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Given a serious threat of multidrug-resistant bacterial pathogens to global healthcare, there is an urgent need to

find effective antibacterial compounds to treat drug-resistant bacterial infections. In our previous studies, Bacillus
velezensis CB6 with broad-spectrum antibacterial activity was obtained from the soil of Changbaishan, China. In this
study, with methicillin-resistant Staphylococcus aureus as an indicator bacterium, an antibacterial protein was puri-
fied by ammonium sulfate precipitation, Sephadex G-75 column, QAE-Sephadex A 25 column and RP-HPLC, which
demonstrated a molecular weight of 31.405 kDa by SDS-PAGE. LC-MS/MS analysis indicated that the compound was
an antibacterial protein CB6-C, which had 88.5% identity with chitosanase (Csn) produced by Bacillus subtilis 168. An
antibacterial protein CB6-C showed an effective antimicrobial activity against gram-positive bacteria (in particular, the
MIC for MRSA was 16 ug/mL), low toxicity, thermostability, stability in different organic reagents and pH values, and an
additive effect with conventionally used antibiotics. Mechanistic studies showed that an antibacterial protein CB6-C
exerted anti-MRSA activity through destruction of lipoteichoic acid (LTA) on the cell wall. In addition, an antibacte-

rial protein CB6-C was efficient in preventing MRSA infections in in vivo models. In conclusion, this protein CB6-C is

a newly discovered antibacterial protein and has the potential to become an effective antibacterial agent due to its

high therapeutic index, safety, nontoxicity and great stability.
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Introduction

Multidrug-resistant bacteria, such as methicillin-resistant
Staphylococcus aureus (MRSA) etc. are remarkable food-
borne bacteria of nosocomial and community-acquired
bacterial infections around the world and have been
spreading at alarming rates globally [1]. Once humans
and animals are infected with MRSA, it can cause a
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variety of diseases, including food poisoning, abscesses,
skin infections, pneumonia, septicemia and it can even
lead to death [2]. This poses a serious threat to human
health and food safety [3]. Currently, eradication of the
spread of such pathogens is very difficult. Therefore, it is
need of the day to discover new antibacterial agents with
highly effective antibacterial activity and safety for com-
bating MRSA.

In previous studies, it has been found that bacteria can
produce many antibacterial drugs for treating various
diseases, and some newly discovered bacteria produce
effective antibacterial activities. These new bacteria have

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-0165-4412
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-021-01726-9&domain=pdf

Zhang et al. Microbial Cell Factories (2022) 21:4

attracted researchers to study which molecule is respon-
sible for the main antibacterial activity [4].

In our previous experiment, we had isolated Bacil-
lus velezensis CB6 from the soil of Changbaishan, China
which had effectively inhibited MRSA. Through 40%
ammonium sulfate precipitation, purification and mass
spectrometry identification, we had purified a protein
with an antibacterial activity against MRSA. However,
recent study discovered that crude protein precipitated
with 100% saturated ammonium sulfate leads to a bet-
ter antibacterial effect against MRSA. Therefore, in this
study, the crude protein from B. velezensis CB6 was
precipitated with 100% saturated ammonium sulfate. A
series of protein purification methods were used to iden-
tify the antibacterial protein as antibacterial protein CB6-
C, which was shown to be stable and safe against MRSA
and exhibited effective antibacterial activity both in vitro
and in vivo. These characteristics make the antibacterial
protein CB6-C more likely to become a potential candi-
date as an antibacterial agent.

Materials and methods

Bacterial cultures, media and ethical considerations

All bacterial strains, culture conditions and sources
used in this study are listed in Additional file 1: Table S1.
RAW 264.7 cells were obtained from the College of Ani-
mal Medicine, Jilin Agricultural University Changchun,
China. Luria—Bertani broth medium (LB) and Luria—
Bertani agar medium (LBA) were purchased from San-
gon Biotech (Shanghai, China), and Mueller—Hinton
broth medium (MHB) was purchased from GL Biochem
(Shanghai, China). Mice (weighing 16-20 g) were pur-
chased from the Experimental Animal Center of Jilin
University (Changchun-Jilin, China). All mice tests were
carried out in accordance with the Regulations for Ani-
mal Experimentation at Jilin Agricultural University
(JLAU08201409) and Laboratory Animal Care and Use
Guidelines of National Institutes of Health (NIH Publica-
tion No. 8023).

Purification of the crude protein

According to the previously described methods of our
laboratory [5], antibacterial protein CB6-C was purified
through 100% ammonium sulfate precipitation, Sepha-
dex G-75 column, QAE-Sephadex A 25 column and
chromatography C4 column (5 pm, 4.6 mm x 250 mm,
Agilent, USA). Briefly, purified B. velezensis CB6 was
inoculated into 500 mL LB broth medium at 1% (v/v)
and shaken at 37 °C for 48 h. The cultures were centri-
fuged at 4 °C and 8000 x g for 60 min, and then the
supernatants were filtered twice through 0.22-pm mem-
branes (BioLeaf, Shanghai, China) to remove cells. Next,
ammonium sulfate was gently added to the collected
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supernatant to reach 100% saturation, stirred at 4 °C for
12 h, and allowed to stand overnight followed by cen-
trifugation (12,000xg, 30 min, 4 °C). The sediment was
resuspended in 10 mM phosphate-buffered saline (PBS,
pH 7.4), and a 10 KD ultrafiltration tube was used to
remove ammonium sulfate and small molecule com-
pounds. The samples containing proteins larger than
10 KD were tested for antibacterial activity. The active
samples were loaded onto a Sephadex G-75 (3 KD-70
KD, Sigma, USA) gel filtration column, connected to an
AKTA purification system (Boston, USA) and eluted at
1 mL/min flow rate. The proteins were classified accord-
ing to the different molecular weights, and the separated
peaks were collected at 280 nm and tested for antibacte-
rial activity. The collected antibacterial fraction was fur-
ther purified by a QAE-Sephadex A 25 column. Different
concentrations of NaCl (0, 0.1 M, 0.2 M and 0.3 M) in
100 mM Phosphate buffer (pH 7.0) were used to elute the
antibacterial protein. Next, for further purification of the
crude antibacterial proteins, active samples were applied
to a reverse-phase high-performance liquid chromatog-
raphy system (RP-HPLC, Agilent, CA, USA) equipped
with a reverse-phase chromatography C4 column. Elu-
tion was performed by using a 5-90% linear gradient of
acetonitrile containing 1% trifluoroacetic acid with 1 mL/
min flow rate for 60 min. The separate peaks of the UV
detector were recorded at 280 nm. For the above test,
after each purification step, MRSA was used as indica-
tor bacteria, and the agar diffusion method was used to
determine the antibacterial activity [6].

Molecular mass determination and LC-MS/MS analysis

of antibacterial protein CB6-C

After purification of the protein using a C4 column, par-
tially active samples were applied to a 12% polyacryla-
mide gel for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Mini-PROTEAN 1I Electro-
phoresis Cell, Bio-Rad Laboratories, USA) and subjected
to a 100 V constant voltage for separation. Then, the gel
was stained with Coomassie brilliant blue and washed
three times with Phosphate buffer to remove impurities,
and the molecular size of the purified antibacterial pro-
tein was determined. Subsequently, only a single band
was cut and sent to gene sequencing company (Wuhan,
China) to determine the protein sequence by using liquid
chromatography-tandem mass spectrometry (LC-MS/
MS, Bruker Daltonics, Germany).

