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Abstract: In an earlier study, we isolated potamin-1 (PT-1), a 5.6-kDa trypsin-chymotrypsin
protease inhibitor, from the tubers of a potato strain (Solanum tuberosum L cv. Gogu
Valley). We established that PT-1 strongly inhibits pathogenic microbial strains, but not
human bacterial strains, and that its sequence shows 62% homology with a serine protease
inhibitor. In the present study, we isolated an antifungal and antibacterial peptide with no
cytotoxicity from tubers of the same potato strain. The peptide (peptide-G2, PG-2) was
isolated using salt-extraction, ultrafiltration and reverse-phase high performance liquid
chromatography (RP-HPLC). Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF/MS) showed the protein to have a molecular mass of
3228.5 Da, while automated Edman degradation showed the N-terminal sequence of PG-2 to
be LVKDNPLDISPKQVQALCTDLVIRCMCCC-. PG-2 exhibited antimicrobial activity
against Candida albicans, a human pathogenic yeast strain, and Clavibacter michiganensis
subsp. michiganensis, a plant late blight strain. PG-2 also showed antibacterial activity
against Staphylococcus aureus, but did not lyse human red blood cells and was
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thermostable. Overall, these results suggest PG-2 may be a good candidate to serve as a
natural antimicrobial agent, agricultural pesticide and/or food additive.

Keywords: peptide-G2; RP-HPLC; N-terminal sequence; human  pathogenic;
antimicrobial agent

1. Introduction

Within plants and animals, antimicrobial peptides (AMPs) are usually found on surfaces most likely
to come into contact with pathogens from the surrounding environment, especially epithelial surfaces
and plant cell walls. They are also produced by phagocytes and appear to be involved in bacterial cell
killing [1-7]. Indeed, AMPs have been detected in a wide variety of agricultural plant species, where
they have been implicated in mediating plant resistance to microbial infection. The presence of AMPs
in numerous plant types, along with their potent antimicrobial activity in vitro, suggests AMPs play a
broadly protective role against plant pathogens. Consistent with that idea, AMPs are strongly
expressed both locally and systemically during pathogen attacks [8].

Several AMPs have been purified from potato tubers. For example, the 5-kDa peptide
pseudothionin from Solanum tuberosum (Pth-Stl) is active against Clavibacter michiganensis subsp.
sepedonicus, a bacterial pathogen affecting potatoes, as well as Pseudomonas solanacearum and
Fusarium solani, two other potato pathogens [9]. In addition, snakin-1 and snakin-2 were found to be
active against C. michiganensis subsp. sepedonicus, as well as Botrytis cinerea, a fungal pathogen
affecting potatoes and other plant species [10,11]. Peptide-G is a small (5578.9 Da) AMP isolated from
potato tubers (Solanum tuberosum L cv. Golden Valley) that potently inhibits the growth of a variety
of bacterial (Staphylococcus aureus, Listeria monocytogenes, Escherichia coli and C. michiganensis
subsp. michiganensis) and fungal (Candida albicans and Rhizoctonia solani) strains [12]. In an earlier
study, we reported the isolation of a trypsin-chymotrypsin protease inhibitor, PT-1, from potato tubers
(Solanum tuberosum L cv. Gogu Valley) [13]. In the present study, we purified a potent AMP
(peptide-G2, PG-2) from the same potato strain and showed that PG-2 exhibits potent inhibitory
activity against human and plant pathogens, including S. aureus, C. michiganensis subsp.
michiganensis and C. albicans.

2. Results and Discussion
2.1. Purification of PG-2 from Potato Tubers

The antimicrobial peptide PG-2 was purified from potato tubers (Solanum tuberosum L cv. Gogu
Valley) using a four-step protocol: extraction, heating, ultrafiltration and C;s reverse-phase HPLC.
Total proteins were extracted from potato tubers using extraction buffer (Figure 1A) and then dialyzed
against ddH,O. The resultant suspension was heated at 70 °C for 20 min to obtain heat-stable peptides,
while removing high-molecular weight proteins. The heat-stable peptides were then selected for size
by ultrafiltration (10 K) and the <10 K fraction was found to be active against C. michiganensis subsp.
michiganensis (Figure 1B) and R. solani (Figure 1C). We subjected the active fraction to Cig
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RP-HPLC, and the antimicrobial activity was collected using the following stepwise gradients:
10%-20%, 20%-30%, 30%—40%, 40%-50% and 50%-95%. The 30%—-40% fraction showed
antimicrobial activity and was therefore selected for further purification.

