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A B S T R A C T   

Bacteriocins from lactic acid bacteria (LAB) have attracted widespread attention as a new type of biological 
preservative due to their safety, high efficiency, and non-toxic characteristics. In this study, we focused on 
Sakacin ZFM225, a novel bacteriocin produced by Lactobacillus sakei ZFM225, which was isolated from raw milk. 
It was purified by a strategy including precipitation with 70% ammonium sulfate, cation exchange chroma
tography and reverse-phase high performance liquid chromatography (RP-HPLC). The predicted molecular 
weight of Sakacin ZFM225 was 14950.92 Da. Sakacin ZFM225 exhibited resistance to high temperatures, strong 
activity under acidic conditions, and sensitivity to trypsin and pepsin. Bacteriocins from Lactobacillus sakei 
mainly inhibited the growth of Listeria monocytogenes. The bacteriocin possessed a broad-spectrum inhibition 
which could kill many foodborne pathogens such as Pseudomonas aeruginosa, Micrococcus luteus, and Staphylo
coccus aureus. We further demonstrated that the mode of action of Sakacin ZFM225 was related to the formation 
of cell membrane porosity, and excluded Lipid II as its target. These results suggest that this new bacteriocin has 
great potential in food industry as a biological preservative and even medical field.   

1. Introduction 

Food spoilage occurs regularly in our daily life, especially for food 
with high water activity, such as fish, meat, and vegetables. Rapid 
deterioration of these perishable foods leads to significant wastage. 
Microbial contamination is the main cause of food spoilage [1]. 
Although food preservatives effectively alleviate the problem of food 
spoilage caused by microorganisms, some food additives may have 
adverse effects on the most fragile population such as the elderly and 
infants [2]. Consequently, the development of new non-toxic and 
harmless food preservatives is the focus of research in the food bioen
gineer [3]. 

Bacteriocins are extracellular products synthesized by ribosomes 
during the cell growth of some bacteria, which exert high antibacterial 
effects by forming channels on the plasma membrane of target bacteria 
or directly inhibiting crucial functions in target bacteria cells to inhibit 
or kill them [4]. Due to their non-toxic, non-resistant, non-residual, and 
environmental friendly characteristics, the development of bacteriocins 
as novel antimicrobial compounds capable of effective defense against 
food-borne pathogens has opened a new field of research [5–7]. 

However, most bacteriocins remain unexplored or underexploited, with 
nisin being the only commercially available bacteriocins in high-purity 
form [8]. The limited application of bacteriocin is primarily attributed to 
the difficulties in establishing purification methods, low yield, high cost, 
complex purification process, and unclear antibacterial mechanism [8]. 
Therefore, the purification technology of a new high-performance 
bacteriocin is still a challenging task to promote bacteriocin as a 
widely used biological preservative. The separation and purification of 
new bacteriocins is still a research hotspot at present. 

Lactic acid bacteria (LAB) are high-performing producers of bacte
riocins [9]. The LAB Lactobacillus sakei (L. sakei) is primarily found in 
meat products and plants. They play an important role in fermentation 
and preservation primarily by producing organic acids or by producing 
compounds that inhibit spoilage bacteria growth [10]. 

In Western Europe, it is widely used as a starter for fermented 
sausage together with Micrococcus and yeasts [10]. Many strains of 
L. sakei were found to produce one or more bacteriocins which described 
previously are sakacin A [11], sakacin P [12], sakacin G [13], sakacin 
D98 [14], sakacin X and sakacin T [15], and these bacteriocins mainly 
inhibited the growth of Listeria monocytogenes (L. monocytogenes). 
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Understanding the action modes of bacteriocins is an important pre
requisite for optimizing their use and development [16]. Bacteriocins 
have various modes action, including pore formation, membrane 
permeability, cell wall damage, blocking of metabolic pathways, and 
reducing the risk of cross-resistance development [17]. These mecha
nisms were more precisely called antibacterial models. Down to the 
molecular level, there were some relevant reports showed that bacte
riocins need a target molecule at the surface of a sensitive cell to be 
active [18], but they didn’t propose a target molecule of L. sakei 
bacteriocin. In the present study, a bacteriocin produced from Lactoba
cillus sakei ZFM225, isolated from fresh milk, was partially purified and 
characterized. Micrococcus luteus 10209 as an indicator, the antibacterial 
action mode, and even the target of Sakacin ZFM225 were studied, 
which is of great value for application in the food industry as a natural 
preservative. 

