed as a percentage of the ratio of Asy of cells treated with peptide

to that of untreated cells.

2.8 Assays for Evaluation of LPS-neutralizing Activity

Cultured RAW264.7 macrophage cells at 3x 10° cells/well in 96-well plate were
stimulated with E. coli LPS O111:B4 (20 ng/ml) in the presence (10uM) or absence of
peptides. Cells stimulated with LPS alone and untreated cells were used for maximum
and minimum tumor necrosis factor-a. (TNF-a) production in a given set of experiments.
The cells were later incubated for 12 h at 37°C in an incubator. Afterward, samples of
the medium from each treatment were collected. Concentrations TNF-a in the samples
were evaluated using mouse enzyme-linked immunosorbent assay kits for TNF-a (R&D
Systems, Minneapolis, MN, USA) according to the manufacturers’ protocol. To evaluate
secreted interleukin-6 (IL-6) and MCP-1, cells are treated in same way as for TNF-a
estimation. Afterward, samples of the medium from each treatment were collected.
Concentrations IL-6 and MCP-1 in the samples were evaluated using mouse enzyme-
linked immunosorbent assay kits for IL-6 and MCP-1 (R&D Systems, Minneapolis, MN,

USA) according to the manufacturers’ protocol.

2.9 Nitric oxide (NO) Production Inhibition Assay

Nitrite accumulation in culture media was used as an indicator of nitric oxide (NO)
production. Cells were plated at a density of 3x 10° cells ml— 1 in 96-well culture plates,
and stimulated with LPS (20 ng/ml) from E. coli O111:B4 (Sigma) in the presence or
absence of peptides for 24 h. Isolated supernatant fractions were mixed with an equal
volume of Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine
dihydrochloride, and 2% phosphoric acid) and incubated at room temperature for
10 min. Nitrite production was measured by absorbance at 540 nm, and the

concentrations were determined using a standard curve generated with NaNO2.

2.10 Dye Leakage Assay
Calcein-entrapped LUVs composed of EYPE/EYPG (7:3, w/w) were prepared by
vortexing the dried lipid in dye buffer solution (70 mM calcein, 10mM Tris, 150 mM
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NaCl, 0.1 mM EDTA, pH 7.4). The suspension was subjected to 10 frozen-thaw cycles
in liquid nitrogen and extruded 21 times through polycarbonate filters (two stacked 100-
nm pore size filters) with a LiposoFast extruder (Avestin, Inc. Canada). Untrapped
calcein was removed by gel filtration on a Sephadex G-50 column. The concentration of
calcein-entrapped LUVs was determined by phosphorus analysis. Calcein leakage from
LUVs was monitored at room temperature by measuring fluorescence intensity at an
excitation wavelength of 490 nm and emission wavelength of 520 nm on a model RF-
5301PC spectrophotometer. Complete dye release was obtained by using 0.1% Triton
X-100.

2.11 Membrane Depolarization Assay

The cytoplasmic membrane depolarization activity of the peptides was measured using
the membrane potential sensitive dye, diSCs-5 as previously described [23,24]. Briefly,
Staphylococcus aureus (KCTC 1621) grown at 37°C with agitation to the mid-log phase
(ODggo = 0.4) was harvested by centrifugation. Cells were washed twice with washing
buffer (20 mM glucose, 5 mM HEPES, pH 7.4) and resuspended to an ODggy of 0.05 in
similar buffer. The cell suspension was incubated with 20 nM diSCs-5 until stable
fluorescence was achieved, implying incorporation of the dye into the bacterial
membrane. Then KCI was added to a final concentration of 0.1 M to equilibrate K"
levels. Membrane depolarization was monitored by recording changes in the intensity of
fluorescence emission of the membrane potential-sensitive dye, diSC;-5 (excitation A =
622 nm, emission A = 670 nm) after peptide addition. The membrane potential was fully
dissipated by adding gramicidin D (final concentration of 0.2 nM).

