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Abstract

Pelgipeptins are cyclictlipopeptides composed of nine amino acids and a short fatty acid chain. In the present study, we
report a novel pelgipeptin peptide thatywas isolated from Paenibacillus elgii BC34-6 and named pelgipeptin E (PGP-E). The
molecular mass of PGP-E was 1072 Da as determined by liquid chromatography-mass spectrometry and the amino acid
sequence was elucidated by tandem mas§'speefrometry. The complete molecular structure of PGP-E was characterized using
2D NMR spectroscopy. PGP-E consisted¢of a cyelic peptide backbone of Dab1-Val2-Dab3-Phe4-Leu5-Dab6-Val7-Leu8-
Ser9 and a lipid chain (-CH,CH,CHj3;). PGP-Edhadibroad antimicrobial activity against gram-negative and -positive bacteria,
including methicillin-resistant Staphylococéus aureus strains. Furthermore, the mode of action of PGP-E was investigated
using calcein dye leakage and membrane depolarization, assays, which suggest that PGP-E acts via a membrane-active
mechanism. The hemolytic activity of PGP-E was/significantly lower than that of melittin, a well-known membrane-active
peptide derived from bee venom. These results suggest{thatdPGP-E is a potential candidate in the development of new
peptide antibiotics.

Introduction

Bactertal” pathogens are the leading cause of hospital-
acquired infections and are often resistant to most typically
used antibiotiesfdue £o-their acquisition of resistance genes
and ability to fomhy biofilms [1, 2]. Although limited ther-
apeutic optiongfarejpreséntly available, new and innovative
antibiotics, preferably with novel,modes of action and/or
using novel types of drugsgéare needed to provide effective
treatments. Among natural antibiotics, cyclic lipopeptides
(CLPs) are a promising new class of antibacterial agents,
especially against multidrug-resistant pathogens [3-5]. CLP
antibiotics, such as polymyxin and daptomycin, are gen-
erally composed of a hydrophobic fatty acid tail linked to a
peptide that is cyclized by a lactone or peptide bond
between two amino acids or an amino acid and a fatty acid
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moiety. The structural diversity of CLPs arises from dif-
ferences in the length and composition of the fatty acid
chains and the amino acid sequences [6—8]. Most natural
CLPs are secondary metabolites of soil-borne bacteria in the
Streptomyces, Bacillus, and Paenibacillus genera [9, 10].
The endospore-forming bacteria Paenibacillus are a
genus of facultative anaerobes that were originally included
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PGP-A (Molecular mass 1072.6 Da) : R=(CH;),CH and X= Val
PGP-B (Molecular mass 1100.7 Da) : R= CH;CH,CH(CHj;) and X= Ile
PGP-C (Molecular mass 1086.6 Da) : R= CH;CH,CH(CH;) and X= Val
PGP-D (Molecular mass 1086.6 Da) : R= (CH3),CH and X= Ile

Fig. 1 Structures and molecular weights of pelgipeptin-A, -B, -C,
and -D

within the genus Bacillus, and reclassified as a separate
genus in 1993 after extensive comparative analysis of 16S
ribosomal RNA (rRNA) sequences [11]. Bacteria belonging
to this genus have been detected in a variety of environ-
ments, including soil, water, rhizosphere, and -clinical
samples [12—15]. For instance, Paenibacillus elgii B69 was
first isolated from mountain soil, from the Tianmu Moun-
tain National Reserve in Hangzheu in China. It possesses
potent antimicrobial activify™ against a wide range of
pathogens [16]. To date, pelgipeptin (PGP)-A, -B, -C, and
-D (Fig. 1) have been isolated fromi»P. elgii B69, which
have molecular masses of 40726, 1100.7, 1086.6, and
1086.6Da, respectively [16, 17]% PGPsfare<ecomposed of a
cyclic peptide backbone with nine aminogacids and a short
lipid chain. These molecules display broad-spectfum anti-
microbial activity against pathogenic bagteria, including
methicillin-resistant Staphylococcus aureus (MRSA)™and
fungi, including Fusarium oxysporum and Colletotrichum
lini [16, 17].

