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Abstract: Multidrug-resistant (MDR) bacteria are a major threat to public health. Bacteriophage
endolysins (lysins) are a promising alternative treatment to traditional antibiotics. However, the lysins
currently under development are still underestimated. Herein, we cloned the lysin from the
SAP-26 bacteriophage genome. The recombinant LysSAP26 protein inhibited the growth of
carbapenem-resistant Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas
aeruginosa, oxacillin-resistant Staphylococcus aureus, and vancomycin-resistant Enterococcus faecium
with minimum inhibitory concentrations of 5~80 µg/mL. In animal experiments, mice infected
with A. baumannii were protected by LysSAP26, with a 40% survival rate. Transmission electron
microscopy analysis confirmed that LysSAP26 treatment resulted in the destruction of bacterial
cell walls. LysSAP26 is a new endolysin that can be applied to treat MDR A. baumannii, E. faecium,
S. aureus, K. pneumoniae, P. aeruginosa, and E. coli infections, targeting both Gram-positive and
Gram-negative bacteria.
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1. Introduction

Since the introduction of penicillin, many antimicrobial drugs have been developed and widely
used against pathogens, but bacteria have rapidly developed resistance to drugs [1]. The World Health
Organization warns that in the 21st century, more people will die from refractory multidrug-resistant
(MDR) bacterial infections than from cancer [2]. The decline in antibiotic efficacy against pathogenic
bacteria has created an urgent need to find potential alternative antibiotics [1,2].

Recently, endolysin (lysin) has emerged as a promising lead for development as a next-generation
antibiotic [3,4]. Lysin is a bactericidal enzyme that bacteriophages (phages) use to penetrate bacteria
during infection and also to escape from bacteria after proliferation [5]. The bacteriophage lysin breaks
down the peptidoglycan layer constituting the bacterial cell wall. Lysin has several advantages over
traditional antibacterial drugs: (1) it has a completely different mechanism of action to conventional
antibiotics, (2) it is expected to be advantageous in terms of safety as it has a very high selectivity for
bacteria [5], (3) lysin also acts on bacteria in the state of biofilm formation [6], and (4) it is expected to
have a low probability of developing resistant bacteria due to its high rate of action [7].

Lysins frequently show modular architecture, combining catalytic domain(s) with or without a
cell wall-binding domain that corresponds to host specificity [8]. However, Gram-negative bacteria
have an outer membrane covering the peptidoglycan layer, which make them more resistant to the
external treatments of lysins than Gram-positive bacteria [9].

Previously, we identified the induced phage SAP-26 and reported that it removed the Staphylococcus
aureus biofilm when treated with the antibiotic rifampicin. The SAP-26 phage belongs to the Siphoviridae
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family and is specific to S. aureus [10]. In this study, a gene encoding lysin was identified in the SAP-26
phage genome and cloned into a protein expression vector. We named the expressed recombinant
protein LysSAP26. The LysSAP26 lysin was tested for its antibacterial activity with several species of
MDR bacteria, including Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Escherichia coli. In addition to the in vitro tests, a mouse model infected
with A. baumannii was used to test the in vivo antibacterial activity of the LysSAP26.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

The following MDR clinical isolates were used in this study: E. faecium (20 isolates), S. aureus
(20 isolates), K. pneumoniae (20 isolates), A. baumannii (19 isolates), P. aeruginosa (20 isolates), and E. coli
(20 isolates). The clinical isolates were obtained from the Kyungpook National University Hospital
Culture Collection for Pathogens (KNUHCCP) and reference strains were purchased from the Korean
Collection for Type Cultures (KCTC) and the American Type Culture Collection (ATCC). Bacterial
identification of the clinical isolates was determined by 16S rRNA sequencing analysis and their
antibiotic susceptibility patterns were determined using the VITEK2 system. The sequence types (STs)
of A. baumannii were analyzed using the OXFORD multi-locus sequence typing (MLST) scheme used
in our previous study [11,12]. Liquid broth or solid agar medium, consisting of Luria Bertani (LB) or
Mueller Hinton broth (MHB), was used for the growth of bacteria. LB containing 15% glycerol (v/v)
was used for long-term storage of the bacterial strains. All bacterial strains were cultured at 35 ◦C
aerobically and maintained at −72 ◦C for long-term storage.

