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Abstract 

Snakin-1 (SN-1) is a small cysteine-rich plant antimicrobial peptide with broad 

spectrum antimicrobial activity which was isolated from potato (Solanum tuberosum). 

Here, we carried out the expression of a recombinant SN-1 in the methylotrophic yeast 

Pichia pastoris, along with its purification and characterization. A DNA fragment 

encoding the mature SN-1 was cloned into pPIC9 vector and introduced into P. pastoris. 

A large amount of pure recombinant SN-1 (approximately 40 mg/1L culture) was 

obtained from a fed-batch fermentation culture after purification with a cation exchange 

column followed by RP-HPLC. The identity of the recombinant SN-1 was verified by 

MALDI-TOF MS, CD and 1H NMR experiments. All these data strongly indicated that 

the recombinant SN-1 peptide had a folding with six disulfide bonds that was identical 

to the native SN-1. Our findings showed that SN-1 exhibited strong antimicrobial 

activity against test microorganisms and produced very weak hemolysis of mammalian 

erythrocytes. The mechanism of its antimicrobial action against Escherichia coli was 

investigated by both outer membrane permeability assay and cytoplasmic membrane 

depolarization assay. These assays demonstrated that SN-1 is a membrane-active 

antimicrobial peptide which can disrupt both outer and cytoplasmic membrane integrity. 

This is the first report on the recombinant expression and purification of a fully active 
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SN-1 in P. pastoris.  
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Introduction 

Antimicrobial peptides (AMPs) are considered an essential part of the innate immune 

response of plants, invertebrates and vertebrates as they provide host defenses and can 

target a wide range of pathogenic microorganisms, including bacteria, fungi, yeast, 

parasites and viruses [1,2]. They are potent and bioactive, and provide a rich source of 

lead compounds for the discovery of promising novel antibiotics [3]. Due to their low 

toxicity to eukaryotic cells [4], AMPs can be widely used in the fields of pharmaceutics 

[3,5], cosmetology [6], veterinary medicine [7], and aquaculture [8], as well as in  

agricultural and food industries [9]. These peptides exhibit antimicrobial actions on 

target cells in various ways, such as by perturbation of the microbial cell membrane, or 

by inhibition of the synthesis of nucleic acids, proteins, enzymes, and cell-wall 

components that are essential for the survival of microorganisms [10]. Whether 

expressed constitutively in certain tissues or induced in response to pathogens [11,12], 

most AMPs share several common characteristics: they are small peptides (12-100 

amino acids), have a net positive charge (+2 to +9), and are amphipathic and 

cysteine-rich with a disulfide bond-stabilized structure [5,13]. 

Many AMPs are cysteine-stabilized and these have been classified into several 

families [14], including cyclotides [15], defensins [16], hevein-like peptides [17], lipid 
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transfer proteins [18], and snakins [11,19]. The snakin family is a novel plant 

antimicrobial peptide family which shows good similarity with the members of the 

gibberellic acid stimulated transcript (GAST) and gibberellic acid stimulated in 

Arabidopsis (GASA) protein families in Arabidopsis [20]. These cysteine-rich peptides 

are widely distributed among plant species, including potato, tomato, avocado, petunia, 

French bean, gerbera, strawberry, maize, soybean, pepper, rice, Arabidopsis, and alfalfa 

[20–23]. All snakin peptides are characterized by twelve conserved cysteine residues 

that are involved in the formation of six disulfide bonds [19]. These disulfide bonds are 

thought to be important for maintaining their tertiary structure and also responsible for 

their biological activity [13,24,25]. In previous studies, snakin peptides from potato 

(Solanum tuberosum) were found to exert strong antimicrobial activity against 

phytopathogens [11,19,24,26] and animal pathogens [27]. However, little is known 

about their mechanism of action against target organisms. 

Snakin-1 (SN-1) is a cysteine-rich, highly basic (pI = 8.97) and small peptide of 

63-amino acid residues in length (MW-6922 Da). The amino acid sequence of SN-1 is 

GSNFCDSKCKLCSKAGLADRCLKYCGICCEECKCVPSGTYGNKHECPCYRDKK

NSKGKSKCP [19,22]. Computational modeling indicates that the 3-D structure of the 

SN-1 peptide is composed of two long α-helices with six disulfide bonds and shows a 
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small degree of structural similarity with thionins [25]. Until now, however, neither 

experimental information related to the 3-D structure nor the complete disulfide bridge 

pattern of the snakin family has been published. The second snakin peptide, snakin-2 

(SN-2), was also isolated from potato tubers [11]. Although the amino acid sequence of 

SN-2 is only 38% identical to that of SN-1, both snakin peptides exhibit a similar 

spectrum of activity against microorganisms [11]. Both cause rapid aggregation of 

pathogens, although this response is not directly related with their antimicrobial activity 

[11,26]. Transgenic plants over-expressing the SN-1 and SN-2 genes have been shown 

to exhibit increased resistance to a wide range of invading phytopathogens [28,29]. 

In a previous study, an E. coli expression system was constructed and a recombinant 

SN-1 peptide was obtained in bacterial cells in the form of insoluble inclusion bodies 

which were unfolded and biologically inactive [26]. Similarly, chemical synthesis has 

been used to produce disulfide-rich SN-1 and SN-2 peptides [24] in an inactive, 

unfolded state that required laborious oxidative refolding and purification techniques to 

recover the functionally active peptides. Recently, the SN-2 peptide from tomato 

(Solanum lycopersicum) was successfully expressed in E.coli as a thioredoxin fusion 

protein in the active form, although the yield was approximately 1 mg/L [21]. To 

accomplish extensive structural and functional analysis, high-level expression of snakin 
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peptide in the functionally active form is necessary.  

Therefore, the aim of the current study was to construct an efficient expression system 

in order to obtain a large amount of biologically active SN-1 peptide. To meet this goal, 

we selected methylotrophic yeast P. pastoris as an excellent alternative to the E. coli 

expression system for successful production of a disulfide-rich SN-1 peptide. This yeast 

was chosen in part because P. pastoris cells under the control of a methanol-induced 

AOX1 promoter can produce large amounts of functionally active cysteine-rich AMPs 

[30,31] that are secreted directly into the culture media [32]. We then constructed an 

efficient P. pastoris expression system for production of the recombinant SN-1. We 

investigated the antimicrobial activity of the recombinant SN-1 against several 

microorganisms, including Gram-positive and Gram-negative bacteria and yeast. As a 

first step in elucidating the mode of action of this peptide, we investigated its effect on 

both the outer and cytoplasmic membrane of E. coli cells. Our results demonstrated that 

SN-1 functions as a cationic antimicrobial peptide, exerting its antimicrobial effects via 

perturbation of the cell membrane. As far as we know, this is the first report of the 

recombinant expression of SN-1 in P. pastoris. 

