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Abstract

Background: The antimicrobial peptide LL37 is produced by white blood cells (mainly neutrophils) and various
epithelial cells, and has the outstanding advantages of participating in immune regulation, causing chemotaxis of
immune cells and promoting wound healing. However, the central domain of LL37 needs to be improved in terms of
antimicrobial activity.

Results: In this study, the amino acid substitution method was used to improve the antimicrobial activity of the

LL37 active center, and a dimeric design with a better selection index was selected. A flexible linker was selected and
combined with the 6 x His-SUMO tag and LG was successfully expressed using Pichia pastoris as a host. Recombinant
LG displayed strong antimicrobial activity by destroying the cell membrane of bacteria but had low hemolytic activity.

In addition, compared with monomeric peptide FR, rLG had improved ability to tolerate salt ions.

Conclusion: This research provides new ideas for the production of modified AMPs in microbial systems and their

application in industrial production.
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Background

While the abuse and excessive use of antibiotics in animal
husbandry production leads to the emergence of drug-
resistant strains, their residual problems also adversely
affect the safety of dairy and meat products, and threaten
human health [1-3]. With the gradual deepening of
research, antimicrobial peptides (AMPs) with the char-
acteristics of broad-spectrum antimicrobial, and unique
mechanism of action can avoid the negative effects of
traditional antibiotics in animal husbandry, and there-
fore have great potential to become a new feed additive
[4-7]. As the only member of the human cathelicidin
family, LL37 produced by white blood cells (mainly neu-
trophils) and various epithelial cells is widely found in
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various human tissues and body fluids [8—11]. Due to its
outstanding advantages of participating in immune regu-
lation, causing immune cell chemotaxis, and promoting
wound healing, LL37 has maintained high research inter-
est in recent years [12]. In addition, it displays defense
against many types of pathogens, including bacteria,
fungi, viruses, parasites and even cancer cells [13]. A
series of studies showed that the helix structure region
of residues 17-29 was the key domain for the biological
functions of LL37 [14, 15]. To further improve the bio-
logical activity of this domain, several strategies, such as
amino acid substitution and sequence hybridization, have
been employed. Tan et al. hybridized this domain with
FV7 (FRIRVRV-NH,), which effectively enhanced its
antimicrobial activity [16].

At present, the method for obtaining modified AMPs
mainly depends on the chemical synthesis method, and
the high cost of synthesis greatly limits its application in
animal husbandry production [17]. The use of microbial
recombinant expression of modified AMPs seems to be
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a viable means to overcome this barrier. As a eukaryote,
Pichia pastoris, methylotrophic yeast, has the advan-
tages of posttranslational processing and modification
and can secrete the produced heterologous protein into
the culture medium, which also facilitates the separation
and purification of recombinant protein in the later stage
[18]. In addition, the target gene can be directly inte-
grated with the yeast genome, which helps stabilize the
expression of the target protein [19]. However, modified
AMPs often have the characteristics of small molecu-
lar weight and easy degradation by microbial protease,
which makes the expression of recombinant modified
peptides in microbial systems more challenging [20]. The
fusion or tandem repeated expression of AMPs provides
a solution to this problem. The fusion linker peptide
strategy may provide other advantages for the fusion pro-
tein, such as improving biological activity and expanding
expression yield [21]. Commonly, linkers are grouped
into two categories: flexible linkers and rigid linkers [22].
However, for the design of fusion proteins, the choice of
linker peptide is not fixed. The results of Fan and cow-
orkers showed that compared with other linkers, rigid
linkers could significantly improve the natural structure
and biological activity of the fusion protein VRT [23].
Zhang et al. found that when connecting two enzymes
(FDH and LeuDH), F-R-L (with rigid linker) could fold
independently and ensure structural stability, while F-S-L
(with flexible linker) achieved the best cofactor channel
effect due to the tightness of the domain [24]. Therefore,
the rational design of linkers plays an important role to
guarantee the biological activity of the protein.

In this study, the specific amino acid of the LL37 active
center was replaced to improve the antimicrobial activ-
ity. To further improve the antimicrobial activity of this

Table 1 The MIC (UM) values of peptides
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modified peptide and facilitate its recombinant expres-
sion in P, pastoris, this study evaluated the effects of three
designs (direct connection, rigid linker connection and
flexible linker connection) on the antimicrobial activity
and hemolytic toxicity of the formed dimeric. It is hoped
that this tandem expression strategy can provide new
ideas for the production of modified AMPs in microbial
systems and the application of modified AMPs in indus-
trial production.

Results and discussion

Antimicrobial activity and hemolytic activity of peptides
The antimicrobial activity of the peptides was shown in
Table 1. The antimicrobial activity of FR (FKRIVQRIKR-
FLR) obtained by replacing aspartic acid (D) with argi-
nine (R) were significantly improved compared with FD
(FKRIVQRIKDFLR). Wang et al. pointed out that the
cations of AMPs are important parameters that affect the
antimicrobial activity of AMPs [25]. The positive charges
of AMPs can interact electrostatically with the negatively
charged components on the surface of microbial cells,
resulting in disturbance of cell membrane permeability
and cell death [26]. The presence of lysine (K), R and his-
tidine (H) is the reason why AMPs are positively charged.
H is an amphiphilic dissociative amino acid that is easily
affected by the environment. AMPs composed of H are
often inferior to AMPs composed of K and R in terms of
antimicrobial activity, so H is not commonly used in the
study of AMPs modification, while K and R are common
in the molecular design of AMPs. Although K and R have
the same charge, AMPs containing R are usually better
than AMPs containing K in terms of antimicrobial activ-
ity when the number of K and R in different AMPs keep
the same. This may be due to their different membrane

MIC
FD FR (FR), LG LA
Gram-bacteria
E. coli ATCC 25922 32.00+£0.00 7114£1.66 1.22+041 2224063 2224063
E. coli ATCC 078 16.00£0.00 8.00£0.00 1.114£031 1.224+041 2444083
E. coli UB 1005 16.00+£0.00 2444083 1.00+0.00 1224041 1114031
S. Typhimurium C 7731 32.00£0.00 8.00£0.00 1.114£031 1.22+041 1.11£031
S. Typhimurium ATCC 14028 32.00£0.00 8.00£0.00 2224063 4.00£0.00 444+£1.25
P aeruginosa ATCC 27853 >32 16.00+£0.00 2224063 4.00+0.00 4444125
Gram + bacteria
S.aureus ATCC 29213 >32 8.00+0.00 2.00£0.00 2.0040.00 >32
S. epidermidis ATCC 12228 >32 3.78+063 2.00+£0.00 2.00+£0.00 >32
S.aureus ATCC 25923 >32 16.00£0.00 3.78+0.63 3.78+0.63 >32
S. faecalis ATCC 29212 >32 4.0040.00 2.00+£0.00 2224063 >32
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binding properties. The guanidine group in the side chain
of R has the remarkable ability to establish strong hydro-
gen bonds with the double-layer phospholipids of the cell
membrane, while the side chain of K can only interact
with a single lipid head group [27]. And once it enters the
cell, the affinity of R-containing peptides for DNA seems
to be higher than that of K-containing peptides [28].
Therefore, in this study, in order to improve the antimi-
crobial activity of FD, the amino acid R was preferentially
selected to replace the original amino acid D. In addi-
tion, previous studies have shown that within a certain
range, the increase in the total cationic charge of AMPs
will significantly enhance the antimicrobial ability of pep-
tides [29]. Similar to the results of this study, Gong et al.
replaced the uncharged alanine (A) in DRP-AC4b with
K, and the number of charges increased from+ 3 to+4,
thereby reducing the MIC value from 21.53 to 14.49 uM
[30].