2.2. LysSAP26 Sequence In Silico Analysis

The gene encoding LysSAP26 was identified from the full genome sequence of bacteriophage
SAP-26 reported previously (GenBank accession number GU477322; annotated as an amidase) [10].
Similarity analysis between LysSAP26 and other amidases was performed using the National Center
for Biotechnology Information (NCBI) protein Basic Local Alignment Search (BLAST) search and the
constraint-based multiple alignment tool.

2.3. Construction of the LysSAP26 Expression Vector

The open reading frame encoding LysSAP26 was amplified by polymerase chain reaction
(PCR) using the primers NdeI-saplys (5′-GGGAATTCCATATGAAAACATACAGTGAAGC-3′) and
XhoI-saplys (5′-ATCCGCTCGAGAAACACTTCTTTCACAATC-3′). The amplified PCR product
(775 bp) was purified and digested with NdeI and XhoI restriction enzymes (target sequences are
underlined in each primer) and ligated into the pET21a expression vector using the Gibson Assembly®

kit (New England Biolabs, Beverly, MA, USA). The ligation product was introduced into E. coli DH5α,
and the transformants were selected on LB agar plates containing ampicillin (100 µg/mL). The resulting
plasmid, pLysSAP26, which facilitated the expression of recombinant LysSAP26 with a C-terminal
6-histidine tag (-LEHHHHHH-C-terminal) under control of the T7 promoter, was purified and verified
by sequencing analysis.

2.4. Purification of LysSAP26

The procedure for purification of the LysSAP26 protein was the same as in our previous
report [4]. The E. coli BL21 (DE3) strain was transformed with pLysSAP26, and following protein
expression induction with IPTG, the His-tagged LysSAP26 recombinant protein (30.1 kDa) was
purified by Fast Protein Liquid Chromatography (FPLC) affinity chromatography. The final purified
LysSAP26 was dialyzed and contained using the lysis buffer (50 mM Tris–HCl (pH 8.0), 200 mM
NaCl, and 100 mM ZnCl2). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis, protein
quantification, and Western blot analysis were performed as described in [4].
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2.5. Antibacterial Activity Test of LysSAP26 against Various Clinical Isolates

To determine if LysSAP26 has antimicrobial activity against six species of bacteria (E. faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and E. coli), a microdilution method was performed
as described in [4,13]. The concentration of LysSAP26 for the minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) measurements ranged from 1.25 to 80.0 µg/mL.
The time–kill assay for LysSAP26 with A. baumannii ATCC 17978 was performed by preparing a
bacterial suspension as for the microdilution method, adding LysSAP26 to a final concentration of
10 µg/mL. The sampling time points were 0, 2, 4, 6, 8, and 24 h from the start of incubation, and the
samples were diluted and spread onto LB plates to determine the colony-forming units (CFUs). For the
negative control, buffer was added instead of LysSAP26. Two independent replicates were performed.

2.6. Transmission Electron Microscopic (TEM) Analysis of A. baumannii Treated with LysSAP26

The A. baumannii ATCC 17978 strain was cultured in LB broth and harvested in the log phase of
growth (OD600 = 0.5). Bacterial cells were placed into a 96-well plate (104 CFUs/well) and purified
LysSAP26 (10 µg/mL) or buffer only (50 mM Tris-HCl and 500 mM NaCl) was added. The final volume
of each well was adjusted to 200 µL with MHB. After 5 h of incubation at 37 ◦C, the LysSAP26-treated
and buffer-treated (negative control) A. baumannii ATCC 17978 were placed on a carbon-coated copper
grid. The samples were negatively stained with 2% uranyl acetate for 50 s and examined by transmission
electron microscopy (TEM; Hitachi-7000; Hitachi, Tokyo, Japan) at 60 kV [4].

2.7. LysSAP26 Protection Assay with A. baumannii Systemic Infection Mouse Model

For the protection assay, female neutropenic BALB/c mice (5 weeks old, 16–19 g) and the
A. baumannii ATCC 17978 strain were used. The protection assay was performed as described in [4].
Systemic infection was induced by the intraperitoneal injection of 200 µL of bacterial inoculum
(1 × 109 CFUs) harvested in the log-phase of growth. The mice were divided into 6 groups as follows
(5 mice/group):

• Group 1. A negative control group injected with 100 µL of the lysis buffer alone;
• Group 2. First safety test group injected with 35 µg of LysSAP26 alone;
• Group 3. Second safety test group injected with 70 µg of LysSAP26 alone;
• Group 4. An infection control group infected with A. baumannii ATCC 17978;
• Group 5. First lysin-treated group infected with A. baumannii ATCC 17978 and treated with 35 µg

of LysSAP26 30 min after infection;
• Group 6. Second lysin-treated group infected with A. baumannii ATCC 17978 and treated with

70 µg of LysSAP26 30 min after infection.