 

Materials and methods 
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Strains and plasmid 

E. coli DH5α was used as the host strain for vector construction. The vector pPIC9 

plasmid and P. pastoris GS115 strain (Invitrogen) were used in cloning and expression, 

respectively. 

 

Construction of recombinant plasmid 

A DNA fragment encoding SN-1 was amplified by PCR with a set of primers using 

synthetic oligonucleotide as a template. The DNA sequence of SN-1 with primer 

annealing sites (underlined) is 

GGTTCAAATTTTTGTGATTCAAAGTGCAAGCTGAGATGTTCAAAGGCAGGAC

TTGCAGACAGATGCTTAAAGTACTGTGGAATTTGTTGTGAAGAATGCAAATG

TGTGCCTTCTGGAACTTATGGTAACAAACATGAATGTCCTTGTTATAGGGACA

AGAAGAACTCTAAGGGCAAGTCTAAATGCCCTTGA. The primers were 

5ʹ-GTTAACTCGAGAAAAGAGGTTCAAATTTTTGTGATTCAAAGTGC-3ʹ 

(forward primer), and 5ʹ-CGGAATTCTCAAGGGCATTTAGACTTGCC-3ʹ (reverse 

primer), with the XhoI site and EcoRI site underlined, respectively. The purified PCR 

product was digested with XhoI and EcoRI, and ligated to the pPIC9 plasmid vector by 

using XhoI–EcoRI restriction sites. The ligated vector (pPIC9-SN-1) was introduced 
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into E. coli DH5α and the presence of the SN-1 gene in the vector was analyzed by 

colony PCR and DNA sequencing (3100-Avant Genetic Analyzer; Applied 

Biosystems/Hitachi). 

 

Transformation of P. pastoris and expression of the recombinant SN-1  

The pPIC9-SN-1 construct was linearized with SalI and introduced into the competent 

P. pastoris GS115 strain by electroporation according to the manual of the P. pastoris 

expression kit v.3.0 (Invitrogen). A pPIC9 vector with no SN-1 gene was also linearized 

and introduced into P. pastoris cells as a negative control. Recombinant His+ yeast 

clones were obtained from MD plates (1.34% YNB, 4×10-5% biotin, 2% dextrose, 1.5% 

agar). 

 

Shake-flask cultivation of P. pastoris 

A single positive transformant colony was grown at 30°C for about 25 h in a 1.0 L 

shaking flask containing 100 ml of BMGY medium (1% yeast extract, 2% peptone, 100 

mM potassium phosphate buffer, pH 6.0, 1.34% YNB, 4×10-5% biotin and 1% glycerol) 

until OD600 = 2. The cells were harvested by centrifugation at 3000g for 5 min and 

resuspended in 300 ml BMMY (1% yeast extract, 2% peptone, 100 mM potassium 
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phosphate buffer, pH 6.0, 1.34% YNB, 4×10-5% biotin and 2% methanol) to induce 

expression of SN-1. Methanol was added every 24 h to a final concentration of 2.0% 

(v/v) during the 120 h induction period. The expression of SN-1 was determined by 

SDS-PAGE analysis. 

 

High-density fermentation of recombinant P. pastoris 

High-density fermentation of P. pastoris was performed with a 5.0 L jar fermenter 

(MBF-500; Tokyo Rikakikai), according to standard procedures [33], with slight 

modifications. A single colony from a positive transformant was incubated in 5 ml of 

YPD medium overnight at 30°C. About 400 μl of an overnight cell culture of the P. 

pastoris expression strain was inoculated into 200 ml BMG medium (1% YNB, 

4×10-5% biotin, and 1% glycerol, 100 mM potassium phosphate buffer, pH 6.0) and was 

cultured for 24 h at 30°C, and then the resulting culture was inoculated into 2.4 L of an 

initial medium containing 3.8% glycerol, 840 ml of 10× basal salts, 10 ml PTM1, and 

10 ml of 0.02% biotin in the jar fermenter. During all of the fermentation steps in the jar 

fermenter, the temperature and agitation rate were maintained at 30°C and 800 rpm, 

respectively. The pH was maintained at 5.0 by adding 10% (v/v) ammonia water prior to 

inoculation. The temperature was adjusted by adding cooled recycled water. An 
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antifoaming agent (10% propylene glycol) was delivered to control foaming. When the 

glycerol batch phase was completed, as indicated by the sudden increase in the level of 

dissolved oxygen, then the glycerol fed-batch phase was initiated by delivery of 300 ml 

of a second medium (50% glycerol, 3.6 ml PTM1, 3.6 ml of 0.02% biotin in 300 ml 

medium) at a rate of 30 ml/h. Within 7 h of the second medium feeding, a third medium 

(900 ml methanol, 10.8 ml PTM1, 10.8 ml of 0.02% biotin) was started at a 3 ml/h feed 

rate. The feed was gradually increased until the maximum feed rate (15 ml/h), which 

was maintained for 36 h. During the methanol induction phase, 1 ml samples were taken, 

and the cell pellets and supernatants were collected by centrifugation at 20000g for 1 

min for the P. pastoris cell density and protein assays. At the end of the fermentation 

process, the cell mass was harvested by centrifugation (14000g, 4°C, 30 min) and the 

peptide containing the supernatant was separated from the yeast pellet. The expression 

level of recombinant SN-1 was determined by SDS-PAGE. 

 

Purification of recombinant SN-1 

Both the pH and conductivity of the supernatant containing expressed peptide were 

adjusted as 6.0 and 5.3 mS/cm, respectively. The filtered product was loaded onto a 5 

ml pre-packed HiTrap SP HP cation exchange column (GE Healthcare) pre-equilibrated 
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with buffer (50 mM potassium phosphate, pH 6.0). The column was then washed with 

the same buffer and the peptide was eluted with a linear gradient of 15-65% elution 

buffer (50 mM potassium phosphate and 1M NaCl, pH 6.0). The eluted recombinant 

SN-1 was analyzed by SDS-PAGE. Fractions containing SN-1 were mixed, filtered and 

finally purified by RP-HPLC on a Cosmosil 5C18-AR300 column (Nacalai Tesque). 