The modified AMP FR contained 13 amino acids
and had the characteristics of a small molecular weight
(1.76 kDa), which resulted in great difficulties with the
separation, purification and identification of its recom-
binant expression. To overcome these obstacles, the
method of fusing two domains together to form a new
dimeric protein might be a good choice. Wang and cow-
orkers connected PMAP-36 in an antiparallel manner to
form a dimer (PMAP-36), and found that (PMAP-36),
had strong resistance to Gram- and Gram+ bacteria
in vitro and did not show hemolytic activity [31]. How-
ever, in this study, the fusion protein (FR), obtained by
direct connection had the highest antimicrobial activity
and showed the strongest toxicity (Table 1 and Fig. 1).
At the highest peptide concentration (128 pM), (FR),
could destroy approximately 43% of blood cells, so its
safety in product applications cannot be guaranteed
(Fig. 1). Therefore, a suitable linker peptide is essential
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Fig. 1 Hemolytic activity assay of peptides against human red blood
cells
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for the required function. Rigid linkers usually main-
tain a certain distance between protein domains and
prevent adverse interactions between the domains [32].
In contrast, flexible linker peptides are rich in amino
acids such as glycine (G) and serine (S), which usually
increase the flexibility of the domain and improve the
folding of the fusion protein [21, 33]. In this study, the LG
(FKRIVQRIKRFLRGGGGSFKRIVQRIKRFLR)  formed
by the flexible linker peptide GGGGS was superior to the
LA  (FKRIVQRIKRFLRAEAAAKAFKRIVQRIKRFLR)
formed by the rigid linker peptide AEAAAKA in terms
of antimicrobial activity and toxicity (Table 1 and Fig. 1).
The three designs ((FR),, LG and LA) had the same
number of positive charges but exhibited completely
different antimicrobial and hemolytic activities, which
might be due to the influence of hydrophobicity. Hydro-
phobicity affects the ability of peptides to partition into
the lipid bilayer and could be directly related to potency
and host cell toxicity [34]. Therefore, hydrophobicity is
another key indicator that affects the biological activity
of AMPs. Increasing or decreasing the hydrophobicity
outside the optimal range might result in a decrease in
antimicrobial activity and an increase in blood cell lysis
[34-36]. Chen et al. used leucine (L) and A to change
the hydrophobicity of the antimicrobial peptide V13K,
and found that as the hydrophobic value increased, the
hemolytic activity also increased, and it showed opti-
mal antimicrobial activity when the hydrophobic value
was appropriate [36]. In this study, the “selection index”
was used as the basis for the selection of target AMPs.
As shown in Table 2, LG exhibited the highest selection
index, so it was selected as the target peptide for the next
study. Similar to the results of this study, Baghbeheshti
et al. determined the MIC values of the peptides against
four kinds of Gram- bacteria, include Pseudomonas aer-
uginosa (P. aeruginosa) ATCC 27853, Escherichia coli (E.
coli) ATCC 25922, antibiotic resistant P aeruginosa and
E. coli strains, and found that the antimicrobial activity of
S$3—4 mer-GS composed of flexible linker was 25% higher
than that of S3—4 mer-DP composed of rigid linker [21].

Table 2 The MHC (uM), GM (uM) and Sl values of the peptides

Peptide MHC? GMP sIc
(FR), 16 162 987
LG 64 2.00 32
LA 32 8.00 4

@ MHC is the concentration of peptide that causes 20% hemolysis as the
minimum hemolysis concentration

b GM is the geometric mean of the MIC value of the peptide against bacteria.
When no antimicrobial activity is detected at 32 uM, use 64 pM to calculate the
selectivity index

¢ Selection index =MHC/GM, the larger the value, the higher the cell selectivity
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In addition, Dipti et al. found that r-HCV-F-MEP con-
nected by a flexible linker could achieve a higher level of
protein expression in E. coli than r-HCV-R-MEP (with a
rigid linker) [37].

Integration of the target gene with the P. pastoris genome
and the expression of 6 x His-SUMO-LG

The research results of Zhu and colleagues showed that
the expression product of P pastoris had better rapid
performance and immune effects than the expression
product of E. coli [38]. To date, P. pastoris has been suc-
cessfully used to produce AMPs (such as TH2-3), enzyme
preparations (such as xylanase) and vaccines (such as
PpSP15) [39-41]. Therefore, this study chose P pastoris
as the production factory for LG.

In order to avoid the degradation of LG by cellular
protease and to simplify the separation and purifica-
tion process, tag partners were considered for use in the
process of LG recombinant expression. The 6 x His tag
can specifically bind to the corresponding anti-His tag
antibody, and the 6 x His tag can be subjected to affin-
ity chromatography with Ni—-NTA, which makes the
identification and purification process of the recombi-
nant protein very convenient. In addition, the SUMO
tag has the advantages of promoting the correct folding
and soluble expression of the protein [42]. In this study,
P pastoris expression vector pPICZaA-6 x His-SUMO-
LG was constructed, which contained the codon-opti-
mized 6 x His-SUMO tag and LG gene (Additional file 1:
Figure S1A). The results in Additional file 1: Figure S1B
showed that the pPICZaA-6 x His-SUMO-LG gene was
successfully integrated with the genome of P pastoris
X-33. The obtained positive clones were fermented, and
the fermentation supernatant was analyzed by Tricine-
SDS-PAGE and Western blotting. As shown in Fig. 2A
and Additional file 2: Figure S2, compared with the fer-
mentation supernatant of the empty plasmid pPICZaA,
the fermentation supernatant of 6 x His-SUMO-LG had
a specific band between 14.4 and 20.1 kDa. In the West-
ern blotting assay, the specific protein could bind to the
anti-His tag antibody (Fig. 2B and Additional file 3: Fig-
ure S3). In addition, the size of the band was basically the
same as the theoretical size (16.22 kDa). Based on the
above results, it was preliminarily determined that the
target protein 6 x His-SUMO-LG had been successfully
expressed.

Effects of time, methanol concentration and culture
medium pH on the yield of total protein

As shown in Fig. 3A, the total protein expression level
gradually increased with the extension of the fermenta-
tion time and reached a peak (154.8 mg/L) at 96 h after
induction of fermentation, and the wet weight of P
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Fig. 2 Identification of the expression of the fusion protein in
Pichia pastoris X33. A Tricine-SDS-PAGE to detect the expression
of fusion proteins in P pastoris X33. Lane 1: The protein expression
of empty vector pPICZaA in P pastoris X33; Lane 2: Low range
prestained protein marker; Lanes 3-6: The protein expression of
pPICZaA-6 x His-SUMO-LG in P, pastoris X33. B Western blotting to
detect the expression of fusion protein in P pastoris X33. Lane 1: Low
range prestained protein marker; Lanes 2-5: The protein expression of
6 x His-SUMO-LG in P. pastoris X33

pastoris continued to increase until 96 h. This might be
explained as follows: with the consumption of nutrients,
although the P pastoris microbial cells were still grow-
ing, they were already in an aging state, and their ability
to secrete proteins had decreased [43]. In addition, there
were reports that the complex metabolites of P pastoris
might secrete enzymes that could partially degrade heter-
ologous proteins [44]. The reasons described above led to
the selection of 96 h after induction as the best induction
time point for this study.

Methanol is the main carbon source and gene expres-
sion inducer of P pastoris, and its concentration is
directly related to the protein expression level [45]. Stud-
ies have shown that the methanol concentration required
to produce recombinant protein is at least 0.5% [46].
When exploring the effect of different methanol con-
centrations on the protein expression level, the result
found that as the methanol concentration increased, the
protein expression level and the wet weight of P pasto-
ris increased until the methanol concentration reached
a maximum of 3% and then began to decrease (Fig. 3B).
The fermentation broth without methanol induction
showed the lowest expression level and the lowest cell
weight, which also illustrated the importance of metha-
nol addition. A high concentration of methanol cause
the accumulation of formaldehyde and hydrogen perox-
ide, which have toxic effect on P. pastoris microbial cells,
thereby reducing their expression [47]. Therefore, it is
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Fig. 3 The factors affecting protein expression levels. A Effects of time on the yield of total protein and cell wet weight of P pastoris. B Effects of
methanol concentrations on the yield of total protein and cell wet weight of P, pastoris. C Effects of culture medium pH on the yield of total protein
and cell wet weight of P, pastoris

necessary to determine the methanol level during the fer-
mentation process to promote cell growth and increase
expression while avoiding methanol toxicity.