The mice were monitored every day for 6 days following infection. All animal experimental
procedures were approved by the Animal Care Committee of Kyungpook National University.

3. Results

3.1. LysSAP26 DNA and Protein Sequence Analysis

The LysSAP26 protein is encoded by the 26th open reading frame of the SAP26 phage and consists
of 251 amino acids (AAs; 29.1 kDa). The protein BLAST search results showed that the LysSAP26
aligns with the N-acetylmuramoyl-L-alanine amidase, autolysin, and cysteine, the histidine-dependent
amidohydrolase/peptidase (CHAP) domain-containing protein of S. aureus (E-value: 0.0). The LysSAP26
sequence showed homology with the CHAP domain (from 20th to 109th AA, E-value: 3.85 × 10−8) [14].
The LysSAP26 protein sequence (from 19th to 234th AA) also showed similarity with LysK (E-value:
8 × 10−4), a well-known endolysin of S. aureus phage K (Figure 1A), and with LysSA11 amidase
(from 3rd to 139th AA of LysSAP26, E-value: 3 × 10−16) of S. aureus phage SA11 [14,15]. However,
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the C-terminal domain of LysSAP26 (from 140th to 251st AA) did not show any high similarity results
with the reported proteins or domains.

Figure 1. In silico analysis and purification of LysSAP26. (A) Two amino acid sequence
alignments between LysSAP26 and LysK using NCBI protein BLAST. Highlighted area: cysteine,
the histidine-dependent amidohydrolase/peptidase (CHAP) domain. Middle line reports that letters are
an identical match, + is a positive match, space is a match with zero, and dashes are gaps. (B) Protein
analysis by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and (C) Western blot analysis
of LysSAP26. The red arrow indicates the 30.1 kDa LysSAP26 endolysin with a 6-histidine tag.
M: molecular size marker, lane 1: flow-through sample, lane 2–6: eluted fractions from Fast Protein
Liquid Chromatography (FPLC) wash sample, lanes a and b: purified LysSAP26, lanes a’ and b’: blotted
lane a and b proteins showing Western signals with an anti-His monoclonal antibody.

3.2. LysSAP26 Purification

The quantitative amount of LysSAP26 protein purified from a 1 L culture was approximately
16 mg, and the purity of the protein was more than 99%, according to the densitometry band intensity
analysis by SDS-PAGE (Figure 1B). Western blot analysis using an anti-His monoclonal antibody
showed an approximately 30 kDa signal that suggested the purified protein was the His-tagged
LysSAP26 recombinant protein (Figure 1C).

3.3. Antibacterial Activity of LysSAP26

The antibacterial activities of the purified LysSAP26 against six representative bacterial strains are
shown in Table 1. Treatment with LysSAP26 inhibited the growth of all tested bacterial species. The MIC
for S. aureus ATCC 33591 was 40 µg/mL, while the MIC of K. pneumoniae KCTC 2208, P. aeruginosa
PAO1, and E. coli ATCC 25922 were all 20 µg/mL. The MIC for both A. baumannii ATCC 17978 and
ATCC 19606 was 10 µg/mL, which was the lowest MIC value among the five bacterial species (Table 1).
The MBC values for A. baumannii and P. aeruginosa were 10 µg/mL and 20 µg/mL, respectively, which
were identical to the MIC values. The MBC values of the other three bacterial species were over
80 µg/mL (Table 1).

Table 1. Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs)
of LysSAP26 against representative bacterial strains.

Bacterium Strain MIC (µg/mL) MBC (µg/mL)

Staphylococcus aureus ATCC 33591 40 >80
Klebsiella pneumoniae KCTC 2208 20 >80

Acinetobacter baumannii ATCC 17978 10 10
Acinetobacter baumannii ATCC 19606 10 10
Pseudomonas aeruginosa PA01 20 20