The elution was carried out with a linear gradient of 15-25% acetonitrile with 0.1% 

trifluoracetic acid. The final yield of SN-1 was estimated by measuring the absorbance 

at 280 nm. The purified recombinant SN-1 was lyophilized and stored at -30°C. 

 

Purification of native potato SN-1 

The native SN-1 peptide from potato tuber was extracted and purified according to the 

procedures published previously [19] with some modifications. Frozen tuber material 

(500 g) was ground to a fine powder in liquid nitrogen with a sample mill, and washed 

once with 1.0 L wash buffer (0.1 M Tris-HCl, 10 mM EDTA, pH 7.0) and twice with 2 

L of distilled water. After centrifugation, the resulting pellet was extracted with 500 ml 

of extraction buffer (0.1 M Tris-HCl, 1.5 M LiCl and 10 mM EDTA, pH 7.0) at 4°C for 

1 h. The slurry was then centrifuged (12000g, 15 min) and the supernatant was dialyzed 

against 15 L of H2O with a dialysis membrane (MWCO-3500) overnight. The crude 
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peptide solution was filtered and loaded onto a 5 ml pre-packed HiTrap SP HP cation 

exchange column pre-equilibrated with buffer (50 mM acetate buffer, pH 5.0) and 

washed with 30% elution buffer (50 mM acetate buffer and 1M NaCl, pH 5.0). The 

peptide was eluted with a linear gradient of 30-60% elution buffer. Then the sample was 

filtrated, loaded onto a Cosmosil 5C18-AR300 column, and purified by RP-HPLC.  

 

Characterization of recombinant SN-1 by mass spectrometry 

MALDI-TOF mass spectrometry was carried out using a Bruker Autoflex Speed mass 

spectrometer (Bruker Daltonics). The peptide sample was mixed with sinapic acid 

matrix on a MALDI sample plate, and then the plate was air-dried and loaded onto the 

spectrometer for analysis. 

 

CD spectroscopy analysis 

To confirm the correct folding of recombinant SN-1, the peptide sample was added to 

1 mm pathlength quartz cuvettes and the CD spectra were taken using a J-725 

spectropolarimeter (Jasco). Freshly prepared SN-1 samples (50 µM) were dissolved in 

PBS (pH 7.4). Spectral scans were recorded over a wavelength range from 250 to 200 

nm, with a step resolution of 0.1 nm and scanning speed of 50 nm/min at room 
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temperature (25°C), a response time of 1.0 sec, a bandwidth of 1.0 nm, and an average 

of 12 scans under a nitrogen atmosphere. All measurements were averaged and 

converted to the mean residue ellipticity. 

 

NMR spectroscopy 

Freeze-dried recombinant SN-1 powder was dissolved in a mixture of 90% H2O/10% 

D2O at pH 3.0. NMR experiments were performed on a Bruker Avance III HD 600 MHz 

instrument. All spectra were processed using NMRpipe and NMR draw [34]. 

 

Growth inhibition test of recombinant SN-1 against filamentous fungi 

Fungal spores of the filamentous fungus Fusarium oxysporum f. sp. lycopersici (JCM 

12575) were collected from 8-day-old cultures grown at 25°C on potato dextrose agar 

plates. Spore suspensions (104 spores/ml) in 25 μl of potato dextrose broth were placed 

into the wells of 96-well microtiter plates containing two-fold serial dilutions of the 

recombinant SN-1 dissolved in 50 μl of sterile water. The plates were incubated at 25°C 

for 40 h and the growth was recorded by measuring in a microplate reader at 600 nm. 

Controls were treated in the same manner except that the peptide was omitted. For 

calculation of the inhibition rates, the absorbance of the control was considered to 
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represent 100% growth. 

 

Microbicidal assay of purified recombinant SN-1 

The minimum microbicidal concentrations (MMCs) of purified SN-1 peptide were 

determined against several microorganisms by a colony forming unit (CFU) assay. 

Antibacterial assays were performed with three strains of bacteria, i.e., Gram-positive 

Listeria monocytogenes (ATCC 19111), Gram-negative Salmonella enterica Serovar 

Typhimurium (ATCC 13311), and Escherichia coli ML35 (ATCC 43827), as well as 

two fungi strains, i.e., Pichia pastoris GS115 (ATCC 20864) and Candida parapsilosis 

(ATCC 22019). Bacteria growing exponentially (OD600 = 0.4-0.6) in tryptic soy broth 

(TSB) were collected by centrifugation, washed, resuspended in sterile water, and 

diluted in sterile water. Briefly, an assay mixture consisting of 100 μl peptide of various 

concentrations and an equal volume of diluted cell suspension (105-107 cfu/ml) were 

incubated at 37°C for 1 h. After incubation, the reaction mixtures were diluted 100 

times in sterile water and 200 μl of the diluted sample was plated on tryptic soy agar 

plates. The plates were incubated at 37°C for 35 h (L. monocytogenes) or 15-20 h (S. 

enterica and E. coli). Then the colonies were counted and the minimum bactericidal 

concentrations (MBCs) were determined for each test strain. Fungal strains, i.e., P. 
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pastoris and C. parapsilosis, were grown in YPD medium (1% yeast extract, 2% 

peptone, 2% dextrose). Various concentrations of peptide were incubated with an equal 

volume of fungi suspension at 30°C for 1 h. The minimum fungicidal concentrations 

(MFCs) were determined after 48 h of incubation at 30°C, by counting the number of 

colonies developed on a Sabouraud agar plate. In this experiment, two-fold serial 

dilutions of purified recombinant SN-1 were prepared in potassium phosphate buffer 

(10 mM, pH 6.0) with a gradient concentration of 0, 0.312, 0.625, 1.25, 2.50, 5.00, 10.0, 

20.0 μM. The results were expressed as the mean ± SD of three individual experiments. 