Figure 1. (A) Tricine gel electrophoresis of proteins extracted from potatoes. Total
proteins were extracted from potato tubers using extraction buffer (10 mM Tris-HCI, 1.5 M
LiCl, pH 7.4): lane 1, molecular size markers (26.6, triosephosphate isomerase; 17,
myoglobin; 14.2, a-lactalbumin; 6.5, aprotinin; 3.5, insulin chain B; 1, bradykinin); lane 2,
proteins extracted from potato (20 pg); (B) Antibacterial activities of proteins extracted
from potato against the bacterial strain Clavibacter michiganensis subsp. michiganensis:
1, untreated cells; 2, cell treated with 100 pug of protein (<10 K fraction); (C) Antifungal
activity against Rhizoctonia solani: 1, untreated cells; 2, cells treated with 200 pg of
protein (<10 K fraction). Measurements were made in triplicate.
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The HPLC program was modified to include a linear gradient (data not shown), and the previously
freeze-dried active fraction was further purified by re-running it using a delayed gradient at the time
point of the peak (Figure 2A). Of the five peak fractions collected, only peak 5 was active against
pathogens in antimicrobial assays. Subsequent 16.5% tricine sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) showed peak 5 to contain a single molecule with a low molecular
weight of around 3300 Da (Figure 2B). We named the molecule peptide-G2 (PG-2).
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Figure 2. High-performance liquid chromatography (HPLC) profile obtained by
re-analyzing peak 5. The protein was eluted using a linear gradient of acetonitrile in
0.1% trifluoroacetic acid (TFA). Absorbance was monitored at 214 nm. (A) Peptide-G2
(PG-2) peaks; (B) Tricine gel electrophoresis of purified PG-2: lane 1, molecular size
markers (same as in Figure 1); lane 2, purified PG-2 (10 pg).
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As summarized in Table 1, the yield of PG-2 peptide from potato tuber was 0.12 mg of pure PG-2
per 200 g of potato tuber.

Table 1. Steps in the purification of PG-2 from potato tubers.

Step Amount of PG-2 crude proteins (mg/200 g powder) Yield

1. Protein Extraction Buffer 87.18 43.59

2. Ultrafiltration (under 10 kDa) 11.07 5.55
3. Cis-HPLC 0.12 0.06

2.2. Antimicrobial Activity

The antimicrobial activities of PG-2 were tested against C. albicans and S. aureus, a pathogenic
yeast and a bacterial strain, respectively, as well as C. michiganensis subsp. michiganensis and
R. solani, two plant late blight strains (Table 2). The minimal inhibitory concentration (MIC) for PG-2
was 25 puM against C. albicans and R. solani and 3.12 uM against C. michiganensis subsp.
michiganensis and S. aureus (Figure 3A—C).
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Table 2. Minimal inhibitory concentrations (MICs) for PG-2 against bacterial and
fungal strains.

Microorganisms MIC (uM)
Fungal pathogens
C. albicans 25
R. solani 25
Bacterial pathogens
S. aureus 3.12
C. michiganense subsp. michiganensis 3.12

Figure 3. Assays of PG-2 activity against bacterial and fungal strains. (A) Antibacterial
activity of PG-2 against the plant pathogen Clavibacter michiganensis subsp.
michiganensis: 1, untreated; 2, PG-2 (6.25 uM); (B) Antifungal activity of PG-2 against the
human pathogen Candida albicans: 1, untreated; 2, PG-2 (50 uM); (C) Antibacterial assay
of PG-2 against the human pathogen Staphylococcus aureus: 1, untreated; 2, PG-2
(6.25 uM); (D) Hemolytic activities of PG-2 and melittin. Comparison of PG-2- and
melittin-induced lysis of human erythrocytes: melittin (¢), PG-2 (m).
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2.3. Hemolytic Activity of PG-2

For a peptide to be useful as an antibiotic agent, its cytotoxicity must be low. We therefore assessed
the hemolysis induced by PG-2 against hRBCs. The hemolytic activity of PG-2 was determined to be
0% at concentrations up to 40 pM, whereas melittin, a positive control, induced about 100% hemolysis
at 2.5 uM (Figure 3D). Thus, PG-2 appears to exhibit remarkable antimicrobial activity against a
variety of microbial cells, but to have no hemolytic activity.