2. Materials and methods 

2.1. Strain cultivation 

L. sakei ZFM225, the bacteriocin-producing strain, was isolated from 
raw milk at Hangzhou dairy farm, Zhejiang province, China. It was 
stored in China Center for Type Culture Collection (CCTCC, Wuhan, 
China) with the collection number of CCTCC: M 2016669. L. sakei was 
inoculated in MRS broth (2% v/v) with pH 6.5. Incubation was carried 
out at 37 ◦C for 24 h in stationary conditions. Cell-free supernatant (CFS) 
was separated from the fermentation broth at 8000 rpm for 30 min at 
4 ◦C. Determination of antimicrobial activity was tested by agar well 
diffusion assay [19]. The indicator strain M. luteus 10209 came from 
China Center for Industrial Culture Collection (CICC, Beijing, China) 
with the collection number of CICC 10209 and was incubated at 30 ◦C 
for 12 h. 

2.2. Purification of Sakacin ZFM225 

The CFS produced by L. sakei ZFM225 was obtained by the method 
described above. 

Ammonium sulfate powder was slowly added ammonium to 1 L CFS 
to the saturation of 20, 30, 40, 50, 60, 70, 80, 90, and 100% (25 ◦C, 707g 
ammonium sulfate was contained in 1L saturated ammonium sulfate 
solution at 25 ◦C). The salt-protein system was left at 4 ◦C with constant 
stirring for 12 h. The system was subsequently centrifuged and then 
dissolved precipitates in 30 mL of pure water. Crude protein extract 
(CPE) was obtained. After desalting treatment by Sephadex G-10, the 
antimicrobial activity of CPE was assayed. The best gradient precipita
tion was selected for subsequent experiments. 

The desalted CPE was filtered through a 0.22-μm filter, then injected 
into a fast protein liquid chromatography (FPLC) system at 1 mL/min 
with SP Sepharose Fast Flow cation-exchange column (HiPrepTMSP XL 
16/10, GE Healthcare, Sweden). The crude bacteriocin was eluted with a 
NaCl gradient (0–100% of 1 M) in sodium acetate buffer (20 mM, pH 
4.0) at the same flow rate. The eluted protein peaks were monitored at 
280 nm with a UV detector and collected one tube every 5 mL. The 
protein fractions were desalinated and rotary evaporated to dryness and 
then dissolved in water for activity testing by using M. luteus 10209 as 
indicator bacteria. 

The crude bacteriocin obtained after cation-exchange chromatog
raphy was further purified by RP-HPLC with a SunFire C18 Prep column 
(5 μm, 10 mm × 100 mm, Waters, USA) at 5 mL/min. Diluting with 
ultrapure water to the appropriate concentration (i.e. 0.5–1 mg/mL), the 
crude bacteriocin was eluted with a linear gradient of acetonitrile with 
0.05% TFA from 5 to 95% in 30 min. Fractions were monitored at 280 
nm with a UV detector and collected manually. The fractions were rotary 
evaporated to dryness and then dissolved in water for activity testing. 

2.3. Determination of protein concentration 

Determination of protein concentration used the BCA protein quan
tification kit (Beyotime, Product number: P0012, Jiangsu Kaiji 
Biotechnology) according to the instructions. The kit was based on the 
Lowry method using bovine serum albumin(BSA) as a standard [20]. 
The same volume of Sample and BCA reagent were mixed and then 
placed at 37 ◦C for 30 min. The protein concentration of the mixture was 
measured at 562 nm by comparing with BSA. 

2.4. Molecular weight estimation 

Sodium dodecyl sulfate-polyacrylamide gel (15%) electrophoresis 
(SDS-PAGE) was performed to estimate the molecular mass of Sakacin 
ZFM225. The target protein band was cut from the lanes, then washed 
with water. Samples stored at − 20 ◦C were sent to Shanghai Applied 
Protein Technology Company (Shanghai, China) for LC-MS/MS analysis. 

Protein digestion was performed with the FASP procedure 
(Wísniewski et al., 2009). LC-MS/MS analysis was performed on a Q 
Exactive mass spectrometer (Thermo Scientific, America) and operated 
in positive ion mode. The following experimental conditions were used: 
Peptide mass tolerance, 20 ppm, MS/MS tolerance, 0.1 Da, Enzyme, 
Trypsin, Missed cleavage, 2, Fixed modification, Carbamidomethyl (C), 
Variable modification, Oxidation(M). 