2.12 DNA Binding Assay

Gel retardation experiments were performed by mixing 100 ng of the plasmid DNA
(pBluescript 11 SK+) with increasing amounts of peptide in 20 pl of binding buffer (5%
glycerol, 10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 1 mM dithiothreitol, 20 mM KCI, and
50 ug/ml bovine serum albumin). Reaction mixtures were incubated at room
temperature for 1 h. Subsequently, 4 pl of native loading buffer was added (10% Ficoll
400, 10 mM Tris—HCI, pH 7.5, 50 mM EDTA, 0.25% bromophenol blue, and 0.25%

xylene cyanol), and a 20 pl aliquot subjected to 1% agarose gel electrophoresis in
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0.5 x Tris borate-EDTA buffer (45 mM Tris-borate and 1 mM EDTA, pH 8.0).

2.13 Killing Kinetics Assay

The time-killing kinetics of the peptides was assessed using E.coli (KCTC 1682) as
described in previous studies[25]. The initial density of the cultures was approximately
1x10°CFU/ml. After 1, 2, 5, 10, 20, 40 and 60 min of exposure to the peptides at 37°C,
50 ul aliquots of serial 10-fold dilutions (up to 107) of the cultures were plated onto
Luria-Bertani (LB) agar plates to obtain viability counts. Colonies were counted after

incubation for 24 h at 37 °C.

74

Collection @ chosun



3. Results

3.1 Design and Synthesis of Peptides

Isoleucine has two chiral centers, thus, it forms four different stereoisomers. The L-
enantiomer (L-Ile) and D-enantiomer (D-Ile) of isolucine has 2S, 3S- and 2R, 3R-
configuration in R/S notation, respectively. The diastereomer with 2R, 3S-configuration
is D-allo-isoleucine. SMAP-29 contains 4 isoleucines. In particular, 3 isoleucines exist
in its C-terminal region. The C-terminal is involved in the hydrophobic interaction with
lipid membrane. Since D-isoleucine and D-allo-isoleucine have different spatial
orientation of their side chains, two peptide isomers composed of multiple D-isoleucine
or multiple D-allo-isoleucine may have interact differently with membrane. In the
present study, in order to investigate the effects of L- to D-amino acid conversion of
SMAP-29 on the structure, membrane interaction, antimicrobial activity, hemolytic
activity and LPS-neutralizing activity, we synthesized SMAP-29, SMAP-29D (D-
enantiomer) containing D-isoleucine and SMAP-29DA (diastereomer) containing D-
allo-isoleucine.

Structure-function analysis studies of SMAP-29 suggested that the C-terminal
hydrophobic region (19-28 residues) is responsible for its cytotoxicity toward
eukaryotic cells [13,18]. In this study, in order to examine the effect of incorporation of
D-amino acids in the C-terminal region (19-28 residues) of SMAP-29 on antimicrobial
and hemolytic activities and LPS-neutralizing activity, we designed and synthesized two
diastereomers (SMAP-29HD and SMAP-29HDA) with D-amino acid substitution in 19-
28 residues of SMAP-29. D-isoleucine and D-allo-isoleucine are substituted in SMAP-
29HD and SMAP-29HDA, respectively.

Unlike most of AMPs, some of intracellular-targeting AMPs such as buforin-2,
PR-39 and Bac 7 kill bacteria by efficiently crossing cell membrane without inducing
severe membrane permeabilization and strongly binding to intracellular nucleic acids
[19]. In previous study, we had found that the N-terminal fragment (residues 1-18) of
SMAP-29 (called SMAP-18) has intracellular-targeting mechanism. However, it was

not clear how SMAP-18 is exerting its activity inside bacterial cytoplasm. Since SMAP-
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18 is cationic, it is quite possible that it can binds with negatively charged nucleic acids.
At the same time, it is possible that SMAP-18 has other chiral targets inside bacterial
cells. Thus, in this study, to examine the stereo-specific interactions, antimicrobial
activity and the ability to traverse through the bacterial membrane of D-enantiomer
compared to L-enantiomer of intracellular-targeting AMP, we synthesized two
enantiomers (SMAP-18D and SMAP-18DA) of SMAP-18 with D-amino acids. D-
isoleucine and D-allo-isoleucine are replaced in SMAP-18D and SMAP-29DA,
respectively. The sequence and physiochemical properties of the peptides are
summarized in Table 1. The molecular weights of the synthetic peptides were verified
by MALDI-TOF MS. Table lsummarizes theoretically calculated and measured
molecular weight of each peptide. All peptides had molecular weight values in
agreement with their theoretical values, suggesting that the peptides were successfully

synthesized.