In the present study, we isolated a new antimicrobial
compound from a Paenibacillus strain found in red clay
soil, which was identified as P. elgii BC34-6 and pro-
duced PGP peptides. Using antimicrobial assays and
structural analysis, we identified a novel PGP peptide
from the culture media of this strain and named it PGP-E.
PGP-E was found to have antimicrobial activity against
various bacteria, including MRSA, with maximum inhi-
bitory concentrations (MICs) of 2-8 ug ml~'. We further
investigated the mode of action of PGP-E using fluores-
cence experiments and hemolysis assays. The newly iso-
lated PGP-E had high antimicrobial activity, but low
hemolytic activity, suggesting that PGP-E is a potential
antibiotic and that the BC34-6 strain may be utilized for
PGP peptide production.

Materials and methods
Bacterial strains

The BC34-6 strain was isolated from red clay soil samples
collected from Jeonnam Province in South Korea. Soil
samples (1 g) were suspended in 9ml sterilized distilled
water. The soil suspensions were serially diluted 10-fold
and spread onto tryptic soy agar plates, which were

incubated at 37°C for 24 h. The bacteria were maintained in
tryptic soy broth (17 g pancreatic digest of casein, 3 g
papaic digest of soybean, 2.5g dextrose, 5g sodium
chloride, and 2.5 g dipotassium phosphate per 1 liter) and
stored at —70°C as 20% glycerol stocks. Growth inhibition
of Escherichia coli by bacterial isolates was tested on
tryptic soy agar plates. The BC34-6 strain exhibited the
strongest antimicrobial activity, and was selected for further
study.

Identification of BC34-6 strain

The BC34-6 strain was identified using the molecular
phylogenetic method of comparing 16S rRNA gene
sequences. BC34-6 was incubated in tryptic soy media at
37°C for 20 h. The cells were collected and lysed in 100 pl
lysis buffer (0.4 M NaCl, 0.2 M Tris-HCI, 0.01 M EDTA,
1% SDS, pH 7.6). Tris-EDTA buffer (pH 8.0, 200 ul) and
phenol/chloroform were added to the tubes containing the
samples, which were then mixed gently. The mixtures were
centrifuged at 17,226x g for 5 min. Next, 5 ul of RNase A
(Promega, USA) was added to the supernatant, and the
samples were incubated at 37°C for 1h. Chloroform was
added to the DNA layer, which was then centrifuged at
17,226x g for 5min. The resulting supernatants were
washed twice with 70% ethanol and dried using a SpeedVac
(Hanil, South Korea). The extracted genomic DNA samples
were stored at —20 °C until further use. Primers 27F (5’
GTTTGATCCTGGCTCAG-3") and 1489R (5'-TACCT
TGETACGACTTCA-3’) were used for 16S rRNA analysis.
PCR mixtures contained 2 U Taq polymerase, 50 ul 1.5 mM
Mg€l, (Promega, USA), 10 mM dNTPs (Promega, USA),
50 ul'of'eachfprimer (10 mM), and 100 ng of DNA template.
The PCR ¢ycles consisted of an initial denaturation step of
95°C for 5 mingB0 cycles,of 95°C for 1 min, 53°C for 40 or
60S, and 72°C forfl min, and then a final elongation step of
72°C for 10 min:

Culturing of BC34-6 strain

The BC34-6 strain was incubated in tryptic soy broth at
30°C with shaking at 150rpm for 48h, and used to
inoculate M9 media (6 g sodium hydrogen phosphate, 3 g
potassium dihydrogen phosphate, 1 g ammonium chloride,
0.5 g sodium chloride, 1% sucrose, and 0.5% yeast extract
per 1 liter), which was then incubated at 30°C with shaking
at 150 rpm for 5d.