2.5. Characteristics of Sakacin ZFM225 

The Sakacin ZFM225 solution (about 2 mg/mL) was treated at 4-37- 
50-60-80-100 ◦C for 30 min, respectively to evaluate stability at 
different temperatures. The Sakacin ZFM225 solution was adjusted to 
different pH values (2.0–10.0) with 1 M HCl and NaOH respectively to 
maintain a consistent final concentration of bacteriocin. The enzymes 
used in the experiment to test the sensitivity of bacteriocin to enzymes 
included pepsin (pH 2.0) prepared in glycine HCl buffer, papain (pH 7.0) 
prepared in PBS buffer, trypsin (pH 5.4) prepared in PBS -citric acid 
buffer and protease K prepared in PBS buffer (pH 7.6). Enzymes were 
dissolved in buffer at a concentration of 1 mg/mL and added to the same 
amount of lyophilized bacteriocin powder to each (2 mg). Samples were 
left at 37 ◦C for 4 h to fully react and then treated at 100 ◦C for 5 min to 
inactivate the enzyme. The pH was adjusted back to the initial value 
with 1 M HCl and NaOH solution respectively; the untreated bacteriocin 
solution was taken as the blank control. All the above samples were 
tested for bacteriocin activity using M. luteus 10209 as indicator 
bacteria. 

2.6. Antibacterial spectrum and minimum inhibitory concentration of 
Sakacin ZFM225 

In this experiment, 17 strains of microorganisms including Gram- 
positive bacteria, Gram-negative bacteria, and molds were selected as 
indicator bacteria. The antimicrobial activity of Sakacin ZFM225 was 
tested by agar well diffusion assay performed in triplicates. 

Using M. luteus 10209 and Staphylococcus aureus D48 (Sa. D48) as 
indicator bacteria, the 96-well titer plate method was used to measure 
the minimum inhibitory concentrations (MIC) of bacteriocins. S. aureus 
D48 was screened by Zhejiang Provincial Center for Disease Control and 
Prevention (Zhejiang CDC, Hangzhou, China) and preserved in Zhejiang 
CDC. M. luteus 10209 and Sa. D48 were inoculated in LB broth (1% v/v) 
pH 7. Incubation was carried out at 30 ◦C (M. luteus 10209) /37 ◦C (Sa. 
D48) for 12 h in a stationary condition. The OD600 value of the activated 
indicator bacteria culture medium was adjusted to 0.05. The lyophilized 
bacteriocin powder was redissolved in 0.05% acetic acid and serially 
diluted to 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.031, 0.015, and 0.007 mg/ 
mL. After being diluted to different concentration gradients, Sakacin 
ZFM225 was mixed with the indicator bacteria, cultured at the optimum 
growth temperature of the indicator bacteria for 24 h, and the 
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absorbance value at 600 nm was measured by microplate reader Spectra 
Max 190 (Molecular Devices, USA). The bacterial solution without 
bacteriocin was used as the control. If the OD600 value did not increase 
after 24 h, the corresponding bacteriocin concentration under this 
condition was the MIC. 

2.7. Mode of action 

2.7.1. Effects on ATP levels in M. luteus 
Single colony of M. luteus 10209 was picked out to 10 mL LB liquid 

medium and cultured overnight, then, subcultured at 30 ◦C until OD600 
reached 0.5. The cell pellet washed twice with 5 mm HEPES buffer by 
centrifugation was resuspended in 5 mM HEPES buffer (1 mL). Glucose 
solution (50 μL,10 mM), the processed bacterial suspension (50 μL), and 
Sakacin ZFM225 (1 × MIC) were mixed without sequence requirements. 
Negative control (Ultra-pure water) was treated in the same way. 
Immediately, the suspensions treated with Sakacin ZFM225 or control 
reagent were mixed with 25 μL ATP lysate which could effectively lyse 
and release ATP in common cultured cells and tissues, and then 100 μL 
ATP reagent. ATP lysate was one of the reagents in the ATP detection kit 
of Beyotime. The multifunctional micrometer was used to measure the 
fluorescence intensity of the samples in a black 96-well plate (VICTOR 
Nivo™, America). 