 

Outer membrane permeability assay of recombinant SN-1 

The ability of the recombinant SN-1 peptide to permeabilize the outer membrane was 

determined by measuring the uptake of the fluorophore 1-N-phenylnaphthylamine 

(NPN) [35]. An overnight culture of E. coli was diluted in TSB and grown to OD660 = 

0.6-0.8. The bacterial cells were harvested, washed twice in buffer (10 mM HEPES, 20 

mM glucose, pH 7.4) and resuspended in the same buffer to an OD660 of 0.8. NPN was 

added to a final concentration of 5 μM in a 1 cm quartz cuvette containing 2 ml of cell 

suspension and the fluorescence was measured using a fluorescence spectrophotometer 

(Hitachi, F2000) with an excitation wavelength of 355 nm and emission wavelength of 
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407 nm. The increase in fluorescence due to partitioning of NPN into the outer 

membrane of E. coli was measured with the MBC (10 μM) and half-MBC (5 μM) of 

recombinant SN-1 peptide. Melittin (10 μM) was used as a positive control and the 

results were expressed as the mean ± SD of three individual experiments. 

 

Cytoplasmic membrane depolarization assay of recombinant SN-1 

The ability of the recombinant SN-1 to depolarize the bacterial cytoplasmic membrane 

was determined using a membrane potential-sensitive fluorescent dye diSC3(5) and 

standard melittin (10 μM), as described previously [36]. Briefly, E. coli cells in mid-log 

phase were washed twice in buffer (10 mM HEPES, 20 mM glucose, 0.2 mM EDTA, 

pH 7.4) and then resuspended in the same buffer. The bacterial suspension was 

incubated with diSC3(5) for 20 min at 37°C to allow for dye uptake. The change in 

fluorescence intensity was recorded after addition of the MBC and half-MBC of SN-1 

peptide using a fluorescence spectrophotometer with excitation and emission 

wavelengths of 622 and 670 nm, respectively. The results were expressed as the mean ± 

SD of three individual experiments. 

 

Hemolytic assay of recombinant SN-1 
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The hemolytic activity of recombinant SN-1 was determined by the released 

hemoglobin from suspensions of fresh sheep erythrocyte as reported previously [37]. 

Fresh sheep red blood cells (sRBCs) were washed three times with PBS (pH 7.4) by 

centrifugation (2000g, 5 min) and resuspended in the same buffer. Aliquots (50 μl) of 

peptide solution in PBS at various concentrations were added to 50 μl of a 4% (v/v) 

sRBC suspension and incubated for 1 h at 37°C. The samples were centrifuged and 

supernatant (50 μl) was added to 150 μl of PBS in a 96-well plate. Absorbance was 

measured at 405 nm using a microplate reader and 0% and 100% hemolysis was 

determined in PBS and 0.1% (w/v) Triton X-100, respectively. Melittin at different 

concentrations was used as a positive control. The results were expressed as the mean ± 

SD of three individual experiments. 

 

Results  

Construction of recombinant plasmid pPIC9-SN-1 and transformation of P. pastoris 

The SN-1 peptide sequence was amplified by PCR and verified by agarose gel 

electrophoresis. The PCR product encoding 63 amino acids was digested with XhoI and 

EcoRI, and subsequently cloned into pPIC9 expression vector with the secretion signal 

of the α-mating factor peptide. The resulting recombinant pPIC9-SN-1 plasmid was 
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verified by DNA sequencing. After linearization with SalI, pPIC9-SN-1 plasmid was 

introduced into the genome of P. pastoris GS115 competent cells by electroporation. 

 

Expression and purification of recombinant SN-1 

We have picked up several colonies of recombinant P. pastoris for small scale 

expression trial and the amount of recombinant SN-1 peptide was determined by 

SDS-PAGE. The level of expression was almost the same for all transformants. Among 

these, a single transformant was selected for fermentation at the shaker flask level, and 

the expression level of SN-1 was determined by SDS-PAGE. As shown in Fig. 1A, a 

prominent band at about 7 kDa was observed starting at about 24 h of methanol 

induction, with its yield increasing over the course of the induction. 

After confirming the SN-1 expression at the shake flask level, in order to obtain a high 

yield we conducted high density fermentation in a 5-L jar fermenter starting with 2.4 L 

of basal salt medium supplemented with trace salts and glycerol. The total induction 

time with methanol was 48 h. The wet cell weight reached 317 g/L after 48 h of 

induction. By SDS-PAGE analysis of Pichia fermentation culture, we found a single 

peptide band at about 7 kDa (Fig. 1B). We also observed that the peptide expression 

started 6 h after methanol induction and increased to the maximum level at 48 h after 
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induction. These results indicated that the secreted expression of SN-1 in P. pastoris was 

successful. 

At the end of fermentation, the P. pastoris culture medium was harvested by 

centrifugation. As a first step in the purification, the filtrate culture containing the 

recombinant SN-1 peptide was applied to a cation exchange column and the bound 

peptides were eluted as described in the Materials and Methods section. The fractions 

containing the expressed SN-1 peptide were collected and further purified by using a 

reverse-phase HPLC column, and the retention time of SN-1 was found to be from 24.0 

to 26.0 min (Fig. 2). A large amount (approximately 40 mg/1L P. pastoris culture) of 

pure recombinant SN-1 was obtained by using this two-step purification process. The 

purified SN-1 was freeze dried and stored at -30°C for further analysis. For purification 

of the native SN-1, about 0.2 mg of pure native SN-1 was obtained from 1 kg of potato 

tubers. 

 

Characterization of recombinant SN-1  

The purified recombinant SN-1 was subjected to MALDI-TOF MS to determine its 

molecular weight. The MALDI-TOF spectrum of the recombinant SN-1 (Fig. 3) 

exhibited the expected peak, corresponding to [M+H]+, at m/z 6922.98, which was 
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identical to the theoretical average mass, 6923.00, of the SN-1 peptide with six disulfide 

bonds. The CD spectrum of recombinant SN-1 showed a broad negative band with dual 

peaks at around 208 and 220 nm (Fig. 4), which is identical to that of the potato native 

SN-1. The 1H NMR spectrum of recombinant SN-1 was also identical with the native 

one (Fig. 5A, 5B). Because it is well known that NMR chemical shifts of peptides are 

quite sensitive to tertiary structure, both the disulfide bridge pattern and tertiary 

structures of recombinant SN-1 were most likely to be identical to those of the native 

one. 