Safety assays

The hemolytic activity of the antibacterial protein CB6-C
was examined according to a protocol as described pre-
viously [7]. Briefly, the collected sheep blood cells were
washed with PBS (pH 7.4) three times and diluted to 2%
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in PBS. Then, equal volumes of sheep blood cells were
mixed with different concentrations of antibacterial pro-
tein CB6-C (0.5 pg/mL to 256 pg/mL) in tubes and incu-
bated at 37 °C for 1 h. Subsequently, the mixtures were
centrifuged at 1000 x g for 10 min, and the supernatants
were transferred to 96-well plates. Equal amounts of
PBS and 0.2% Triton X-100 were added as negative and
positive controls, respectively. The absorbance of the
mixtures was measured by the OD at 570 nm. The experi-
ment was performed three times. RAW 264.7 cells were
used to study the cytotoxicity of the antibacterial protein
CB6-C. This test used the method described by Xu et al.
[8]. In brief, RAW 264.7 cells were collected and washed
twice with DMEM, and equal amounts of the cells were
placed into 96-well plates at a density of 10° cells per mil-
liliter, and cultured overnight at 37 °C under condition
of 5% CO,. Then, equal amounts of antibacterial protein
CB6-C were mixed with the cells, and the final concen-
trations of antibacterial protein CB6-C per well were
0.5 pg/mL to 128 pg/mL. After 16 h of culture at 37 °C,
CCK-8 (10%, v/v) was added to each mixed cell's well
in the 96-well plates and cultured at 37 °C for 2 h. The
absorbance was measured by the OD at 450 nm (micro-
plate reader, TECAN GENios F129004, Tecan, Salzburg,
Austria). The experiment was performed three times.

Antibacterial spectrum and minimum inhibitory
concentration

The method described by Jia et al. [9] was adopted to
determine the antibacterial spectrum and minimum
inhibitory concentration (MIC) of antibacterial protein
CB6-C. In short, the antibacterial protein CB6-C col-
lected from RP-HPLC was condensed into powder. The
powder was dissolved with PBS until reaching a concen-
tration of 512 pg/mL and added to the first well in each
row in 96-well plates, and multiple dilutions with PBS
were performed at final concentrations ranging from
0.5 to 256 pg/mL. Concurrently, various indictor strains
were inoculated into MHB broth medium and shaken
at 37 °C and 180 rpm to cultivate to log phase growth
(OD at 600 nm =0.5). Then, the bacterial concentration
was adjusted to approximately 10° CFU/mL using MHB
medium, and an equal volume of bacteria was added
to 96-well plates. After incubating at 37 °C for 18 h, the
absorbance was measured by the OD at 600 nm (micro-
plate reader, TECAN GENios F129004, Tecan, Salzburg,
Austria). The MIC was defined as the lowest concentra-
tion with no growth of bacteria after incubation at 37 °C
for 16-20 h.

Time-kill kinetics assay
The time-kill kinetics of MRSA were determined as pre-
viously described [10]. In brief, the MRSA cells at the
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logarithmic growth phase were adjusted to an OD of 0.5
at 600 nm, and the bacterial concentration of approxi-
mately 10° CFU/mL was obtained using MHB broth
medium. Next, antibacterial protein CB6-C was added to
a final concentrations of 1 x MIC, 2 x MIC and 4 x MIC,
with an equal volume of PBS added to antibacterial pro-
tein CB6-C as a control followed by shaking at 37 °C and
180 rpm for 24 h. During this period, equivalent amounts
of liquid were taken every four hours for serial tenfold
dilutions, and then a 100 pl of the dilutions was spread on
the LB plate, after which the colonies were counted. The
experiment was performed three times.

Stability assays

The purified antibacterial protein CB6-C was used to
test the temperature stability according to the method
described by Tumbarski et al. [11]. Equivalent amounts
of antibacterial protein CB6-C were put in the test tubes,
sealed and then placed at 40 °C, 50 °C, 60 °C, 70 °C, 80 °C,
90 °C and 100 °C for 60 min and 121 °C (autoclaving for
15 min). To determine the effect of enzymes on the anti-
bacterial activity of antibacterial protein CB6-C, a final
concentration of 1 mg/mL of catalase (5000 p/mg), pep-
sin (250 p/mg), papain (800 p/mg), trypsin (10,000 p/
mg) and proteinase-K (30 p/mg) manufactured in Sigma-
Aldrich, (Merck, USA) was added to equivalent amounts
of antibacterial protein CB6-C samples. After incubation
at 37 °C for 30 min, the enzyme reaction was stopped
by heating at 100 °C for 10 min. To assess the influ-
ence of acid bases on antibacterial protein CB6-C activ-
ity, equivalent amounts of antibacterial protein CB6-C
were adjusted to pH 2-12 by using HCl and NaOH and
incubated at 37 °C for 1 h. Subsequently, all antibacte-
rial protein CB6-C samples were readjusted to pH 7.0.
To test the organic reagent effect on antibacterial protein
CB6-C activity, 1% (v/v) methanol, isopropanol, Tween
20, Tween 80, acetonitrile, acetone and EDTA (Sigma-
Aldrich, Merck) were incubated with antibacterial pro-
tein CB6-C at 37 °C for 1 h.

For the experiment outlined above, untreated antibac-
terial protein CB6-C was used as a positive control, and
the inhibition zones of the treated antibacterial protein
CB6-C and positive control samples were measured to
estimate the influencing factors of the antibacterial pro-
tein CB6-C. Each experiment was repeated three times.

Synergy with conventional antibiotics

The antibacterial effects of antibacterial protein CB6-C
in combination with other antibiotics were evaluated by
checkerboard tests [12]. In short, antibacterial protein
CB6-C and antibiotics were prepared at final concentra-
tions from 1 x MIC to 1/64 x MIC. Next, the same con-
centration of antibacterial protein CB6-C was added to
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the horizontal row of 96-well plates, and the same con-
centration of antibiotic was added to the longitudinal col-
umn of 96-well plates. Then, a 10° CFU/mL MRSA was
added to each well and incubated at 37 °C for 10 h. Each
test was performed three times. The fractional inhibitory
concentration (FIC) index was calculated as follows:

FIC = (MIC of A in combination / MIC of A alone)
+ (MIC of Bin combination/MIC of B alone),

where FIC<0.5 denoted synergy and 0.5<FIC<1.0
denoted an additive effect.

Effect of metal ion on CB6-C activity

Effects of metal ions (K¥, Co**, Nit, Mg*", Mn?*, Ca*",
Ba’t, Fe’* and Cu’") on CB6-C antibacterial activity
were carried out according to the protocol described pre-
viously [13]. Briefly, a 512 ug/mL of CB6-C was continu-
ously twofold diluted to 1lug/mL and added metal ions to
CB6-C diluents of different concentrations to make a final
concentration of metal ions in each of a 10 mM. Then, a
50 uL metal ions diluent was added to the 96-well plate
as test group, respectively. Additionally, we used PBS to
dilute metal ions to a 10 mM and took a 50 uL diluted liq-
uid and added to the 96-well plate as a negative control.
Then, a 50 uL MRSA (10° CFU/mL) was added to each
well and incubated at 37 °C for 18 h. The absorbance was
measured by the OD at 600 nm and the minimum growth
concentration was noted for evaluating bacterial growth.
The experiment was performed three times.

Measurement of ROS release

The total reactive oxygen species (ROS) released from
MRSA treated with the different concentrations of anti-
bacterial protein CB6-C (8 pg/mL, 16 pg/mL, 32 pg/mL
and 64 pg/mL) were probed with an ROS assay kit (Nan-
jing Jiancheng Bioengineering Institute, Jiangsu, China),
and performed according to the manufacturer’s instruc-
tions. No treatment with antibacterial protein CB6-C was
performed as the negative control for ROS production.
The fluorescence value of each sample was measured
with an F4500 fluorescence spectrophotometer (emis-
sion A=525 nm, excitation A=488 nm) (Hitachi, Tokyo,
Japan).

