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Abstract

Bacterial foodborne contamination poses a dual challenge of chemical preservative risks and antibiotic resistance, drives
the need for green production of natural antimicrobial alternatives. The reported cationic antimicrobial peptide (AMP)
Spgillcin,;;_ 3¢ derived from the Scylla paramamosain, has strong antimicrobial activity against Staphylococcus aureus
and clinical isolation strains. To meet industry demand in future, large-scale production of Spgillcin,;; ;49 is essential.
In the study, Pichia pastoris expression system was established for production of the recombinant Spgillcin,;_ g9 (rSp-
gillcin; 57 ;59)- Then, multicopy strategy was selectively designed by employing the Golden Gate assembly technology to
efficiently construct multi-copy plasmids, which significantly enhanced the expression level of Spgillcin,;;_;g9. A yield
of 126.1 mg/L was harvested with 2.75-fold higher that of the single-copy strain. In addition, the recombinant Spgill-
cin 5,59 €xhibited potent antibacterial activity against multiple foodborne pathogens within a MIC range of 5.25-84 ng/
mL. It also showed effective bactericidal activity and anti-biofilm activity against Staphylococcus aureus and Vibrio
parahaemolyticus. 1Spgillcin ;59 exhibited good thermostability, with no obvious cytotoxicity and hemolytic activity.
rSpgillcin,;;_ g9 may interact with microbial surface components via hydrogen bonding, which were vital for peptide
activity in combating bacteria. The rSpgillcin,;;_ 49 specifically targeting the cell membrane, disrupted bacterial mem-
brane integrity and leading to cell death. This study provided a very feasible genetic engineering strategy for large-scale
production of rSpgillcin,;;_ 49, Which will be applied at a lower cost in agricultural and food industries in future.
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greatest threats to global health [3, 4]. Therefore, there is as
an urgent need to develop novel natural antimicrobial agents
that possess both high antibacterial efficacy and a low pro-
pensity to induce resistance, in order to control foodborne
pathogens and mitigate the threat of foodborne multi-drug
resistant pathogens to global health.

As integral components of innate immunity, antimicro-
bial peptides (AMPs) are the first line of defense against
pathogens and are considered promising alternatives to
conventional antibiotics [5]. Their importance is magni-
fied in species such as Scylla paramamosain, which rely
solely on innate immunity. Their multiple molting cycles
and temporary fasting periods increase susceptibility to
pathogens [6], and may have evolved a rich repertoire of
AMPs, making it a valuable resource for novel AMP dis-
covery. In our previous study, Spgillcin,;; _ 149, a chemically
synthesized truncated peptide identified from Scylla para-
mamosain, exhibited potent antimicrobial activity against
S. aureus, Pseudomonas aeruginosa (P. aeruginosa) at a
minimum inhibitory concentrations (MIC) range of 10.5-42
pg/mL. And drug-resistance assays showed that clinically
drug-resistant strains S. aureus and P. aeruginosa failed
to develop resistance to Spgillcin,;;; _ ;4 after 50 days of
continuous exposure, whereas conventional antibiotics such
as rifampicin produce a significantly resistance at the 28th
day, suggesting that the resistance-inducing tendency of
Spgillcin; ;7 _ g9 is low [7]. These findings confirm Spgill-
cin;;; _ 139 as a novel antimicrobial agent, with substantial
potential for industrial applications. However, the chemical
synthesis of AMPs is costly and complex, greatly limiting
their applications in the agriculture and food industries [8,
9]. In contrast, recombinant expression systems provide a
cost-effective and scalable alternative for AMP production
[10].

Recombinant expression systems commonly used for
antimicrobial peptide (AMP) production include Esch-
erichia coli (E. coli), yeast, and mammalian cell expression
systems [11]. Among them, E. coli is the most widely used
host; however, AMP expression in E. coli is often limited by
peptide cytotoxicity and degradation by endogenous prote-
ases, resulting in low yield and stability [12]. Mammalian
systems can efficiently secrete proteins but are constrained
by slow growth and high production costs, which limit their
industrial applicability [11]. In contrast, the eukaryotic yeast
Pichia pastoris (P. pastoris) has emerged as an attractive host
owing to its genetic stability, strong secretion capacity, and
suitability for high-density fermentation [13]. Importantly,
P pastoris allows for more accurate translation and post-
translational modification of target proteins, which are criti-
cal for maintaining the bioactivity of recombinant proteins
[14], making it the best choice for the synthesis of Spgill-
cin 4, _ g9. However, the yield of recombinant proteins in
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P. pastoris is highly variable, and efficient expression of all
proteins cannot be guaranteed [15—17]. To enhance expres-
sion efficiency, several strategies have been employed,
including codon optimization [ 18], signal peptide engineer-
ing [19], promoter engineering [20], optimizing gene dos-
age, and co-expression of chaperone proteins [21]. Among
them, the multicopy strategy remains one of the most effec-
tive approaches. This study employed rationally designed
multicopy plasmids rather than random genomic integration
for strain construction. This strategy allows precise control
of gene copy number, significantly streamlines the strain
development process, and ensures reliable and scalable
expression of the recombinant peptide in P. pastoris.

In this study, we aimed to establish an efficient P. pas-
toris expression system for the large-scale production of
rSpgillcin;;;_jg9 to facilitate its practical development.
To overcome production limitations, a multicopy expres-
sion strategy coupled with high-density fermentation was
employed. Furthermore, the rSpgillcin,;;_;59 Was purified
by cation-exchange chromatography, and its antimicrobial
properties and potential mechanisms of action were sys-
tematically evaluated. This work provides a theoretical and
technical basis for the sustainable production and potential
application of rSpgillcin,;;_ g in the food industries.

Materials and Methods

Peptide Information, Strain, Plasmid, and
Cultivation Conditions

Spgillcin,;7_ g9, a cationic AMP identified from S. parama-
mosain with the sequence KKRRCFFRHIY VA. This chem-
ically synthesized truncated peptide features a molecular
weight of 1.7 kDa, a net charge of +5 and a hydrophobicity
of 34%.

E. coli DH50 and DH10B were purchased from Invitro-
gen (California, USA) for plasmid construction. P. pastoris
GS115, the plasmids pPIC9 (GenBank: Z46233.1), pPIC9k
(GenBank: Z46234.1), and pPICZoA (https://www.genscri
pt.com/vertor/library list) were purchased from Invitrogen
(California, USA). E. coli DH5a and P. pastoris GS115 was
cultured in LB medium (10 g/L tryptone, 5 g/L yeast extract,
10 g/L NaCl) and Yeast extract peptone dextrose medium
(YPD) (20 g/L tryptone, 10 g/L yeast extract, 10 g/L glu-
cose), respectively, and antibiotics (ampicillin 100 pg/mL,
zeocin 100 pg/mL, kanamycin 50 pg/mL) were added as
necessary. Buffered glycerol-complex medium (BGMY)
(100 mM potassium phosphate, 10 g/L glycerol, 10 g/L
yeast extract, 20 g/L peptone, 13.4 g/L Yeast Nitrogen Base
(YNB), 0.4 mg/L biotin) and Buffered methanol-complex
medium (BMMY) (100 mM potassium phosphate, 5 mL/L
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glycerol, 10 g/L yeast extract, 20 g/L peptone, 13.4 g/L YNB,
0.4 mg/L biotin) were used for shake flask fermentation.