 

Growth inhibitory activity of recombinant SN-1 against filamentous fungi 

To determine whether the recombinant SN-1 was biologically functional, we 

performed an inhibition assay against a phytopathogen filamentous fungi, F. oxysporum. 

As shown in Fig. 6, F. oxysporum was highly susceptible to recombinant SN-1 and 

spore germination was completely inhibited with 60 μM of SN-1. This result was in 

accordance with the findings described in previous reports for the potato native SN-1 

and chemically synthetic SN-1 [19,24]. 

 

Microbicidal assay of recombinant SN-1 
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The microbicidal activity of the recombinant SN-1 was determined against a series of 

microorganisms by colony forming unit assay. Much like the potato native and E. 

coli-derived recombinant SN-1 [19,26], P. pastoris-derived recombinant SN-1 exhibited 

significant antimicrobial activity against the Gram-positive bacteria, Gram-negative 

bacteria, and fungi tested, with MMCs between 5 and 20 μM (Fig. 7A, 7B). Our 

recombinant SN-1 peptide showed strong activity against human pathogen L. 

monocytogenes, which was previously reported for potato native SN-1 [27]. 

Furthermore, SN-1 showed more potent microbicidal activity against Gram-negative 

bacteria, i.e., S. enterica and E. coli, with MBCs between 5-10 μM. Similarly, it also 

exhibited microbicidal activity against C. parapsilosis and P. pastoris, with MFC values 

of 5 and 10 μM, respectively, indicating that the yeast strains were sensitive to SN-1. 

 

Permeabilization of outer membranes  

The outer membrane permeability of recombinant SN-1 was determined by performing 

an NPN uptake assay using intact E. coli cells. NPN is a useful fluorescent probe that 

fluoresces weakly in an aqueous environment but strongly in the hydrophobic 

environment of an injured cell membrane [35]. The results showed that SN-1 rapidly 

permeabilized the outer membrane of E. coli in a concentration-dependent manner, 
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based on the increase in NPN fluorescence (Fig. 8). These results suggested that SN-1 

possesses outer membrane permeability.  

 

Depolarization of the cytoplasmic membrane 

The membrane depolarization activity of recombinant SN-1 was determined using a 

membrane potential-dependent fluorescent dye, diSC3(5). Depolarization of the 

cytoplasmic membrane by the SN-1 peptides was monitored over a period of 300 sec. 

As shown in Fig. 9, the depolarization of the cytoplasmic membrane of E. coli cells by 

SN-1 was also concentration-dependent. Compared with standard melittin, the test 

peptide SN-1 could efficiently depolarize the cytoplasmic membrane at the same molar 

concentration. These results indicated that SN-1 is a membrane-active antimicrobial 

peptide that can depolarize the cytoplasmic membrane potential of E. coli cells. 

 

Hemolytic assays of recombinant SN-1 

Some cationic antimicrobial peptides have been reported to show toxicity against 

mammalian cells [38,39]. In order to examine the cytotoxicity of SN-1 to the 

mammalian cell membrane, we measured the percentage of hemolysis of sheep 

erythrocytes at various concentrations of peptide (from 0 to 128 μM). SN-1 had little 
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hemolytic effect at any concentration, whereas melittin showed 100% hemolysis at 10 

μM (Fig. 10). These results indicate that SN-1 has more activity against microbial cells 

compared to mammalian erythrocytes.  

 

Discussion 

SN-1 is a cysteine-rich small cationic peptide that contains six intramolecular disulfide 

bridges. It is well known that the expression of cysteine-rich AMPs such as snakin 

peptides in E. coli cells is a significant challenge because the formation of disulfide 

bridges in the expressed protein is inefficient, leading to incorrect folding and 

destabilization of the tertiary structure [40,41]. These limitations of the E. coli 

expression system prompted us to select the methylotrophic P. pastoris strain in order to 

develop a method for the large-scale preparation of a disulfide-rich SN-1 containing 

about 20% cysteine in its amino acid sequence. Like chaperone, the protein disulfide 

isomerase (PDI) enzyme in the P. pastoris endoplasmic reticulum plays a pivotal role in 

the folding process of newly synthesized proteins by the formation of disulfide bonds 

[42]. Due to their efficient folding, the P. pastoris-derived recombinant AMPs can, in 

some cases, exhibit stronger activity than the same peptides produced in E. coli [43,44]. 

In our experiments, the expression of the SN-1 gene in P. pastoris by the pPIC9 plasmid 



 

26 
 

vector resulted in the large-scale production (about 40 mg/L of culture) of a 

recombinant SN-1 peptide with six disulfide bridges. After purification, the P. 

pastoris-derived recombinant SN-1 was confirmed to be identical to the native one by 

MALDI-TOF MS, CD and NMR studies (Fig. 3, 4, 5). In particular, the identity of the 

NMR spectra of native and recombinant SN-1 clearly suggested that the correct native 

disulfide bonds and the tertiary structure were formed in recombinant SN-1. 

Furthermore, the good dispersion of the chemical shifts of amide protons indicated that 

both SN-1s formed a folded structure. In distinction to the previous report [26], we have 

successfully constructed an expression system to produce a large amount of bioactive 

SN-1 peptide without the need of any renaturation process.  

Numerous reports have documented the strong antimicrobial activities of snakin 

peptides against a wide range of microorganisms [11,19,21,24,26,27]. Enhanced 

resistance to pathogen infections has also been reported in plants that express snakin 

genes [28,29]. Snakin peptides are thus considered important candidates for producing 

biotic stress tolerance in crops. Until now, however, there has been no detailed 

information about their mode of action. In order to determine how cysteine-rich cationic 

SN-1 exerts its microbicidal action on target cells, we selected E. coli ML35 as a model 

organism. The outer membrane of Gram-negative bacteria acts as a permeability barrier 
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which is composed of negatively charged phospholipids [45]. Generally, cationic AMPs 

having positive charges are electrostatically attracted to the negatively charged outer 

microbial membrane and subsequently cause a disruption of the inner membrane 

through pore formation, resulting in release of the cellular contents and cell death [10]. 