Purification of PGP-E
The overall procedure for PGP-E purification is summarized
in Fig. 2. The culture broth was centrifuged at 4600x g for

30 min. The supernatant was loaded onto a column of
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Fig. 2 Schematic of overall process of isolation and purification of
pelgipeptin E (PGP-E)

Diaion HP-20 (IONTEC,Séuth /Korea). The column was
washed with distilled “waterqand the samples were eluted
using a stepwise ethanol gradient (20940, 60, 80, and then
100% v/v) and lyophilized. {Thefresulting crude samples
were dissolved in 100% methanol and furth€r purified by
preparative reversed-phase high-petformance” liquid chro-
matography (RP-HPLC) using a Shim#packed Cigcolumn
(20 x 250 mm, Shimadzu, Japan). The mabile phases were
distilled water and acetonitrile (ACN) contaiing 40'05%
trifluoroacetic acid (TFA). A binary gradient of[30-46%
over 25 min was used for RP-HPLC purification with,a flow
rate of 10 mlmin~'. Elution was monitored by measuring
the absorbance at 230 nm.

Liquid chromatography tandem mass spectrometry
analysis

The lactone ring of the purified PGP-E (1 mg) was com-
pletely hydrolyzed with 1M KOH (100 pul) at 20°C for
3 min. The reaction mixture was diluted with 2 ml of 1%
TFA in water to stop the reaction. The resulting hydrolysate
was applied to a Sep-pak C;g cartridge (Waters, USA) for
buffer exchange. After loading the sample, the cartridge was
washed with 5 ml distilled water. Linear PGP-E was eluted
with 95% ACN containing 0.05% TFA. The eluent was
concentrated and dissolved in 50% ACN. The amino acid
sequence of PGP-E was determined using electrospray
ionization tandem mass spectrometry (ESI-MS/MS). MS/
MS was analyzed using an API2000 (AB SCIEX, USA) in
positive ion mode.

NMR analysis
NMR samples were prepared by dissolving the lyophilized

PGP-E peptide (6.7 mM) in DMSO-ds. All NMR spectra
were recorded at 25°C using a Bruker Avance 600 MHz
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NMR spectrometer (Bruker Biospin, Germany). Chemical
shifts are shown with respect to the DMSO-ds residual
signals at 2.6 and 43.0 ppm for 'H and *C spectra,
respectively. The 'H and *C NMR assignments were sup-
ported by total correlation spectroscopy (TOCSY), double-
quantum-filtered (DQF)-COSY, NOESY, heteronuclear
single quantum correlation (HSQC), and heteronuclear
multiple-bond correlation (HMBC) experiments.

Determination of MICs

Bacteria, including E. coli (KCTC 1682), Staphylococcus
typhimurium (KCTC 1926), Pseudomonas aeruginosa (KCTC
1637), Bacillus subtilis (KCTC 3068), Staphylococcus epi-
dermidis (KCTC 1917), and S. aureus (KCTC 1621) were
procured from the Korean Collection for Type Cultures
(KCTC) at the Korea Research Institute of Bioscience and
Biotechnology (Deajeon, South Korea). MRSA strains
(CCARM 3089, CCARM 3090, and CCARM 3095) were
obtained from the Culture Collection of Antibiotic-Resistant
Microbes (CCARM) at the Seoul Women’s University (Seoul,
South Korea). All bacteria were routinely grown at 37°C in
Luria-Bertani broth. MICs were measured in 96-well micro-
plates using the micro-broth dilution method. Bacteria were
grown in Luria-Bertani broth at 37°C for 18 h and then diluted
with 1% peptone to a final concentration of 2 x 10° colony-
forming units per ml. Subsequently, 100ul of a bacterial
suspension and 100 pl of peptide solution were mixed together
in a 96swell plate. The peptide solution was prepared by
performing two-fold dilutions in 1% peptone, while the PGP-E
solutions were prepared to final peptide concentrations of
0.06-128 ug ml~!. The bacteria and peptide solution mixtures
were incubatéd at 37°C for 18 h. The peptide MIC was defined
as the lowest concentration of peptide that inhibited bacterial
growth.