The standard strains were purchased from the China Gen-
eral Microorganism Culture Collection Center (CGMCC),
including B. cereus (CGMCC No. 1.3760), L. monocyto-
genes (CGMCC No. 1.10753), Staphylococcus epidermidis
(CGMCC No. 1.4260), S. aureus (CGMCC No. 1.2465),
Acinetobacter baumannii (CGMCC No. 1.6769), Pseudo-
monas aeruginosa (CGMCC No. 1.2421), Vibrio fluvia-
lis (CGMCC No. 1.1609), Vibrio harveyi (CGMCC No.
1.1593), Vibrio alginolyticus (CGMCC No. 1.1833), V.
parahaemolyticus (CGMCC No. 1.1615).

The clinical strains obtained from the Second Affiliated
Hospital of Fujian Medical University, including MDR 4.
baumannii QZ18050, MDR A. baumannii QZ18055, MDR
P aeruginosa QZ19121, MDR P. aeruginosa QZ19122,
MRSA QZ19130.

Mouse macrophages (RAW264.7) cell came from
National Infrastructure of Cell Line Resource (Beijing,
China). Human embryonic kidney cells (HEK-293T) sourced
from Stem Cell Bank at the Chinese Academy of Sciences
(Shanghai, China). Zebrafish embryonic cell line (ZF4) was
obtained from Institute of Hydrobiology (Wuhan, China).

Plasmids and Strain Construction

The Spgillcin,;;_ 59 (Spg) sequence was optimized by Gen-
Script Biotech Corporation (Nanjing, China). The optimized
sequence was then inserted into the pPIC9 vector using Xho
I and Not I restriction enzymes, to obtain the recombinant
plasmid pPIC9-Spg. Subsequently, the pPIC9-Spg that lin-
earized using Sal 1 was transformed into P. pastoris GS115
via electroporation. The transformed cells were cultured on
Minimal Dextrose Medium (MD) plates at 28°C for 3 days
to screen for positive clones.

Construction of Multicopy Backbone Plasmid and
Multiple Copy Spg Expression Vectors

All the primers used to construct the backbone plasmid pHC
were listed in Table S1, and the fragments were assembled
using the Gibson assembly method. The construction work-
flow of the backbone plasmid pHC was illustrated in Fig. 2a.
Briefly, the Cre recombinase fragment was synthesized by
overlap PCR in vitro and inserted into the pPICZaA plasmid
to generate pPICZ-Cre. The recombinant plasmid, pPICZ-
cre-lox, was obtained using overlap extension PCR with
the addition of the lox71 and lox66 sites at the end of the
Cre cassette and the BleoR fragment, respectively. Subse-
quently, PCR amplified HIS4 gene from pPIC9 and cloned
into pPICZ-cre-lox to obtain the final plasmid, pHC-AOX.

Multi-copy plasmids were then constructed via the
Golden Gate assembly method. Primers with Bsa I restric-
tion sites were designed for amplification of the Spg expres-
sion cassettes through the NEB website (https://goldengat
e.neb.com/#!/). Multiple fragments were ligated into the
backbone plasmid pHC and transformed into E. coli DH10p.
The resulting recombinant multi-copy plasmids were named
pHC-spg-2¢, pHC-spg-3¢c, pHC-spg-4c, pHC-spg-5¢, and
pHC-spg-6¢. Subsequently, the multi-copy plasmids that
linearized by Sa/ I or Hpa 1 were transformed into P. pasto-
ris GS115 via electroporation. The transformed cells were
cultured on YPD-zeocin plates at 28°C to select positive
transformants.

Inducible Expression of rSpgillcin,;; _ 39

To induce expression of the target peptide, transformants
were inoculated in YPD or YPDZ medium at 28°C over-
night. Then, it was inoculated into BMGY medium with 1%
inoculum and cultured at 28 °C for 24 h. When the ODy,
reached 2-10, the culture was collected by centrifugation
(2000 g, 10 min) and adjusted to an initial optical density
(ODgy) 0of 1.0 in BMMY medium prior to expression induc-
tion. Methanol was added to induce expression every 24 h to
a final concentration of 0.5%. The expression level of rSp-
gillcin,;,_ g9 was identified using Tricine SDS-PAGE, and
the gray scale of the target bands was quantified using Image
J software (NIH, USA) to estimate the relative expression of
the peptide in all samples.

High-Density Fermentation

For large-scale production of rSpgillcin,;_ g9, high-den-
sity fermentation was performed in a 50 L fermenter. The
selected transformants were inoculated into 20 mL YPD
medium in a shaking flask and cultured at 30 °C at 200 rpm
for 22 h. The seed culture was then inoculated to 400 mL
of YPD medium and incubated for 8 h. Subsequently, the
seed culture was inoculated into fermenter containing 12 L
of BSM medium. During fermentation, the pH and tempera-
ture were maintained at 5.5 and 28 °C, respectively, with a
stirring speed of 200—-700 rpm and an airflow rate of 1.4 v/
min. Methanol was added to induce expression when the
wet cell weight (WCW) reached 200 g/L, and dissolved
oxygen was controlled at approximately 20%. Samples
were collected throughout the fermentation to measure
wet cell weight. Finally, the recombinant peptide expres-
sion level was assessed by Tricine-SDS-PAGE. The yield
of rSpgillcin,;;_ g9 Was quantified using Image J software
as previously described, with the synthetic peptide serving
as a standard.

@ Springer


https://goldengate.neb.com/#!/
https://goldengate.neb.com/#!/

Probiotics and Antimicrobial Proteins

Purification of rSpgillcin,;; _,5¢ by lon-Exchange
Chromatography

For purification of rSpgillcin, ;;_ 49, the fermentation super-
natant was collected by centrifugation. The supernatant
was dialyzed against the binding buffer (100 mM sodium
phosphate buffer, pH 6.0) at 4°C for 5 h, and repeated three
times. The dialyzed supernatant was loaded onto a Capto™
SP ImpRes cation exchange column (Cytiva, America).
Subsequently, the column was pre-equilibrated with binding
buffer at a 0.5 mL/min flow rate. The AKTA system (GE,
USA) was used to purify the peptide via linear gradient elu-
tion (0-500 mM NaCl) in elution buffer (100 mM PBS, 1 M
NaCl, pH 6.0) at a constant flow rate of 1 mL/min. After
purification, the column was equilibrated and stored in stor-
age buffer (200 mM NaAc containing 20% ethanol) at 4°C.
The purified samples were dialyzed against ultrapure water
for desalting, followed by freeze-drying. The resulting pep-
tide powder was stored at —80 °C until further use.