2.4. N-Terminal Amino Acid Sequence Analysis of PG-2

The N-terminal amino acid sequence of PG-2 was analyzed using Edman degradation with a pulse
liquid automatic sequencer (Applied Biosystems Inc., Foster city, CA, USA, model 473A) at the Korea
Basic Science Institute (Seoul, Korea). In a BLAST?2 peptide sequence homology search of the NCBI
database, PG-2 was found to be highly similar to the C-terminal portion of protease inhibitors; the best
score (43%) was obtained for the serine protease inhibitor 1 precursor (PSPI-21-Chain B) (Figure 4A).
In addition, MALDI-TOF/MS analysis showed the peptide’s molecular weight to be 3228.5 Da
(Figure 4B).

Figure 4. (A) Sequence of PG-2 isolated from potato tubers. The N-terminal 29 amino
acids were sequenced using the Edman degradation method; (B) Determination of
the molecular mass of PG-2 using matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS).
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2.5. AMPs from Potatoes

Potatoes are the most important tuber crop in the world in terms of production, accounting for about
45% of the total world production of all tuber crops. In Korea, potatoes are traditionally a main source
of carbohydrates and dietary protein, and potato slices or kneaded potato powder is applied to minor
burns as a folk remedy.

In an earlier report, antibiotic peptides/proteins purified from potato tubers were divided into three
classes. The first class includes the major protein in potato tubers, the globulin tuberin. It also includes
a 45-kDa glycoprotein, patatin, which accounts for about 20% of the total soluble protein content of
potatoes. Patatin exhibits acyl hydrolase activity, acting as a phospholipase with phospholipid and
lysophospholipid substrates, as well as esterase activity. In one recent study, patatin was also shown to
act as an acidic PB-1,3-glucanase, thereby contributing to plant defense against fungal pathogens
through digestion of B-1,3-glucans in hyphal cell walls. In addition, B-1,3-glucanase also serves as a
component of the pathogenesis-related (PR) protein response [14].

The second class of proteins is the potato antimicrobial peptide, which include Pthe-St1, snakin-1
and snakin-2. These proteins were isolated from an insoluble extraction of potato tubers and possess
potent antimicrobial activities. The cell wall-associated peptide snakin-1 was initially purified as a
member of what appears to be a widely distributed peptide type, the snakin/GASA family. Snakin-1
accumulates in different tissues of potato plants during development, and the expression of its gene is
unaffected by a variety of abiotic and biotic challenges. Snakin-2, which represents a widely divergent
snakin subfamily, is also active in vitro against bacterial and fungal plant pathogens, but in contrast to
snakin-1, expression of its gene is affected by wounding and pathogens. Notably, although
snakin/GASA peptides share only 38% sequence similarity, they are all basic, rich in Cys residues and
have almost identical antibacterial activity spectra [11].

The third class of potato-derived AMPs are protease inhibitors and are ubiquitously abundant in
tubers and plant seeds [15]. Protease inhibitors in plants are generally thought to function as storage
proteins and to constitute a part of a plant’s defense system [16]. For example, these proteins
contribute to the wound-induced defense response elicited in plant by wounding and pathogens [17].
They also modulate in wild plant in response to wounding- and herbivory-induced responses [18]. In
recent years, there has been renewed interest in protease inhibitor, Bowman-Birk inhibitors (BBI),
which have latent health-promoting properties contained by the mammalian gastrointestinal tract [19].

The goal of our work was to isolate and purify a low-molecular weight potato peptide with
antimicrobial activity. At present, the development of plant defense systems and novel ecofriendly
strategies for the protection of plants against pests and pathogens is one of the most dynamic areas of
plant research. Numerous studies have shown that a wide variety of proteins and peptides are involved
in defending potato tubers, and the results obtained in the present study suggest that PG-2 may be
crucially involved in the defense of its host plant against phytopathogens. Furthermore, its lack of
cytotoxic effects against hRBCs suggests PG-2 could potentially serve as a clinically effective
antimicrobial agent.
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3. Experimental Section
3.1. Materials

Potato tubers (Solanum tuberosum L cv. Gogu Valley) were obtained from Potato Valley at
Kang-won National University. Molecular weight marker proteins were purchased from Sigma. The
reverse-phase column used for purification of PG-2 was a Vydac C;s. Acetonitrile and water
(HPLC grade) were obtained from Burdick & Jackson Inc. (Muskegon, MI, USA) and trifluoroacetic
acid (TFA) was from Merck. Other chemicals and reagents were all of analytical grade.