The initial pH of the medium may affect the growth
state of the host cell and thus affect the expression level
of total protein. Compared with other pH values, when
the initial pH of the medium was 7.0, the total protein
expression and the wet weight of the host cells reached
the highest level (Fig. 3C). Therefore, when the initial
pH of the medium was 7.0, 96 h after induction with
3% methanol was the optimal condition for protein
expression.

Purification of 6 x His-SUMO-LG fusion protein

The fermentation supernatant at 96 h after induction
with 3% methanol was collected and combined with a
Ni—NTA resin column to purify the 6 x His-SUMO-LG
fusion protein. Figure 4A and Additional file 4: Figure

S4 showed that the 6 x His-SUMO-LG fusion protein
was almost completely bound to the Ni—-NTA resin
column. When the elution buffer concentration of imi-
dazole was 50 mM, elation of the 6 x His-SUMO-LG
fusion protein began. When the elution buffer con-
centration of imidazole was 80 mM and 150 mM, the
maximum yield of 6 x His-SUMO-LG was reached, and
the fusion protein with the highest purity was obtained
when the elution buffer reached 250 mM imidazole.
To facilitate subsequent research, 250 mM imidazole
was selected as the optimal elution concentration, but
this undoubtedly caused the loss of recombinant pro-
tein. After elution with 250 mM imidazole, the yield of
6 x His-SUMO-LG was approximately 28.63 mg/L.



Zhan et al. Microb Cell Fact (2021) 20:143

Page 6 of 13

rLG. D MALDI-TOF mass spectrum of purified rL.G

6X His-SUMO-LG

Mv
(KDa) : 2 901
31
20.1 201
144 7
6.5 <«—1LG L
33 B
%
2
20
1688 700(R7 107 .581)
101
SOOR14TH) 34
2017 31200R 142345

Fig. 4 Purification of 6 x His-SUMO-LG fusion protein and rLG. A The 6 x His-SUMO-LG fusion protein purified by affinity chromatography and
detected by Tricine-SDS-PAGE. Lane 1: Low range prestained protein marker; Lane 2: fermentation supernatant; Lane 3: penetrable apex; Lanes
4-8: The fermentation supernatant was eluted in 10 mM, 50 mM, 80 mM, 150 mM, and 250 mM imidazole. B Tricine-SDS-PAGE analysis of the

6 x His-SUMO-LG protein cleaved by SUMO protease. Lane 1: Low range prestained protein marker; Lane 2: 6 x His-SUMO-LG without cleavage;
Lane 3: 6 x His-SUMO-LG cleaved by SUMO protease. C Tricine-SDS-PAGE analysis of the rLG. Lane 1: Low range prestained protein marker; Lane 2:
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Cleavage of 6 x His-SUMO-LG and purification

of recombinant LG (rLG)

In the Tricine-SDS-PAGE assay, the collected recombi-
nant protein 6 x His-SUMO-LG was successfully cleaved
by SUMO protease, and rLG was displayed at approxi-
mately 6 kDa (Fig. 4B, Fig. 4C, Additional file 5: Figure
S5 and Additional file 6: Figure S6). It has been reported
that AMPs form oligomeric structures at high concentra-
tions due to rich hydrophobic amino acids and positive
charges. Therefore, the phenomenon that the apparent
molecular weight was 2—4 times the theoretical molecu-
lar weight was previously demonstrated in SDS-PAGE
analysis [48]. This might be the reason for the difference
between the apparent molecular weight of rLG and the
theoretical molecular weight (3817.69 Da). MALDI-TOF

analysis was used to further determine the actual size of
rLG, and the results showed that the molecular weight
of rLG was 3816.29 Da, which was consistent with the
theoretical value of 3817.69 Da (Fig. 4D). The vyield of
the purified rLG peptide was 4.32 mg/L with a purity of
85.01% (Additional file 7: Figure S7). Thus, a method for
producing and purifying rLG was successfully obtained
in P, pastoris.

In this experiment, two-step Ni-NTA affinity chro-
matography was used to complete the purification of
the fusion protein and the separation of the recombi-
nant protein after digestion. This purification method
often obtains recombinant protein with higher purity,
so it is widely used in various expression systems. When
Zhang et al. used the Bacillus subtilis expression system
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to produce the antimicrobial peptide T9W, the purity of
TOW was>93% after two-step Ni-NTA affinity chro-
matography purification [49]. In this study, after the
6 x His-SUMO-LG fusion protein was cleaved by SUMO
protease and purified by nickel column, the recovery rate
of rLG was approximately 64%.

Antimicrobial and hemolytic activity of rLG

Another outstanding advantage of SUMO tag is that its
corresponding SUMO protease can specifically recog-
nize the tertiary structure of SUMO and cut the target
protein from the fusion protein at the bisglycine termi-
nal of SUMO, thus ensuring that there is no amino acid
residue at the N-terminal of the target protein [50]. How-
ever, most protease recognize an amino acid sequence
to remove a fusion tag. For example, when TEV pro-
tease removes its corresponding affinity tag, it causes
S or G residues to remain at the end of the target pro-
tein, which may affect the biological activity of the target
protein [51]. In this study, purified rLG showed strong
antimicrobial activity against both Gram- bacteria and
Gram + bacteria, and there was no significant difference
in antimicrobial activity compared with chemically syn-
thesized LG (Table 3). In addition, at the highest peptide
concentration (128 pM), rLG could cause only approxi-
mately 23% of blood cells to break, which was signifi-
cantly lower than melittin (91%) (Fig. 5).

The influence of salt ion on the antimicrobial activity of rLG

In order to evaluate the effect of physiological concentra-
tion of salt ions on the antimicrobial activity of AMPs,

Table 3 The MIC (uM) values of recombinant and synthetic LG

MIC P-value

Recombinant LG Synthetic LG

Gram-bacteria

E. coli ATCC 25922 1.77+0.19 1.66+0.25 0.62
E. coli ATCC 078 1.22+0.19 1.00+0 0.15
E. coliUB1005 1.224+0.19 1.33+£025 0.62
S. Typhimurium C 7731 1.33+0.25 1.22+0.19 0.62
S. Typhimurium ATCC 3781044 3.56+0.78 0.55
14028
P aeruginosa ATCC 27853  444+£1.78 444+178 1
Gram + bacteria
S.aureus 29213 2.00+0.00 1.89+0.11 033
S. faecalis 29212 1.894+0.11 1.78+0.19 0.55
S. epidermidis ATCC 12228  1.8940.11 1.89+0.11 1
S. aureus ATCC 25923 4444178 4444178 1

The data were derived from three independent experiments and presented
as mean = SD. P<0.05 indicated that the MIC data of the two groups was
significantly different
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Fig. 5 Hemolytic activity assay of rLG against human red blood cells

this study determined the MIC of dimeric peptide rLG
and monomeric peptide FR in different salt ion solu-
tions. As shown in Table 4, Na*, Mg®*, and Ca®" ions
had greater impact on the antimicrobial activity of mono-
meric peptide FR, and Na™ and Ca®* even caused FR to
lose antimicrobial activity. The dimeric rLG in the pres-
ence of GGGGS could still maintain good activity in Na™
and Mg®" ion solutions. The presence of salt ions caused
the MIC value of monomeric peptide FR to increase by
2.44 times, while the MIC value of dimeric rLG only
increased by 1.81 times. It showed that the dimeric rLG
obtained by the linker GGGGS had better salt ion stabil-
ity than the monomeric peptide FR.

The action mechanism of rLG

Most traditional antibiotics exert antimicrobial effects by
inhibiting the synthesis of bacterial cell walls or DNA, so
bacteria are likely to develop resistance through mutation
[25]. However, AMPs usually exhibit a unique membrane
destruction mechanism, and it is difficult for bacteria to
develop resistance to them [52]. The positively charged
amino acids of AMPs help them bind to the negatively
charged bacterial membrane, penetrate the cell wall and
gather in parallel on the surface of the plasma mem-
brane. As AMPs accumulate on the plasma membrane,
they form channels, leading to the permeabilization and
destruction of the plasma membrane, the leakage of bac-
terial contents, and ultimately the death of the microbial
cells [53]. Similar results were obtained in this study.