Antimicrobial Assay

To identify the biological activity of rSpgillcin, ;, _ 49, the anti-
microbial activity of rSpgillcin, ;; _ ;49 Was determined as previ-
ous study [22]. Briefly, bacterial suspensions in the logarithmic
growth phase were diluted to 10° CFU/mL in MH medium and
inoculated into 96-well plates. Different concentrations of rSp-
gillcin77_;g9 (5.25-84 ng/mL) were diluted with sterile water.
Then, the peptide solution and bacterial suspensions were
mixed thoroughly, and cultured at 37°C and 28°C for 24 h.
Each well contained a final volume of 100 puL, consisting of 50
uL of bacterial suspension and 50 uL of rSpgillcin, ;;_ 9 solu-
tion. Milli-Q water was used as a control. The lowest peptide
concentration with no visible bacterial growth was defined as
the MIC; the lowest concentration that killed 99.99% of bac-
teria was recorded as the minimum bactericidal concentration
(MBC). Antimicrobial assays were performed three times.

Time-Killing Kinetics Assay

Time-killing kinetics assays were conducted to evaluate the
bactericidal activity of rSpgillcin,,;_,g¢ against S. aureus
and V. parahaemolyticus. Briefly, bacterial cultures in the
exponential growth phase were adjusted to approximately
1x10° CFU/mL and mixed with an equal volume of rSp-
gillein;;7_ 39 at 1xMIC. The mixtures were incubated at
37°C and 28°C, respectively, and aliquots were removed at
designated time points for viable cell enumeration by plate
counting. Each assay was performed in triplicate and inde-
pendently repeated three times.
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Biofilm Formation Inhibition and Mature Biofilm
Disruption Assay

The effect of rSpgillcin,;;_ 39 on biofilm formation was
assessed using the crystal violet method. Briefly, bacterial
cultures at the logarithmic growth phase were adjusted to
1x10° CFU/mL for S. aureus and 1x 10> CFU/mL for V.
parahaemolyticus. The suspensions were incubated with
varying concentrations of rSpgillcin;;;_g9 (0-84 pg/
mL) for 24 h. Following incubation, planktonic cells were
removed, and the attached biofilms were stained with 0.1%
crystal violet. Absorbance was subsequently quantified at
595 nm using a microplate reader (BioTek, USA).
Similarly, the eradication activity of rSpgillcin,;; g9
against mature biofilms was evaluated. Bacterial suspen-
sions were diluted to 1 x 10° CFU/mL and incubated for 24 h
to allow biofilm maturation. After removal of the superna-
tant, fresh medium containing rSpgillcin,;;_ g9 (0-84 pg/
mL) was added and further incubated for 24 h. The biofilms
were then stained with 0.1% crystal violet as described
above, and absorbance was measured at 595 nm. The exper-
iment was performed in triplicate and repeated three times.

SEM and TEM Analysis

Following previous methodologies, SEM was utilized to
examine the effects of rSpgillcin,;; _ ;g9 On S. aureus and V.
parahaemolyticus [23]. In this procedure, log-phase bacte-
rial cultures of S. aureus and V. parahaemolyticus were first
collected and diluted with PBS to 1 x 107 cfu/mL. The bac-
terial suspension was then incubated with rSpgillcin;;; _ 59
for 30 min. Subsequently, the treated samples were fixed
with 2.5% glutaraldehyde at 4 °C for 120 min, rinsed with
PBS, and deposited onto glass slides. Next, the cells were
graded ethanol dehydration, and then dried in a critical point
dryer (Leica, Germany). Finally, the samples were gold-
coated and observed using a scanning electron microscope
(Thermo Fisher, USA).

TEM analysis was performed following a previously
established protocol [6]. Briefly, S. aureus and V. parahae-
molyticus were treated with rSpgillcin;;; _ 49 at 37 °C and
28 °C for 30 min. After incubation, the cells were embedded
in 2% agarose. Subsequently, the samples were fixed with
2.5% glutaraldehyde and incubated at 4 °C for 12 h. After
fixation, the samples were washed with PBS, and post-fixed
with 1% osmium tetroxide. The specimens were subjected
to graded dehydration and rinsing, then the samples were
embedded using epoxy resin. Finally, ultrathin sections
were prepared and examined using a transmission electron
microscope (HT7800, Hitachi, Japan).
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Membrane Permeability Assay

The effect of rSpgillcin;;;_ g9 On bacterial membrane per-
meability was evaluated using the LIVE/DEAD BacLight™
Bacterial Viability Kit (Thermo Fisher, USA). S. aureus and
V. parahaemolyticus were diluted to 1x10” CFU/mL with
PBS and incubated with rSpgillcin at 1 x MIC, with LL-37
as a positive control. Following incubation, the cells were
washed twice with PBS and resuspended in a SYTO9/PI
dye mixture for fluorescence staining. Fluorescence images
were then captured using a confocal laser scanning micro-
scope (CLSM) (Zeiss LSM780, Germany).

Microbial Surface Components Binding Assays

The binding of rSpgillcin, ;;_ g9 to LPS or LTA was assessed
following previously described methods. Briefly, 25 pL of
rSpgillcin;;;_ 59 at a final concentration of 1xMBC (21
and 42 pg/mL) was mixed with 25 pL of LPS or LTA (8 to
64 pg/mL) in 96-well plate. Subsequently, 50 pL of bacte-
rial suspension containing S. aureus or V. parahaemolyti-
cus (1x10° CFU/mL) was added to each well. Absorbance
was measured at 600 nm using a microplate reader (BioTek,
USA). The experiment was performed in triplicate and
repeated three times.

HPLC and LC-MS Analysis

The purity of rSpgillcin,;;_;59 Was determined by analyti-
cal high-performance liquid chromatography (HPLC). The
peptide was diluted to a final concentration of 0.1 mg/mL
with ultrapure water for analysis. HPLC was performed
using a C18 reversed-phase column (Agilent, America) with
a mobile phase of ultrapure water (solvent A) and aceto-
nitrile (solvent B). The peptide was eluted using a linear
gradient of 5-95% acetonitrile at a flow rate of 1.0 mL/min,
with UV detection at 220 nm. The peptide purity was calcu-
lated based on the relative peak area.

LC-MS analysis was used to verify the molecular mass
and integrity of the rSpgillcin,;;_,go. Briefly, the purified
rSpgillcin;;; g9 Was dissolved and adjusted to a concen-
tration of 0.1 mg/mL in ultrapure water, and then analyzed
using Thermo Orbitrap Fusion Lumos mass spectrometer
(Thermo Scientific, America). The raw data were processed
with Proteome discover software, and spectra were aligned
against the target sequence database for final identification.