Measurement of adenosine triphosphate (ATP)

and alkaline phosphatase (AKP) release

Intracellular ATP and AKP leak out when bacteria are
destroyed. Therefore, we examined the amount of extra-
cellular AKP and intracellular ATP to evaluate the effect
of antibacterial protein CB6-C on MRSA [14, 15]. In
brief, after the MRSA strain was cultured to logarithmic
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growth phase (OD at 600 nm=0.5), it was centrifuged
and washed twice with PBS (pH 7.4). The washed MRSA
cells were treated with 1 x MIC of antibacterial protein
CB6-C and incubated at 37 °C for 6 h, and the amount of
extracellular AKP release was examined every hour. Sim-
ilarly, MRSA cells were treated with 8 pug/mL to 64 pg/
mL of antibacterial protein CB6-C for 1 h to examine the
amount of intracellular ATP. The amount of extracellular
AKP and intracellular ATP was measured using the ATP
and AKP test kits (Jiancheng Biology Engineering Insti-
tute, Nanjingjiancheng, China) according to the manu-
facturer’s instructions.

Membrane permeability assay

Changes in membrane permeabilization were determined
by measuring intracellular B-galactosidase activity as pre-
viously described. In short, MRSA in the mid-log phase
was washed with PBS three times, diluted to 10° CFU/
mL and an equal amount was added to a 96-well plate.
Concurrently, different concentrations of antibacterial
protein CB6-C (1 x MIC to 4 x MIC) were added to each
well and incubated at 37 °C. In addition, the antimicro-
bial peptide LR18 (it has been reported to destroy MRSA
cell membranes) stored in our laboratory was adjusted to
a final concentration of 1 x MIC as a positive control [9].
The absorbance was measured by the OD at 420 nm and
recorded for 1 h after every 10 min.

Preparation of protoplasts and MIC assay

The preparation of protoplasts was carried out accord-
ing to the method of Fan et al. [16]. In short, MRSA cells
were cultured on MH broth medium to the logarithmic
growth phase (OD at 600 nm=0.5). A 5 mL of MRSA
bacterial suspension was mixed with 5 mL of lysozyme
(100 pug/mL) and incubated at 37 °C for 1 h. Then, the
bacterial suspension was centrifuged at 4000 x g for
10 min at 4 °C, and the supernatant was discarded. Two
washes with hypertonic buffer (0.1 mol/L phosphate
buffer pH 6.0 and 0.8 mol/L Mannitol) were used to
remove the enzyme, and protoplasts were suspended in
a 5 mL of hypertonic buffer. The protoplast detachment
was immediately observed under the microscope. The
preparation of protoplasts was considered successful
when more than 95% of the cells were gram-stained red.
In addition, to evaluate the effect of antibacterial protein
CB6-C on the cell membrane, MIC tests were performed
on the prepared protoplasts according to the method
outlined above in “Antibacterial spectrum and minimum
inhibitory concentration” section. (MIC test methods),
and untreated MRSA was used as the positive control.
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Scanning and transmission electron microscopy

To investigate the morphological changes of MRSA cells
after treatment with antibacterial protein CB6-C, we per-
formed Scanning electron microscopy (SEM) according
to a method outlined in a previous study [17]. In brief,
MRSA of logarithmic growth phase (OD at 600 nm=0.5)
was diluted to 10° CFU/mL, added to a final concentra-
tion of 16 pg/mL antibacterial protein CB6-C (1 x MIC),
and then incubated in the 6-well cell plate (contain-
ing polylysine-treated glass slides) at 37 °C for 3 h, with
untreated MRSA cells used as a control. After incubation,
the bacterial suspension was removed, and the polyly-
sine-treated glass slides were fixed with 2.5% glutaralde-
hyde at 4 °C for 12 h, dehydrated with ethanol dilutions,
dried and sprayed. The bacterial specimens were imaged
using a FlexSEM 1000 SEM (JEOL, Hitachi, Tokyo,
Japan).

For clearer observation of intracellular changes in
MRSA, transmission electron microscopy (TEM) was
performed according to the protocol described by Qin
et al. [18] Briefly, cells were fixed with 2.5% glutaralde-
hyde as described above. After that, cells were osmicated
in 2% osmium tetroxide for 4 h, dehydrated with etha-
nol solutions and embedded in epoxy resin. Finally, the
sections were coated and stained using 2% uranyl ace-
tate and lead citrate and observed with an E-1010 TEM
(JEOL, Hitachi, Tokyo, Japan).

Competitive inhibition assay

To detect the effect of CB6-C on the cell wall main com-
ponents (peptidoglycan, membrane teichoic acid, and
Staphylococcal Protein A) of Staphylococcus aureus (S.
aureus), CB6-C was diluted to different concentrations
(4 pg/mL to 512 pg/mL), and the MIC assay was per-
formed as described above in “Antibacterial spectrum
and minimum inhibitory concentration” section. (MIC
test methods). During the test, a 10 ug of equal volume
of peptidoglycan, membrane teichoic acid, and Staphylo-
coccal Protein A from S. aureus was added to each well of
the 96-well plate to detect the effect of different proteins
on the antibacterial activity of CB6-C.

Mouse infection models

To determine the treatment effect of antibacterial protein
CB6-C in mice, we adopted the method based on previ-
ous studies by Song et al. [19] Briefly, a total of 30 BALB/c
female mice were randomly transferred to three groups
of cages (n=10 per group), and each mouse was infected
with a dose of 1.15 x 10° CFU MRSA in suspension via
intraperitoneal injection (previous experimental results
showed that the mortality rate of mice infected with this
dose was higher than 80% within 48 h). The mice were
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treated with a specified intraperitoneal administration of
PBS, antibacterial protein CB6-C (10 mg kg — 1), or anti-
bacterial protein CB6-C (20 mg kg—1) after one hour
infection. The mice were observed for 48 h, and dead
mice were removed to confirm the treatment effect of
antibacterial protein CB6-C.

The mouse organ bacterial load test was the same as the
treatment trial method, 40 mice were randomly divided
into two groups (n=20 per group) and infected intra-
peritoneally with 1.15x 10° CFU MRSA in suspension.
At 1 h postinfection, mice were treated with PBS and
antibacterial protein CB6-C (20 mg kg—1). After 48 h,
the mice were euthanized, the heart, liver, spleen, lungs
and kidneys were removed, and one part was washed
with sterile PBS, soaked in 4% paraformaldehyde for fixa-
tion, and waited for subsequent hematoxylin—eosin (HE)
staining. Other part of the organs tissue was washed with
sterile PBS and homogenized in sterile PBS, and the bac-
terial loads in the different organs were counted.

Statistical analysis

One-way analysis of variance (ANOVA) was performed
using SPSS v.22.0 software, followed by Tukey test. All
data results were expressed as mean=standard devia-
tion. The mean values were considered significant differ-
ent when *p <0.05, **P <0.01.