Hemolytic activity

Peptide hemolytic activity was measured using human red
blood cells (HRBCs). Fresh cells were washed three times
with phosphate buffered saline (PBS) by centrifuging for
10 min at 1000x g and resuspended in PBS. Different
concentrations (0.01-200 uM) of peptides were added to
49% HRBCs in PBS, which were then incubated at 37°C for
1 h. After the mixtures were centrifuged at 1000x g for
5 min, the aliquots of the supernatant were transferred to 96-
well plates. Hemolytic activity was measured based on
absorbance at 405 nm with a microplate reader (EL800,
Bio-Tek Instruments, VT, USA). PBS and Triton X-100
were used as negative and positive controls, respectively.
The percent hemolysis was calculated using the following
equation: Hemolysis (%)= (Abs in peptide — Abs in
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Fig. 3 Neighbor-joining
phylogenetic tree based on
analysis of 16S ribosomal RNA
gene sequences from
Paenibacillus elgii strain
BC34-6

@ Paenibacillus elgii BC34-6

Paenibacillus elgii SD17 (4Y090110)
Paenibacillus ehimensis KCTC 3748 (AY116665)
Paenibacillus koreensis YC300 (AF130254)
Paenibacillus tianmuensis B27 (FJ719490)
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Paenibacillus azoreducens CM1 (4J272249)

c.o0g

PBS)/(Abs in Triton X-100 — Abs in PBS)] x 100y, whére
Abs represents absorbance.

Calcein-release experiments

Liposomes were prepared by vortexing the required
amount of EYPE/EYPG (7:3 w/w). The lipids were
dissolved in 100% methanol and dried and the solvents
were removed to generate a lipid film. Any remaining
trace amounts of organic solvent were removed by lyo-
philization and the dry lipid film was resuspended in 1 ml
dye buffer solution (70 mM calcein, 10 mM Tris-HCI,
0.1 mM EDTA, 150 mM NaCl, pH 7.4) by gently vor-
texing. Liposomes were prepared through 10 freeze-thaw
cycles in liquid nitrogen followed by an incubation in a
50°C water bath. The suspensions were then extruded
20 times through 100-nm pore-polycarbonate mem-
branes. After extrusion, the resulting calcein-entrapped
large unilamellar vesicles (LUVs) were separated from
the entrapped calcein using gel filtration through a
Sephadex G-50 column, and eluted with buffer (10 mM
Tris-HCI, 0.1 mM EDTA, 150 mM NaCl, pH 7.4). Cal-
cein leakage from LUVs was measured at 20°C by
monitoring the fluorescence intensity at an excitation
wavelength of 490 nm and an emission wavelength of
520 nm on a spectrophotometer (RF-5301PC, Shimadzu,
Japan). The fluorescence intensities were recorded

as a function of time from O to 1100S. Complete
release of calcein was induced by the addition of 10%
TritonXe=100.

Membrane depolarization assay

Cytoplasmigfmembrane depolarization activity of the pep-
tide was measured using the membrane potential-sensitive
dye, DiSC(3)=5""S. dureus were grown at 37°C to mid-log
phase (ODggp = 06) and were harvested by centrifugation.
Cells were washed thfice /with buffer (5 mM HEPES,
20 mM glucose, pH 7.4) and resuspended to an ODgq of
0.08 in buffer (5 mM HEPES;20 mM glucose, 10 mM KCl,
pH 7.4) containing KCl'to equilibrate K™ levels. Membrane
depolarization was recorded by measuring changes in the
intensity of fluorescence emission after peptide addition.
The excitation and emission wavelengths were 620 and
670 nm, respectively. The membrane potential was com-
pletely dissipated by adding gramicidin D.