2.7.2. Effects on potential difference across the membrane (ΔΨ) 
The test strain M. luteus 10209 was obtained as above. Fluorescence 

was detected using the Kinetics software of a Cary Eclipse fluorescence 
spectrophotometer (Agilent, USA). Test parameters: excitation wave
length (Ex) of 650 nm with a slit of 5 nm, emission wavelength (Em) of 
670 nm with a slit of 5 nm, scanning time with 20 min. 2 mL of special 
buffer for fluorescence leakage (4.5% glucose, 0.05 mM magnesium 
sulfate, 25 mM potassium chloride, 10% PBS) and 20 μL bacterial sus
pension were successively added into a cuvette. After zero adjustments, 
a 3 μL 0.1 mM DISC2(5) probe was added into the cuvette, fully mixing. 
Starting immediately for fluorescence detection. After the fluorescence 
value tends to be stable, Sakacin ZFM225 was quickly added with the 
final concentration of twice MIC in the experimental group. In parallel, 
0.05% acetic acid of the same volume was added as the negative control 
and tested according to the same method above. 

2.7.3. Effects on pH difference inside and outside the membrane (ΔpH) 
First, we added HEPES buffer (5 mM, 20 mL) to the cell pellet ob

tained as above. After 30 min, added with 0.5 μL BCECF AM pH fluo
rescent probe (Beyotime, China), and the bacterial suspension system 
was in the dark for 60 min. A fluorescent cuvette which was a supporting 
instrument of the Cary Eclipse fluorescence spectrophotometer (Agilent, 
USA) was added with HEPES buffer (5 mM, 2 mL) and bacterial sus
pension system (20 μL), then quickly added Sakacin ZFM225 with the 
final concentration of 1 × MIC in the experimental group, added 0.05% 
acetic acid of the same volume as the negative control. Test parameters: 
excitation wavelength (Ex) of 488 nm, emission wavelength (Em) of 585 
nm, scanning in sequence every 1 min for recording the fluorescence 
value. 

2.7.4. Lipid II binding experiment with Sakacin ZFM225 
Sakacin ZFM225 solution (2 mg/mL) was added to Lipid II to give a 

final concentration of Lipid II of 1 mM. Nisin and Lipid II were mixed so 
that the final concentration of Nisin in the solution was 10 μM and the 
final concentration of Lipid II was 1 mM; the inhibition activity of the 
mixture against M. luteus 10209 was tested and the size of the inhibition 
circle was observed. Lipid II was presented by Professor Eefjan Breukink 
of Utrecht University in the Netherlands. Nisin was purchased from 
Zhejiang Changqing Chemical Corporation (China). 

3. Results and discussion 

3.1. Purification of Sakacin ZFM225 

The CFS fermented by L. sakei ZFM225 was purified by a three-step 
purification project. 

The results showed that the crude protein had the best antimicrobial 
effect under the saturation of 70% ammonium sulfate. Therefore, the 
crude protein through the treatment of ammonium sulfate with the 
saturation of 70% was desalted and subsequently use. The concentration 
was approximately 38.15-fold, and the recovery was 25.45%. 

Next step, the active crude protein was processed by a strong cation 
exchange chromatography column. As shown in Fig. 1A, the penetration 
peak (peak after buffer flushing) and elution peak (peak after eluent 
elution) were concentrated to 2 mg/mL by rotary evaporation. Fig. 1B 
shows the eluted protein peak fractions had good bacteriostatic activity, 
indicating that bacteriocin was concentrated. The concentration was 
approximately 53.31-fold, and the recovery was 9.33%. 

Finally, the eluted active protein was purified by RP-HPLC shown in 
Fig. 1C. It can be seen that there are two single peaks after purification 
by high performance liquid chromatography. After collecting every 
single peak for the bacteriostatic test, it is found that peak 2, with a 
retention time of 12 min, has good bacteriostatic activity against 
M. luteus 10209. The concentration was approximately 73.68-fold, and 
the recovery was 1.47%. 

In Table 1, we summarized the increase in the specific activity and 
purification obtained step by step. 