The small molecule hydrophobic fluorescent dye
1-N-phenylnaphthylamine (NPN) can emit strong fluo-
rescence in a hydrophobic environment but does not
emit fluorescence in a water environment. When the bac-
terial cell wall is destroyed or ruptured, NPN may contact
the hydrophobic environment of the cell wall, resulting
in an increase in fluorescence intensity, so it can be used
to indirectly evaluate the ability of rLG to destroy the
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Table 4 The MIC values (uM) of the peptides against E. coil ATCC 25922 in the presence of physiological salts
Peptide Control® MIC under physiological salt concentration®

NaCl KCl NH,Cl MgCl, Cacl, Zndl, FeCl, GM Fold
FR >32 8 8 32 >32 8 16 19.50 244
LG 2 2 2 4 >32 2 2 3.62 1.81

2The control MIC values were determined in the absence of physiological salts and serum
b The final concentrations of NaCl, KCl, NH,Cl, MgCl,, CaCl,, ZnCl,, and FeCl; were 150 mM, 4.5 mM, 6 uM, T mM, 2 mM, 8 uM, and 4 puM, respectively

bacterial cell wall. Figure 6A showed that rLG was more
likely to penetrate into the bacterial cell wall of E. coli
ATCC 25922 as the concentration increased. At low con-
centrations (1, 2, and 4 uM), the ability of rLG to damage
or destroy the bacterial cell wall of E. coli ATCC 25922
was even better than that of melittin.

Recombiant LG (rLG) interacts with the plasma mem-
brane of E. coli ATCC 25922 after passing through the
bacterial cell wall. A cationic dye, 3, 3’-Dipropylthiadi-
carbocyanine iodide (DiSC;-5) is a dye that can penetrate

into the cell membrane and exists in the cell as a nonfluo-
rescent polymer. When the plasma membrane of the cell
is destroyed, DiSC,-5 is released into the external envi-
ronment as a monomeric and causes the fluorescence
intensity to rise. Therefore, this study used fluorescence
values to indicate the effect of rLG on the plasma mem-
brane potential. It could be seen from Fig. 6B that even at
the lowest tested concentration (1 uM), rLG still caused
a rapid increase in fluorescence intensity, indicating
that rLG could cause damage to the plasma membrane
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potential of E. coli ATCC 25922 cells, and the damage
was dose- and time-dependent. This destructive effect
was even stronger than that of 16 uM melittin.

To further visually show the influence of rLG on the
internal morphology of E. coli ATCC 25922, TEM analy-
sis was carried out. Figure 6C showed that the untreated
E. coli membrane had a complete structure and was full
of contents. After being treated with rLG, the membrane
of E. coli was destroyed, and the cell contents flowed out.

Overall, rLG could penetrate the cell wall barrier, cause
the plasma membrane to depolarize, and form holes or
ion channels on the surface of the plasma membrane,
leading to leakage of intracellular contents.

Conclusions

This study partially replaced the LL37 active center
amino acid and obtained a new type of AMP FR with
better antimicrobial activity. To modify the expression of
FR, the dimeric LG with the highest selection index was
selected from among dimeric. LG significantly improved
the antimicrobial activity of the monomeric peptide FR
and was successfully expressed in P pastoris. rLG dis-
played a strong antimicrobial effect by destroying the
cell membrane of bacteria but had low hemolytic activ-
ity. In addition, compared with monomeric peptide FR,
the ability of rLG to tolerate salt ions had been improved.
This research provides new ideas for the production of
modified AMPs in microbial systems and their applica-
tion in industrial production.

Materials and methods

Strains, plasmids and reagents

The strains used for antimicrobial activity determina-
tion, E. coli ATCC 25922, E. coli ATCC 078, E. coli UB
1005, Salmonella Typhimurium (S. Typhimurium) C
7731, S. Typhimurium ATCC 14028, P. aeruginosa ATCC
27853, Staphylococcus aureus (S. aureus) ATCC 29213,
S. aureus ATCC 25923, Staphylococcus epidermidis (S.
epidermidis) ATCC 12228, and Streptococcus faecalis (S.
faecalis) ATCC 29212, were all preserved by the Institute
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of Animal Nutrition, Northeast Agricultural University.
The vector pPICZaA was purchased from Liuhe Huada
Gene Technology Co., Ltd. (Beijing, China). Restriction
endonucleases were obtained from Thermo Fisher Co.,
Ltd. (Waltham, USA), and SUMO protease was pur-
chased from Gene Copoeia (Guangzhou, China). A plas-
mid extraction kit was obtained from Genstar (Beijing,
China). The Ni-NTA Sefinose (TM) resin kit was pur-
chased from Sangon Biotech Co., Ltd. (Shanghai, China).
The purity of other chemical reagents used was of ana-
lytical grade.

Characterization of peptides

The amino acid sequences of the peptide and their main
physical and chemical parameters were shown in Table 5.
In this study, R was used to replace D in the original
active center (FD) sequence of LL37 to obtain the anti-
microbial peptide FR. FR was directly connected to FR to
obtain (FR),, and the widely used flexible linker GGGGS
and rigid linker AEAAAKA were selected to connect to
FR to obtain LG and LA, respectively. The antimicrobial
peptides FD, FR, (FR),, LG, and LA were synthesized
by solid-phase synthesis by Sangon Biotech (Shanghai,
China). The purity of all peptides was above 95%.

Antimicrobial activity assay of peptides

The minimum inhibitory concentration (MIC) is a
vital indicator for evaluating the antimicrobial activ-
ity of AMPs. The determination method refers to the
improved method of Dong et al. [54]. The strains to be
tested were inoculated in Mueller Hinton broth (MHB)
medium and cultured at 200 rpm and 37 °C until the
logarithmic growth phase, and then the number of colo-
nies was adjusted to approximately 10> CFU/mL. The 95
uL of bovine serum albumin (BSA) diluent (0.01% acetic
acid and 0.2% BSA) and 5 pL of peptide (1.28 mM) were
added to the first row of the 96-well plate, and 50 pL of
BSA diluent was added to the other columns. After mix-
ing in the first row, 50 pL of the mixture was aspirated
and added to the second column and so on to the 11th

Table 5 Amino acid sequences and the key physicochemical parameters

Peptide Sequences Theoretical MW (Da) Measured MW Net charge® HP
(Da)?

FD FKRIVQRIKDFLR 1719.11 1719.25 +4 0.315

FR FKRIVQRIKRFLR 1759.19 1759.00 +6 0.297

(FR), FKRIVQRIKRFLRFKRIVQRIKRFLR 3502.38 3503.10 +12 0.297

LG FKRIVQRIKRFLRGGGGSFKRIVQRIKRFLR 3817.69 3817.93 +12 0.248

LA FKRIVQRIKRFLRAEAAAKAFKRIVQRIKRFLR 4115.06 4115.60 +12 0.232

@ Molecular weight (MW) was measured by mass spectroscopy (MS)

b The net charge and the values of the mean hydrophobicity (H) values were calculated from http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py
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row. After being cultured at 37 °C for 18—24 h, the mini-
mum peptide concentration required to inhibit bacterial
growth was the MIC value. All experiments were con-
ducted at least three different times.

Hemolytic activity assay of peptides

The safety of peptides is usually assessed by hemolytic
activity. The collected blood of type B from healthy
donor was centrifuged at 1000xg for 5 min to collect red
blood cells. The red blood cells were then washed and
resuspended in 10 mM PBS (pH 7.4). Fifty microliters of
diluted red blood cells and an equal volume of peptide
solution (2—128 uM) were incubated in a 96-well plate at
37 °C for 1 h. The red blood cell suspension treated with
0.1% Triton X-100 was used as a positive control (100%
hemolysis), and untreated blood cell suspension was used
as a negative control. The 96-well plate was centrifuged
at 1000xg for 5 min at 4 °C, and then the supernatant
was transferred to a new 96-well plate. The absorbance at
ODg;,, was measured with a microplate reader.