Escherichia coli ATCC 25922 20 >80
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To further examine the effect of LysSAP26 on the clinical MDR strains, clinical isolates, including
ESKAPE (E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and E. coli) bacteria,
were subjected to susceptibility tests, and the results are shown in Table 2. The MIC values of 20 isolates
of vancomycin-resistant E. faecium (VRE) were 40 µg/mL (18 isolates) and 80 µg/mL (two isolates).
The MIC of LysSAP26 for all 20 isolates of oxacillin-resistant S. aureus (ORSA) was 20 µg/mL. The MIC
of LysSAP26 for all 20 isolates of carbapenem-resistant K. pneumoniae (CRKP) was 40 µg/mL. The MIC
value for 20 carbapenem-resistant P. aeruginosa (CRPA) isolates was 40 µg/mL, except for one isolate
having a MIC of 20 µg/mL. The MIC values for 20 carbapenem-resistant and/or cephalosporin-resistant
E. coli isolates were 20 µg/mL in five isolates and 40 µg/mL in 15 isolates (Table 2).

Table 2. Antimicrobial activity of LysSAP26 against drug-resistant clinical isolates.

Bacteria No. of Isolates Tested Source 1 MIC 2 (µg/mL) MBC 3 (µg/mL)

Enterococcus faecium 20 KNUHCCP 40–80 >80
Staphylococcus aureus 20 KNUHCCP 20 >80
Klebsiella pneumoniae 20 KNUHCCP 40 >80

Acinetobacter baumannii 17 KNUHCCP 10 10
Pseudomonas aeruginosa 20 KNUHCCP 20–40 20–40

Escherichia coli 20 KNUHCCP 20–40 >80
1 KNUHCCP: Kyungpook National University Hospital Culture Collection for Pathogens, 2 MIC: minimum
inhibitory concentration, 3 MBC: minimum bactericidal concentration.

Treatment with LysSAP26 inhibited the growth of all 17 isolates tested for carbapenem-resistant
A. baumannii (CRAB), which harbored seven different STs (three of ST191, ST208, ST229, ST357,
and ST369, and one of ST423 and ST552) (Figure 2A). All 17 isolates had an MIC value of 10 µg/mL.
The MBC values were identical to the MIC values in all 17 isolates (Table 2).

Figure 2. Antibacterial activity of LysSAP26. (A) Antimicrobial activity (MIC) test results of LysSAP26
against two type strains and 17 carbapenem-resistant A. baumannii (CRAB) isolates. Seven different
sequence types (STs) were present. The red line indicates the break points of the MICs. (B) Time–kill
assay of LysSAP26 against A. baumannii ATCC 17978. LysSAP26 was added to a final concentration
of 10 µg/mL into the bacterial suspensions (105 colony forming units (CFUs)/mL in Mueller Hinton
broth (MHB)). The samples were taken at 0, 2, 4, 6, 8, and 24 h from the start of incubation, diluted and
spread onto Luria Bertani (LB) plates to determine the CFUs. Control was the endolysin buffer addition
instead of LysSAP26. This experiment was performed three times independently. The error bars
are invisible even though those were inserted. (C) Representative transmission electron microscopy
images of the untreated control (a) and LysSAP26 (10 µg/mL)-treated A. baumannii ATCC 17978 (b–d).
The A. baumannii ATCC 17978 at the exponential phase was treated with LysSAP26 at 37 ◦C for 5 h and
the samples were prepared for the observation as described. Panels (b) and (c) show perforated cell
membrane (arrows) and panel (d) shows the complete disorder of a cell. Panel (a) is a negative control
treated with buffer only.
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The antibacterial activity of LysSAP26 against A. baumannii ATCC 17978 was followed by the
time–kill assay using 10 µg/mL of LysSAP26. As shown in Figure 2B, the number of CFUs of
A. baumannii decreased after 2 h. After 24 h incubation with 10 µg/mL, the LysSAP26, bacterial number
was decreased by two log-fold compared to the initial number of bacteria.

3.4. A. baumannii Cell Features Affected by LysSAP26

The effect of LysSAP26 on A. baumannii was examined by TEM (Figure 2C). Treatment of
A. baumannii with 10 µg/mL of LysSAP26 resulted in few viable bacteria. The cell morphologies of the
remaining bacteria looked abnormal and exhibited bacterial cell wall damage Figure 2C(b–d).

3.5. In Vivo Protection Assays of LysSAP26

A. baumannii was our foremost target bacterium among the MDR pathogenic bacteria tested, so
the A. baumannii murine systemic infection model was prepared for the assessment of the antibacterial
activity of LysSAP26 (Figure 3). Neutropenic mice with intraperitoneally induced A. baumannii infection
were treated with either LysSAP26 (Groups 5 and 6) or saline (Group 4). In the saline-treated mice
(Group 4), three of the five mice died on the first day, and then only one of the five mice survived past
the second day of the infection. Mice treated with 35 µg of LysSAP26 (Group 5) had a 40% survival
rate until five days after the injection date, while mice treated with 70 µg of LysSAP26 (Group 6) had a
60% survival rate until six days after the injection date. Groups 1–3 did not show any death, indicating
that the negative control was normal and that both 35 µg and 70 µg LysSAP26 injections were 100%
safe for six days.