Results and discussion
Phylogenetic analysis of BC34-6 strain

To identify potential antibiotic agents, bacterial strains were
first isolated from red clay soil. A total of 165 samples were

SPRINGER NATURE
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collected, from which strain BC34-6 was found to
have strong antibacterial activity against E. coli. The phy-
logenetic tree for strain BC34-6 is shown in Fig. 3,
which was constructed based on the rate of nucleotide
substitution and indicates the BC34-6 strain belongs to the
genus Paenibacillus. The 16S rRNA sequence of this strain
was most similar to P. elgii SD17 (GenBank: AY090110,
99%), suggesting the BC34-6 strain belongs to the species
P. elgii.

Identification and purification of PGP-E

Antimicrobial substances in the culture broth of BC34-6
were initially purified using Diaion HP-20 chromatography.
Because Diaion HP-20 resin is an effective absorbent with
extremely large pores, Diaion HP-20 chromatography is
useful for the purificationgof peptides, proteins, and fer-
mentation products. The 80%, ethanol elution fraction dis-
played high antimicrobial actiyity andwas concentrated by
vacuum evaporation for further pufification of antimicrobial
substances. We obtained 0.25 g.! ofgérudedproduct from
the initial purification. The 80% ethanol ffactionfcontained
substances with masses (= [M + H]")fof 1073-391101.7,
1087.3, and 1088.0 Da, which corresponddo the masses of
PGP-A, -B, -C, and -D, respectively (Suppleméntary Fig-
ure S1). This strongly indicates that this fraction/contains
members of the PGP family. From analysis of culture _pfo-
ducts by liquid chromatography-mass spectrometry, weé
identified a new peak with strong antimicrobial activity and
a different retention time from (Fig. 4a), but same molecular
mass as PGP-A (Fig. 4b). Therefore, we hypothesized that
this new peak belonged to a new PGP peptide analog,
which was named PGP-E. We purified PGP-E using pre-
parative RP-HPLC, which yielded 1.5 mg per 1-liter culture
(Fig. 4c¢).

Structural elucidation of PGP-E

PGP-E had an [M + H]" ion peak at m/z 1073.3 and an
M + 2H]2+ ion peak at m/z 537.3 (Fig. 4b). To determine
the amino acid sequence of PGP-E, ESI-MS/MS was used
to analyze lactone ring-opened PGP-E, due to the difficulty
of annotating cyclic peptides using MS/MS spectra. The
doubly charged ion [M 4 2 H]*" was chosen as a precursor
ion for further MS/MS fragmentation. The fragments
mainly contained b- and y-type ions. Successive fragmen-
tation of the two termini of ring-opened PGP-E resulted in
b-type ions at m/z 873.56, 774.49, 674.42, 561.34, 414.27,
314.21, and 215.14 along with corresponding y-type ions
detected at m/z 877.55, 778.48, 678.42, 531.35, 418.27,
318.20, and 219.13 (Fig. 5). These fragment ions revealed
that PGP-E consists of the following amino acid sequence:
Dabl, Val2, Dab3, Phe4, Leu5, Dab6, Val7, and Leu8. As a
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Fig. 4 Reversed-phase high-performance liquid chromatography (RP-
HPLC) and liquid chromatography-m@ss spectrometry (LC-MS) ana-
lysis of PGP-E a Chromatogrami“from RP-HPLC of the 80% ethanol
fraction of Diaion HP-20. This fraction contained PGP peptides. PGP-
E is indicated in bold. b Mass spectrum of purified PGP-E by LC-MS
analysis. ¢ Chromatogram from analytical RP-HPLC of purified
PGP-E

result, PGP-E has the same amino acid sequence as PGP-A
and -C, but different fatty acid moieties. The complete
molecular structure of PGP-E was determined using 2D
NMR experiments. The 'H and '3C NMR spectra PGP-E
assignments are listed in Table 1. The '"H NMR spectrum
contained 9 N-bonded protons (6 7.79-8.60) and 9 «o-
protons (6 4.07-4.58) from peptide bonds and one benzene
ring of Phe4 (5 7.27-7.34). The '3C NMR spectrum
revealed the presence of 8 carbonyl groups (6 172.61—
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Fig. 5 Positive electrospray ionization tandem mass spectrometry
(fragmentation of [M + 2 H)** ionjat m/z 546.2) of PGP-E and its
fragmentation scheme