Circular Dichroism (CD) Spectroscopy
CD spectroscopy was used for determining the second-

ary structure of the rSpgillcin,;;_ ;49 in a JascoJ-715 spec-
trophotometer (Jasco, Japan). The rSpgillcin,;;_ ;39 Was

dissolved in ddH,0 or 60 mM SDS or 50% trifluoroethanol
(TFE) with a final 0.2 mg/mL. The spectra of the samples
were scanned from 190 to 260 nm with a scanning speed of
100 nm/min at 25°C. The other scan parameters were set
to 0.1 cm path length and 2 nm bandwidth. The secondary
structure of rSpgillcin,,;_ 3o Was analyzed using CDNN
software.

Molecular Docking

The 3D structure of Spgillcin,;; _ 39 Was predicted by the
PEP-FOLD3 server. Molecular docking with the ligands
LTA and LPS was conducted using Autodock Vina follow-
ing a reported method [24]. Prior to docking, all structures
were preprocessed in Autodock Tool by adding charges and
hydrogens. The parametric dimension values of the grid box
were adjusted to X =53.49,Y = 71.64, Z = 54.44 (for LPS)
and X =9.46,Y = 18.51, Z =—-14.49 (for LTA) to center on
the putative binding sites. Semi-flexible docking was per-
formed, and the output poses were analyzed using Pymol
3.0.0 software.

Thermostability Assays

The stability of rSpgillcin;;; _ ;g9 Was assessed following
a previously established method with minor modifica-
tions [25]. Briefly, S. aureus and V. parahaemolyticus were
diluted to 1 x 10° CFU/mL during the logarithmic growth
phase. For thermal stability assessment, rSpgillcin;;; _ g9
was incubated at 100°C for various time (10, 20, and 30
min), or at different temperatures (16, 28, 37, 60, 80, 121°C)
for 25 min, respectively, and followed by rapid cooling to
room temperature. The heat-treated rSpgillcin,; _ ;g9 solu-
tions were then mixed with the bacterial suspensions in
96-well plates and cultured at 37 °C for 24 h. All experi-
ments were performed in triplicate and repeated three times.

Cytotoxicity and Hemolytic Activity

The cytotoxicity of rSpgillcin,;;_1g9 toward mammalian
cells was examined using the MTT-PMS method. Briefly,
HEK293T, RAW264.7, and ZF4 cells were adjusted to
1x10° cells/mL and cultured overnight in 5% CO: incu-
bators at 37°C and 28°C, respectively. After removing the
medium, fresh medium containing different concentrations
of rSpgillcin,;;_;9 Was added and incubated overnight. Cell
viability was subsequently determined by measuring absor-
bance at 492 nm using a microplate reader (BioTek, USA).

The hemolytic activity of rSpgillcin;;_;39 Was evalu-
ated using mouse erythrocytes as described previously [26].
Briefly, mouse erythrocytes were collected and diluted with
0.9% saline to 0.4% (v/v). The erythrocyte suspension was
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mixed with various concentrations of rSpgillcin, ;;_;g9 (5.25,
10.5, 21, 42, and 84 pg/mL) and incubated at 37 °C for 1 h.
Saline and 1% Triton X-100 served as negative and posi-
tive controls, respectively. The mixtures were centrifuged
at 1500 g for 5 min, and the absorbance of the supernatants
was measured at 540 nm. All experiments were performed
in triplicate and repeated three times.

qPCR

To quantify the copy number of the spg gene, genomic DNA
was extracted from multi-copy P. pastoris strains using a
Yeast Genomic DNA Isolation Kit (Solarbio, Beijing,
China). qPCR was performed with genomic DNA as the
template, following the instructions provided by the manu-
facturer (Takara, Dalian, China), and qCPR primers were
listed in Table S1. The copy number of the spg gene was
determined using the 222" method, with ACT1 (Gene ID:
8200200) serving as the reference gene.

Statistical Analysis

GraphPad 9.0, R Studio 3.4.6, and Image J software were
used for plotting and statistical analysis. All experiments
were independently conducted in triplicate, and the results
are shown as mean+ SD. Statistical significance was deter-
mined using one-way ANOVA with a threshold of p<0.05.

Results

Plasmid Construction and Recombinant Expression
of rSpgillcin,;; _ g9

The construction of the recombinant plasmid is illustrated
in Fig. 1a. In brief, the Spgillcin,;; _ ;39 gene sequence was
inserted after the a-factor signal peptide of pPIC9, generat-
ing the Spgillcin;;; _ 59 cassette, which was named pPIC9-
spg. Then, the positive transformants were selected for
inducible expression. Supernatants from fermentation were
collected at various time points (24, 48, 72, and 96 h), and
the results were shown in Fig. 1b. The theoretical molecu-
lar weight of Spgillcin;;; _ 49 is 1.7 kDa; however, Tricine-
SDS-PAGE analysis revealed an actual molecular weight
ranging from 1.7 to 4.6 kDa. The discrepancy between the
apparent molecular weight on Tricine—SDS—PAGE and the
theoretical value can be attributed to the physicochemical
properties of rSpgillcin,;;_;49. Because rSpgillcin;;;_;g9
(sequence: KKRRCFFRHIYVA) is a short, cationic pep-
tide rich in polar and hydrophobic residues, its mobility on
Tricine-SDS-PAGE would be affected by polar amino acids,
so its apparent molecular weights had a distance from their
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a Xho1 Not I

Spgillcini77-1ss ‘

Spg-1 Spg-2 Spg-3
M 24h 48h 72h 96h 24h 48h 72h 96h 24h 48h 72h 96h

40 kDa
25 kDa

15 kDa
10 kDa

4.6 kDa -«
1.7 kDa

Fig. 1 Vector construction and recombinant proteins expression. (a)
Schematic diagram of recombinant expression vector pPIC9-Spgill-
ciny77_1g9. (b) Tricine-SDS-PAGE analysis of rSpgillcin,,;_ g9 at dif-
ferent times

theoretical molecular weights, this phenomenon was found
in previous studies, AMPs exhibit a slower migration rate in
Tricine-SDS-PAGE and have an apparent molecular weight
that is relatively larger [27-29].

Construction of Multicopy Backbone Plasmid pHC
and Spg Multicopy Plasmid

To simplify the construction of multicopy plasmids, the pHC
multi-copy backbone plasmid was constructed using the
pPICZoA plasmid as a scaffold (Fig. 2a). The MCS region
of the pHC plasmid, including the Not I, EcoR I, and two Bsa
I sites, which are used for constructing multi-copy plasmids
and restriction enzyme digestion detection. As illustrated in
Fig. 2b, Golden Gate assembly technology was employed
to construct multi-copy plasmids, including pHC-spg-1c,
pHC-spg-2¢, pHC-spg-3¢c, pHC-spg-4c, pHC-spg-5¢, and
pHC-spg-6¢, each harboring 1, 2, 3, 4, 5, or 6 copies of the
Spg gene, respectively. All recombinant plasmids were veri-
fied by Sanger sequencing and Keseq sequencing to ensure
the integrity and accuracy of the inserted sequences.