Figure 3. Protection assay results of LysSAP26 using an A. baumannii systemic infection mouse model.
A mouse mortality graph and a table with raw data are presented together. Group 1: a negative control
group (100 µL of the lysis buffer), Group 2: first safety group (35 µg of LysSAP26), Group 3: second
safety group (70 µg of LysSAP26), Group 4: an infection control consisting of infected mice without any
treatment, Group 5: treatment with 35 µg of LysSAP26, and Group 6: treatment with 70 µg of LysSAP26.

4. Discussion

Lysin is an enzyme produced by phages that breaks down bacterial cell walls to release phage
progeny [16]. When a small amount of recombinant lysin is added externally to Gram-positive bacteria,
the cell wall is digested immediately and the target bacteria rapidly die. However, lysin is less effective
in killing Gram-negative bacteria due to the presence of an outer membrane in the bacterial cell
wall [17]. A lysin that can act on both Gram-positive and Gram-negative bacteria would be a useful
antibacterial agent in an era of increasing antibiotic resistance [17].

Previously, we described an induced S. aureus phage, SAP-26 [10]. In this study, we cloned and
overexpressed LysSAP26, the lysin from the SAP-26 phage. According to in silico DNA analysis,
LysSAP26 contains a lysin-harboring CHAP domain, without an amidase or SH3 domain [18]. LysSAP26
shows high similarity with the LysK and LysSA11 amidase, in part. The unaligned C-terminal region
of LysSAP26 is a novel sequence that may be a cell wall-binding domain. The activity of the lysin
could be enhanced by removing the binding domain [19,20]. We made deletion mutants without the
unaligned C-terminal domain and found that the mutants exhibited a similar or better antibacterial
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activity. Further studies are required to explain this observation. From this point of view, relative
experiments should be done in depth.

LysK kills a wide range of pathogenic Staphylococci spp., including both human and veterinary
strains, but the killing activity is specific to the genus Staphylococcus [21]. The LysSA11 endolysin,
derived from the virulent S. aureus phage SA11, has lytic activity against staphylococcal strains, but does
not act on either Gram-positive or Gram-negative bacteria [15]. In this study, LysSAP26 showed growth
inhibition of all tested clinical isolates, including CRAB, VRE, methicillin resistant S. aureus (MRSA),
CRKP, CRPA, and carbapenem-resistant and/or cephalosporin-resistant E. coli. Our results suggest that
LysSAP26 has an extended antibacterial activity and can target both Gram-positive and Gram-negative
bacteria. We define “broad-spectrum activity” as antibacterial activity against both Gram-positive and
Gram-negative clinical isolates. This broad antibacterial activity has only been experimentally shown
in vitro. For future studies, additional bacterial species for antibacterial activities in vitro as well as the
antibacterial pharmacodynamics of LysSAP26 in vivo should be investigated.

LysSAP26 showed the strongest antibacterial activity against A. baumannii and the lowest MIC
value of LysSAP26 among the tested ESKAPE bacteria. In addition, the MIC and MBC values of
LysSAP26 against A. baumannii were identical. Similar to A. baumannii, the MIC and MBC values of
LysSAP26 against P. aeruginosa were the same, suggesting the bactericidal efficacy of LysSAP26 against
these two bacteria. However, the MBC and MIC values of LysSAP26 for the remaining four bacterial
species varied greatly, suggestive of bacteriostatic efficacy against E. faecium, S. aureus, K. pneumoniae,
and E. coli. These results are similar to those of LysSS, which also showed bactericidal activities against
only A. baumannii and P. aeruginosa [4].