Results

Purification and identification of antibacterial proteins
Antibacterial crude proteins present in the superna-
tant were collected by precipitation with 100% saturated
ammonium sulfate, and crude proteins were filtered
twice through a 10 kDa ultrafiltration tube. After that,
antibacterial crude proteins were loaded onto a Sephadex
G-75 gel filtration column using an AKTA purification
system. As shown in Additional file 2: Table S Fig S1A,
only one single peak was collected, and an antibacterial
test showed that this peak had high antibacterial activity.
(data not shown). For further purification of antibacte-
rial proteins, we loaded the obtained crude antibacterial
proteins onto a QAE-Sephadex A 25 column, and four
peaks were collected. Among them, only the third peak
had antibacterial activity (Additional file 2: Fig. S1B).
Proteins with antibacterial activity were loaded onto a
C4 column using RP-HPLC. Some separate peaks were
observed by measuring the absorbance at 280 nm using
an UV detector. Among these, only one peak had anti-
bacterial activity, and the other peaks did not show anti-
bacterial activity (Additional file 2: Fig S2A). The single
peak antibacterial protein was collected and assessed by
SDS-PAGE. The results revealed a single monomeric pro-
tein band with a molecular mass estimated to be approxi-
mately 31 kDa (Additional file 2: Fig S2B). It was obvious
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that the protein had high purity and could be identified
by LC-MS/MS. By LC-MS/MS analysis and comparison
with the UniProt database (https://www.uniprot.org), the
protein showed 88.5% identity to the chitosanase (Csn)
protein of Bacillus subtilis 168 (Entry: O07921). The tar-
get protein consisted of 278 amino acids with an isoelec-
tric point of 8.65 and a molecular mass of 31.405 kDa.
The apparent molecular mass of the target protein and
the SDS-PAGE results showed that the measurements
by the LC—MS/MS were almost the same. Therefore, the
purified antibacterial protein was initially determined to
be chitosanase, and we designated it an antibacterial pro-
tein CB6-C.

Safety assays

The hemolytic activity of the antibacterial protein
CB6-C was assessed by measuring its ability to lyse
sheep blood cells at different concentrations (1 ug/
mL to 128 pg/mL). As shown in Fig. 1A, as the anti-
bacterial protein CB6-C concentration increased, the
hemolytic rate also increased slightly. At 64 pg/mL,
the rate of hemolysis of sheep blood cells only reached
12.32%. These results indicated that antibacterial
protein CB6-C had lower hemolytic activity. Concur-
rently, cytotoxicity assays also showed that RAW 264.7
cell growth was not affected by lower concentrations
of antibacterial protein CB6-C (16, 32 and 64 pg/mL),
and no cell death was observed at 24 h. Even though
256 pg/mL antibacterial protein CB6-C only caused
9.1% inhibition of cell growth in the RAW 264.7 cells
(Fig. 1B), but the lower concentrations of antibacterial
protein CB6-C did not show growth inhibition in RAW
264.7 cells. These results indicated that the proper
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concentration of antibacterial protein CB6-C was safe
for animal use.

Antibacterial spectrum and MIC

Table 1 show the antibacterial spectrum and MIC val-
ues of antibacterial protein CB6-C. Antibacterial protein
CB6-C showed observable antimicrobial activity against
gram-positive bacteria compared with gram-negative
bacteria. Among these, the best antibacterial activity was
shown against MRSA and Staphylococcus, and the low-
est MIC value was 16 pg/mL. For antibacterial spectrum
of the gram-negative bacteria, only the MIC of antibac-
terial protein CB6-C for Escherichia coli K88, Klebsiella
pneumoniae CMCC(B)46,117 and Zymomonas mobilis
ATCC29121 was 128 pg/mL, and there was no inhibitory
effect against other gram-negative bacteria.

Time-kill kinetics

As shown in Fig. 2, the ability of different concentra-
tions (1 x MIC, 2 x MIC and 4 x MIC) of antibacterial
protein CB6-C to prevent or kill MRSA within 24 h was
determined. Based on the colony counts, compared with
the PBS group, the antibacterial protein CB6-C treated
groups had a remarkably decreased number of bacteria
at 1 x MIC. Of note, at 4 x MIC, the number of bacteria
was reduced by five orders of magnitude in 24 h. These
results indicated that the antibacterial protein CB6-C
could inhibit bacterial growth for a long time but not
thoroughly kill the bacteria.

Stability assay

The results of the effects of temperature, pH, enzymes
and organic reagents on antibacterial activity in Table 2
showed that antibacterial protein CB6-C had an optimal
antibacterial activity at 40 °C to 50 °C. However, as the
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Fig. 1 Safety assays of CB6-C on red blood cells and animal cell. A Hemolytic activity of CB6-C to the sheep red blood cells. B Cytotoxicity of CB6-C
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Table 1 Antibacterial spectrum of CB6-C

Gram reaction and strains Source/reference Broth medium MIC, pg/mL

Gram-positive bacteria
Staphylococcus DSO In this study LB 16
Staphylococcus N3-1 In this study LB 16
Staphylococcus J101 In this study LB 32
Methicillin-resistant Staphylococcus In this study LB 16
aureus (MRSA)
Enterococcus faecalis In this study LB >256
Streptococcus In this study LB 32
Bacillus cereus ATCC11778 LB >256
Staphylococcus aureus ATCC 25923 LB 8
Bacillus subtilis ATCC6633 LB >256

Gram-negative bacteria
Acinetobacter baumannii In this study LB >256
Shigella castellani In this study LB >256
Pseudomonas aeruginosa In this study LB >256
Salmonella H9812 In this study LB >256
Escherichia coli K88 In this study LB 128
Klebsiella Pneumoniae In this study LB >256
Klebsiella Pneumoniae CMCC(B)46117 LB 128
Zymomonas mobilis ATCC29121 LB 128
Escherichia coli ATCC 25922 LB >256

ATCC American Type Culture Collection, CMCC(B) China Center for Medical Culture Collections
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o0 4
(=}
2
2 -
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Time (h)
Fig. 2 Time-kill kinetics of CB6-C

temperature increased, the antibacterial activity gradu-
ally decreased, and only a residual 10.1% antibacterial
activity was observed at 121 °C. Different pH treatment
results showed that antibacterial protein CB6-C had an
optimal antibacterial activity at pH 6.0-7.0; but at low pH
(2.0-5.0) the activity was slightly reduced (88—-96% activ-
ity retained) while at a higher pH (10.0-12) the activ-
ity loss was the highest. Moreover, antibacterial protein
CB6-C had stable antibacterial activity in the presence of
catalase but lost most of the antibacterial activity in the

presence of pepsin, proteinase-K, trypsin and papain.
This result excludes the effect of hydrogen peroxide on
the antibacterial activity of CB6-C, and shows the CB6-C
presence of hydrolysis sites for pepsin, proteinase-K,
trypsin and papain. We also tested the effect of organic
reagents on the antibacterial activity of antibacterial pro-
tein CB6-C, and the results showed that organic reagents
did not affect the antibacterial activity of antibacterial
protein CB6-C.

Additive effect of antibacterial protein CB6-C

and conventional antibiotics

The results of the antibacterial effect of CB6-C combined
with other antibiotics are shown in Table 3. The com-
bination of antibacterial protein CB6-C and ampicillin
exerted a synergistic effect against MRSA. The fractional
inhibitory concentration index (FICI) value was 0.28125,
while the combination of antibacterial protein CB6-C
with other conventional antibiotics produced an additive
effect, with FICI values of from 0.5312 to 1.