3.2 Hydrophobicity of Peptides

The hydrophobicity of peptides was assessed by measuring the retention time (R") in
analytical RP-HPLC. The retention time of peptides on a reverse-phase matrix was
reported to be related to peptide hydrophobicity [26].The relative hydrophobicity are in
the order of SMAP-29D> SMAP-29L> SMAP-29DA> SMAP-29HD> SMAP-29HDA
and SMAP-18D> SMAP-18L> SMAP-18DA. The D-enantiomer of SMAP-29 and
SMAP-18 showed higher hydrophobicity than their L-enantiomer. SMAP-29DA and
SMAP-18DA containing D-all-isoleucine are less hydrophobic than SMAP-29D and
SMAP-18D containing D-isoleucine, respectively.

3.3 Secondary Structure Studies by CD Spectroscopy

We had examined the CD spectrum of the peptides in sodium phosphate buffer, 30 mM
SDS micelles or 0.1% (0.22 mM) LPS (Figure 1). All L-forms(SMAP-29 and SMAP-
18) of the peptides have negative peak, while the D-enantiomers(SMAP-29D, SMAP-
18D) and D-allo-isoleucine containing Diastereomers (SMAP-29DA, SMAP-18DA)
showed positive band, exhibiting a mirror image spectra of L-form. In case of SMAP-29,

D-enantiomer (SMAP-29D) showed higher molar ellipticity than its corresponding D-
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allo isoleucine-containing diasteromer (SMAP-29DA). However, SMAP-18D and
SMAP-18DA showed similar bands with same maxima. Panel A in Figure 1 is the
spectra in phosphate buffer, where it shows minima or maxima at 190-200 nm region,
which is an indication of random coil structure. SMAP-29HD and SMAP-29HDA did
not show any minima at this region. As generally observed in many other AMPs, All L-
forms (SMAP-29 and SMAP-18) of the peptides showed a characteristic a-helical CD
spectrum with minima at 208 and 222 nm in the presence of SDS or LPS (panels B and
C). D-enantiomers (SMAP-29D and SMAP-18D) and D-diastereomer with D-allo-
isoleucine (SMAP-29DA, and SMAP-18DA) showed maxima at these two wavelengths.
Interestingly, the SMAP-29HD and SMAP-29HDA peptides showed no specific
secondary structure pattern in the presence of SDS or LPS (panels B and C). Their
molar ellipticity remains close to zero compared to other SMAP-29 peptides. Curiously,
SMAP-29HD and SMAP-29HDA showed a minimum at around 205 nm in presence of
LPS (panel C).

3.4 Antimicrobial and Hemolytic Activities
Antimicrobial activity of peptides was tested against 3 Gram-negative and 3 Gram-
positive bacteria. The results are shown in Table 2. SMAP-29 and its isomeric peptides
against six bacterial strains showed relatively strong antimicrobial activity with
minimum inhibitory concentration (MIC) within the range of 1-4 pM. Overall, SMAP-
29L, SMAP-29D and SMAP-29DA showed higher potency against Gram-positive
bacteria than Gram-negative bacteria. SMAP-29HD and SMAP-29HDA were equal in
their action against both Gram-negative as well as Gram-positive organisms.
Interestingly, SMAP-18D enantiomer and diastereomer (SMAP-18DA) had
showed higher potency against all bacteria compared to SMAP-18L. Except S.aureus,
both SMAP-18D and SMAP-18DA showed fourfold increase in activity against 5
bacterial strains compared to SMAP-18L. All of the peptides displayed potent
antimicrobial activity with the MIC range of 4-16 uM against three MRSA strains
(Table 4). The cytotoxicity of the peptides to mammalian cells was measured by their
hemolytic activity towards human red blood cells (hRBCs) (Figure 2, Panel A).
Interestingly, SMAP-29DA with D-allo-isoleucine exhibited much less hemolytic
activity than SMAP-29L and SMAP-29D. SMAP-29HD and SMAP-29HDA showed
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less than 20% hemolysis at the maximum concentration of 256uM. All 3 SMAP-18
peptides did not induce any hemolysis even at 256puM.