3.2. Molecular weight estimation 

SDS-PAGE electrophoretic map, Fig. 2A, showed a single band which 
was about 14 kDa. The specific molecular mass of Sakacin ZFM225 was 
detected by LC-MS/MS. The polypeptide fragments centered on 
1584.78 Da were manually selected (Fig. 2B) and searched with two 
kinds of frequently used databases: Public Library (UniProtKB was 
mostly used) and self-built library (protein database translated from 
transgenome database). The predicted protein molecular weight was 
14950.92 Da. 

Although the molecular weight varies largely between bacteriocins 
from L. sakei, it is mostly small, around 3500 Da. For example, sakacin A 
was produced by L. sakei Lb706 with a molecular weight of 4308.7 Da 
[11,21]. Sakacin P, produced by L. sake LTH 673 was isolated from 
fermented sausages with a molecular weight of about 2560 Da [22]. 
Sakacin G (3834.32 Da) produced by L. sakei 2512 was isolated from the 
Rhodia Food [13]. Sakacin D98 (3509.9 Da) produced by L. sakei D98 
was isolated from a kind of rice malt called Shubo [14]. Interestingly, 
the predicted molecular weight of Sakacin ZFM225 is about one order of 
magnitude larger than that of already found sakacin. Based on the above 
results, Sakacin ZFM225 was a new bacteriocin. 

3.3. Characterization of bacteriocin activity 

The bacteriostatic activity of bacteriocin was measured by the 
diameter of the bacteriostatic ring. The larger the diameter of the 
bacteriostatic ring is, the better the bacteriostatic activity is. The effects 
of pH on antimicrobial activity are shown in Fig. 3A. Under alkaline 
conditions, the characteristic of Sakacin ZFM225 activity decreased 
significantly or was lost. It was reported that many bacteriocins pro
duced by lactic acid bacteria were stable within a certain pH range. 
Some of them could play a better role under acidic conditions but be 
irreversibly inactivated after alkali treatment. The Sakacin ZFM225 
suitable pH range of bacteriocin is 2-7. The effects of temperature on 
antimicrobial activity are shown in Fig. 3C. Although the diameter of the 
bacteriostatic circle slightly decreased with the increase in temperature, 
more than 95% of antibacterial activity remained. This characteristic of 
Sakacin ZFM225 established a cornerstone for application in food 
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Fig. 1. Purification of Sakacin ZFM225: (A) Chromatogram of purification on SP-Sepharose. the first four absorption peaks were “penetration peaks”; the absorption 
peaks 5 was “eluted protein peak”; the ConcB means a NaCl gradient (0–100% of 1 M) in sodium acetate buffer (20 mM, pH 4.0); (B) Antibacterial activity of elution 
parts from cation exchange chromatography; (C) Chromatogram of antibacterial eluents by preparative HPLC. 

Table 1 
Purification yield rate of bacteriocin of L. sakei ZFM225.  

Purification step Volume (mL) Total activity (IU) Total protein (mg) Specific activity (IU/mg) Purification fold Recovery (%) 

CFS 2000 532000 50000 10.64 1.00 100.00 
ammonium sulfate precipitation 60 135420 334 405.45 38.11 25.45 
SP cation exchange 45 49680 91 545.93 51.31 9.33 
HPLC 10 7840 10 784.00 73.68 1.47  

Fig. 2. Molecular weight estimation: (A) The SDS-PAGE map of Sakacin ZFM225; (B) Mass spectrum of Sakacin ZFM225.  
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preservation and applied to the occasion when some foods need to be 
heated in the production process. 

The effects of enzymes are shown in Fig. 3B. The results revealed that 
the antibacterial activity of Sakacin ZFM225 was reduced in all cases, 
but it was most sensitive to trypsin and pepsin. After treatment with 
these two enzymes, the activity was almost completely lost. 