Thus, the outer and cytoplasmic membrane permeability assays were performed to 

detect the target site of SN-1. NPN is a fluorescent probe that can not cross intact cell 

membranes, but enters through disrupted outer membranes and exhibits increased 

fluorescence [35]. Thus, the increase in the NPN fluorescence of SN-1 (Fig. 8) indicated 

that the peptide had the ability to penetrate the bacterial outer membrane in a 

dose-dependent manner. This suggests that micromolar ranges of SN-1 peptides have 

the capacity to destroy the outer membrane. In addition, the membrane activity of SN-1 

was also determined by an inner membrane permeability assay using diSC3(5) dye as 

the indicator of membrane potential. When this dye was added to the E. coli cell 

suspensions for incubation, a large portion of diSC3(5) was taken up and concentrated in 

the cytoplasmic membrane of E. coli cells, where it bound to the lipid rich intracellular 

components [36]. Thus, diSC3(5) quenched its own fluorescence. If the cytoplasmic 

membrane is damaged by peptide or other agents, diSC3(5) dye will be released into the 

surrounding medium, causing a rapid increase in fluorescence [36]. In our study, SN-1 
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peptide induced different levels of depolarization of the cytoplasmic membrane in a 

dose-dependent manner (Fig. 9). In these two kinds of fluorescence probe experiments, 

the SN-1 peptides rapidly permeabilized the outer and inner membrane of E. coli at 

concentrations lower than the MBC. These results suggest that SN-1 exhibited 

bactericidal activity against microbes by disrupting their cell membrane. 

 

Conclusion 

Our study demonstrated, for the first time, that the P. pastoris expression system can 

be used for the large-scale production of a correctly folded and biologically active SN-1 

peptide with its six disulfide bridges. The results of our biological experiments 

suggested that SN-1 is a membrane-active AMP that exhibits strong bactericidal activity 

against a wide range of microbes. This study provides information about producing a 

functionally active SN-1 in P. pastoris in high yield, which is important for further 

structural and functional analysis. 

 

Acknowledgement 

This work was supported by JSPS KAKENHI grant number 26440072. 

  



 

29 
 

References 

 

[1] M. Zasloff, Antimicrobial peptides of multicellular organisms., Nature. 415 

(2002) 389–95. doi:10.1038/415389a. 

 

[2] K.V.R. Reddy, R.D. Yedery, C. Aranha, Antimicrobial peptides: premises and 

promises., Int. J. Antimicrob. Agents. 24 (2004) 536–47. 

doi:10.1016/j.ijantimicag.2004.09.005. 

 

[3] D.G. Brown, T. Lister, T.L. May-Dracka, New natural products as new leads for 

antibacterial drug discovery, Bioorg. Med. Chem. Lett. 24 (2014) 413–418. 

doi:10.1016/j.bmcl.2013.12.059. 

 

[4] K. Matsuzaki, Control of cell selectivity of antimicrobial peptides, Biochim. 

Biophys. Acta - Biomembr. 1788 (2009) 1687–1692. 

doi:10.1016/j.bbamem.2008.09.013. 

 

[5] N. Mookherjee, R.E.W. Hancock, Cationic host defence peptides: Innate immune 

regulatory peptides as a novel approach for treating infections, Cell. Mol. Life 

Sci. 64 (2007) 922–933. doi:10.1007/s00018-007-6475-6. 

 

[6] M. Rahnamaeian, A. Vilcinskas, Short antimicrobial peptides as cosmetic 

ingredients to deter dermatological pathogens, Appl. Microbiol. Biotechnol. 

(2015). doi:10.1007/s00253-015-6926-1. 

 

[7] S. Blodkamp, K. Kadlec, T. Gutsmann, H.Y. Naim, M. von Köckritz-Blickwede, 

S. Schwarz, In vitro activity of human and animal cathelicidins against 

livestock-associated methicillin-resistant Staphylococcus aureus., Vet. Microbiol. 

(2015). doi:10.1016/j.vetmic.2015.09.018. 

 



 

30 
 

[8] T. Dorrington, M. Gomez-Chiarri, Antimicrobial Peptides for Use in Oyster 

Aquaculture: Effect on Pathogens, Commensals, and Eukaryotic Expression 

Systems, J. Shellfish Res. 27 (2008) 365–373. 

doi:10.2983/0730-8000(2008)27[365:APFUIO]2.0.CO;2. 

 

[9] K. Keymanesh, S. Soltani, S. Sardari, Application of antimicrobial peptides in 

agriculture and food industry, World J. Microbiol. Biotechnol. 25 (2009) 933–

944. doi:10.1007/s11274-009-9984-7. 

 

[10] L.T. Nguyen, E.F. Haney, H.J. Vogel, The expanding scope of antimicrobial 

peptide structures and their modes of action, Trends Biotechnol. 29 (2011) 464–

472. doi:10.1016/j.tibtech.2011.05.001. 

 

[11] M. Berrocal-Lobo, A. Segura, M. Moreno, G. López, F. García-Olmedo, A. 

Molina, Snakin-2, an antimicrobial peptide from potato whose gene is locally 

induced by wounding and responds to pathogen infection., Plant Physiol. 128 

(2002) 951–961. doi:10.1104/pp.010685. 

 

[12] C.P. Selitrennikoff, Antifungal proteins., Appl. Environ. Microbiol. 67 (2001) 

2883–94. doi:10.1128/AEM.67.7.2883-2894.2001. 

 

[13] K.A.T. Silverstein, W.A. Moskal, H.C. Wu, B.A. Underwood, M.A. Graham, 

C.D. Town, et al., Small cysteine-rich peptides resembling antimicrobial peptides 

have been under-predicted in plants., Plant J. 51 (2007) 262–80. 

doi:10.1111/j.1365-313X.2007.03136.x. 

 

[14] W.F. Porto, Á.S. Pires, O.L. Franco, CS-AMPPred: an updated SVM model for 

antimicrobial activity prediction in cysteine-stabilized peptides., PLoS One. 7 

(2012) e51444. doi:10.1371/journal.pone.0051444. 

 

[15] A. Gould, Y. Ji, T.L. Aboye, J.A. Camarero, Cyclotides, a novel ultrastable 

polypeptide scaffold for drug discovery., Curr. Pharm. Des. 17 (2011) 4294–307. 



 

31 
 

doi:10.2174/138161211798999438. 

 

[16] A. de O. Carvalho, V.M. Gomes, Plant defensins--prospects for the biological 

functions and biotechnological properties., Peptides. 30 (2009) 1007–20. 

doi:10.1016/j.peptides.2009.01.018. 