Effect of Multicopy Strategy on the Expression Level
of rSpgillcin,;; _ g9

Positive transformants contained various copies spg gene
were selected for inducing expression and analyzing the copy
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number. The copy number analysis of spg gene is shown in
Table 1, consistent with the theoretical copy number. Then, the
expression levels of various transformants were determined by
Tricine-SDS-PAGE, the results were shown in Fig. 2e. Tricine-
SDS-PAGE displayed a prominent band at 1.7-4.6 kDa, cor-
responding to the target peptide. The highest expression level
of rSpgillcin, 7,59 Was observed in the 4-copy strain (Fig. 2c).
Gray-scale analysis revealed that the rSpgillcin;;;_ g9 €xpres-
sion level in the GS115-pHC-spg-4c strain was 2.75-fold higher
than that in the single-copy strain (Fig. 2d), reaching 13.4 mg/L.
These results indicated that the multicopy integration strategy
significantly enhances the expression level of rSpgillcin, 7;_ ;5o

High-Density Fermentation and Purification of
rspgillcin,;; ;g9

In this study, high-density fermentation was performed
using glycerol as the initial carbon source, with the entire
fermentation process illustrated in Fig. 3a. Methanol induc-
tion was initiated at 27 h, and as the cells gradually adapted
to the methanol-based carbon source, both cell wet weight
and the expression level of the rSpgillcin;;;_ 49 exhibited
a progressively increase (Fig. 3b, c). In this study, the con-
centration of rSpgillcin;;;_;49 in the fermentation super-
natant reached a peak of 121.6 mg/L at 48 h (Fig. 3c, d).
The rSpgillcin,;;_ ;59 Was isolated and purified using cation
exchange chromatography. The purified rSpgillcin;;;_ g9
was obtained with a high purity of >95%, as assessed by
both Tricine-SDS-PAGE and HPLC (Fig. 3c, Fig. S1). The
molecular mass and integrity of the rSpgillcin,;;_ g9, Were
verified by LC-MS (Fig. S2). The analysis revealed 100%
sequence coverage, confirming that the peptide secreted
and expressed by P. pastoris matches the designed theoreti-
cal sequences. Subsequently, purified rSpgillcin,;; ;59 Was
lyophilized and stored at —80 °C for further analysis.

Antimicrobial Activity of rSpgillcin,;; _ ;50

The antimicrobial activity of rSpgillcin,;;_ 59 is shown in
Table 3. We first evaluated the antimicrobial activity of rSp-
gillcin,,;_ 49 against S. epidermidis, S. aureus, (A4) bauman-
nii, P. aeruginosa, and clinical multidrug-resistant (MDR)
strains (P. aeruginosa and MRSA). The results were con-
sistent with previous findings, showing MIC values rang-
ing from 5.25 to 42 pg/mL and MBC values below 84 pg/
mL. Moreover, we further assessed its antimicrobial activity
against foodborne pathogens, including Vibrio spp., (V. flu-
vialis, V. harveyi, V. alginolyticus, and V. parahaemolyticus),
(B) cereus and L. monocytogenes. rSpgillcin, 5, 59 exhibited
potent antimicrobial activity against these foodborne patho-
gens, with MIC values between 5.25 and 42 pg/mL and MBC
values lower than 84 pg/mL. These results indicated that it

had broad-spectrum antimicrobial activity against foodborne
pathogens. S. aureus and V. parahaemolyticus are among the
most prevalent foodborne pathogens responsible for food
poisoning and acute gastroenteritis. Severe infections may
progress to septicemia, thereby representing a significant
threat to public health. Therefore, we chose these two strains
as the test bacteria for the following experiments.

Killing Kinetic of rSpgillcin,;; _ 50

The bactericidal efficiency of rSpgillcin;;;_;¢9 Was assessed
by bactericidal kinetics. As shown in Fig. 4a & b, rSpgill-
ciny;7_ g9 at IXMIC killed 99.9% of S. aureus and V. para-
haemolyticus in 30-90 min, respectively.

Effect of rSpgillcin,,; _,3, on Bacteria Morphological
Change

The effects of rSpgillcin,;;_ 39 on morphological changes
in S. aureus and V. parahaemolyticus were observed using
SEM and TEM. As shown in Fig. 4c & d, PBS-treated S.
aureus and V. parahaemolyticus exhibited normal morphol-
ogy and smooth surfaces. In contrast, after rSpgillcin;;; g9
treatment, S. aureus and V. parahaemolyticus exhibited
noticeable wrinkling, and the integrity of the bacterial cell
membranes was disrupted, ultimately leading to the leakage
of intracellular contents.

Anti-Biofilm Activity of rSpgillcin,;; _,59

The inhibitory effect of rSpgillcin,;;_ g9 on biofilm forma-
tion of S. aureus and V. parahaemolyticus was evaluated.
The results demonstrated that rSpgillcin,;;_ 4 attenuated
the ability of biofilm formation in both strains in a dose-
dependent manner. When the concentration reached 84 pg/
mL, the inhibition rates of biofilm formation reached 75%
and 90.1% against V. parahaemolyticus and S. aureus,
respectively (Fig. 5a, c).

The efficacy of rSpgillcin,;;_ g9 in eliminating mature
biofilm was evaluated. At a concentration of 84 pg/mL,
rSpgillcin,;;_ 49 eradicated mature biofilms of V. parahae-
molyticus and S. aureus with elimination rates of 82.9% and
85.4%, respectively (Fig. 5b, d). These findings indicate that
rSpgillcin, ;7 _ 49 €xhibits potent antibiofilm activity against
both pathogens.

Effect of rSpgillcin,;; _ 30 on Membrane
Permeability

Bacterial membrane permeability was assessed using

SYTO9 and PI staining. SYTO9Y labels all bacterial cells,
whereas PI selectively penetrates and stains cells with
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{ Fig. 2 Vector construction and recombinant proteins expression. (a)
Schematic map of the construction of expression vector pHC. Ori: ori-
gin of replication, Cre: Causes recombination, MCS: Multiple Cloning
Site, BleoR: Bleomycin Resistance, HIS4: Histidine Requirement 4.
(b) Schematic map of the construction of the expression vectors pHC-
spg with 1, 2,3, 4, 5, 6 copies of Spg gene. (¢) Tricine-SDS-PAGE
analysis at 96 h. Line 1-6: multicopy strains contained 1-6 copys of
Spg gene. (d) The rSpgillcin;,;_ 5o relative concentration was ana-
lyzed using image J software. Values are stated as mean+SD (n=3).
(e) Tricine-SDS-PAGE analysis of rSpgillcin, ;;_ g9 in different strains
at different times. Statistical significance is indicated by asterisks,
*p<0.05, **p<0.01 and ***p<0.001

compromised membranes. In the control group, nearly all
bacteria exhibited green fluorescence, while treatment with
rSpgillcin, ;5 _ g9 markedly increased red fluorescence, indi-
cating severe disruption of the cell membranes of S. aureus
and V. parahaemolyticus (Fig. 6a, b).