Effect of metal ions on antibacterial protein CB6-C activity

The effect of metal ions on the antibacterial activity of
antibacterial protein CB6-C is shown in Table 4. The
antibacterial activity of antibacterial protein CB6-C was
enhanced by K, Co®" and Ni* among the tested metal
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Table 2 Stability of CB6-Csn after treating with thermal stability,  ions, the antibacterial activity increased about 2—fourfold

enzymes, pH and organic reagent compared with that of the control group. However, Mg>"
Factors Time (min) Residual and Mn*" slightly inhibited the antibacterial act1v1ty20f
activity antibacterial protein CB6-C, while inhibition by Ca**,
(%) Ba’*, Fe*™ and Co?* was obvious, which showed a reduc-
Temperature tion of more than 32-fold of antibacterial activity.
Positive control 60 100
40°C 60 100 ROS assay
50°C 60 100 The ROS assay results are shown in Fig. 3A. At
60°C 60 8333 1/2x MIC, an antibacterial protein CB6-C obviously
70°C 60 7333 increased the accumulation of ROS relative to that of the
80°C 60 7333 untreated group and led to the accumulation of ROS in a
90°C 60 60 dose-dependent manner.
100 °C 60 40
121°C 15 10,10 ATP and AKP release assays
o Bacterial movement requires ATP to provide energy.
Positi Here, we assessed the changes in ATP after MRSA was
ositive control 30 100 . : . . ;
, 20 9 treated with different concentrations of antibacterial pro-
; 20 94 tein CB6-C (8 pg/mL to 64 pg/mL). As shown in Fig. 3B,
4 20 94 an intracellular ATP decrease in MRSA was caused by
s 20 98 8 pg/mL of antibacterial protein CB6-C, and as the anti-
6 20 100 bacterial protein CB6-C concentration increased, the
; 20 100 amount of intracellular ATP by MRSA largely decreased.
g 20 %0 The results showed that the higher concentration of
9 20 %0 CB6-C was more likely to cause decrease of intracellu-
10 20 s lar ATP in bacteria. Additionally, AKP is an important
" 30 6 enzyme located between the cell wall and cell membrane.
" 20 o When the cell wall is damaged, AKP will leak out. There-
fore, AKP is commonly used as an important indicator
Enzymes . . . . .
Positive control 20 100 for assessing cell wall integrity. As shown in Fig. 3C, after
Catalase 20 100 treatment with 1 x MIC of antibacterial protein CB6-C,
A the release of AKP was slightly higher than that of the
Pepsin 30 50 . . .
) control group at 1 h. With the extension of time, the
Proteinase-K 30 66.67 . . .
, release of AKP gradually increased, increased to 2.7 King
Trypsin 30 83.33 .
_ units/g at 6 h.
Papain 30 66.67
O;ga:fc reagetm‘ o 100 Membrane permeability assay
|OSI e Conl © I 100 ONPG is a colorless substrate for the [p-galactosidase
ASOprOpano 0 100 reaction. When the cell membrane is destroyed,
cetone ONPG crosses the cell membrane and is degraded by
Methanol 60 100 . . .
B-galactosidase into galactose and yellow o-nitrophenol
Tween-20 60 100 . .
in the cell membrane. A microplate reader was used to
Tween-80 o0 100 determine the sample absorbance by the OD at 420 nm
EDTA 60 100 to evaluate the effect of CB6-C on the permeability of
Acetonitrile 60 100

the bacterial cell membrane. The results are shown in

Table 3 The anti-MRSA effect of antibacterial protein CB6-C and conventional antibiotics

Antibacterial Polymyxin B Enrofloxacin Kanamycin Ciprofloxacin Ampicillin Azithromycin Rifampin
protein (CB6-C)

MIC, pg/mL 8 32 128 32 64 128 128
FICI 0.5312 0.5312 05312 0.5312 0.28125 0.5625 1

FICl <0.5 denotes synergy and 0.5 <FICI < 1.0 denotes additive
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Table 4 The anti-MRSA effect of antibacterial protein CB6-C and metal ions

Antibacterial protein K+ Ca2+ Ba2 + Mg2 + Fe3+ Co2+ Ni+ Mn2 + Cu2+
CB6-Csn 8 256 256 32 256 4 8 64 256
A 1000 B 300+
- "E‘ T
= 8004
< &
& 2 200+
£ 600 S
£ — £
8 -
£ 4004 E
2 = 100+
: :
£ 2004 2
0- 0-
0 8 16 32 64 0 8 16 32 64
pg/mL ng/mL
C 4 = D 3.0 =
3 d -~ Control &5
& —k— 1XMIC = 20
5 g - 1XMIC
g 21 § 15 - —h— 2XMIC
5 (= ~¥— 4xXMIC
< " © 10 =¥~ Polymyxin B
05
0 T T T T T 1 0.0
0 1 2 3 4 5 6
30 40
Time (b) 0 10 20 50 60
Time (min)
Fig.3 A Total ROS accumulation in MRSA treated with CB6-C. B ATP release in MRSA treated with CB6-C. C AKP release in MRSA treated with CB6-C.
D. Membrane permeability of CB6-C at different concentrations

Fig. 3D. With prolonged action time, the membrane per-
meability of polymyxin B increased significantly in the
positive control group. However, the membrane per-
meability in the presence of different concentrations of
CB6-C (1 x MIC, 2 x MIC and 4 x MIC) did not change.
These results indicated that CB6-C had no obvious
destroy effect on the cell membrane.

Protoplasts preparation and MIC assay

As presented in Additional file 2: Fig S3, the results
showed that the treated cells were all stained red, indicat-
ing that the cell wall of MRSA was completely detached,
and the protoplasts of MRSA had successfully been
prepared. In addition, the MIC test results showed that

antibacterial protein CB6-C had no effect on the proto-
plasts of MRSA, which indicated that antibacterial pro-
tein mainly inhibits MRSA growth by destroying the cell
wall and had no effect on the MRSA cell membrane.

Morphological and intracellular changes in MRSA cells
after treatment with antibacterial protein CB6-C

To obtain more evidence that antibacterial protein
CB6-C affects MRSA, we observed bacterial morpho-
logical changes using SEM (Fig. 4A-C). MRSA cells
treated with 1 x MIC of antibacterial protein CB6-C
for 3 h showed many obvious vesicles on the mem-
brane surface, and some cells were disrupted (Fig. 4B,
C). In contrast, the control group exhibited intact cell
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treated with CB6-C: d control; e, f CB6-C -treated

Fig.4 A Scanning electron micrographs of MRSA treated with CB6-C: a control; b, ¢ CB6-C -treated. B Transmission electron microscopy of MRSA

Table 5 Effects of additional peptidoglycan, Staphylococal Protein A, and Lipoteichoic acid from on the anti-MRSA activity of CB6-C

Antimicrobial proteins (ug)  MIC (pg/mL)
Mass (pg)
MHB + peptidoglycan + membrane teichoic acid + Staphylococal Protein A
10 ug 10 ug 10 ug
CB6-C 16 32 128 16

structures, and the cell membrane surfaces were smooth
and had plump spheres (Fig. 4A). Furthermore, intra-
cellular changes in MRSA cells treated with antibacte-
rial protein CB6-C were clearly observed by TEM. The
TEM observation results indicated that untreated cells
showed intact cell walls and cell membranes (Fig. 4D).
However, after antibacterial protein CB6-C treatment
of MRSA cells for 3 h, the cell wall had clearly formed
pores, cytoplasm components had leaked out, and some
of the cell walls had dissolved compared with that of
the cells in the control group (Fig. 4E, F). Additionally,
leaked cytoplasmic contents were observed around the
cell. These phenomena clearly show that CB6-C inhibits
the growth of MRSA by acting on the bacterial cell wall.

Competitive inhibition assay

The effect of CB6-C on the cell wall composition of S.
aureus was detected, and it can be inferred that the target
of CB6-C was the cell wall of MRSA. As shown in Table 5,

the addition of Staphylococcal Protein A did not affect
the antibacterial activity of CB6-C against MRSA. How-
ever, after adding peptidoglycan and membrane teichoic
acid, the MIC of CB6-C for MRSA increased from 16 pg/
mL to 32 pg/mL and 128 pug/mL, respectively. This result
indicated that the main target of CB6-C on MRSA was
lipoteichoic acid on the bacterial cell wall.