 

[17] W.F. Porto, V.A. Souza, D.O. Nolasco, O.L. Franco, In silico identification of 

novel hevein-like peptide precursors., Peptides. 38 (2012) 127–36. 

doi:10.1016/j.peptides.2012.07.025. 

 

[18] T.B. Ng, R.C.F. Cheung, J.H. Wong, X. Ye, Lipid-transfer proteins., 

Biopolymers. 98 (2012) 268–79. doi:10.1002/bip.22098. 

 

[19] A. Segura, M. Moreno, F. Madueño, A. Molina, F. García-Olmedo, Snakin-1, a 

peptide from potato that is active against plant pathogens., Mol. Plant. Microbe. 

Interact. 12 (1999) 16–23. doi:10.1094/MPMI.1999.12.1.16. 

 

[20] V. Nahirñak, N. Almasia, H. Hopp, C. Vazquez-Rovere, Snakin/GASA proteins: 

Involvement in hormone crosstalk and redox homeostasis, Plant Signal. Behav. 7 

(2012) 1004–1008. doi:10.4161/psb.20813. 

 

[21] V. Herbel, H. Schäfer, M. Wink, Recombinant Production of Snakin-2 (an 

Antimicrobial Peptide from Tomato) in E. coli and Analysis of Its Bioactivity, 

Molecules. 20 (2015) 14889–14901. doi:10.3390/molecules200814889. 

 

[22] J.J. Guzmán-Rodríguez, E. Ibarra-Laclette, L. Herrera-Estrella, A. 

Ochoa-Zarzosa, L.M. Suárez-Rodríguez, L.C. Rodríguez-Zapata, et al., Analysis 

of expressed sequence tags (ESTs) from avocado seed (Persea americana var. 

drymifolia) reveals abundant expression of the gene encoding the antimicrobial 

peptide snakin, Plant Physiol. Biochem. 70 (2013) 318–324. 

doi:10.1016/j.plaphy.2013.05.045. 

 



 

32 
 

[23] A. García, N. Ayub, A. Fox, M. Gómez, M. Diéguez, E. Pagano, et al., Alfalfa 

snakin-1 prevents fungal colonization and probably coevolved with rhizobia., 

BMC Plant Biol. 14 (2014) 248. doi:10.1186/s12870-014-0248-9. 

 

[24] P.W.R. Harris, S.-H. Yang, A. Molina, G. López, M. Middleditch, M.A. Brimble, 

Plant Antimicrobial Peptides Snakin-1 and Snakin-2: Chemical Synthesis and 

Insights into the Disulfide Connectivity, Chem. - A Eur. J. 20 (2014) 5102–5110. 

doi:10.1002/chem.201303207. 

 

[25] W.F. Porto, O.L. Franco, Theoretical structural insights into the snakin/GASA 

family., Peptides. 44 (2013) 163–7. doi:10.1016/j.peptides.2013.03.014. 

 

[26] N. Kovalskaya, R.W. Hammond, Expression and functional characterization of 

the plant antimicrobial snakin-1 and defensin recombinant proteins, Protein Expr. 

Purif. 63 (2009) 12–17. doi:10.1016/j.pep.2008.08.013. 

 

[27] E. López-Solanilla, B. González-Zorn, S. Novella, J. a. Vázquez-Boland, P. 

Rodríguez-Palenzuela, Susceptibility of Listeria monocytogenes to antimicrobial 

peptides, FEMS Microbiol. Lett. 226 (2003) 101–105. 

doi:10.1016/S0378-1097(03)00579-2. 

 

[28] N.I. Almasia, A. a. Bazzini, H.E. Hopp, C. Vazquez-Rovere, Overexpression of 

snakin-1 gene enhances resistance to Rhizoctonia solani and Erwinia carotovora 

in transgenic potato plants, Mol. Plant Pathol. 9 (2008) 329–338. 

doi:10.1111/j.1364-3703.2008.00469.x. 

 

[29] V. Balaji, C.D. Smart, Over-expression of snakin-2 and extensin-like protein 

genes restricts pathogen invasiveness and enhances tolerance to Clavibacter 

michiganensis subsp. michiganensis in transgenic tomato (Solanum 

lycopersicum)., Transgenic Res. 21 (2012) 23–37. 

doi:10.1007/s11248-011-9506-x. 

 



 

33 
 

[30] K.M.S. Cabral, M.S. Almeida, A.P. Valente, F.C.L. Almeida, E. Kurtenbach, 

Production of the active antifungal Pisum sativum defensin 1 (Psd1) in Pichia 

pastoris: overcoming the inefficiency of the STE13 protease., Protein Expr. Purif. 

31 (2003) 115–22. doi:10.1016/S1046-5928(03)00136-0. 

 

[31] P. Kant, W.Z. Liu, K.P. Pauls, PDC1, a corn defensin peptide expressed in 

Escherichia coli and Pichia pastoris inhibits growth of Fusarium graminearum, 

Peptides. 30 (2009) 1593–1599. doi:10.1016/j.peptides.2009.05.024. 

 

[32] J. Lin-Cereghino, J.M. Cregg, J.L. Cereghino, J.M. Cregg, Heterologous protein 

expression in the methylotrophic yeast Pichia pastoris, FEMS Microbiol. Rev. 24 

(2000) 45–66. doi:S0168-6445(99)00029-7 [pii]. 

 

[33] N. Koganesawa, T. Aizawa, H. Shimojo, K. Miura, A. Ohnishi, M. Demura, et al., 

Expression and purification of a small cytokine growth-blocking peptide from 

armyworm Pseudaletia separata by an optimized fermentation method using the 

methylotrophic yeast Pichia pastoris, Protein Expr. Purif. 25 (2002) 416–425. 

doi:10.1016/S1046-5928(02)00036-0. 

 

[34] F. Delaglio, S. Grzesiek, G.W. Vuister, G. Zhu, J. Pfeifer, A. Bax, NMRPipe: A 

multidimensional spectral processing system based on UNIX pipes, J. Biomol. 

NMR. 6 (1995) 277–293. doi:10.1007/BF00197809. 