3.2. Bacterial and Fungal Strains for Antimicrobial Activity

The C. michiganensis subsp. michiganensis (KCTC 9231), S. aureus (KCTC 1621) and C. albicans
(KCTC 7270) strains used in this study were obtained from the Korea Collection for Type Cultures
(KCTC) at the Korea Research Institute of Bioscience and Biotechnology (KRIBB, in Daejon, Korea);
R. solani (KACC 40138) was obtained from the Korea Agricultural Culture Collection (KACC in
Suwon, Korea).

3.3. Purification of PG-2

Step 1: Extraction and isolation using ultrafiltration. PG-2 was isolated using a previously published
method [9]. Potato tuber material (300 g) was first ground to powder in liquid nitrogen using a mortar
and pestle. This was followed by extraction in 600 mL of buffer (100 mM Tris-HCI, 1.5 M LiCl,
pH 7.2) for 3 h at 4 °C, followed by centrifugation at 12,000 rpm for 20 min. The resultant supernatant
was dialyzed against ddH,O using a 1000 Da molecular weight membrane, after which the dialysate
was heated at 70 °C for 20 min to obtain heat-stable peptides. The heat-denatured precipitates were
removed by centrifugation at 24,000 rpm for 30 min. The proteins in the supernatant were then
selected for size by ultrafiltration, with cut-offs at 30 and 10 kDa, and freeze-dried.

Step 2: Purification of PG-2 by C;3 HPLC. The PG-2-containing extract was applied to a Cis
reverse phase column (Vydac, 4.6 x 250 mm) on an HPLC system (Shimadzu, Japan). The peptide was
dissolved in 0.1% (v/v) TFA in HPLC grade water (Solvent A) and loaded onto a C;3 RP-HPLC
column in equilibrium with 0.1% TFA. The peptide was eluted using the following step gradient
(Solvent B is acetonitrile containing 0.1% TFA): 0-25 min, 15% solvent B; 25-85 min, 30% solvent
B; 85-90 min, 30% solvent B; 90—110 min, 40% solvent B; 110—120 min, 40% solvent B. The cluate
was monitored by measuring the absorbance at 214 nm. Each fraction was pooled and freeze dried,
after which peptide-containing fractions were re-run on the C;3 HPLC using a delayed gradient at the
peak time point. The peak-containing fraction was then collected and assayed for antimicrobial
activity. To confirm the purified peptide was a single molecule, tricine SDS-PAGE and mass spectrum
analysis were carried out.

3.4. Tricine Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

A 16.5% tricine acrylamide gel, based on the formulation of Schagger and von Jagow [20], was
used to resolve the peptide isolated by HPLC. Samples were diluted to 0.5 mg/mL in sample buffer
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containing 0.5% (w/v) SDS, 50 mM Tris-HCI, pH 6.8, 12% (v/v) glycerol, 2% 2-mercaptoethanol and
0.01% Brilliant Blue G, after which samples containing 10 pg of protein were loaded into each well,
and electrophoresis was carried out at 25 mA for approximately 3 h in running buffer composed of
0.1 M Tris-HCI, 0.1 M tricine and 0.1% (w/v) SDS. The gels were then fixed in a solution of
40% (v/v) methanol and 10% (v/v) acetic acid, stained using 0.025% (w/v) Coomassie Blue G-250 in
10% acetic acid and destaining in 10% (v/v) acetic acid. Protein concentrations were determined using
a bicinchoninic acid assay (BCA, Pierce, Rockford, IL, USA), with bovine serum albumin (BSA)
serving as the calibration standard [21].