176.13), a-carbons of 9 amino acids (6 52.94-62.01), and
one benzene ring of Phe4 (6 140.60, 132.13¢"13WS51, and
129.65; 4 signals due to symmetry). Nin¢ amino/acids, 3
Dab, 2 Val, 2 Leu, 1 Phe, and 1 Ser, were idenfificddbased
on TOCSY, DQF-COSY, NOESY, HSQC, and HMBC
experiments (Supplementary Figure S2-S8). The sequeiice
of the amino acid residues was confirmed using NOESY
(Fig. 6a) with the complete amino acid sequence containing
a straight lipid chain (-CH,CH,CHj3). This chain was con-
firmed based on HMBCs between H2’ and C1'/C3’, H3’
and C1’, H4' and C3’/C5'/C6’, and H5" and C3'/C4'/C6’
(Fig. 6b). In summary, PGP-E is a new compound
belonging to the polypeptin family (Fig. 6¢). The poly-
peptins are nonadepsipeptides which contain 3 dispersed
Dab residues as the cationic portion and two D-amino acids
(Phe at position 4 and Val at position 7) among 5 hydro-
phobic residues. In addition, Val or Ile is in position 2 and
Ser or Thr is in position 9. The polypeptins also vary at the
branched p-hydroxyalkanoic acid residue, whose hydroxyl
moiety is linked to the C-terminal residue by an ester bond
[18]. The stereochemistry at the 3-hydroxy position of the
2-methylpentanoate was confirmed by 1D 'H and 2D
['"N,"HN]-SOFAST-HMQC spectra to be the pro-S con-
figuration. To date, four PGP derivatives have been reported
and the total stereochemistry of PGPs is as follows: L-Dab,
L-Val/L-Ile, L-Dab, D-Phe, L-Leu, L-Dab, D-Val, L-Leu,
and L-Ser [16, 17]. Although the stereochemistry of amino
acids in PGP-E has not been experimentally determined in
this study, it has been shown that the newly identified PGP-
E belonging to the polypeptin family has the same amino
acid composition and sequence as PGP-A and -C. More-
over, the TOCSY NMR spectra of PGP-A and PGP-E are

very similar except for fatty acid chains. (Supplementary
Figure S9). These results suggest that PGP-E has the
same stereochemistry of amino acid and ester bond as
PGP-A and -C.

Antimicrobial activity of PGP-E

The antimicrobial activity of the newly identified PGP-E was
examined by determining the MICs against gram-negative,
gram-positive, and MRSA bacteria. PGP-E displayed
strong antimicrobial activity with MICs of 2-8 ugml™!
(Table 2). Other previously reported PGP derivatives (PGP-
A, B, C, and D) also showed similar antimicrobial activity in
the range of 1-8ugml™' for all tested strains (data not
shown). In addition, to compare the antimicrobial activity of
PGP-E to similar CLPs, we purified the well-studied CLPs
bacillomycin D and surfactin from the culture media of
Bacillus velezensis GH1-13. These CLPs exhibited much
less antimicrobial activity than that of PGP-E, with MICs of
25-100 pug ml~" against gram-negative and -positive bacteria.
Despite detailed experimental studies, these results suggest
PGP-E had more effective antimicrobial activity than Bacil-
lus CLPs. Furthermore, PGP-E had an MIC of 8 ugml™!
against MRSA strains. These results suggest PGP-E has
strong potential as an antimicrobial agent against various
pathogenic bacteria.

Hemolytic activity of PGP-E

Thefeytotoxicity of PGP-E was analyzed based on its ability to
lyse HRBCs./PGP-E caused hemolysis in less than 50% of
cells, at 200 uM (Fig. 7a), a concentration that effectively
inhibited growth offall tested bacteria. Melittin, which was used
as a control, caused/Bemolysis in almost 90% of cells at 25 pM.