Antibacterial protein CB6-C exhibits therapeutic efficacy

in mouse models

The survival rates of mice treated with antibacterial pro-
tein CB6-C for 48 h are shown in Fig. 5A. After treat-
ment with antibacterial protein CB6-C, the survival rates
of the experimental groups were significantly increased.
Among these, the survival rate of the 20 mg kg ! anti-
bacterial protein CB6-C treated group was the highest
and increased by 43% compared with that of the control
group. Additionally, after 48 h of treatment in the mice,
the infection group of mice had higher levels of bacteria
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Fig. 5 CB6-C was efficient in preventing infections. A Survival rates of the mice treated with CB6-C infected by MRSA (n=10 per group). B Effect of
CB6-C on bacterial survival in organs of mice. "—" represents the infection group, "+ " represents CB6-C treatment group. Data are represented as
mean £ SD. *p <0.05, **p <0.01, determined by non-parametric one-way ANOVA

in the spleen, liver, and kidneys and lower levels of bac-
teria in the heart and lungs. After CB6-C treatment, the
liver and spleen bacterial contents were slightly reduced,
and the kidneys, heart and lungs bacterial contents were
obviously reduced (Fig. 5B). Furthermore, the HE stain-
ing results of mouse organs are shown in Fig. 6. After
MRSA infection, the mouse organs were observed and
extensive hemorrhage, punctate necrosis, cell hypertro-
phy, granular chromatin, and other pathological changes
were found. After CB6-C treatment, the pathological
changes of these organs had been relieved. These results
show that CB6-C has a treatment effect on the damage of
organs in mice.

Discussion

Antibiotic resistance is an increasing problem glob-
ally and has become one of the crises affecting human
safety. Among these resistant bacteria, MRSA can cause
a variety of bacterial infections in humans and animals
and lead to a series of foodborne poisoning events [20,
21]. Therefore, a safe and efficient treatment for MRSA
infection is crucial to ensure human food safety and pub-
lic health. In our study, we identified a new antibacterial
protein CB6-C with an effective antibacterial activity
against MRSA, this protein showed 88.5% identity with
chitosanase (Csn) in Bacillus subtilis 168 (accession
no. WP_044801783.1). Earlier research has shown that
most of the chitosanase (Csn) proteins act on the beta-
1,4-glycosidic linkage between D-glucosamine (GIcN)
and N-acetyl D-glucosamine (GIcNAc) in the cell wall
of fungi and have a good inhibitory effect on fungi [22].
However, there is no report on inhibiting the growth of
bacteria. Therefore, this study used antibacterial protein
CB6-C as a research object and analyzed the antibacterial

mechanism of antibacterial protein CB6-C through a
series of antibacterial tests.

To our knowledge, the hemolytic activity and cytotox-
icity of antibacterial proteins are important indicators for
evaluating their clinical applications [23]. Therefore, the
cytotoxicity and hemolytic activity of the antibacterial
protein CB6-C were tested. Among all examined concen-
trations, the antibacterial protein CB6-C demonstrated
low levels of hemolytic activity and cytotoxicity (Fig. 1),
which shows that a certain dose of antibacterial protein
CB6-C was safe and nontoxic to animals. This result was
consistent with a report by Muslim et al. [24] that chi-
tosanase was safe for animals. The antibacterial spec-
trum results showed that antibacterial protein CB6-C
had inhibitory activities against both gram-negative and
gram-positive bacteria. Uniquely, an antibacterial pro-
tein CB6-C showed better antibacterial activity against
gram-positive bacteria than gram-negative bacteria.
Among them, the MIC of CB6-C for MRSA was 16 pg/
mL. To evaluate the mode of action of antibacterial pro-
tein CB6-C on MRSA, we used a time-Kkill kinetics assay
to reveal the relationship of antibacterial protein CB6-C
concentration and time with antibacterial activity. As
observed in Fig. 2, at a low concentration of antibacte-
rial protein CB6-C, the number of bacteria remarkably
decreased, and MRSA growth was restrained. Notably,
at a higher concentration of antibacterial protein CB6-
C, the number of bacteria was reduced by five orders of
magnitude at 24 h. This indicated that exposure time and
concentration can increase the antibacterial activity of
antibacterial protein CB6-C but not lead to completely
killing of the MRSA. Additionally, seven antibiotics from
different classes were tested in combination with antibac-
terial protein CB6-C. We found that antibacterial protein
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Fig. 6 Histologic analysis of the tissues in mice using hematoxylin-eosin staining (x400)

CB6-C showed synergy with ampicillin, and the combi-
nation with other antibiotics produced an additive effect.
Some studies reported that the antibacterial effect of cip-
rofloxacin act on DNA gyrase and polymyxin B act on
the cell outer membrane, enrofloxacin inhibit bacterial
DNA replication, kanamycin inhibit protein synthesis,

ampicillin inhibit cell wall synthesis, azithromycin inhibit
bacterial transpeptide and rifampicin inhibits RNA syn-
thesis [25—28]. Based on these antibiotic action mecha-
nisms, the combination of antibacterial protein CB6-C
and other antibiotics improved the binding efficiency and
ultimately enhanced the antibacterial activity. Therefore,
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an antibacterial protein CB6-C can serve as an additive to
decrease the dose of antibiotics.

The stability of an antibacterial protein is the main rea-
son affecting its clinical application [29]. To evaluate the
stability of antibacterial protein CB6-C, the influence
of temperature, pH, enzymes and organic reagents on
antibacterial protein CB6-C was tested, and the optimal
reaction temperature of antibacterial protein CB6-C was
found to be 40 °C and 50 °C. These findings are in agree-
ment with a previous study, which found that the opti-
mal reaction temperature for chitosanase (Csn) was 40 °C
and for DAU101 was 50 °C [30]. In addition, antibacterial
protein CB6-C retained 60% antibacterial activity after
60 min of incubation at 90 °C. These findings showed that
antibacterial protein CB6-C had high thermotolerance,
and this feature was beneficial for the storage and trans-
portation of antibacterial protein CB6-C and expanded
its application prospects in other areas [31]. Furthermore,
an antibacterial protein CB6-C was found to be quite pH-
tolerant, the optimal pH was 6 and 7, while antibacterial
protein CB6-C could maintain 90% antibacterial activity
even in a strong acidic environment (pH 2.0) and 50%
antibacterial activity in a strong alkaline environment.
Therefore, a wide range of pH stability and high antibac-
terial activity under acidic conditions make antibacterial
protein CB6-C a promising candidate for antibacterial
drugs. Furthermore, the effects of metal ions and organic
reagents on the activity of antibacterial protein CB6-C
are shown in Tables 2 and 4. The antibacterial activity of
antibacterial protein CB6-C was enhanced by K, Co2*
and Ni* among the metal ions. The Mg®" and Mn*"
slightly inhibited the antibacterial activity of antibacterial
protein CB6-C, while Ca?*, Ba®", Fe>™ and Co?" inhibi-
tion was obvious. Additionally, organic reagents such as
methanol, isopropanol, and Tween 20 had no effect on
the antibacterial activity of antibacterial protein CB6-C.
This was consistent with the results of Zhou et al. [31],
they found that many organic reagents had no effect on
the activity of chitosanase (Csnm). Taken together, an
antibacterial protein CB6-C had the stability characteris-
tics of high temperature resistance, acid and alkali resist-
ance, pH resistance and resistance to organic reagents.
We believe that these characteristics make antibacterial
protein CB6-C more likely to become a potential candi-
date for antibacterial agents.