3.5 Cell Selectivity (therapeutic index)

Cell selectivity is a measure of peptide’s capability to differentiate any pathogen against
host cells. It is one of the most difficult challenges in the development of antimicrobial
agents, especially if the target of action is the cytoplasmic membrane. Cell selectivity of
the peptides is expressed as the therapeutic index (TI) = HC,¢/GM, where HCy is
peptide concentration needed to reach 10% hemolysis of human red blood cells, while
GM is the geometric mean of MICs against six bacterial cells. The TI is a widely
accepted parameter to represent the selectivity of antimicrobial agents between bacterial
and mammalian cells. Larger values of TI indicate greater cell selectivity. As shown in
Table 4, SMAP-29D had a little less TI than SMAP-29L. Interestingly, SMAP-29DA,
SMAP-29HD and SMAP-29HDA exhibited a significant increase in TI value by about
3.7-, 12-, 19-fold, respectively, compared toSMAP-29L. SMAP-18D and SMAP-18DA
showed 3.6-fold increase in TI compared to SMAP-18L.

3.6 Cytotoxicity against RAW264.7 Cells

In addition to hemolytic activity, RAW264.7 macrophage cells were used to evaluate
cytotoxicity against mammalian cells. As shown in Figure 2, all of the peptides were
non-toxic to RAW264.7 macrophage cells until S5uM. Therefore, LPS-neutralizing
activity of the peptides using RAW?264.7 cells was conducted at concentration less than

SuM.

3.7 Anti-inflammatory Activity

LPS binds to surface TLR-4 molecules, triggering the secretion of various inflammatory
factors which contribute to the pathophysiology of septic shock and other immune
diseases. To evaluate the anti-inflammatory activity of the peptides, LPS-induced nitric
oxide (NO), tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6) or MCP-1 production
was evaluated in macrophage RAW 264.7 cells, in the absence and presence of the

peptides by ELISA experiment. As illustrated in Figure 3, LPS induced the secretion of
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inflammatory cytokines including NO, TNF-a, IL-6, and MCP-1, which were inhibited
by all of the peptides. All of the peptides inhibited TNF-a, IL-6 and MCP-1 production
in a dose-dependent manner. This result suggests that these peptides can act as an anti-
inflammatory agent. In general, SMAP-29L, SMAP-29D and SMAP-29DA more
efficiently inhibited the production of TNF-o from LPS-stimulated RAW 264.7 cells
compared to SMAP-29HD and SMAP-29HDA.

3.8 Membrane Interaction

The interaction with bacterial membranes is crucial for antimicrobial activity of many
AMPs. We had investigated the interaction of peptides with bacterial membranes using
two different methods. One method is peptide-induced membrane depolarization. Other
method is peptide induced-dye leakage from bacterial membrane-mimicking liposomes.
Membrane depolarization was measured by release of the membrane potential-sensitive
fluorescent dye diSCs-5. This dye is distributed between thecells and medium,
depending on the cytoplasmic membrane potential, and self-quenches when
concentrated inside bacterial cells. If the membrane is depolarized by the peptide, the
dye will be released into the medium, causing a measurable increase in
fluorescence. SMAP-29L and its stereoisomers induced a complete membrane
depolarization under 2xMIC (uM). All of the peptides induced rapid membrane
depolarization. SMAP-29HD and SMAP-29HDA took a little more time to reach the
maximal membrane depolarization than SMAP-29L, SMAP-29D and SMAP-29DA. On
the other hand, SMAP-18L, SMAP-18D and SMAP-18DA caused no or less membrane
depolarization. SMAP-18DA caused a small initial rise in fluorescent intensity but it
had gradually decreased until the end time of this assay.