Mechanism of action

Antimicrobial peptides composed, of cationic and hydro-
phobic residues are wellt stiited for interacting with cell
membranes and perturbing membrane structures. Similarly,
PGP-E is a cationic CLP containing three positively charged
Dab residues and five hydrophobic amino acids. To examine
the bactericidal mechanism of PGP-E, leakage of fluorescent
dye calcein-entrapped LUVs composed of negatively
charged EYPE/EYPG (7:3, w/w) and depolarization of bac-
terial cytoplasmic membranes using a membrane potential-
sensitive dye, DiSC3-(5) were employed. LL-37 and melittin,
membrane-targeting (pore-forming/disrupting) peptides, were
used as positive controls. Buforin-2, an intracellular-targeting
(non-membrane-targeting) peptide, was used as a negative
control. PGP-E induced calcein dye leakage from negatively
charged EYPE/EYPG (7:3, w/w) LUVs in a time-dependent
(Fig. 7b) manner. PGP-E (8 uygml™") and LL-37 (4 pgml™")
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;2;';?}; ifgﬁ;gf;zral data for Sequence Position Oy dc¢ Sequence Position Oy S¢
Dab 1 HN 8.22 Dab 6 HN 8.45
4.58 52.94 27 4.38 53.69
1.93, 2.07 33.09 28 1.95, 2.08 33.09
3 2.88 39.61 29 2.08 39.61
4 17391 30 ND
HZ 7.64 HZ 7.88
Val 2 HN 8.01 Val 7 HN 7.79
5 4.07 62.01 31 4.40 60.33
6 2.00 33.07 32 2.02 34.45
7 0.88 21.83 33 0.87 22.18
8 0.96 21.83 34 0.94 22.18
9 174.68 35 173.55
Dab 3 HN 8.50 Leu 8 HN 8.45
10 4.44 53.71 36 4.52 53.84
11 1.82, 1.87 3242 37 1.53 43.89
12 2.54,2.64 39.00 38 1.69 27.40
13 173.49 39 0.91 14.77
HZ 7.78 40 0.91 14.77
Phe,4 HN 8.35 41 176.13
14 4.51 58.02 Ser 9 HN 8.60
15 2.90, 3.12 39.61 42 4.30 58.24
16 140.60 43 3.72,3.84 64.39
17 7.26 132.13 44 ND
18 7484 131.51 HO 5.29
19 7.27 129.65 Lipid 1’ 172.61
20 173.70 2/ 2.49, 2.50 43.14
Leu 5 HN 7.99 3’ 5.19 74.77
21 4.23 54.65 4! 1.58, 1.61 38.51
22 1.45 43.24 5’ 1.29, 1.33 21.16
23 1.39 27.02 6’ 0.80, 1.01 16.87
24 0.81 26.25
25 0.86 26.25
26 176.21

ND is not detected

induced dye leakage of 63 and 93%, respectively, from
EYPE/EYPG (7:3, w/w) LUVs within 1000s. Melittin
induced 100% leakage within a few seconds at a con-
centration of 16 ugml~'. Next, the ability of PGP-E to per-
meabilize the membranes of intact S. aureus cells was
assessed. Due to cell membrane potential, the dye DiSC3-(5)
can concentrate in the cytoplasmic membrane, resulting in
self-quenching of fluorescence. Upon disruption of the
membrane potential, the dye is released into the buffer,
causing an increase in fluorescence intensity. In the present
study, the fluorescence intensity of DiSC3-(5) was quenched
because the dye accumulated in the membrane (Fig. 7c).
Peptides were added after the signal was stable for 400 s
(arrow in Fig. 7c). It was found PGP-E depolarized the
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bacterial cytoplasmic membrane in a time-dependent manner.
Similar to LL-37, the addition of PGP-E caused a gradual
increase in fluorescence intensity due to a collapse of the
ion gradients generating the membrane potential. Melittin
(16 ugml™") induced complete depolarization of the cyto-
plasmic membranes of S. aureus within a few seconds.
However, buforin-2 did not induce any dye leakage or
membrane depolarization. The bactericidal mechanism of
antimicrobial peptides typically involves destroying micro-
bial membranes or targeting intracellular components. PGP-E
induced dye leakage from bacterial membrane-mimicking
EYPE/EYPG (7:3, w/w) LUVs and caused membrane
depolarization in intact S. aureus cells. The loss of membrane
potential in S. aureus cells due to PGP-E was comparable to
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that caused by the lytic gramicidin D, a peptide that can form
transmembrane pores and ionic channels [19]. In addition,
the gradual increase in dye release and loss of membrane
potential observed suggest PGP-E is bactericidal due to its
ability to damage membrane integrity [20].