When bacteriocin is added to food as a biological preservative, it is 
necessary to understand the sensitivity of target organisms. Sakacin 
ZFM225 is a thermostable protein that is stable in acidic environments 
and suitable for use in food. It is generally believed that the smaller the 
molecular weight of bacteriocin is, the more stable it is to heat. For 
example, bacteriocin with a molecular weight of 6 Da-17 kDa was 
generally not inactivated after treatment at 100 ◦C for 30 min, while 
bacteriocin with molecular weight less than 6 kDa could often maintain 
good activity after treatment at 121 ◦C for 30 min [23]. Sakacin ZFM225 
is a kind of protein that remains active after heating at 100 ◦C for 30 min 
that is heat-stable for conventional heating of food. Similar to nisin, it 
shows strong antibacterial activity under acidic conditions and is inac
tivated at pH 8–10 [24]. Therefore, Sakacin ZFM225 is most active in 
acidic conditions like nisin. Sakacin ZFM225 can be inactivated by the 
proteolytic enzyme trypsin and pepsin which could prevent their accu
mulation in the body. This feature ensures its safety and makes it suit
able for application in the food industry. Trypsin specifically cleaves 
peptide bonds of lysine and arginine carboxyl side chains [25]. Pepsin is 
generally able to hydrolyze peptide bonds containing any 20 amino 
acids at the P1 residue position [26]. So it can be predicted that lysine 
and arginine are two of the amino acid components of Sakacin ZFM225. 
However, there is a need for further structural characterization by 
Edman degradation. 

3.4. Characterization of bacteriocin activity 

The results showed in Table 2 revealed that Sakacin ZFM225 was a 
bacteriocin with a broad spectrum antibacterial activity. It had good 
antibacterial activity against most Gram-positive bacteria, such as 
M. luteus 10209 with MIC values of 0.125 mg/mL, S. aureus D48 with 
MIC values of 0.500 mg/mL. At the same time, it had certain 

antibacterial activity on Escherichia coli DH5 α, S. paratyphi A CMCC 
50093, S. cholerae swine ATCC 13312, and Pseudomonas aeruginosa ATCC 
47085, but had no antibacterial effect on molds. We found that the 
bacteriocin has a good antibacterial effect on some common foodborne 
pathogenic bacteria, so it has potential application as a food biological 
preservative. 

As mentioned above, bacteriocins from L. sakei mainly inhibited the 
growth of Listeria monocytogenes which is a Gram-positive pathogen but 
couldn’t inhibit Gram-negative bacteria. Sakacin ZFM225 remedies this 
defect because it is effective against Gram-negative pathogenic bacteria. 
Therefore, it has the potential as a natural and effective therapeutic 
biomolecule. Pseudomonas aeruginosa (P. aeruginosa) is the most preva
lent cause of serious hospital-acquired infections, including nosocomial 
bloodstream infections (BSI) are associated with high mortality rates 
and increased healthcare costs. Moreover, limited sensitivity to 

Fig. 3. Characterization of bacteriocin activity: (A) Effect on antibacterial activity of Sakacin ZFM225 at different pH values; (B) Effect of different protein enzymes 
on the antibacterial activity of Sakacin ZFM225; (C) Heat stability of Sakacin ZFM225. *CK means control. 

Table 2 
Antibacterial spectrum of Sakacin ZFM225.   

Indicator strain IZD (mm) 

G+ Micrococcus luteus CICC 10209 15.70 ± 0.45 
Staphylococcus aureus D48 13.40 ± 0.37 
Listeria monocytogenes LM1 13.50 ± 0.25 
Staphylococcus warneri / 
Staphylococcus muscae 15.98 ± 0.56 
Staphylococcus carnosus pCA 44 17.36 ± 0.33 
Staphylococcus carnosus pet 20 17.56 ± 0.45 
Bacillus subtilis BAS2 / 

G− Escherichia coli DH5α 13.44 ± 0.43 
Salmonella paratyphi B CMCC50094 / 
Salmonella paratyphi A CMCC 50093 11.43 ± 0.15 
Salmonella typhimurium CMCC 50015 / 
Salmonella choleraesuis ATCC 13312 11.97 ± 0.65 
Salmonella enterica subsp. Arizonae CMCC(B) 47001 / 
Pseudomonas aeruginosa ATCC 47085 13.76 ± 0.44 

Fungus Candida albicans / 
Aspergillus niger ATCC 13073 / 

* "/" indicates no antibacterial effect. IZD means Inhibitory zone diameter (IZD). 
G+ means Gram positive bacteria. G− means Gram negative bacteria. Inhibitory 
zone diameter was measured with vernier caliper. 
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antibiotics and drug resistance found during the treatment of 
P. aeruginosa make treatment more difficult [27]. Sakacin ZFM225 had a 
strong inhibitory effect on P. aeruginosa ATCC 47085. Besides, it also had 
a good effect on E. coli and some types of Salmonella. Therefore, as a 
biological preservative, Sakacin ZFM225 had potential application value 
in the field of food safety and even in medical treatment. 