Construction of recombinant plasmid

The amino acid sequence FKRIVQRIKRFLRGGGGS-
FKRIVQRIKRFLR of the antimicrobial peptide LG,
combined with the codon preference of P. pastoris, was
genetically encoded. The EcoRI restriction site and cod-
ing gene 6 x His-SUMO were added at its 5" end, and a
stop codon TAATAG and Kpnul restriction sites were
added at the 3’ end. The above process of gene synthesis
and subcloning into the expression vector was completed
by Beijing Liuhe Huada Gene Technology Co., Ltd.

Transformation into P. pastoris cells and positive
transformant selection

The constructed recombinant plasmid and empty
pPICZaA plasmid were digested by Sacl to form a lin-
ear structure. The two plasmids were integrated with
the genome of P pastoris X33 by electrotransforma-
tion (2500 V, 200 Q and 25 pF). The transformants
were evenly coated on YPD solid medium containing
100 pg/mL Zeocin and cultured in a 30 °C incubator for
3-5 days. PCR experiments were carried out on all single
colonies with the purpose of screening positive clones.

Expression of the 6 x His-SUMO-LG fusion protein

at the shaking flask level

The positive clones were inoculated in buffered com-
plex glycerol medium (BMGY) and cultured in a shaker
at 250 rpm and 30 °C until the ODg,, of the culture
was 2-6. The fermentation broth was centrifuged at
13,000x g for 10 min. Then, the collected precipitate was
resuspended in buffered methanol complex medium
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(BMMY) medium and its concentration was adjusted to
ODyy,=1.0.

The initial pH of the fermentation medium was con-
trolled to 7.0, and the fermentation broth at 24, 48, 72,
96, and 120 h after induction with 3.0% methanol was
sampled to explore the effect of different time points on
protein expression. The methanol concentration was con-
trolled to 0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5% and
4.0% (v/v), and the 96 h fermentation broth was collected
to screen out the optimal methanol induction concentra-
tion. In addition, under induction with 3% methanol, fer-
mentation was carried out at different initial pH values of
the medium (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0). The fer-
mentation broth was also collected 96 h after induction.
The cells obtained by centrifuging 10 mL of fermentation
broth at 1000x g for 30 min were weighed and recorded
as cell wet weight. The total protein content in the fer-
mentation supernatant was determined by Bradford
assay.

Purification of 6 x His-SUMO-LG fusion protein and release
of LG

The fermentation broth was centrifuged at 95,000xg
for 10 min at 4 °C, and then solid ammonium sulfate
was gradually added to the supernatant to 70% satura-
tion and left overnight. The precipitate was dissolved in
binding buffer (containing 10 mM imidazole, pH 8.0) and
dialyzed in binding buffer overnight. The concentrated
dialyzed protein solution was added to the Ni-NTA col-
umn, and the fusion protein was washed with elution
buffer (containing 250 mM imidazole, pH 8.0) with final
concentrations of 10 mM, 50 mM, 80 mM, 150 mM, and
250 mM imidazole. The collected eluates were tested
by Tricine-SDS-PAGE to screen out the optimal elution
concentration.

The purified 6 x His-SUMO-LG fusion protein was
mixed with SUMO protease and digestion buffer
(500 mM Tris—HCI, 1.5 M NaCl, 2% NP-40, and 10 mM
DTT at pH 8.0) and incubated at 4 °C for 16 h. The
mixed system was passed through the nickel column
again. The effluent was collected and dialyzed with a
1 kDa MWCO dialysis tube and then lyophilized. Finally,
Tricine-SDS-PAGE was used to verify the purified rLG.
The purity of rLG was determined by reversed-phase
high-performance liquid chromatography (RP-HPLC).
The molecular weight of the peptide was determined by
matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF MS).

The influence of salt ion on the antimicrobial activity of rLG
The salt ions were added to the BSA solution and con-
figured into different final concentrations of salt ions
(150 mM NaCl, 4.5 mM KCl, 6 uM NH,Cl, 8 uM ZnCl,,
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1 mM MgCl,, 2 mM CaCl,, and 4 pM FeCl;) solutions.
The method discribed as above was referred to to deter-
mine the MIC value of rLG against E. coli ATCC 25922 in
the presence of different concentrations of salt ions.

Cell wall permeabilization

The cell wall permeability was determined by monitor-
ing the fluorescence release of the fluorescent dye NPN
(Sigma, USA). E. coli ATCC 25922 (ODgy,=0.2) and
NPN (10 uM) were incubated in 5 mM HEPES buffer
(containing 5 mM glucose, pH 7.4) for 30 min. Then,
100 pL of peptides (0.5-32 uM) and an equal volume of
bacteria were added to a 96-well plate. An F-4500 fluo-
rescence spectrophotometer (Hitachi, Japan) was used
to detect the fluorescence intensity of different wells at
a 350 nm excitation wavelength and 420 nm emission
wavelength. The peptide-free and polymyxin B-contain-
ing fluorescence values were set as negative and positive
controls.

Cytoplasmic membrane depolarization

DiSC3-5 was used to measure the change in plasma
membrane potential after peptide treatment. E. coli
ATCC 25922 (ODg,,=0.05) was incubated with 0.4 uM
DiSC;-5 and 100 mM K* in 5 mM HEPES buffer (con-
taining 20 mM glucose, pH 7.4) until the fluorescence
decreased stably. Subsequently, 2 mL of cell suspension
was added to a sterile 24-well plate and mixed with vari-
ous concentrations of peptides (2—-32 puM). A fluores-
cence spectrophotometer (Infinite 200 pro, Tecan, China)
was used to record the fluorescence values at an excita-
tion light wavelength of 622 nm and emission light wave-
length of 670 nm.

Transmission electron microscopy (TEM) characterization

E. coli ATCC 25922 was cultured to the logarithmic
growth phase and centrifuged to obtain the bacteria. The
bacteria were resuspended twice in 0.01 M PBS (pH 7.4)
and diluted to ODg,,=0.3. The rLG and bacteria were
mixed to a final concentration of 1/2 x MIC (1 puM),
and the bacteria without peptide were used as a control.
Both samples were incubated at 37 °C for 1 h. The incu-
bated sample was centrifuged at 2500xg for 5 min and
washed three times with 0.01 M PBS. Two milliliters of
2.5% glutaraldehyde buffer was added to the bacterial
pellet, and the suspension was gently blown and fixed at
4 °C overnight. The cells were washed with 0.01 M PBS
and fixed in 1% osmate buffer for 1 h. Then, different con-
centrations of ethanol were used for gradient dehydra-
tion (50%, 70%, 85%, 95% and 100%). Finally, the sample
was prepared into ultrathin sections through the process
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of soaking and embedding, and a Hitachi H-7650 TEM
(Hitachi, Japan) was used for observation.

Statistical analyses

The mean and standard deviation (SD) were calculated
using SPSS 16.0. Data were expressed as the mean & SD.
The comparison between each group of data was per-
formed by ANOVA. P<0.05 was defined as a significant
difference. All experiments were conducted at least
three times.

Fundings

This project was supported by the Natural Science
Foundation of China (32030101 and 31872368), the
Natural Science Foundation of Heilongjiang Province
(TD2019C001) and the China Agriculture Research
System of MOF and MARA.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-021-01635-x.

Additional file 1: Figure S1. Construction of the pPICZaA-6 x His-SUMO-
LG expression vector. (A) Schematic diagram of the

pPICZaA-6 x His-SUMO-LG expression vector. (B) Identification of the
expression vectors pPICZaA and pPICZaA-6 x His-SUMO-LG by PCR
amplification. Lane 1: Low range prestained protein marker; Lane

2: Expression vector pPICZaA clone; Lanes 3-7: Expression vector
pPICZaA-6 x His-SUMO-LG clones.

Additional file 2: Figure S2. Tricine-SDS-PAGE to detect the expression of
fusion proteins in P, pastoris X33 (original figure of Fig. 2A).