Significance of PGP-E as an antimicrobial agent

The constantly growing drug resistance of bacteria has
triggered an urgent need to identify alternative antimicrobial
agents, such as lipopeptides, for use in dairy products as
well as clinical applications [6]. Lipopeptides are powerful
multipurpose materials used for dealing with various
pathogens. Microorganisms of the Bacillus genus are

200 180 160 140  1.20

T

76 52 51

spectrum of lipi
Bold lines indicate,

considered efficient robial factories for large-scale pro-
duction of these lipopeptides [21, 22]. The Bacillus lipo-
peptide families, including surfactin, iturin, and fengycin,
have been studied due to their potent antagonistic activity
against various phytopathogens, including bacteria, fungi,
and oomycetes [23]. Among these, the surfactin produced by
B. subtilis is a major representative of the lipopeptide family.
Surfactin has excellent membrane-active and surface-
interfacial properties that instill important biological activ-
ity. Because of this nature, surfactin is a strong potential
candidate for use in medicine and environmental protection
[24]. Surfactin has bacteriostatic and bactericidal properties
for gram-negative and -positive bacteria, and can potentially
be used in commercial antibiotic preparations for
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medical and pharmaceutical applications. However, the cri-
tical disadvantage of surfactin is its nonspecific cytotoxicity

Table 2 MICs of PGP-E against bacterial strains

Bacteria MIC (ug ml™")
Gram-negative
Escherichia coli (KCTC 1682)
Salmonella typhimurium (KCTC 1926) 4
Pseudomonas aeruginosa (KCTC 1637) 4
Gram-positive
Bacillus subtilis (KCTC 3068) 4
Staphylococcus epidermidis (KCTC 1917)
Staphylococcus aureus (KCTC 1621) 4
Methicillin-resistant Staphylococcus aureus
CCARM 3089 8
CCARM 3090 8
CCARM 3095 8
a
100 -

80 /.

% 60 -
£
[}
I 40 4
3
20 1
| -@- Melittin
0 -O- PGP-E

O 25 50 75 100 125 150 175 200
Peptide (pM)

b 700
- €00 4 r—“-._ g
s | Melittin S
8
< 500 - f
B LL-37
< J
3 400
£ !/
Qw04 | PGP-E
3
Q .
3 200 -
g Buforin-2
= 100 4
w
[

O 100 200 300 400 50 &0 700 800 00 1000 1100

Time (sec)
Peptide Triton X-100
Fig. 7 a Hemolytic activity of PGP-E against human red blood
cells. b Time-dependent peptide-induced calcein release from
calcein-entrapped negatively charged EYPE/EYPG (7:3, w/w) large
unilamellar vesicles by PGP-E (8 ugml™!), melittin (32 pg ml™),
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[25-27]. This is because surfactin can lyse not only
animal cells, but also pathogenic cells. Attention must
be paid during intravenous administration as surfactin has
the ability to lyse red blood cells. The newly isolated PGP-E
is a lipopeptide with strong antibacterial activity with
MICs of 2-8 ug ml~! of MIC for various bacteria, including
MRSA strains, but low hemolytic activity. Although
further in vitro and in vivo studies for PGP-E are needed
to evaluate its biological activity and cytotoxicity, PGP-E
is a new candidate antimicrobial agent that may be
highly applicable in various applications, including
human healthcare, industry, agriculture, and environmental
protection.
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