Secondary Structure of rSpgillcin,;; _ 39

The secondary structure of rSpgillcin,,_;39 Was analyzed
using CD spectroscopy. As shown in Fig. 7b, the CD spec-
trum of rSpgillcin,;;_, 59 dissolved in H-0 and 60 mM SDS
exhibited a characteristic positive peak near 190 nm and two
negative peaks at approximately 208 nm and 222 nm. The
secondary structure composition of rSpgillcin; g9 Was
estimated to be 36% a-helix, 17% B-sheet, and 47% random
coil in H20, and 56% a-helix, 11% B-sheet, and 33% random
coil in SDS, and 50% a-helix, 14% B-sheet, and 36% random
coil in TFE. The increase in a-helical content under SDS and
TFE conditions suggests that rSpgillcin,;; ;3o undergoes
partial structural rearrangement in a membrane-mimicking
environment, which may further enhance its affinity for bac-
terial membranes. This spectral result indicated that rSpgill-
cin ;g9 adopts a typical a-helical conformation, which is
consistent with the predicted 3D model structure (Fig. 7a).

Effect of Exogenously Added Microbial Surface
Components on the Antimicrobial Activity of

rspgillcin,;;_ g

Targeting membrane-associated molecules is a common
antimicrobial mechanism for AMPs. The results showed that
LPS and LTA significantly inhibited the antibacterial activity
of rSpgillcin;;; g9 in a dose-dependent manner. As shown
in Fig. 7c & d, the antimicrobial activity of rSpgillcin,;;_g9
against V. parahaemolyticus and S. aureus decreased mark-
edly with increasing concentrations of LTA or LPS.

Molecular Docking of rSpgillcin,;; _ 5, with LPS and
LTA

To investigate the interaction between rSpgillcin;;; 59 and
LPS/LTA, molecular docking analysis was performed to

predict potential binding sites. As shown in Fig. 7e, rSpgill-
cin;;;_ g9 formed two hydrogen bonds with LPS (ARG4-
LIL803 and ARG8-GP42), with bond lengths of 2.4 A and
2.6 A, respectively. Additionally, three hydrogen bonds were
observed at LYS2, ARG4, and ARGS8 with LTA, with bond
lengths of 1.9 A, 3.2 A, and 3.0 A, respectively (Fig. 7f).
These results suggest that hydrogen bonds may play a cru-
cial role in the interaction between rSpgillcin,;;_ ;g9 and
LPS/LTA.

Stability Analysis of rSpgillcin,;; 159

To evaluate the thermostability of rSpgillcin;; 49, We
explored the effect of thermal treatment on the antimicrobial
activity of rSpgillcin, 5, _go. The results showed that the bac-
tericidal activity of rSpgillcin,;;_ 49 against S. aureus and
V. parahaemolyticus was retained after treated at different
temperatures for 25 min (Fig. 8a, b). After heating at 100°C
for 10 min, 20 min, and 30 min, the antimicrobial activity of
rSpgillcin, ;7 _ g9 against S. aureus and V. parahaemolyticus
remained unchanged (Fig. 8c, d). These results indicated
that rSpgillcin,;; g9 had good thermostability.

Cytotoxicity and Hemolytic Activity of
rSpgillcin,;; ;49

The cytotoxicity of rSpgillcin, s, ;39 Was evaluated using
HEK 293 T, RAW 264.7, and ZF4 cell lines. As shown in
Fig. 8e-g, no significant cytotoxic effects were observed
within the concentration range of 5.25-84 pg/mL. More-
over, rSpgillcin;;;_49 exhibited negligible hemolytic
activity against mouse erythrocytes (Fig. 8h). These find-
ings demonstrate that rSpgillcin;;; ;g9 possesses strong
antibacterial activity while maintaining low cytotoxicity
and hemolytic activity, highlighting its safety in organisms
and its potential as a promising alternative to conventional
antibiotics.

Discussion

Bacterial contamination caused by foodborne pathogens
are a growing public health issue worldwide, posing a per-
sistent challenge to human health. Alarmingly, in recent
years, foodborne multi-drug resistant pathogens have been
isolated from various food sources, indicating a potential
risk of transmission to humans through contaminated food,
which complicates the treatment of clinical infections [4].
Therefore, to develop new natural antibacterial agents to
effectively control the spread of bacterial contamination
and curb the emergence of antibiotic resistance is necessary.
AMPs have received extensive attention as alternatives to
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Table 1 The copy number analysis of multicopy strain

No. Strains Copy number of Spgillcin;;;_ g9
1 GS115-pHC-Spg-1c 1.00

2 GS115-pHC-Spg-2¢ 1.91+0.05

3 GS115-pHC-Spg-3¢ 2.78+0.29

4 GS115-pHC-Spg-4c 3.83+0.12

5 GS115-pHC-Spg-5¢ 4.68+0.35

6 GS115-pHC-Spg-6¢ 5.58+0.41

antibiotics [30]. Although AMPs hold immense potential as
alternatives to antibiotics in both clinical medicine and live-
stock industries, their widespread application is hindered
by manufacturing limitations. Although chemical synthesis
enables small-scale AMP production for research, their high
cost and poor scalability render it impractical for clinical or
industrial use [8, 31].

Recombinant expression has emerged as a cost-effective
approach for large-scale AMP production. However, con-
ventional prokaryotic hosts like E. coli face intrinsic chal-
lenges, that is, the inherent toxicity of AMPs to bacterial
cells and its susceptibility to proteolytic degradation often
result in low yields [17, 32, 33]. In contrast, the eukaryotic
yeast P. pastoris has distinct advantages. This expression
platform not only enables efficient secretory production of
AMPs, but also significantly reduces downstream purifica-
tion costs through minimizing the secretion of endogenous
host proteins [34].

Previous studies have demonstrated that Spgillcin;;; _ g9
exhibits potent antibacterial activity against a broad spectrum
of bacterial strains [7]. In this study, we aimed to improve the
quantity of rSpgillcin,;; _ ;39 in P. pastoris expression system,
thereby sufficiently meeting its application in industries. To
achieve this, we optimized the codon usage of Spgillcin,; ;7 _ g9
and fused it to the a-factor signal peptide. In yeast cells, the
a-factor signal peptide is specifically cleaved by signal pepti-
dases, allowing for the production of rSpgillcin;;; _ ;g9 With a
native N-terminus. Moreover, previous studies have indicated
that modifying the GC content and codon bias of target genes
can enhance recombinant protein expression, likely due to
transcriptional regulation [35].

Numerous studies have demonstrated that the multi-copy
strategy is essential for improving protein expression [36].
Currently, two main approaches are employed for screening
multi-copy strains, that is, in vivo random selection of high-
copy strains and in vitro construction of multi-copy plas-
mids. The most commonly used in vivo method involves
high-concentration antibiotic selection or the PTVA method
[37], which rely on gradually increasing the concentration
of antibiotics (e.g., Zeocin, G418) to randomly isolate high-
copy strains. However, these methods are time-consuming
and require one or more selectable markers. Given the lim-
ited availability of selectable markers in P. pastoris, this
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constraint may hinder subsequent selection of host cells
[38]. To address this limitation, we developed a marker-free
selection system based on the pPICZaA plasmid, drawing
upon previous studies [38, 39]. Specifically, we introduced
the lox71, 1ox66 sites and Cre recombinase cassette into the
plasmid, positioning the resistance gene between the lox71
and lox66 sites. Following integration of the plasmid into
the P pastoris genome, Cre recombinase was induced by
methanol to excise lox71-resistance gene—lox66 fragment,
thereby removing the resistance marker.