Additional file 3: Figure S3. Western blotting to detect the expression of
fusion protein in P. pastoris X33 (original figure of Fig. 2B).

Additional file 4: Figure S4. The 6 x His-SUMO-LG fusion protein purified
by affinity chromatography and detected by Tricine-SDS-PAGE (original
figure of Fig. 4A).

Additional file 5: Figure S5. Tricine-SDS-PAGE analysis of the

6 x His-SUMO-LG protein cleaved by SUMO protease (original figure of
Fig. 4B).

Additional file 6: Figure S6. Tricine-SDS-PAGE analysis of the rLG (original
figure of Fig. 4Q).

Additional file 7: Figure S7. Determination of the purity of rLG by
reversed-phase high-performance liquid chromatography.

Acknowledgements

The authors thanked for the support from Natural Science Foundation of
China, the Natural Science Foundation of Heilongjiang Province and the China
Agriculture Research System of MOF and MARA.

Authors’ contributions

NZ: Conceptualization, methodology, data curation, formal analysis, visualiza-
tion, and writing—original draft. LZ: Conceptualization, validation, data
curation, formal analysis, and writing-review & editing. HY: Investigation and
supervision. YZ and XW: Resources. JW: Conceptualization. AS: Conceptual-
ization, supervising the work and funding acquisition. All authors read and
approved the final manuscript.


https://doi.org/10.1186/s12934-021-01635-x
https://doi.org/10.1186/s12934-021-01635-x

Zhan et al. Microb Cell Fact

(2021) 20:143

Availability of data and materials
All datasets generated and analyzed during this study are included in this
published article and its additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Received: 9 February 2021 Accepted: 16 July 2021
Published online: 23 July 2021

References

1.

Zhang M, Shan Y, Gao H, Wang B, Liu X, Dong Y, et al. Expression of a
recombinant hybrid antimicrobial peptide magainin ll-cecropin B in the
mycelium of the medicinal fungus Cordyceps militaris and its valida-

tion in mice. Microb Cell Fact. 2018;17:18. https://doi.org/10.1186/
512934-018-0865-3.

LiQ LiJ, YuW, Wang Z, Li J, Feng X, et al. De novo design of a pH-
triggered self-assembled B-hairpin nanopeptide with the dual
biological functions for antibacterial and entrapment. J Nanobiotechnol.
2021;19:183. https://doi.org/10.1186/512951-021-00927-z.

Wang YJ, Wang M, Shan AS, Feng XJ. Avian host defense cathelicidins:
structure, expression, biological functions, and potential therapeutic
applications. Poultry Sci. 2020;99(12):6434-45. https://doi.org/10.1016/].
ps}.2020.09.030.

Thomsen TT, Mendel HC, Al-Mansour W, Oddo A, Hansen PR. Analogues
of a cyclic antimicrobial peptide with a flexible linker show promising
activity against Pseudomonas aeruginosa and Staphylococcus aureus.
Antibiotics-Basel. 2020;9(7):366. https://doi.org/10.3390/antibiotics9070
366.

Blanco P, Hjort K, Martinez JL, Andersson DI. Antimicrobial peptide expo-
sure selects for resistant and fit Stenotrophomonas maltophilia mutants
that show cross-resistance to antibiotics. mSphere. 2020;5(5):e00717-20.
https://doi.org/10.1128/mSphere.00717-20.

Alfei S, Schito AM. From nanobiotechnology, positively charged biomi-
metic dendrimers as novel antibacterial agents: a review. Nanomaterials.
2020;10(10):2022. https://doi.org/10.3390/nano10102022.

Wang C, Shao C, Fang Y, Wang J, Dong N, Shan A. Binding loop of sun-
flower trypsin inhibitor 1 serves as a design motif for proteolysis-resistant
antimicrobial peptides. Acta Biomater. 2021;124:254-69. https://doi.org/
10.1016/j.actbio.2021.01.036.

Inomata M, Horie T, Into T. Effect of the antimicrobial peptide LL-37 on
gene expression of chemokines and 29 Toll-like receptor-associated
proteins in human gingival fibroblasts under stimulation with Por-
phyromonas gingivalis lipopolysaccharide. Probiotics Antimicro.
2019;12(1):64-72. https://doi.org/10.1007/512602-019-09600-2.

Hosseini Z, Najafi MBH, Yavarmanesh M, Ataei-Pirkooh A. The human
cathelicidin LL-37, a defensive peptide against rotavirus infec-

tion. Int J Pept Res Ther. 2019;22(2):911-9. https://doi.org/10.1007/
510989-019-09896-2.

Boge L, Browning KL, Nordstrém R, Campana M, Damgaard LSE, Seth
Caous J, Andersson M. Peptide-loaded cubosomes functioning as

an antimicrobial unit against Escherichia coli. ACS Appl Mater Inter.
2019;11(24):21314-22. https://doi.org/10.1021/acsami.9b01826.

. Ramos R, Silva JP, Rodrigues AC, Costa R, Guardao L, Schmitt F, Gama

M. Wound healing activity of the human antimicrobial peptide LL37.
Peptides. 2011;32(7):1469-76. https://doi.org/10.1016/j.peptides.2011.06.
005.

Moreno-Angarita A, Aragén CC, Tobdn GJ. Cathelicidin LL-37: A

new important molecule in the pathophysiology of systemic lupus

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 12 of 13

erythematosus. J Transl Med. 2020;3: 100029. https://doi.org/10.1016/j.
jtauto.2019.100029.

. Bandurska K, Berdowska A, Barczynska-Felusiak R, Krupa P. Unique fea-

tures of human cathelicidin LL-37. BioFactors. 2015;41(5):289-300. https://
doi.org/10.1002/biof.1225.

. Li X, LiY,Han H, Miller DW, Wang G. Solution structures of human LL-37

fragments and NMR-based identification of a minimal membrane-
targeting antimicrobial and anticancer region. J Am Chem Soc.
2006;128(17):5776-85. https://doi.org/10.1021/ja0584875.

. Wang G. Structures of human host defense cathelicidin LL-37 and its

smallest antimicrobial peptide KR-12 in lipid micelles. J Biol Chem.
2008;283(47):32637-43. https://doi.org/10.1074/jbc.M805533200.

. TanT,Wu D, LiW, Zheng X, Li W, Shan A. High specific selectivity and

membrane-active mechanism of synthetic cationic hybrid antimicrobial
peptides based on the peptide FV7.Int J Mol Sci. 2017;18(2):339. https://
doi.org/10.3390/ijms18020339.

. Kim DS, Kim SW, Song JM, Kim SY, Kwon K-C. A new prokaryotic expres-

sion vector for the expression of antimicrobial peptide abaecin using
SUMO fusion tag. BMC Biotechnol. 2019. https://doi.org/10.1186/
$12896-019-0506-x.

. Nieto-Taype MA, Garcia-Ortega X, Albiol J, Montesinos-Segui JL, Valero F.

Continuous cultivation as a tool toward the rational bioprocess develop-
ment with Pichia pastoris cell factory. Front Bioeng Biotech. 2020;8:632.
https://doi.org/10.3389/fbioe.2020.00632.

. Zhang XF, Ai YH, Xu'Y, Yu XW. High-level expression of Aspergillus niger

lipase in Pichia pastoris: characterization and gastric digestion in vitro.
Food Chem. 2019;274:305-13. https://doi.org/10.1016/j.foodchem.2018.
09.020.

Chen X, Zaro JL, Shen WC. Fusion protein linkers: Property, design and
functionality. Adv Drug Deliver Rev. 2013;65(10):1357-69. https://doi.org/
10.1016/j.addr.2012.09.039.

Baghbeheshti S, Hadadian S, Eidi A, Pishkar L, Rahimi H. Effect of flexible
and rigid linkers on biological activity of recombinant tetramer variants
of S3 antimicrobial peptide. Int J Pept Res Ther. 2020. https://doi.org/10.
1007/510989-020-10095-7.

Ilkonomova SP, Le MT, Kalla N, Karlsson AJ. Effect of linkers on immobiliza-
tion of scFvs with biotin-streptavidin interaction. Biotechnol Appl Bioc.
2018;65(4):580-5. https://doi.org/10.1002/bab.1645.