Recently, we described newly generated recombinant peptidoglycan-degrading enzymes, LysSS
and Ablysin [4,10]. The antibacterial activity of LysSAP26 against A. baumannii isolates was similar
to those of LysSS harboring a lysozyme-like domain and Ablysin with GH25 muramidase homology.
The three lysins have bactericidal activity against CRAB isolates, with the predominant subtypes of
ST357, ST208, ST552, ST191, ST369, and ST229 found in Korea and other countries [12,22]. Among the
three lysins, LysSAP26 showed the strongest antibacterial activity. The MIC values for LysSS, Ablysin,
and LysSAP26 were 63~250 µg/mL, 110~230 µg/mL, and 5~10 µg/mL, respectively. In TEM analysis,
LysSAP26 ruptured or degraded the bacterial cell membrane of A. baumannii. LysSAP26 was initially
shown to degrade the lateral side of the bacterial cell wall (Figure 2C(b,c)), eventually crushing the
cells and killing them (Figure 2C(d)). This is similar to the mechanism of action of LysSS lysin, while
the lysozyme-like Ablysin perforates the cell wall, followed by total cell shrinkage [4,10]. Abdelkader
et al. reported recently that LysMK34 lysin has turgor pressure-dependent antibacterial activity against
A. baumannii [23]. We hypothesized that LysSAP26 would penetrate into the outer membrane and
degrade peptidoglycan partly, and the damaged bacteria eventually would be lysed by force of turgor
pressure. This hypothesis should be investigated using well-defined buffers in a future study.

In a murine systemic infection model, treatment with 35 µg and 70 µg of LysSAP26 resulted
in 20% and 60% survival rates, respectively, showing the protection efficacy of LysSAP26 against
A. baumannii–infected mice in a dose-dependent manner. According to the cytotoxicity test with A549
cells, which are human alveolar basal epithelial cells, there was no critical cytotoxicity as a result of
increasing the concentration by 50 ug/mL of LysSAP26 after 24 h of exposure. Future studies are
needed to determine the optimal dose of LysSAP26 and to obtain preclinical data (e.g., toxicological
data) in various disease models induced by ESKAPE pathogens.

This study reports a new phage lysin, LysSAP26, that inhibits the growth of ESKAPE pathogens
in vitro and protects systemic A. baumannii-infected mice. Lysins currently being commercialized
and under clinical trials actively target Gram-positive pathogens, while effective lysins that target
Gram-negative bacteria are limited. LysSAP26 acts on both Gram-positive and Gram-negative bacteria,
including CRAB. Therefore, LysSAP26 is a promising candidate for use as a biocontrol tool against
MDR ESKAPE pathogens.



Viruses 2020, 12, 1340 8 of 9

Author Contributions: Conceptualization, S.K. and J.K.; methodology, S.K., J.-S.J., and Y.-J.C.; validation, S.K. and
Y.-J.C.; formal analysis, S.K., J.-S.J., and Y.-J.C.; investigation, S.K. and J.K.; resources, S.K. and J.K.; data curation,
S.K. and J.K.; writing—original draft preparation, J.-S.J.; writing—review and editing, S.K. and J.K.; visualization,
S.K. and J.K.; supervision, J.K.; project administration, S.K.; funding acquisition, J.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Education, grant number 2017R1D1A3-B06032486.

Acknowledgments: We sincerely thank Je Chul Lee and Minsang Shin for helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Medina, E.; Pieper, D.H. Tackling Threats and Future Problems of Multidrug-Resistant Bacteria. Curr. Top.
Microbiol. Immunol. 2016, 398, 3–33. [CrossRef]

2. Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.;
Kluytmans, J.; Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority
list of antibiotic-resistant bacteria and tuberculosis. Lancet Infect. Dis. 2018, 18, 318–327. [CrossRef]

3. De la Fuente-Nunez, C.; Torres, M.D.; Mojica, F.J.M.; Lu, T.K. Next-generation precision antimicrobials:
Towards personalized treatment of infectious diseases. Curr. Opin. Microbiol. 2017, 37, 95–102. [CrossRef]

4. Kim, S.; Lee, D.W.; Jin, J.S.; Kim, J. Antimicrobial activity of LysSS, a novel phage endolysin, against
Acinetobacter baumannii and Pseudomonas aeruginosa. J. Glob. Antimicrob. Resist. 2020, 22, 32–39.
[CrossRef]

5. Dams, D.; Briers, Y. Enzybiotics: Enzyme-Based Antibacterials as Therapeutics. Adv. Exp. Med. Biol. 2019,
1148, 233–253. [CrossRef]

6. Yang, D.; Chen, Y.; Sun, E.; Hua, L.; Peng, Z.; Wu, B. Characterization of a Lytic Bacteriophage vB_EfaS_PHB08
Harboring Endolysin Lys08 Against Enterococcus faecalis Biofilms. Microorganisms 2020, 8, 1332. [CrossRef]
[PubMed]