3.5. Mode of action 

3.5.1. Effects on ATP levels in M. luteus 
As a coupling agent of energy metabolism in biological cells, ATP 

plays a very important role in cells. ATP is the central substance for the 
release, storage, and utilization of energy in cells. Therefore, the change 
in intracellular ATP level is closely related to the driving of cell function. 
Generally, when cells are in the state of necrosis or apoptosis, the 
intracellular ATP content will decrease to a certain extent. Therefore, 
the change in intracellular ATP content can reflect the state of cells to a 
certain extent. In addition, for cells, the dissipation of the proton elec
tromotive force of the cell membrane will affect the synthesis of ATP, so 
detecting the level of intracellular ATP is also a verification of the 
change of the proton electromotive force of cells. 

It can be seen from Fig. 4A that the intracellular ATP level of the 
indicator bacteria treated with 0.05% acetic acid didn’t change, while 
the intracellular ATP level of the experimental group treated with 
Sakacin ZFM225 decreased and tended to be stable within a certain 
time, indicating that the intracellular ATP synthesis of the indicator 
bacteria was inhibited after bacteriocin treatment, This result was 
consistent with the effect of Sakacin ZFM225 on the proton electro
motive force of indicator bacteria. 

3.5.2. Effects on ΔΨ 
If bacteriocin can destroy the cell membrane of indicator bacteria 

and let them die, this process is bound to cause the dissipation of bac
terial cell membrane potential difference. Therefore, we used a fluo
rescence leakage experiment to observe the change in cell membrane 
potential difference after bacteriocin treatment. DISC2(5) is a lipophilic 
cationic fluorescent material sensitive to membrane potential. It can be 
combined with the phospholipid bilayer of the cell membrane and enter 
the fluorescent probe cell to produce fluorescence quenching. When the 
cell membrane structure was damaged, DISC2(5), which was originally 
located in the phospholipid bilayer of the cell, would be discharged out 
of the cell, thus enhancing the fluorescence detection signal. Therefore, 
we could infer whether the cell membrane was damaged according to 
the change in fluorescence response value after the addition of bacte
riocin. The results are shown in Fig. 4B. 

It was found that after adding DISC2(5) to the treated bacterial sus
pension, the fluorescence intensity decreased rapidly and gradually 
stabilized. Then, it was found that the fluorescence value rose gradually 
and stabilized finally after adding Sakacin ZFM225 to bring the final 
concentration to the MIC of the indicator bacteria. However, in the 
negative control group, the fluorescence did not increase and remained 
stable. Therefore, it can be speculated that Sakacin ZFM225 could 
destroy the structure of the cell membrane, break the membrane po
tential difference, lead to the leakage of DISC2(5), and strengthen the 
fluorescence signal. 

3.5.3. Effects on ΔpH 
The proton concentration gradient of the cell membrane is also an 

important factor affecting the proton dynamic potential of the cell 
membrane. The fluorescent dye BCECF AM can be used to detect the 
changes in the proton concentration gradient of the cell membrane. 
BCECF AM fluorescent dye itself does not produce fluorescence, but it 
can penetrate the cell membrane and be cut into BCECF by esterase in 
the cell after entering the cell membrane. BCECF can be excited into 

Fig. 4. Mode of action: (A) Analysis of intracellular ATP of M. luteus cells treated by Sakacin ZFM225. (B) Analysis of ΔΨ of M. luteus cells treated by Sakacin ZFM225 
with different concentrations. (C). Analysis of ΔpH of M. luteus cells treated by Sakacin ZFM225. 
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green fluorescence at an appropriate pH. Therefore, when it penetrates 
into the cell membrane, the protons in the cell flow out, resulting in the 
increase of the pH value in the cell, so the corresponding fluorescence 
intensity will also change. Generally, the excitation wavelength (Ex) 
488 nm and emission wavelength (EM) 535 nm are used to detect the 
change in fluorescence intensity. 

As shown in Fig. 4C, in the negative control group where 0.05% 
acetic acid was added fluorescence intensity value basically remained 
unchanged. When adding Sakacin ZFM225 with a final concentration of 
MIC, it was found that the extracellular fluorescence response value was 
gradually increasing and tends to be stable, indicating that Sakacin 
ZFM225 could affect the cell membrane’s permeability and increase the 
intracellular pH, to enhance the corresponding fluorescence intensity. 