The peptide interaction with fluorescent dye-entrapped liposomes is useful to study
the peptide-membrane interaction. Highly membrane-active peptides will instantly
perturb the membrane and caused sudden release of dye, resulted in the appropriate rise
in the measured intensity. To investigate the peptide-membrane interaction, we had
treated the peptides with calcein-entrapped bacterial membrane-mimicking liposomes
composed of anionic phospholipids. SMAP-29D, SMAP-29DA and SMAP-29L showed
rapid dye release indicating a strong action on the membrane (Figure 4, Panel B). As

observed in LL-37, the leakage profile of SMAP-29HD and SMAP-29HDA exhibited a
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gradual increase in the dye release.

3.9 DNA Binding Activity

Although SMAP-18L and SMAP-18D had showed no or less interaction with
membranes, SMAP-18D had displayed higher antimicrobial activity against 5 bacterial
strains compared to SMAP-18L. Therefore, we examined whether this big difference of
antimicrobial activity is due to their DNA binding activity. Peptides were incubated with
plasmid DNA and then subjected to agarose gel electrophoresis. As shown in Figure 5,
both peptides at 2 uM induced the retardation of DNA movement in gel indicating an
interaction with DNA

3.10  Antimicrobial Activity by Agar Diffusion Assay

In the broth microdilution assay, SMAP-18D showed much higher activity against five
bacterial strains compared to SMAP-18L.The antimicrobial effects of the peptides using
performing an agar diffusion assay were investigated. The inhibition zone for SMAP-
18L was clear but smaller than that of SMAP-18D and SMAP-18DA. On the contrary,
the inhibition zone for SMAP-18D and SMAP-18DA was greater, while blurred
compared to SMAP-18L (Figure 6).

3.11 Time-killing Kinetics

To predict whether AMP is bacteriostatic or bactericidal is difficult using broth
microdilution and agar diffusion methods. However, SMAP-18L and SMAP-18D
showed a considerable difference in their MIC determined by broth microdilution
method and in their inhibition zone observed by agar diffusion method. Therefore, we
next investigated the kinetics of time-killing of these peptides against E.coli. As shown
in Figure 7, SMAP-18L had a smooth gradual curve with a larger negative slope in the
first 10 minutes but rate had decreased after that. In case of SMAP-18D, there were an
initial drop but a plateau and again slow downward. After 60 minutes, both peptides had
showed similar efficacy in terms of number of viable bacteria. SMAP-18L kills E.coli

rapidly compared to SMAP-18D.
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4. Discussion

SMAP-29, a highly potent AMP, had initially identified from sheep myeloid cells [27].
It is highly active against board spectrum of pathogens including bacteria, fungi and
viruses [10,28]. Besides its potent bactericidal activity, SMAP-29 also showed good
LPS-neutralizing activity [12,17,30]. It had been shown that SMAP-29 has two LPS
binding sites, residing on either end of peptide, which act cooperatively to bind with
LPS [12]. SMAP-29 caused LPS-neutralization and reduction of TNF-a in rat model of
sepsis shock [17]. On the other hand, it was also reported that SMAP-29 was not able to
inhibit LPS-induced expression of cytokine genes in RAW 264.7 cells, despite having
strong LPS binding ability in vitro [31].

The structure of SMAP-29 is having the N-terminal a-helix, the hinge region of
Gly-Pro followed by the hydrophobic segment in the carboxyl terminal region [12].
Like other AMPs, SMAP-29 showed a disordered structure in solution but forms a
definite secondary structure at hydrophobic environment [12,13]. SMAP-29 Kkills
bacteria by destabilizing the membrane [13,18]. It was shown that 1-18 residues (termed
as SMAP-18) of SMAP-29 is largely retained the antimicrobial activity but significantly
reduced the hemolysis [13]. In our previous study, we had found that SMAP-18 differs
in its mode of antimicrobial action. SMAP-18 did not destroy the bacterial membrane
unlike its parent SMAP-29, but showed bacterial cell-penetrating property. We had also
observed that SMAP-18 do not bind with LPS [18]. The target of SMAP-18 inside
cytoplasm is not known. For this reason, we have prepared the D-enantiomer (SMAP-
18D) and the diastereomer (SMAP-18DA) of L- enantiomer SMAP-18to investigate
whether any stercospecific interaction occurs inside cytoplasm. Like other AMPs, the
drawbacks of SMAP-29as therapeutic agent are high cytotoxicity, poor protease
stability,and less effectiveness at physiological conditions [11,13,31].