7. Grishin, A.V.; Karyagina, A.S.; Vasina, D.V.; Vasina, I.V.; Gushchin, V.A.; Lunin, V.G. Resistance to
peptidoglycan-degrading enzymes. Crit. Rev. Microbiol. 2020, 1–24. [CrossRef] [PubMed]

8. Vermassen, A.; Leroy, S.; Talon, R.; Provot, C.; Popowska, M.; Desvaux, M. Cell Wall Hydrolases in
Bacteria: Insight on the Diversity of Cell Wall Amidases, Glycosidases and Peptidases Toward Peptidoglycan.
Front. Microbiol. 2019, 10, 331. [CrossRef] [PubMed]

9. Lai, W.C.B.; Chen, X.; Ho, M.K.Y.; Xia, J.; Leung, S.S.Y. Bacteriophage-derived endolysins to target
gram-negative bacteria. Int. J. Pharm. 2020, 589, 119833. [CrossRef]

10. Rahman, M.; Kim, S.; Kim, S.M.; Seol, S.Y.; Kim, J. Characterization of induced Staphylococcus aureus
bacteriophage SAP-26 and its anti-biofilm activity with rifampicin. Biofouling 2011, 27, 1087–1093. [CrossRef]

11. Bartual, S.G.; Seifert, H.; Hippler, C.; Luzon, M.A.D.; Wisplinghoff, H.; Rodríguez-Valera, F. Development of
a Multilocus Sequence Typing Scheme for Characterization of Clinical Isolates of Acinetobacter baumannii.
J. Clin. Microbiol. 2005, 43, 4382–4390. [CrossRef] [PubMed]

12. Jeon, H.; Kim, S.; Kim, M.H.; Kim, S.Y.; Nam, D.; Park, S.C.; Park, S.-H.; Bae, H.; Lee, H.-J.; Cho, J.H.; et al.
Molecular epidemiology of carbapenem-resistant Acinetobacter baumannii isolates from a Korean hospital
that carry blaOXA-23. Infect. Genet. Evol. 2018, 58, 232–236. [CrossRef] [PubMed]

13. Kim, S.; Jin, J.S.; Lee, D.W.; Kim, J. Antibacterial activities of and biofilm removal by Ablysin, an endogenous
lysozyme-like protein originated from Acinetobacter baumannii 1656-2. J. Glob. Antimicrob. Resist. 2020,
S2213–S7165. [CrossRef] [PubMed]

14. Becker, S.C.; Dong, S.; Baker, J.R.; Foster-Frey, J.; Pritchard, D.G.; Donovan, D.M. LysK CHAP endopeptidase
domain is required for lysis of live staphylococcal cells. FEMS Microbiol. Lett. 2009, 294, 52–60. [CrossRef]
[PubMed]

15. Chang, Y.; Kim, M.; Ryu, S. Characterization of a novel endolysin LysSA11 and its utility as a potent biocontrol
agent against Staphylococcus aureus on food and utensils. Food Microbiol. 2017, 68, 112–120. [CrossRef]

16. Fischetti, V.A. Bacteriophage lysins as effective antibacterials. Curr. Opin. Microbiol. 2008, 11, 393–400.
[CrossRef]

17. Ghose, C.; Euler, C.W. Gram-Negative Bacterial Lysins. Antibiotics 2020, 9, 74. [CrossRef]

http://dx.doi.org/10.1007/82_2016_492
http://dx.doi.org/10.1016/S1473-3099(17)30753-3
http://dx.doi.org/10.1016/j.mib.2017.05.014
http://dx.doi.org/10.1016/j.jgar.2020.01.005
http://dx.doi.org/10.1007/978-981-13-7709-9_11
http://dx.doi.org/10.3390/microorganisms8091332
http://www.ncbi.nlm.nih.gov/pubmed/32878334
http://dx.doi.org/10.1080/1040841X.2020.1825333
http://www.ncbi.nlm.nih.gov/pubmed/32985279
http://dx.doi.org/10.3389/fmicb.2019.00331
http://www.ncbi.nlm.nih.gov/pubmed/30873139
http://dx.doi.org/10.1016/j.ijpharm.2020.119833
http://dx.doi.org/10.1080/08927014.2011.631169
http://dx.doi.org/10.1128/JCM.43.9.4382-4390.2005
http://www.ncbi.nlm.nih.gov/pubmed/16145081
http://dx.doi.org/10.1016/j.meegid.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29307769
http://dx.doi.org/10.1016/j.jgar.2020.09.017
http://www.ncbi.nlm.nih.gov/pubmed/33045439
http://dx.doi.org/10.1111/j.1574-6968.2009.01541.x
http://www.ncbi.nlm.nih.gov/pubmed/19493008
http://dx.doi.org/10.1016/j.fm.2017.07.004
http://dx.doi.org/10.1016/j.mib.2008.09.012
http://dx.doi.org/10.3390/antibiotics9020074