3.5.4. Lipid II binding experiment with Sakacin ZFM225 
Lipid II is the target of nisin acting on sensitive cell membranes. 

Therefore, take nisin as the positive control to explore whether the 
target of Sakacin ZFM225 on the cell membrane is lipid II or not. The 
results were shown in Fig. 5. When nisin was mixed with excess lipid II, 
lipid II competed with lipid II on the cell membrane of sensitive bacteria 
to bind nisin. Therefore, nisin could not bind with lipid II on the cell 
membrane and lost the antibacterial effect. After Sakacin ZFM225 was 
mixed with lipid II, the antimicrobial effect basically was analogous to 
the original, indicating that lipid II could not compete with the binding 
sites on the cell membrane of sensitive bacteria. Therefore, it could be 
inferred that lipid II wasn’t the target of Sakacin ZFM225 acting on the 
cell membrane of sensitive bacteria. 

Studies on the antimicrobial mode of action of bacteriocin produced 
by L. sakei have rarely been reported. The study by Trinetta et al. [28] 
mentioned the antimicrobial mechanism of Sakacin A. Sakacin A is a 
class IIa bacteriocin which can inhibit the growth of several LAB and 
L. monocytogenes. What we already know is that the highly conserved 
N-terminal domain with the consensus motif YGNGV is characteristic of 
class IIa bacteriocin which makes the responsible for activity against 
L. monocytogenes [28]. After contacting with these bacteriocins, leakage 
of ions and small molecules in sensitive cells is accompanied by the 
dissipation of proton power and the consumption of intracellular ATP 
[29]. The antimicrobial effects of Sakacin A were characterized by the 
same method as ours to measure the fluorescence to study the mecha
nism of Sakacin A against L. monocytogenes cells. The results suggested 
that Sakacin A acts rapidly by altering the charge distribution across the 
membrane to dissipate the proton motive force, as does Sakacin 
ZFM225. The difference was that they did a cell wall breakdown assay 
and showed another mechanism of action that Sakacin A slowly breaks 
down the cell walls of sensitive bacteria while acting on the poly
saccharide and peptide components of the cell walls peptidoglycan. But 
they still hadn’t clarified the specific target at the molecular level. 
Bacteriocins need a target molecule on the surface of sensitive cells to be 
active. It is now clear that the antibacterial mechanism of nisin is due to 
Lipid II, which mediates the formation of cell membrane pores while 
preventing the formation of the cell wall of sensitive bacteria to reach 
antibacterial effects [30], so do Gallidermin and Mutacin 1140 [31]. 
According to the combined test, we have known that the specific target 
of Sakacin ZFM225 in the cell membrane wasn’t Lipid II, which pro
moted the development of an action mechanism at the molecular level. 

4. Conclusion 

L.sakei ZFM225 was isolated from raw milk. In this study, Sakacin 
ZFM225 produced by this strain was purified and its biological charac
teristics were examined. The purification process involved a three-step 
method that included ammonium sulfate gradient purification, strong 
cation exchange chromatography, and RP-HPLC. The broad-spectrum 
antimicrobial activity of sakacin ZFM225 is not common among 
known sakacins. Moreover, Sakacin ZFM225 could be applied to ther
mally processed foods. Thus, it could be used as a potential bio 

preservative to deter foodborne pathogens and foodborne bacteria, 
which can improve food safety and extend their shelf life. The antibac
terial mechanism of Sakacin ZFM225 was explored which resulted in the 
damage of the cell membrane and the leakage of intracellular electro
lytes, resulting in bacterial death and excluding Lipid II as its target. The 
purification method of Sakacin ZFM225 established in this paper re
quires only three steps, to avoid a complex purification process. How
ever, the purification yield, purity, and cost-effectiveness of Sakacin 
ZFM225 still needs further improvement. 
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of natural antimicrobials role in food, Eur. J. Med. Chem. 143 (2018) 922–935, 
https://doi.org/10.1016/j.ejmech.2017.11.095. 

[4] Y. Zhu, Q. Zhou, P. Li, Q. Gu, Purification, characterization, and mode of action of 
Paracin 54, a novel bacteriocin against Staphylococci, Appl. Microbiol. Biotechnol. 
105 (2021) 6735–6748, https://doi.org/10.1007/s00253-021-11505-6. 
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