 

[35] C.L. Townes, G. Michailidis, J. Hall, The interaction of the antimicrobial peptide 

cLEAP-2 and the bacterial membrane, Biochem. Biophys. Res. Commun. 387 

(2009) 500–503. doi:10.1016/j.bbrc.2009.07.046. 

 

[36] H. Lee, J.-S. Hwang, J. Lee, J. Il Kim, D.G. Lee, Scolopendin 2, a cationic 

antimicrobial peptide from centipede, and its membrane-active mechanism, 

Biochim. Biophys. Acta-Biomembranes. 1848 (2015) 634–642. 

doi:10.1016/j.bbamem.2014.11.016. 

 



 

34 
 

[37] M. Taniguchi, A. Ikeda, S.-I. Nakamichi, Y. Ishiyama, E. Saitoh, T. Kato, et al., 

Antimicrobial activity and mechanism of action of a novel cationic α-helical 

octadecapeptide derived from heat shock protein 70 of rice., Peptides. 48 (2013) 

147–55. doi:10.1016/j.peptides.2013.08.011. 

 

[38] A.K. Marr, W.J. Gooderham, R.E. Hancock, Antibacterial peptides for 

therapeutic use: obstacles and realistic outlook., Curr. Opin. Pharmacol. 6 (2006) 

468–72. doi:10.1016/j.coph.2006.04.006. 

 

[39] M.R. Yeaman, N.Y. Yount, Mechanisms of Antimicrobial Peptide Action and 

Resistance, 55 (2003) 27–55. doi:10.1124/pr.55.1.2.27. 

 

[40] Y. Li, Recombinant production of antimicrobial peptides in Escherichia coli: A 

review, Protein Expr. Purif. 80 (2011) 260–267. doi:10.1016/j.pep.2011.08.001. 

 

[41] B. Srinivasulu, R. Syvitski, J.K. Seo, N.R. Mattatall, L.C. Knickle, S.E. Douglas, 

Expression, purification and structural characterization of recombinant hepcidin, 

an antimicrobial peptide identified in Japanese flounder, Paralichthys olivaceus, 

Protein Expr. Purif. 61 (2008) 36–44. doi:10.1016/j.pep.2008.05.012. 

 

[42] C.W. Tsai, P.F. Duggan, R.L. Shimp, L.H. Miller, D.L. Narum, Overproduction 

of Pichia pastoris or Plasmodium falciparum protein disulfide isomerase affects 

expression, folding and O-linked glycosylation of a malaria vaccine candidate 

expressed in P. pastoris, J. Biotechnol. 121 (2006) 458–470. 

doi:10.1016/j.jbiotec.2005.08.025. 

 

[43] H. Peng, H.P. Liu, B. Chen, H. Hao, K.J. Wang, Optimized production of 

scygonadin in Pichia pastoris and analysis of its antimicrobial and antiviral 

activities, Protein Expr. Purif. 82 (2012) 37–44. doi:10.1016/j.pep.2011.11.008. 

 

[44] S. Pokoj, I. Lauer, K. Fötisch, M. Himly, A. Mari, E. Enrique, et al., Pichia 

pastoris is superior to E. coli for the production of recombinant allergenic 



 

35 
 

non-specific lipid-transfer proteins., Protein Expr. Purif. 69 (2010) 68–75. 

doi:10.1016/j.pep.2009.08.014. 

 

[45] L. Xu, S. Chou, J. Wang, C. Shao, W. Li, X. Zhu, et al., Antimicrobial activity 

and membrane-active mechanism of tryptophan zipper-like β-hairpin 

antimicrobial peptides., Amino Acids. 47 (2015) 2385–2397. 

doi:10.1007/s00726-015-2029-7. 

  



 

36 
 

Figure captions 

Figure 1. (A) SDS-PAGE analysis of recombinant SN-1 in fermentation supernatants 

from P. pastoris in shaker flask cultures. Lanes 1-6: a total of 10 μl of supernatant 

samples taken at 0, 24, 48, 72, 96, 120 h of induction, respectively. Lane M, protein 

molecular weight marker. (B) Production of recombinant SN-1 in yeast using high 

density cultivation. SDS-PAGE analysis of SN-1 secreted into the fermentation broth of 

P. pastoris. Lanes 1-7: a total of 10 μl of supernatant samples taken at 0, 6, 12, 24, 36, 

41, 48 h of induction, respectively. 

 

Figure 2. Purification of recombinant SN-1 by an RP-HPLC C18 column that was 

eluted with a linear gradient of 15-25% acetonitrile with 0.1% TFA. 

 

Figure 3. MALDI-TOF mass analysis of the purified recombinant SN-1 

 

Figure 4. CD spectra of recombinant SN-1 (solid line) and potato native SN-1 (dotted 

line). The peptide samples were dissolved in PBS (pH 7.4) at 25°C. The mean residue 

ellipticity was plotted against the wavelength. 
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Figure 5. NMR analysis of the recombinant SN-1. The 1H NMR spectrum of 

recombinant SN-1(A) and potato native SN-1 (B) at 25°C, pH 3.0. 

 

Figure 6. Growth inhibitory effect of the recombinant SN-1 against a filamentous fungi, 

F. oxysporum. The results were expressed as the mean ± SD of three individual 

experiments. 

 

Figure 7. Microbicidal activity of the recombinant SN-1 against bacteria L. 

monocytogenes, S. enterica, E. coli, (A) and the yeast strains C. parapsilosis and P. 

pastoris (B). The results were expressed as the mean ± SD of three individual 

experiments. 

 

Figure 8. Outer membrane permeability was determined by an NPN uptake assay in the 

presence of the MBC and half-MBC of recombinant SN-1 peptide. The results were 

expressed as the mean ± SD of three individual experiments. 

 

Figure 9. Cytoplasmic membrane depolarization of E. coli was detected using diSC3(5) 

dye. The MBC and half-MBC of the recombinant SN-1 peptide were added at t = 60 sec 



 

38 
 

to monitor the changes in fluorescence. The results were expressed as the mean ± SD of 

three individual experiments. 

 

Figure 10. Hemolytic activity of recombinant SN-1. Hemoglobin release was monitored 

by measuring the absorbance of the supernatant at 405 nm. Hemolysis induced by 0.1% 

(w/v) Triton X-100 was defined as 100%. Melittin was used as a positive control. The 

results were expressed as the mean ± SD of three individual experiments. 
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