The in vitro construction of multi-copy plasmids is usu-
ally achieved using the isocaudamer (same-site restriction
enzyme) method, which involves iterative rounds of diges-
tion and ligation [21, 40]. Specifically, the target gene cas-
sette is excised using dual-enzyme digestion (isocaudamer)
and subsequently ligated into a linearized plasmid digested
with a single restriction enzyme and dephosphorylated
using alkaline phosphatase. This process increases the gene
copy number from one to two, generating a 2-copy plasmid.
Repeating this process allows the construction of multi-copy
plasmids containing 4-copy or 8-copy cassettes. However,
this method is cumbersome and time-consuming due to the
requirement for multiple rounds of digestion and ligation.
In this study, we employed the Golden Gate assembly tech-
nology to efficiently construct multi-copy plasmids. Bsa I,
a type IIs restriction endonuclease, cleaves at sites different
from its recognition sequence, enabling precise assembly of
DNA fragments. This property facilitates the application of
Golden Gate assembly to efficiently insert multiple expres-
sion cassettes into the Bsa I sites, allowing the generation of
multi-copy recombinant plasmids. Unlike the isocaudamer
method, the Golden Gate assembly method eliminates
the need for multiple digestion-ligation steps. Instead, we
designed primers incorporating distinct Bsa 1 recognition
sites to amplify the target cassette, followed by a one-step
Golden Gate reaction to assemble multiple cassettes (n > 1)
in a single reaction, thereby generating plasmids with n cop-
ies (n > 1) of the target gene. This one-step method greatly
reduces the time and labor required for multi-copy plasmid
construction. Therefore, the pHC-AOX plasmid backbone
offers a dual advantage: it enables the rapid assembly of
multi-copy plasmids via Golden Gate cloning, while its Cre
recombinase system facilitates the excision of the selection
marker, enhancing its potential for commercial applications.

Subsequently, we successfully enhanced the expression
level of rSpgillcin through the construction of multi-copy
plasmid. This result is consistent with previous studies. For
instance, the expression level of Candida antarctica lipase
B was significantly enhanced using a multi-copy strategy,
with the 3-copy strain yielding the highest production—
2.3-fold higher than the single-copy strain [41]. Similarly,
the yield of scFv variants was improved through multi-copy
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Fig. 3 High density fermentation of rSpgillcin;;;_g9. (a) Schematic
diagram of high-density fermentation process. DO: Dissolved Oxy-
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high-density induced fermentation. (¢) Tricine-SDS-PAGE analysis.
M: protein marker; 12—60 h: the fermentation supernatant of GS115-
pHC-Spg-4c collected at different time points; PC: synthetic rSpgill-

integration, with the 6-copy strain showing the highest
expression level [42]. Differently, the expression level
of rSpgillcin,;; _ |39 decreased in the 5-copy and 6-copy
strains, which might be attributed to the metabolic burden
on the translation and secretion pathways caused by exces-
sive transcription [43, 44].
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cinys;_ g9 (1.5 ug); Spg: Purified rSpgillcin,;;_g9. (d) Concentration
analysis of rSpgillcin,;;_ g9 in the supernatant of fermentation broth.
The rSpgillcin,;;_ g9 concentration was analyzed using Image] soft-
ware. Values are stated as mean+SD (n=3). Statistical significance is
indicated by asterisks, *p<0.05, *¥p<0.01 and ***p<0.001

Large-scale production plays is essential for the industrial
application of recombinant proteins, and protein yields from
bioreactor fermentation are significantly higher than those
from shake flasks [45]. In this study, the rSpgillcin,;;_ ;59 Was
expressed at a yield of 13.7 mg/L under shake flask condi-
tions, demonstrating a favorable baseline expression level.
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Table 3 Antimicrobial activity of rSpgillcin;;;_ ;g9

Microorganisms CGMCC MIC (ug/mL) MBC
No. (ug/mL)
Gram-positive bacteria
Bacillus cereus 1.3760 10.5-21 10.5-21
Listeria monocytogenes 1.10753  42-84 42-84
Staphylococcus epidermidis  1.4260 5.25-10.5 5.25-10.5
Staphylococcus aureus 1.2465 10.5-21 10.5-21
Gram-negative bacteria
Acinetobacter baumannii 1.6769 10.5-21 10.5-21
Pseudomonas aeruginosa 1.2421 10.5-21 10.5-21
Vibrio fluvialis 1.1609 5.25-10.5 5.25-10.5
Vibrio harveyi 1.1593 10.5-21 10.5-21
Vibrio alginolyticus 1.1833 2142 2142
Vibrio parahaemolyticus 1.1615 21-42 21-42
Clinical isolates
MRSA QZ19131 - 10.5-21 10.5-21
MRSA QZ19132 - 10.5-21 10.5-21
MDR P. aeruginosa - 21-42 2142
QZ18071
MDR P. aeruginosa - 2142 21-42
Q718076
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Several AMPs have previously been successfully expressed in
P, pastoris. However, their production often faces limitations
in yield and scalability. For instance, Turgencin A and human
B-defensin 2 achieved a yield of 11.23 mg/L and 2 mg/L in
shake flasks, respectively [46, 47]. While piscidin showed
an expression level of 3.6 mg/L in shake flask, its yield
dropped significantly to 0.8 mg/L in a 5 L bioreactor, indicat-
ing poor scalability and production stability [15]. In contrast,
by employing high-density fermentation in a bioreactor, we
achieved a maximum yield of 126.1 mg/L for rSpgillcin, 7 _ g9,
demonstrating a significant advantage in both production level
and scalability. Subsequently, rSpgillcin;;; _ g9 Was purified
using cation exchange chromatography to obtain a high-purity
recombinant peptide, which was used for further investigation
of its antimicrobial activity and mechanism.

In the present study, the results confirmed that the anti-
microbial activity of rSpgillcin,;; _ |9 against clinical MDR
strains was comparable to that of chemically synthesized
Spgillcin;;; _ 9. Moreover, we also discovered that rSp-
gillcin 5, _ ;4 exhibits strong antibacterial activity against

b
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Fig. 4 Time-killing kinetic curves of rSpgillcin,;;_ g9 on S. aureus (a) and V. parahaemolyticus (b). Effect of rSpgillcin,;;_ 59 on morphological
and structural changes of S. aureus and V. Parahaemolyticus observed by SEM (¢) and TEM (d)

@ Springer



Probiotics and Antimicrobial Proteins

a

Vibrio parahaemolyticus

;\; 100

(] *%

-E 80

c

S 60 T

=

o

£ 40+

£

E 20

=

L0

a 0 | T | | T
0 6 12 24 48

Concentration (uM)

— 100 Staphylococcus aureus

X Kkk Kk

o

= 80

E *%k%

c

Qo 60

=)

o) *%

£ 40—

£

E 20—

E

L

a 0 | T T T T
0 6 12 24 48

Concentration (M)

Vibrio parahaemolyticus

T 100

e

T 80

[

2 60— .