Previous study showed that the C-terminal hydrophobic segment of SMAP-29
is responsible for its high hemolytic activity and the N-terminal fragment (SMAP-18)
alone did not induce hemolysis. This result prompted us study the hydrophobic
interaction of SMAP-29 with lipid bilayer. To know whether stereochemistry of o-

helical AMPs has any role in its membrane interaction, we prepared D-enantiomer of
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SMAP-29 comprising D-amino acids (SMAP-29D). We also synthesized the
diastereomer (SMAP-29DA), where D-Ile in SMAP-29D is replaced by D-allo-
isoleucine. D-allo-isoleucine has smaller retention time compared to L-isoleucine,
revealed by N-terminal Edman degradation and subsequent elution of Pin2 peptide [14].
Another study had pointed out that bombinins peptides containing D-allo-isoleucine has
higher interaction with membrane compared to corresponding L-form [16].

To obtain SMAP-29 analogs having potent antimicrobial and LPS-neutralizing
activities with much less cytotoxicity compared to SMAP-29, we synthesized two
diastereomers, SMAP-29HD and SMAP-29HDA, in which 1-18 residues are L-amino
acids while 19-28 residues are D-amino acids. The 19-28 residues of SMAP-29HD and
SMAP-29HDA are made up of D-isoleucine and D-allo-isoleucine, respectively.

These two diastereomers (SMAP-29HD and SMAP-29HDA) showed much
lower hydrophobicity compared to parent SMAP-29 or its enantiomer. This indicates
that the total hydrophobicity depends on a continuation of spatial orientation of side
chains and on either side of the hinge region (position 18-19) in the parent peptides.
SMAP-29HDA showed least hydrophobicity among SMAP-29 peptides indicated that
packing of side chins largely contribute to the total hydrophobicity and hydrophobic
moments of peptides. It was observed that a little difference (0.4 min) in retention time
(R") of RP-HPLC between SMAP-29L and SMAP-29D. SMAP-29D was slightly more
hydrophobic than SMAP-29L (Table 1). Some peptide enantiomers showed same
retention time while other enantiomers showed different retention time. Percentage
helicity of peptide enantiomers are also varied. [32,33]

CD spectroscopy studies had reported that the D-form peptides containing D-
allo-isoleucine has less a-helicity than the corresponding all L-form peptide [14,15].
Among SMAP-29L, SMAP-29D and SMAP-29DA, SMAP-29DA showed the least a-
helicity in the presence of SDS or LPS (Figure 1). Both SMAP-29HD and SMAP-
29HDA did not show any CD spectral character for a-helical structure in the presence
of either SDS or LPS. In CD spectral analysis of L- and D-enantiomers of bovine
cathelicidin-derived BMAP-28, these two enantiomers in the presence of TFE showed
the mirror plane symmetry [34].

SMAP-29L, SMAP-29D and SMAP-29DA did not show a significant difference
in the antimicrobial potency of against all 6 bacteria tested. BMAP-28 has very high
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sequence homology with SMAP-29. Also, contains multiple Ile residues (5 Ile) at its C-
terminal region. Lynn et.al. found that D-enantiomer of BMAP-28 is more active in
anti-leishmanial property than L-enantiomer [34], but equally effective on mouse
peritoneal model[35]. Won et.al. had reported that D-enantiomer had equal
antimicrobial potency to L-enantiomer for anoplin AMP [36]. On the other hand, Lee
et.al. had found that L- to D-amino acids conversion in pleurocidin induced a significant
reduction in both antimicrobial and hemolytic activity [37]. SMAP-29HD and SMAP-
29HDAshowed the MIC range of 2—4 uM against all bacterial strains tested. These two
peptides are equal or 2-fold less active compared to SMAP-29.