Fan J, Huang L, Sun J, QiuY, Zhou J, Shen Y. Strategy for linker selection to
enhance refolding and bioactivity of VAS-TRAIL fusion protein based on
inclusion body conformation and activity. J Biotechnol. 2015;209:16-22.
https://doi.org/10.1016/j jbiotec.2015.06.383.

Zhang Y, Wang Y, Wang S, Fang B. Engineering bi-functional enzyme com-
plex of formate dehydrogenase and leucine dehydrogenase by peptide
linker mediated fusion for accelerating cofactor regeneration. Eng Life
Sci. 2017;17(9):989-96. https://doi.org/10.1002/elsc.201600232.

Wang J, Dou X, Song J, LyuY, Zhu X, Xu L, Shan AS. Antimicrobial pep-
tides: promising alternatives in the postfeeding antibiotic era. Med Res
Rev. 2018;39(3):831-59. https://doi.org/10.1002/med.21542.

Liu YQ, Yan ZL, Chai J, Zhou JF, Wang C. Antimicrobial activity of the
antibacterial peptide PMAP-GI24 and its analogs. Int J Pept Res Ther.
2020,26(4):2317-31. https://doi.org/10.1007/510989-020-10026-6.
Torcato IM, Huang YH, Franquelim HG, Gaspar D, Craik DJ, Castanho MA,
Troeira HS. Design and characterization of novel antimicrobial peptides,
R-BP100 and RW-BP100, with activity against Gram-negative and Gram-
positive bacteria. BBA- Biomembranes. 2013;1828(3):944-55. https://doi.
org/10.1016/j.bbamem.2012.12.002.

Vogel H, Schibli D, Jing W, Lohmeier-Vogel EM, Epand RF, Epand RM.
Towards a structure-function analysis of bovine lactoferricin and related
tryptophan- and arginine-containing peptides. Biochem Cell Biol.
2002;80(1):49-63. https://doi.org/10.1139/001-213.

Gagnon MC, Strandberg E, Grau-Campistany A, Wadhwani P, Reichert J,
Burck J, Ulrich AS. Influence of the length and charge on the activ-

ity of a-helical amphipathic antimicrobial peptides. Biochemistry.
2017;56(11):1680-95. https://doi.org/10.1021/acs.biochem.6b01071.
Gong Z, Pei X, Ren S, Chen X, Wang L, Ma C, et al. Identification and
rational design of a novel antibacterial peptide dermaseptin-AC from the
skin secretion of the red-eyed tree frog Agalychnis callidryas. Antibiotics.
2020;9(5):243. https://doi.org/10.3390/antibiotics9050243.


https://doi.org/10.1186/s12934-018-0865-3
https://doi.org/10.1186/s12934-018-0865-3
https://doi.org/10.1186/s12951-021-00927-z
https://doi.org/10.1016/j.psj.2020.09.030
https://doi.org/10.1016/j.psj.2020.09.030
https://doi.org/10.3390/antibiotics9070366
https://doi.org/10.3390/antibiotics9070366
https://doi.org/10.1128/mSphere.00717-20
https://doi.org/10.3390/nano10102022
https://doi.org/10.1016/j.actbio.2021.01.036
https://doi.org/10.1016/j.actbio.2021.01.036
https://doi.org/10.1007/s12602-019-09600-2
https://doi.org/10.1007/s10989-019-09896-2
https://doi.org/10.1007/s10989-019-09896-2
https://doi.org/10.1021/acsami.9b01826
https://doi.org/10.1016/j.peptides.2011.06.005
https://doi.org/10.1016/j.peptides.2011.06.005
https://doi.org/10.1016/j.jtauto.2019.100029
https://doi.org/10.1016/j.jtauto.2019.100029
https://doi.org/10.1002/biof.1225
https://doi.org/10.1002/biof.1225
https://doi.org/10.1021/ja0584875
https://doi.org/10.1074/jbc.M805533200
https://doi.org/10.3390/ijms18020339
https://doi.org/10.3390/ijms18020339
https://doi.org/10.1186/s12896-019-0506-x
https://doi.org/10.1186/s12896-019-0506-x
https://doi.org/10.3389/fbioe.2020.00632
https://doi.org/10.1016/j.foodchem.2018.09.020
https://doi.org/10.1016/j.foodchem.2018.09.020
https://doi.org/10.1016/j.addr.2012.09.039
https://doi.org/10.1016/j.addr.2012.09.039
https://doi.org/10.1007/s10989-020-10095-7
https://doi.org/10.1007/s10989-020-10095-7
https://doi.org/10.1002/bab.1645
https://doi.org/10.1016/j.jbiotec.2015.06.383
https://doi.org/10.1002/elsc.201600232
https://doi.org/10.1002/med.21542
https://doi.org/10.1007/s10989-020-10026-6
https://doi.org/10.1016/j.bbamem.2012.12.002
https://doi.org/10.1016/j.bbamem.2012.12.002
https://doi.org/10.1139/o01-213
https://doi.org/10.1021/acs.biochem.6b01071
https://doi.org/10.3390/antibiotics9050243

Zhan et al. Microb Cell Fact (2021) 20:143

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang L, Zhang H, Jia Z, Ma Q, Dong N, Shan A. In vitro and in vivo activ-
ity of the dimer of PMAP-36 expressed in Pichia pastoris. J Mol Microb
Biotech. 2014;24(4):234-40. https://doi.org/10.1159/000365572.

Li G, Huang Z, Zhang C, Dong BJ, Guo RH, Yue HW, et al. Construction

of a linker library with widely controllable flexibility for fusion protein
design. Appl Microbiol Biot. 2016;100(1):215-25. https://doi.org/10.1007/
500253-015-6985-3.

Peprah Addai F, Wang T, Kosiba AA, Lin F, Zhen R, Chen D, Zhou Y. Integra-
tion of elastin-like polypeptide fusion system into the expression and
purification of Lactobacillus sp. B164 3-galactosidase for lactose hydroly-
sis. Bioresource Technol. 2020;311:123513. https://doi.org/10.1016/].biort
ech.2020.123513.

Rosenfeld Y, Lev N, Shai Y. Effect of the hydrophobicity to net positive
charge ratio on antibacterial and anti-endotoxin activities of structurally
similar antimicrobial peptides. Biochemistry. 2010;49(5):853-61. https://
doi.org/10.1021/bi900724x.

Giangaspero A, Sandri L, Tossi A. Amphipathic a-helical antimicrobial
peptides. Eur J Biochem. 2001,268(21):5589-600. https://doi.org/10.
1046/j.1432-1033.2001.02494 x.

ChenY, Guarnieri MT, Vasil Al, Vasil ML, Mant CT, Hodges RS. Role of pep-
tide hydrophobicity in the mechanism of action of a-helical antimicrobial
peptides. Antimicrob Agents Chemother. 2006;51(4):1398-406. https.//
doi.org/10.1128/AAC.00925-06.

Dipti CA, Jain SK, Navin K. A novel recombinant multiepitope protein as

a hepatitis C diagnostic intermediate of high sensitivity and specificity.
Protein Expr Purif. 2006;47(1):319-28. https://doi.org/10.1016/j.pep.2005.
12.012.ProteinExprPurif.

Zhu L, Wang QJ, Wang YJ, Xu YL, Peng D, Huang H, et al. Comparison of
immune effects between Brucella recombinant Omp10-Omp28-L7/L12
proteins expressed in eukaryotic and prokaryotic systems. Front Vet Sci.
2020;7:576. https://doi.org/10.3389/fvets.2020.00576.

Ting CH, Pan CY, Chen YC, Lin YC, Chen TY, Rajanbabu V, Chen JY. Impact
of Tilapia hepcidin 2-3 dietary supplementation on the gut microbiota
profile and immunomodulation in the grouper (Epinephelus lanceolatus).
Sci Rep. 2019;9(1):19047. https://doi.org/10.1038/541598-019-55509-9.
SunT,Yan P, Zhan N, Zhang L, Chen Z, Zhang A, Shan A. The optimization
of fermentation conditions for Pichia pastoris GS115 producing recombi-
nant xylanase. Eng Life Sci. 2020;20(5-6):216-28. https://doi.org/10.1002/
elsc.201900116.