3.5. Antimicrobial Assay

Candida albicans was cultured in yeast extract peptone dextrose (YPD) broth (0.5% yeast extract,
1% bacto peptone, 1% D-glucose), R. solani in potato dextrose broth (PDB) at 28 °C, C. michiganensis
subsp. michiganensis in nutrient broth (NB) at 28 °C and §. aureus in tryptic soy broth (TSB) at 37 °C.
The antimicrobial activity of the isolated peptide was tested against three selected microorganisms
using microdilution assays. Briefly, microorganisms were collected in mid-log phase and suspended in
buffer (low ionic strength buffer; 10 mM sodium phosphate, pH 7.2). Two-fold serial dilutions of the
peptide in the same buffer were distributed into sterile 96-well plates (Nunc F96 microtiter plates),
after which an aliquot of the cell suspension was added to each well. The cell counts were
2 x 10° CFUs (colony forming units)/mL for bacteria and 1 x 10> CFU/mL for fungi. After incubating
the plates for 3 h at 28 °C, 50 uL of each sample were placed on agar plates appropriate for the
microorganism being tested. The plates were then incubated for 1 day and the colonies counted. The
lowest concentration of peptide that completely inhibited growth was defined as the minimal inhibitory
concentration (MIC). Each MIC value was calculated as an average of independent experiments
performed in triplicate [22].

Next, 50 puL of each spore suspension were placed in flat-bottomed polystyrene 96-well plates
(Nunc, Roskilde, Denmark), and 200 ug of protein (<10 K fraction) dissolved in 50 mM MES buffer
were added. After 36-48 h of incubation at 28 °C, the germination and hyphal growth of the spores
were microscopically evaluated using an inverted light microscope.

Finally, C. michiganensis subsp. michiganensis (KCTC 9231) and S. aureus (KCTC 1621) were
cultured in TSB at 37 °C with agitation, and the antimicrobial activities of the peptide were again
determined in microdilution assays. Briefly, bacteria were collected in mid-log phase and suspended in
10 mM sodium phosphate (pH 5.4 and 7.4). Two-fold serial dilutions of the peptide were then
distributed into sterile 96-well plates, after which an aliquot of the bacterial cell suspension
(5 x 10> CFUs/mL) was added to each well, and the plates were incubated for 4 h at 37 °C. Thereafter,
50 pL of the 20-fold diluted samples were plated onto TSB agar plates. After incubation overnight, the
results were assessed [23].

3.6. Hemolysis of hRBCs (Human Red Blood Cells)

The hemolytic activities of the peptides were measured in the presence of heparin using hRBCs
collected from healthy donors. Fresh hRBCs were rinsed three times in PBS (1.5 mM KH,POy,,
2.7 mM KCI, 8.1 mM Na,HPOy,, 135 mM NaCl, pH 7.4). Proteins dissolved in PBS were then added
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to 100 uL of stock hRBCs suspended in PBS (final RBC concentration, 8% v/v), after which the
samples were incubated for 60 min at 37 °C with agitation followed by centrifugation for 10 min at
800% g. The absorbance (A) of the supernatants was then assessed at 414 nm, with hRBCs in PBS
(Aplank) and 0.1% Triton X-100 (Agien) serving as negative and positive controls, respectively. Percent
hemolysis was calculated according to the equation:

% HemOIYSiS = [(Asample - Ablank)/ (Atriton - Ablank)] %100

Each measurement was conducted in triplicate [24].
3.7. N-Terminal Amino Acid Sequence Analysis and Mass Spectroscopy of PG-2

The N-terminal amino acid sequence of the purified peptide was determined by performing Edman
degradation using a pulse liquid automatic sequencer (Applied Biosystems Inc., Foster city, CA, USA,
model 473A). BLAST2 homology analysis showed that the amino acid sequence was highly similar to
the C-terminal portion of potato protease inhibitors, with the best score (43%) obtained for the serine
protease inhibitor 1 precursor (PSPI-21-Chain B). The molecular weight, purity and structural
characterization of newly isolated AMP (PG-2) were determined using a matrix-assisted laser
desorption ionization mass spectrometer (MALDI II, Krator Analytical Inc., Manchester, UK).

4. Conclusion

In summary, we have isolated a novel AMP, PG-2, from potato tubers (Solanum tuberosum L cv.
Gogu Valley). PG-2 appears to possess potent antimicrobial activity against both human or plant
pathogens at concentrations ranging from 3.12 to 25 uM, but to exert no hemolytic effects at
concentrations up to 40 uM.
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