Viruses 2020, 12, 1340 9 of 9

18. Zou, Y.; Hou, C. Systematic analysis of an amidase domain CHAP in 12 Staphylococcus aureus genomes and
44 staphylococcal phage genomes. Comput. Biol. Chem. 2010, 34, 251–257. [CrossRef]

19. Horgan, M.; O’Flynn, G.; Garry, J.; Cooney, J.; Coffey, A.; Fitzgerald, G.F.; Ross, R.P.; McAuliffe, O. Phage
Lysin LysK Can Be Truncated to Its CHAP Domain and Retain Lytic Activity against Live Antibiotic-Resistant
Staphylococci. Appl. Environ. Microbiol. 2009, 75, 872–874. [CrossRef]

20. Fenton, M.; Casey, P.G.; Hill, C.; Gahan, C.G.; McAuliffe, O.; Mahony, J.O.; Maher, F.; Coffey, A. The truncated
phage lysin CHAP(k) eliminates Staphylococcus aureusin the nares of mice. Bioeng. Bugs 2010, 1, 404–407.
[CrossRef]

21. O’Flaherty, S.; Coffey, A.; Meaney, W.; Fitzgerald, G.F.; Ross, R.P. The Recombinant Phage Lysin LysK Has a
Broad Spectrum of Lytic Activity against Clinically Relevant Staphylococci, Including Methicillin-Resistant
Staphylococcus aureus. J. Bacteriol. 2005, 187, 7161–7164. [CrossRef] [PubMed]

22. Zowawi, H.M.; Sartor, A.L.; Sidjabat, H.E.; Balkhy, H.H.; Walsh, T.R.; Al Johani, S.M.; Aljindan, R.Y.;
Alfaresi, M.; Ibrahim, E.; Al-Jardani, A.; et al. Molecular Epidemiology of Carbapenem-Resistant
Acinetobacter baumannii Isolates in the Gulf Cooperation Council States: Dominance of OXA-23-Type
Producers. J. Clin. Microbiol. 2015, 53, 896–903. [CrossRef] [PubMed]

23. Abdelkader, K.; Gutiérrez, D.; Grimon, D.; Ruas-Madiedo, P.; Lood, C.; Lavigne, R.; Safaan, A.; Khairalla, A.S.;
Gaber, Y.; Dishisha, T.; et al. Lysin LysMK34 of Acinetobacter baumannii Bacteriophage PMK34 Has a Turgor
Pressure-Dependent Intrinsic Antibacterial Activity and Reverts Colistin Resistance. Appl. Environ. Microbiol.
2020, 86, e01311-20. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.compbiolchem.2010.07.001
http://dx.doi.org/10.1128/AEM.01831-08
http://dx.doi.org/10.4161/bbug.1.6.13422
http://dx.doi.org/10.1128/JB.187.20.7161-7164.2005
http://www.ncbi.nlm.nih.gov/pubmed/16199588
http://dx.doi.org/10.1128/JCM.02784-14
http://www.ncbi.nlm.nih.gov/pubmed/25568439
http://dx.doi.org/10.1128/AEM.01311-20
http://www.ncbi.nlm.nih.gov/pubmed/32709718
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	LysSAP26 Sequence In Silico Analysis 
	Construction of the LysSAP26 Expression Vector 
	Purification of LysSAP26 
	Antibacterial Activity Test of LysSAP26 against Various Clinical Isolates 
	Transmission Electron Microscopic (TEM) Analysis of A. baumannii Treated with LysSAP26 
	LysSAP26 Protection Assay with A. baumannii Systemic Infection Mouse Model 

	Results 
	LysSAP26 DNA and Protein Sequence Analysis 
	LysSAP26 Purification 
	Antibacterial Activity of LysSAP26 
	A. baumannii Cell Features Affected by LysSAP26 
	In Vivo Protection Assays of LysSAP26 

	Discussion 
	References