To assess the mechanism of antibacterial protein
CB6-C on MRSA, firstly we observed that antibacterial
protein CB6-C reduced the intracellular ATP content in
MRSA in a dose-dependent manner. In addition, anti-
bacterial protein CB6-C triggered the accumulation of
ROS in MRSA, which correspondingly aggravated bac-
terial damage. These findings were in agreement with a
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previous study, which found that endogenous ROS are
crucial to kill bacteria [32]. Moreover, AKP is an impor-
tant enzyme for detecting cell wall integrity. In this study,
after the treatment with 1 x MIC of antibacterial protein
CB6-C, the release of AKP gradually increased with time.
However, membrane permeability test results showed
that antibacterial protein CB6-C had no obvious effect on
the bacterial cell membrane. Therefore, we hypothesized
that antibacterial protein CB6-C destroyed the cell wall of
bacteria to inhibit bacterial growth. For further validation
of this point, we separated the protoplasts from MRSA
cells and carried out MIC detection on the treated pro-
toplasts and untreated MRSA strains. The results showed
that antibacterial protein CB6-C had no inhibitory effect
on the protoplasts of MRSA. We hypothesized that anti-
bacterial protein CB6-C had no effect on the integrity of
the MRSA cell membrane. In addition, the SEM results
more intuitively showed that many vesicles appeared in
the bacterial cell wall of the treated group. We speculated
that this may be a phenomenon in which the protoplasts
leaked out after the cell wall was broken. Concurrently,
the TEM results clearly showed that the bacterial cell wall
was obviously damaged and that dissolution occurred in
a large area, while the bacteria in the control group were
full and intact. It is well-documented that the biggest dif-
ference between the cell walls of Gram-positive bacteria
and Gram-negative bacteria is that the Gram-positive
bacteria cell walls contain a large amount of teichoic acid
(Lipoteichoic acid and wall teichoic acid). Among them,
one end of lipoteichoic acid is connected to the cell mem-
brane, and the other end is free from the cell wall. There-
fore, lipoteichoic acid plays an important role in resisting
bacterial invasion. In addition, the cell wall of S. aureus
also contains about 6.7% of Staphylococcus protein A.
Relevant studies have shown that peptidoglycan and
lipoteichoic acid on the cell wall of gram-positive bacte-
ria are the main attack targets of some antibacterial pro-
teins [33-36]. Therefore, peptidoglycan, lipoteichoic acid,
and staphylococcus protein A are the main components
on the cell wall of S. aureus as competitive inhibitors of
CB6-C targets, which analyzed the potential active site
of antibacterial protein CB6-C on the cell wall of MRSA.
The results show that the addition of lipoteichoic acid
can effectively reduce the antibacterial activity of CB6-C
against MRSA. Therefore, we speculated that the target
of antibacterial protein CB6-C may be on the lipoteichoic
acid of the cell wall in gram-positive bacteria. In this con-
text, antibacterial protein CB6-C had a good inhibitory
effect on a variety of gram-positive bacteria, providing a
reasonable explanation. Taken together, these results sug-
gest that antibacterial protein CB6-C can kill bacteria by
destroying the lipoteichoic acid of the bacterial cell walls.
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Given the effective antibacterial activity of antibacte-
rial protein CB6-C against MRSA in vitro, we further
investigated its potential as a treatment agent in in vivo
animal models. In the treatment test after mice were
infected with MRSA, the mice treated with 20 mg kg™
antibacterial protein CB6-C showed strikingly increased
survival rates (43%) in the MRSA infection model, supe-
rior to the group treated with 10 mg kg™! antibacterial
protein CB6-C (Fig. 5). Consistently, the bacterial load in
the different organs of the mice was significantly reduced
in the antibacterial protein CB6-C treated group com-
pared with the infection group, and after CB6-C treat-
ment, the pathological changes of various organs were
obviously restored to normal levels and had a therapeutic
effect (Fig. 6). These findings together demonstrated the
potential of antibacterial protein CB6-C as an alternative
to antibiotics and its potential for usage against MRSA
in vivo.

Conclusions

In summary, we used a series of protein purification
methods to identify the antimicrobial protein obtained
from Bacillus velezensis CB6 as antibacterial protein
CB6-C, which was shown to have the MIC of 16 pg/
mL for MRSA. Analysis of the biological characteristics
showed that antibacterial protein CB6-C had good stabil-
ity and safety and demonstrated an additive effect with
conventional antibiotics and metal ions such as Co*T,
Nit and K'. The antibacterial mechanism study dem-
onstrated that antibacterial protein CB6-C primarily
destroyed the integrity of lipoteichoic acid on the bacte-
rial cell wall, ultimately led to bacterial death. In addition,
an antibacterial protein CB6-C was efficient in decreas-
ing MRSA infections in in vivo models. These results
indicated that antibacterial protein CB6-C has the poten-
tial to become an antibacterial agent.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-021-01726-9.

Additional file 1: Table S1. Bacteria strains used in this study

Additional file 2: Fig S1. (A) Sephadex G-75 elution profile of antibacte-
rial protein CB6-C. (B) QAE-Sephadex A25 elution profile of antibacterial
protein CB6-C. Fig S2. (A) HPLC elution profile of antibacterial protein CB6-
C; (B) SDS-PAGE of antibacterial protein CB6-C. Lane M: high molecular
marker, lane 1-3: Stained of the gel showing purified antibacterial protein
CB6-C. Fig. S3. (A) Gram-stained photograph after MRSA has removed the
cell wall. (B). Gram-stained photograph of untreated cells for MRSA.

Acknowledgements
Not applicable.

Authors’ contributions
HZ and JC conceived the study. HZ, YJ and IM performed experiments. CH
and Ml analyzed data. XJ, HZ and QX drafted the manuscript. LK and HM

Page 14 of 15

revised and approved the manuscript. All authors read and approved the final
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(Grants: 31872519), Jilin Natural Science Foundation (20190201294JC).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'College of Life Science, Jilin Agricultural University, Xincheng Street No. 2888,
Changchun 130118, China. “The Engineering Research Center of Bioreactor
and Drug Development, Ministry of Education, Jilin Agricultural University,
Xincheng Street No. 2888, Changchun 130118, China. *College of Veterinary
Medicine, Jilin Agricultural University, Xincheng Street No. 2888, Chang-

chun 130118, China. “The Key Laboratory of New Veterinary Drug Research
and Development of Jilin Province, Jilin Agricultural University, Xincheng
Street No. 2888, Changchun 130118, China. °Changchun Sci-Tech University,
Shuangyang District, Changchun 130600, China.

Received: 16 August 2021 Accepted: 16 December 2021
Published online: 04 January 2022

References

1. Palacios L, et al. Staphylococcal phenotypes induced by naturally occur-
ring and synthetic membrane-interactive polyphenolic beta-lactam
resistance modifiers. PLoS ONE. 2014;9(4):293830.

2. Malachowa N, DelLeo FR. Mobile genetic elements of Staphylococcus
aureus. Cell Mol Life Sci. 2010;67(18):3057-71.

3. Becker K. Methicillin-resistant staphylococci and macrococci at the inter-
face of human and animal health. Toxins (Basel). 2021;13:1.

4. Jiang, et al. Purification and characterization of a novel antifungal
flagellin protein from endophyte bacillus methylotrophicus NJ13 Against
llyonectria robusta. Microorganisms. 2019;7:12.