SMAP-29D is slightly more hemolytic than SMAP-29L. SMAP-29DA showed
almost one-half hemolytic activity compared to SMAP-29Land SMAP-29D (Figure 2.
Panel A). Both SMAP-29HD and SMAP-29HDA are much less hemolytic than other
three SMAP-29 peptides (less than 20% hemolysisat 256 uM). Kindrachuk et.al. had
found that D-enantiomer and retro-enantiomer of BMAP-28 are lesser hemolytic than
L-enantiomer [34]. However, Chen et.al. hadreported that D- and L-enantiomer of o-
helical AMP induced same hemolysis on human RBC, which suggest lack of chiral
interaction on membrane surface[32].

The antimicrobial activity of SMAP-29L and SMAP-29D are in agreement with
the high potency of membrane depolarization and dye leakage (Figure 4). Although
SMAP-29HD and SMAP-29HDA are devoid of any definite secondary structure on CD
spectrum (Figure 1), these peptides showed antimicrobial activity comparable to that of
SMAP-29L and SMAP-29D. Furthermore, these peptides had low levels of hemolytic
activity even at very high concentrations. Despite their same sequence, they also had a
remarkable reduction in the retention time on RP-HPLC column (Table 1). SMAP-18L,
SMAP-18D and SMAP-18DA peptides did not induce hemolysis even at very high
concentrations.

The anti-inflammatory activity for SMAP-29 peptides showed similar pattern
for inhibition of LPS-induced NO, TNF-a, IL-6. SMAP-29D and SMAP-29DA were
more active than SMAP-29L. SMAP-29HD and SMAP-29HDA were slightly less
active than other three peptides. Lynn et.al. had shown that BMAP-28 and its D-
enantiomer and retro-isomer inhibit LPS-induced TNF-a secretion in human PBMC[35].

There is discrepancy in LPS-neutralizing activity of SMAP-29 peptide. Some in vivo
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models showed reduction of TNF-a, but some other studies showed no activity for LPS
induced cytokine gene expression. It is also shown that SMAP-29can bind with
LPS[17,31].

SMAP-18D enantiomer and SMAP-18DA diastercomer had much higher
antimicrobial activity against 5 bacterial strains compared to SMAP-18Lenantiomer.
SMAP-18L and SMAP-18D had not showed any interaction with intact cells. These
peptides displayed the same DNA binding activity (Figure 5). In agar diffusion assay,
SMAP-18L exhibited very definite inhibition zone but smaller but smaller than that for
SMAP-18D and SMAP-18DA.On the contrary, SMAP-18D and SMAP-18DA showed
relatively blurred zone with large diameter (Figure 6). In killing kinetics against E.coli,
SMAP-18L showed a rapid initial bactericidal action compared to SMAP-18D (Figure
7). Our results of killing kinetics and DNA binding activity did not explain why SMAP-
18D enantiomer and SMAP-18DA diastereomer have much higher (2-8-fold increase)
antimicrobial activity compared to SMAP-18L enantiomer. Further experiments are
warranted for membrane translocation efficiency, or other possible targets to elucidate

the mechanism for difference in the current observation.
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Table 1.Amino acid sequences and physicochemical properties of SMAP-29
and SMAP-18 and Enantiomers and diasteromers

Peptides Amino acid sequences Molecular mass (Da) Net Retention
charg  Time (R')
dCalculate aObserved e (min)
SMAP-29L RGLRRLGRKIAHGVKKYGPTVLRII 3197.5 3198.9 23.9
+10
RIA-NH,
SMAP-29D  RGLRRLGRKIAHGVKKYGPTVLRII 3197.5 3198.4 243
+10
RIA-NH,
SMAP- RGLRRLGRKIAHGVKKYGPTVLRII 3197.5 3198.5 410 22.8
29DA RIA-NH,
SMAP- RGLRRLGRKIAHGVKKYGPTVLRII 3197.5 3198.7 +10 20.9
29HD RIA-NH,
SMAP- RGLRRLGRKIAHGVKKYGPTVLRII 3197.5 3198.7 410 20.6
29HDA RIA-NH,
SMAP-18L RGLRRLGRKIAHGVKKYG-NH, 2064.5 2064.8 +8 16.29
SMAP-18D  RGLRRLGRKIAHGVKKY G-NH, 2064.5 2065.7 +8 16.32
?g}g‘f- RGLRRLGRKIAHGVKKY G-NH, 2064.5 2065.8 +8 15.98