Liu Z, Kundu R, Damena S, Biter AB, Nyon MP, Chen WH, Bottazzi ME. A
scalable and reproducible manufacturing process for Phlebotomus papa-
tasi salivary protein PpSP15, a vaccine candidate for leishmaniasis. Protein
Expr Purif. 2020;177: 105750. https://doi.org/10.1016/j.pep.2020.105750.
Wang ZQ, Chi LL, Shen YL. Design, expression, purification and characteri-
zation of the recombinant immunotoxin 4D5 scFv-TRAIL. Int J Pept Res
Ther. 2019;26(2):889-97. https://doi.org/10.1007/510989-019-09894-4.
Zhu J,Yang K, Liu A, Lu X, Yang L, Zhao Q. Highly secretory expression

of recombinant cowpea chlorotic mottle virus capsid proteins in Pichia

Page 13 of 13

pastoris and in vitro encapsulation of ruthenium nanoparticles for cataly-
sis. Protein Expr Purif. 2020;174: 105679. https://doi.org/10.1016/j.pep.
2020.105679.

44. Zhan N,WangT, Zhang L, Shan A. A eukaryotic expression strategy
for producing the novel antimicrobial peptide PRW4. Braz J Microbiol.
2020;51(3):999-1008. https://doi.org/10.1007/s42770-020-00291-4.

45. Yazdi FT, Tanhaeian A, Azghandi M, Vasiee A, Alizadeh Behbahani B,
Mortazavi SA, Roshanak S. Heterologous expression of Thrombocidin-1
in Pichia pastoris: evaluation of its antibacterial and antioxidant activity.
Microb Pathog. 2019;127:91-6. https://doi.org/10.1016/j.micpath.2018.11.
047.

46. Karbalaei M, Rezaee SA, Farsiani H. Pichia pastoris: A highly successful
expression system for optimal synthesis of heterologous proteins. J Cell
Physiol. 2020;235(9):5867-81. https://doi.org/10.1002/jcp.29583.

47. UnverY, Yildiz M, Kilic D, Taskin M, Firat A, Askin H. Efficient expression of
recombinant human telomerase inhibitor 1 (WPinX1) in Pichia pastoris.
Prep Biochem Biotech. 2018;48(6):535-40. https://doi.org/10.1080/10826
068.2018.1466160.

48. Wang JJ, Song J, Yang ZY, He SQ, Yang Y, Feng XJ, et al. Antimicrobial
peptides with high proteolytic resistance for combating gram-negative
bacteria. ] Med Chem. 2019;62(5):2286-304. https://doi.org/10.1021/acs.
jmedchem.8b01348.

49. Zhang L, Li G, Zhan N, SunT, Cheng B, Li Y, Shan A. Expression of a
Pseudomonas aeruginosa-targeted antimicrobial peptide TOW in Bacillus
subtilis using a maltose-inducible vector. Process Biochem. 2019;81:22-7.
https://doi.org/10.1016/j.procbio.2019.03.008.

50. Roos N, Breiner B, Preuss L, Lilie H, Hipp K, Herrmann H, Simon C. Opti-
mized production strategy of the major capsid protein HPV 16L1 non-
assembly variant in £. coli. Protein Expr Purif. 2020;175:105690. https://doi.
0rg/10.1016/j.pep.2020.105690.

51. Kapust RB, Tozsér J, Copeland TD, Waugh DS. The P1” specific-
ity of tobacco etch virus protease. Biochem Biophys Res Commun.
2002;294(5):949-55. https://doi.org/10.1016/50006-291X(02)00574-0.

52. Zhang LC, GuoT, Zhan N, Sun TT, Shan AS. Effects of the antimicrobial
peptide WK3 on diarrhea, growth performance and intestinal health of
weaned piglets challenged with enterotoxigenic Escherichia coli K88.
Food Nutr Res. 2021;63:3448. https://doi.org/10.29219/fnrv65.3448.

53. Bazzaz BSF, Seyedi S, Goki NH, Khameneh B. Human antimicrobial pep-
tides: Spectrum, mode of action and resistance mechanisms. Int J Pept
Res Ther. 2020;1:1-16. https://doi.org/10.1007/510989-020-10127-2.

54. Dong N, Zhu X, Chou S, Shan A, Li W, Jiang J. Antimicrobial potency
and selectivity of simplified symmetric-end peptides. Biomaterials.
2014;35(27):8028-39. https://doi.org/10.1016/j.biomaterials.2014.06.005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1159/000365572
https://doi.org/10.1007/s00253-015-6985-3
https://doi.org/10.1007/s00253-015-6985-3
https://doi.org/10.1016/j.biortech.2020.123513
https://doi.org/10.1016/j.biortech.2020.123513
https://doi.org/10.1021/bi900724x
https://doi.org/10.1021/bi900724x
https://doi.org/10.1046/j.1432-1033.2001.02494.x
https://doi.org/10.1046/j.1432-1033.2001.02494.x
https://doi.org/10.1128/AAC.00925-06
https://doi.org/10.1128/AAC.00925-06
https://doi.org/10.1016/j.pep.2005.12.012.ProteinExprPurif
https://doi.org/10.1016/j.pep.2005.12.012.ProteinExprPurif
https://doi.org/10.3389/fvets.2020.00576
https://doi.org/10.1038/s41598-019-55509-9
https://doi.org/10.1002/elsc.201900116
https://doi.org/10.1002/elsc.201900116
https://doi.org/10.1016/j.pep.2020.105750
https://doi.org/10.1007/s10989-019-09894-4
https://doi.org/10.1016/j.pep.2020.105679
https://doi.org/10.1016/j.pep.2020.105679
https://doi.org/10.1007/s42770-020-00291-4
https://doi.org/10.1016/j.micpath.2018.11.047
https://doi.org/10.1016/j.micpath.2018.11.047
https://doi.org/10.1002/jcp.29583
https://doi.org/10.1080/10826068.2018.1466160
https://doi.org/10.1080/10826068.2018.1466160
https://doi.org/10.1021/acs.jmedchem.8b01348
https://doi.org/10.1021/acs.jmedchem.8b01348
https://doi.org/10.1016/j.procbio.2019.03.008
https://doi.org/10.1016/j.pep.2020.105690
https://doi.org/10.1016/j.pep.2020.105690
https://doi.org/10.1016/S0006-291X(02)00574-0
https://doi.org/10.29219/fnr.v65.3448
https://doi.org/10.1007/s10989-020-10127-2
https://doi.org/10.1016/j.biomaterials.2014.06.005

	Design and heterologous expression of a novel dimeric LL37 variant in Pichia pastoris
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Antimicrobial activity and hemolytic activity of peptides
	Integration of the target gene with the P. pastoris genome and the expression of 6 × His-SUMO-LG
	Effects of time, methanol concentration and culture medium pH on the yield of total protein
	Purification of 6 × His-SUMO-LG fusion protein
	Cleavage of 6 × His-SUMO-LG and purification of recombinant LG (rLG)
	Antimicrobial and hemolytic activity of rLG
	The influence of salt ion on the antimicrobial activity of rLG
	The action mechanism of rLG

	Conclusions
	Materials and methods
	Strains, plasmids and reagents
	Characterization of peptides
	Antimicrobial activity assay of peptides
	Hemolytic activity assay of peptides
	Construction of recombinant plasmid
	Transformation into P. pastoris cells and positive transformant selection
	Expression of the 6 × His-SUMO-LG fusion protein at the shaking flask level
	Purification of 6 × His-SUMO-LG fusion protein and release of LG
	The influence of salt ion on the antimicrobial activity of rLG
	Cell wall permeabilization
	Cytoplasmic membrane depolarization
	Transmission electron microscopy (TEM) characterization
	Statistical analyses

	Fundings
	Acknowledgements
	References