5. Zhang H, et al. Characterization and complete genome analysis of Bacillus
velezensis CB6 revealed ATP synthase subunit alpha against foodborne
pathogens. Arch Microbiol, 2020.

6. Yil, LuolL, Lu X. Efficient exploitation of multiple novel bacteriocins by
combination of complete genome and peptidome. Front Microbiol.
2018;9:1567.

7. Dong N, et al. Bioactivity and bactericidal mechanism of histidine-rich
beta-hairpin peptide against gram-negative bacteria. Int J Mol Sci.
2019;20:16.

8. XuW, et al. Design of embedded-hybrid antimicrobial peptides
with enhanced cell selectivity and anti-biofilm activity. PLoS ONE.
2014;9(6):98935.

9. Jia BY, et al. High Cell Selectivity and Bactericidal Mechanism of Symmet-
ric Peptides Centered on d-Pro-Gly Pairs. Int J Mol Sci. 2020;21:3.

10. Ma Z, et al. Insights into the antimicrobial activity and cytotoxic-
ity of engineered alpha-helical peptide amphiphiles. J Med Chem.
2016;59(24):10946-62.

11. Tumbarski Y, et al. Isolation, characterization and amino acid composi-
tion of a bacteriocin produced by bacillus methylotrophicus strain BM47.
Food Technol Biotechnol. 2018;56(4):546-52.


https://doi.org/10.1186/s12934-021-01726-9
https://doi.org/10.1186/s12934-021-01726-9

Zhang et al. Microbial Cell Factories (2022) 21:4

12. JinY, et al. Antimicrobial activities and structures of two linear cationic
peptide families with various amphipathic beta-sheet and alpha-helical
potentials. Antimicrob Agents Chemother. 2005;49(12):4957-64.

13. Chafik A, et al. A novel acid phosphatase from cactus (Opuntia megacan-
tha Salm-Dyck) cladodes: purification and biochemical characterization
of the enzyme. Int J Biol Macromol. 2020;160:991-9.

14. Wang R, et al. Antibacterial Activity and Mechanism of Coenzyme QO
Against Escherichia coli. Foodborne Pathog Dis. 2021;18(6):398-404.

15. Guo F, et al. Antibacterial activity and mechanism of linalool against
Shewanella putrefaciens. Molecules. 2021;26:1.

16. Fan X, et al. Size-dependent antibacterial immunity of Staphylococcus
aureus protoplast-derived particulate vaccines. Int J Nanomedicine.
2020;15:10321-30.

17. Zhang HP, et al. Functional analysis of hisJ in Aeromonas veronii reveals a
key role in virulence. Ann N'Y Acad Sci. 2020;1465(1):146-60.

18. QinY, et al. Characterization of Subtilin [-Q11, a Novel Class | Bacteriocin
Synthesized by Bacillus subtilis L-Q11 Isolated From Orchard Soil. Front
Microbiol. 2019;10:484.

19. Song M, et al. A broad-spectrum antibiotic adjuvant reverses multidrug-
resistant Gram-negative pathogens. Nat Microbiol. 2020;5(8):1040-50.

20. Hennekinne JA, De Buyser ML, Dragacci S. Staphylococcus aureus and its
food poisoning toxins: characterization and outbreak investigation. FEMS
Microbiol Rev. 2012;36(4):815-36.

21. Jaradat ZW, et al. Methicillin Resistant Staphylococcus aureus and public
fomites: a review. Pathog Glob Health. 2020;114(8):426-50.

22. Seo DJ, et al. Expression patterns of chitinase and chitosanase produced
from Bacillus cereus in suppression of phytopathogen. Microb Pathog.
2014;73:31-6.

23. Kumar A, et al. Piscidin-1-analogs with double L- and D-lysine residues
exhibited different conformations in lipopolysaccharide but comparable
anti-endotoxin activities. Sci Rep. 2017,7:39925.

24. Muslim SN, et al. Chitosanase purified from bacterial isolate Bacillus
licheniformis of ruined vegetables displays broad spectrum biofilm
inhibition. Microb Pathog. 2016;100:257-62.

25. Man RJ, et al. Recent progress in small molecular inhibitors of DNA
Gyrase. Curr Med Chem. 2021;28(28):5808-30.

26. Falagas ME, et al. Clinical use of intravenous polymyxin B for the treat-
ment of patients with multidrug-resistant Gram-negative bacterial infec-
tions: an evaluation of the current evidence. J Glob Antimicrob Resist.
2021;24:342-59.

27. Khademi F, et al. Group A Streptococcus Antibiotic Resistance in Iranian
Children: A Meta-analysis. Oman Med J. 2021;36(1):222.

28. BenderTTA, et al. Therapeutic options for patients with rare rheumatic
diseases: a systematic review and meta-analysis. Orphanet J Rare Dis.
2020;15(1):308.

29. Vila J, Moreno-Morales J, Balleste-Delpierre C. Current landscape in
the discovery of novel antibacterial agents. Clin Microbiol Infect.
2020;26(5):596-603.

30. Ma C, et al. Characterization of a new chitosanase from a marine bacillus
sp. and the anti-oxidant activity of its hydrolysate. Mar Drugs. 2020;18:2.

31. Zhou, et al. Purification and characterization of a new cold-adapted and
thermo-tolerant chitosanase from marine bacterium Pseudoalteromonas
sp. SY39. Molecules. 2019;24:1.

32. Brynildsen MP, et al. Potentiating antibacterial activity by predictably
enhancing endogenous microbial ROS production. Nat Biotechnol.
2013;31(2):160-5.

33. Dziarski R, Gupta D. How innate immunity proteins kill bacteria and why
they are not prone to resistance. Curr Genet. 2018;64(1):125-9.

34. Auer GK, Weibel DB. Bacterial cell mechanics. Biochemistry.
2017,56(29):3710-24.

35. Algorri M, Wong-Beringer A. Antibiotics differentially modulate
lipoteichoic acid-mediated host immune response. Antibiotics (Basel).
2020;9:9.

36. Sharma AK, et al. Prediction of peptidoglycan hydrolases—a new class of
antibacterial proteins. BMC Genomics. 2016;17:411.

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

Page 15 of 15

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




	Discovery of a novel antibacterial protein CB6-C to target methicillin-resistant Staphylococcus aureus
	Abstract 
	Introduction
	Materials and methods
	Bacterial cultures, media and ethical considerations
	Purification of the crude protein
	Molecular mass determination and LC–MSMS analysis of antibacterial protein CB6-C
	Safety assays
	Antibacterial spectrum and minimum inhibitory concentration
	Time-kill kinetics assay
	Stability assays
	Synergy with conventional antibiotics
	Effect of metal ion on CB6-C activity
	Measurement of ROS release
	Measurement of adenosine triphosphate (ATP) and alkaline phosphatase (AKP) release
	Membrane permeability assay
	Preparation of protoplasts and MIC assay
	Scanning and transmission electron microscopy
	Competitive inhibition assay
	Mouse infection models
	Statistical analysis

	Results
	Purification and identification of antibacterial proteins
	Safety assays
	Antibacterial spectrum and MIC
	Time-kill kinetics
	Stability assay
	Additive effect of antibacterial protein CB6-C and conventional antibiotics
	Effect of metal ions on antibacterial protein CB6-C activity
	ROS assay
	ATP and AKP release assays
	Membrane permeability assay
	Protoplasts preparation and MIC assay
	Morphological and intracellular changes in MRSA cells after treatment with antibacterial protein CB6-C
	Competitive inhibition assay
	Antibacterial protein CB6-C exhibits therapeutic efficacy in mouse models

	Discussion
	Conclusions
	Acknowledgements
	References