*Molecular mass were determined using MALDI-TOF-MS.
Black: L-amino acid, Red: D-amino acid, Blue: D-allo-isolucine

85

Collection @ chosun



Table 2. Antimicrobial activity of SMAP-29, SMAP-18, their enantiomers and

diastereomers
Minimal inhibitory concentration (MIC)" (uM)

Peptides

E. coli P aeruginosa |S. typhimurium| B. subtilis . epidermidis | S. aureus

[KCTC [KCTC [KCTC [KCTC [KCTC [KCTC

1682] 1637] 1926] 3068] 1917] 1621]
SMAP-29L 2 4 1 2 2 2
SMAP-29D 4 4 2 2 2 2
SMAP-29DA 2 4 1 2 2 2
SMAP-29HD 4 4 2 4 4 4
SMAP- 4 4 2 4 4 4
29HDA
SMAP-18L 16 4 8 32 16 4
SMAP-18D 2 1 2 8 4 4
SMAP-18DA 2 1 2 8 4 4

"MIC denotes lowest peptide concentration that causes 100 % inhibition of microbial
growth (Three independent measurement with triplicate)
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Table 3. Antimicrobial activity of the peptides against MRSA

Minimal inhibitory concentration (MIC)" (uM)

Peptides MRSA MRSA MRSA
[CCARM 3089] [CCARM 3090] [CCARM 3095]
SMAP-29L 4 2 2
SMAP-29D 4 4 2
SMAP-29DA 4 4 2
SMAP-29HD 4 4 4
SMAP-29HDA 4 4 4
SMAP-18L 8 16 16
SMAP-18D 8 8 8
SMAP-18DA 8 16 8

“denotes lowest peptide concentration that causes 100 % inhibition of microbial growth

(Three independent measurement with triplicate)
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Table 4. Cell specificity (therapeutic index) of SMAP-29,SMAP-18,their
enantiomers and diastereomers

Peptides GM HC TI Fold*
(uM)* (uM)° (HC1/GM)

SMAP-29L 2 5.9 2.95 1.00
SMAP-29D 2.5 5.3 2.12 0.72
SMAP-29DA 2 21.5 10.75 3.64
SMAP-29HD 3.5 123 35.14 11.91
SMAP-29HDA 3.5 197 56.2 19.0
SMAP-18L 10.0 256 < 25.6< 1
SMAP-18D 2.8 256 < 91.43 3.57<
SMAP-18DA 2.8 256 < 91.43 3.57<

*GM denotes the geometric mean of MIC values from all six bacterial strains.
®Peptide concentration (M) for 10% hemolysis in human RBC.

¢ Therapeutic index: the ratio of the HC;o (uM) to the GM (uM)

The <’ denotes that, within the concentration range tested, there were no HC,, values
to calculate TI, so the reported values were minimal TI calculated with 256 uM
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Figure 1. Circular dichroism spectra of the peptides in (A)10 mM sodium phosphate
buffer, pH 7.2, (B)30mM SDS, 0.1% lipopolysaccharide (c).
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Figure 2. Cytotoxicity of Peptides, (A) Pepdide induced hemolysis in human RBC
(B) Viability of RAW 264.7 cells after Peptide treatment
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Figure 5. SMAP-18L and SMAP-18D — DNA binding affinity: 0.25, 0.5, 1.0, 2.0 uM
of SMAP-18L and SMAP-18D were treated with 100ng of plasmid DNA. Higher
concentrations of peptides caused retardation of DNA band movement. Left to right
(control-100 ng DNA only, SMAP-18L, SMAP-18D)
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Figure 6. MIC against E. coli for SMAP-18L, SMAP-18D, SMAP-18DA.
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Figure 7. Killing Kinetics of SMAP18L and SMAP-18D peptides against E.coli
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