©

£

£ 40—

)

£ 20

%

[ 0 I I I T I
f 6 12 24 48

d Concentration (uM)

T 100— Staphylococcus aureus

Y

T 80

3 *%k%

2 60

©

£

E 407 s

) *

£ 20

i'_g

E 0 I | T T T
L 6 12 24 48

Concentration (M)

Fig.5 The inhibitory effects of rSpgillcin,;;_ g9 On V. parahaemolyticus (a), S. aureus (b) biofilm formation. The elimination effects V. parahae-
molyticus (b) and S. aureus (d) mature biofilm. Statistical significance is indicated by asterisks, *»<0.05, **p<0.01 and ***p<0.001

foodborne pathogens. Biofilms are extracellular polymeric
structures that exhibit far greater resistance to antibiotics
compared with planktonic cells. In addition, biofilms can
adhere to medical devices and host tissues, accounting for
nearly 80% of hospital-acquired infections [48]. Our results
demonstrated that rSpgillcin;;; _ 39 not only effectively
inhibited biofilm formation but also exhibited pronounced
activity in disrupting mature biofilms. Furthermore, SEM,
TEM, and SYTOY/PI assays revealed that the antibacterial
mechanism of rSpgillcin,,; _ ;49 involved disruption of bac-
terial membrane integrity, resulting in leakage of intracellu-
lar contents and ultimately causing cell death. Consistently,
LPS-binding assays further supported this mechanism,
suggesting that rSpgillcin,;; _ 4o may exert its bactericidal
effect through interactions with the bacterial cell membrane.
In addition, rSpgillcinl77-189 showed no cytotoxicity
toward vertebrate cell lines and exhibited negligible hemo-
lytic activity against mouse erythrocytes, indicating excel-
lent biocompatibility and suggesting that its application in

vivo would be both safe and effective. Taken together, these
findings demonstrate that the recombinant peptide rSpgill-
cin;;_;g9 possesses strong antimicrobial activity and func-
tional stability, while offering a more economical production
process with enhanced peptide yield. This study highlights
the potential of rSpgillcin,;;_;4 for industrial applications
in medicine and the food industry.

Furthermore, to achieve a deeper insight into the relation-
ship between structure and function of AMPs, we employed
bioinformatics approaches to predict the 3D structure of
rSpgillcin, ;7 _ |59 and analyzed its secondary structure using
CD. The results demonstrated that rSpgillcin,;; _ g9 adopts a
typical a-helical conformation consistent with most AMPs,
like AMP KTA, AW1 and Larimicingg  ;, [49-51], thereby
validating the reliability of the structural prediction (Fig.
7a). The amphipathic a-helix conformation allows AMPs
to interact with lipid head regions of microbial membranes,
insert into the bilayer, and form transmembrane pores, ulti-
mately resulting in cell lysis and death [52].
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Fig. 7 The 3D model (a) and
secondary structure (b) rSpgill-
cin;;7_ g9 Effect of exogenous
LPS and LTA on rSpgillcin, ;;_ 5
against V. Parahaemolyticus (c)
and S. aureus (d). Interaction
between peptides and LPS (e)

& LTA (f). rSpgillcin; ;759 is
shown as grey. LPS and LTA are
shown as red and blue, respec-
tively. The hydrogen bonds are
shown in yellow dotted lines
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Fig. 8 Thermostability evaluation of rSpgillcin,;;_g9. S. aureus (e), RAW264.7 (f), ZF4 (g) cell lines. Hemolytic activity of rSpgill-
(a, ¢) and V. Parahaemolyticus (b, d) were treated with heated rSp- cin;;7_ 3 on mouse erythrocytes (h)
gillcin,;;_g9. The cytotoxicity of rSpgillcin,;;_ 30 on HEK-293T

@ Springer



Probiotics and Antimicrobial Proteins

Microbial cell surfaces are enriched with phospholipids,
which impart a net negative charge [53, 54]. Specifically,
Gram-positive bacteria contain LTA, whereas Gram-neg-
ative bacteria possess LPS, both of which are strongly
negatively charged and serve as the main targets of AMPs.
For instance, AMP epifensin-1 interacted with negatively
charged bacterial membrane components through electro-
static interactions, leading to membrane disruption, and
bacterial cell death [55]. The results indicate that the exog-
enous addition of LPS and LTA reduces the antimicrobial
activity of rSpgillcin;;; _ ;49. These findings suggest that
rSpgillcin, ;5 _ 39 may exert its bactericidal effects by bind-
ing to LTA and LPS on the surfaces of bacteria, respectively.

To further investigate the potential interactions between
rSpgillcin;;; _ 49 and LPS/LTA, we conducted molecular
docking analysis to identify potential binding sites. The results
revealed that rSpgillcin, ;; _ ;5 forms multiple hydrogen bonds
with LPS and LTA, exhibiting high binding affinity. These
findings suggest that rSpgillcin;,; _ ;59 may not only rely on
electrostatic interactions, but also form hydrogen bonds with
LTA and LPS, ultimately altering membrane permeability and
leading to cell death. These hydrogen bond-forming residues
may represent critical sites influencing the antimicrobial activ-
ity of rSpgillcin, 4, _ 139, and mutations at these positions may
alter its bactericidal efficacy. It has been reported that sequence
mutations or domain insertions in AMPs can affect their affin-
ity for LPS, as observed with AMP L7 [24].

Conclusion

In summary, this study successfully produced the AMP
rSpgillein 5,39 In P pastoris, and the yield of rSpgill-
cin;;;_ ;g9 Was significantly enhanced using a multicopy
strategy. Subsequently, high-density fermentation was per-
formed in a bioreactor to achieve large-scale production,
and the antimicrobial activity of rSpgillcin;;;_go against
both clinical MDR strains and foodborne pathogens was
validated. rSpgillcin;;_ ;59 showed good thermostability
and no obvious cytotoxicity and hemolytic activity. Further-
more, rSpgillcin;;;_ g9 May interact with microbial surface
components via hydrogen bonding, specifically targeting
the cell membranes of S. aureus and V. parahaemolyticus,
leading to increase membrane permeability and bacterial
cell death. Overall, this study provides a potential solution
for the industrial-scale production of rSpgillcin,;; ;49 and
establishes a foundation for its application in biomedical and
food industries. In future work, it is worthy to further opti-
mize key production parameters to enhance the scalability
and cost-effectiveness of rSpgillcin,;;_ g9, and systemati-
cally evaluate its application potential as a food preservation
in various matrices, to facilitate its industrial translation.
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