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Abstract Endolysin from Staphylococcus aureus phage
SA97 (LysSA97) was cloned and investigated. LysSA97 spe-
cifically lyse the staphylococcal strains and effectively
disrupted staphylococcal biofilms. Bioinformatic analysis of
LysSA97 revealed a novel putative cell wall binding domain
(CBD) as well as two enzymatically active domains (EADs)
containing cysteine, histidine-dependent amidohydrolases/
peptidases (CHAP, PF05257) and N-acetylmuramoyl-L-ala-
nine amidase (Amidase-3, PF01520) domains. Comparison
of 98 endolysin genes of S. aureus phages deposited in
GenBank showed that they can be classified into six groups
based on their domain composition. Interestingly, approxi-
mately 80.61 % of the staphylococcal endolysins have a src-
homology 3 (SH3, PF08460) domain as CBD, but the remain-
ing 19.39 %, including LysSA97, has a putative C-terminal
CBD with no homology to the known CBD. The fusion pro-
tein containing green fluorescent protein and the putative
CBD of LysSA97 showed a specific binding spectrum against
staphylococcal cells comparable to SH3 domain (PF08460),
suggesting that the C-terminal domain of LysSA97 is a novel
CBD of staphylococcal endolysins.

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-016-7747-6) contains supplementary material,
which is available to authorized users.

P4 Sangryeol Ryu
sangryu@snu.ac.kr

Department of Food and Animal Biotechnology, Department of
Agricultural Biotechnology, Research Institute of Agriculture and
Life Sciences, Seoul National University, Seoul 151-921, South
Korea

Institute of Food Industrialization, Institutes of Green Bio Science &
Technology, Seoul National University,
Pyeongchang, Gangwon 232-916, South Korea

Keywords Endolysin - Cell wall binding domain -
Staphylococcus aureus - Antibacterial

Introduction

Staphylococcus aureus is a highly virulent pathogen that can
endanger human and animal health. It causes illnesses such as
endocarditis, septicemia, purulent inflammation, toxic shock
syndrome, and food poisoning (Chang et al. 2013; Fernandes
et al. 2012). S. aureus produces biofilm which can cause a
variety of problems in the medical and agricultural industries
(Arciola et al. 1999; Fox et al. 2005; Melchior et al. 2006).
Biofilm is a sessile communities of microorganisms, and the
bacteria embedded in biofilms are considerably less suscepti-
ble to antibiotics than their planktonic counterparts due to the
limited access of the antibiotics (Melchior et al. 2006).

Bacteriophage-encoded peptidoglycan hydrolases, synthe-
sized at the end of the phage life cycle, are essentially pro-
duced for the release of phage progeny through rapid break-
down of the infected bacterial peptidoglycan (Gu et al. 2011b;
Schmelcher et al. 2015). They have been widely proposed as a
potent environmentally friendly substitute for antibiotics
(Loeffler etal. 2001; Loessner 2005). Resistance to endolysins
is rarer than antibiotics because endolysins have evolved to
target unique and essential molecules in the cell wall to avoid
becoming trapped inside the host after a phage infection
(Fischetti 2008; Schmelcher et al. 2015). It is commonly be-
lieved that repeated injection of the endolysin would induce an
immune response in the animal. However, the possibility of
neutralization of endolysin activity due to immune re-
sponse was challenged recently by Yang et al. (2014b),
who reported that the repeated administration of the
endolysin showed no obvious neutralization effect on
the lytic activity of the endolysin.
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In general, endolysins originating from phages infecting
Gram-positives have a modular structure, which contains an
enzymatically active domain (EAD) responsible for hydroly-
sis of peptidoglycans and a cell wall binding domain (CBD)
that leads the enzyme specifically to the host bacterial pepti-
doglycan via non-covalent binding (Loessner 2005).
However, relatively little is known about binding mechanisms
of CBD. CBD118 and CBD500 from Ply118 and Ply500
endolysins of Listeria phages are reported to attach to a ligand
present at septal regions and poles (Loessner et al. 2002).
Eugster et al. (2011) reported that CBDP35, CBD of Listeria
phage endolysin PlyP35, specifically interacted with the N-
acetylglucosamine residue at position C4 of the ribitol phos-
phate in wall teichoic acid polymers of L. monocytogenes
serovar 1/2 and 3 strains. Most staphylococcal endolysins
are reported to have an src-homology 3 (SH3, PF08460) do-
main as a CBD (Hugo Oliveira 2013). However, bioinformat-
ic analysis of LysSA97 using BLAST (http:/blast.ncbi.nlm.
nih.gov/Blast.cgi; Altschul et al. 1997), InterProScan 5
(http://www.ebi.ac.uk/interpro; Jones et al. 2014), and Pfam
28.0 (http://pfam.xfam.org; Finn et al. 2014) revealed two
EADs containing cysteine, histidine-dependent amido
hydrolases/peptidases (CHAP, PF05257), and N-acetyl
muramoyl-L-alanine amidase (Amidase-3, PF01520) along with
a C-terminal domain not homologous to any known CBDs.
Here, we analyzed 98 staphylococcal endolysins reported in
GenBank and found that 79 staphylococcal endolysins possess
SH3 domain as a CBD. Seven staphylococcal endolysins, in-
cluding LysSA97, have a novel putative CBD at their C-terminal.
The function of this CBD as a specific binder to Staphylococcus
was also confirmed in this study.

Materials and methods
Bacterial strains, media, and growth conditions

The bacterial strains used in this study are summarized in
Table 2. All of these strains were grown in tryptic soy broth
(TSB) medium (Difco, Detroit, MI) at 37 °C with shaking, and
tryptic soy agar (Difco) containing 1.5 % (w/v) agar was used
for bacterial counting. Escherichia coli DH5c and BL21
(DE3) were used in recombinant DNA work for constructing
strains containing endolysin gene and were grown in Luria-
Bertani (LB) broth (Difco, Detroit, MI) at 37 °C.

Cloning, overexpression, and purification of LysSA97
and LysSA97 CBD

The endolysin gene (SA97_036) was analyzed from the SA97
phage genome (GenBank accession number KJ716334;
Chang et al. 2015) and was amplified by polymerase chain
reaction (PCR) with the primers lysSA97F and lysSA97R in
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Table 1. The PCR condition consisted of initial denaturation
step at 100 °C for 10 min, followed by 30 cycles of denatur-
ation step at 95 °C for 30 s, annealing at 55 °C for 30 s, and
elongation at 72 °C for 1 min 20 s, and final extension step at
72 °C for 7 min. The PCR product was cloned into a pET28a
vector (Novagen, Madison, WI), which had N-terminal
hexahistidine (His)-tag sequences. Next, it was transformed
into E. coli BL21 (DE3). The T7 promoter was induced with
0.5 mM isopropyl-(-thiogalactopyranoside (IPTG) at ODgqq
0.8 to express the endolysin LysSA97, followed by incubation
at 18 °C for 22 h. The bacteria were suspended in phosphate
lysis buffer (20 mM sodium phosphate, 300 mM sodium chlo-
ride, pH 7.0) and disrupted by sonication (Branson
Ultrasonics, Danbury, CT). The cells were centrifuged at
15,000xg for 30 min to obtain supernatant containing soluble
protein, which was passed through a Ni-NTA superflow col-
umn (Qiagen Gmbh, Germany) to acquire purified protein.
After this, we moved the purified protein to storage buffer
(20 mM sodium phosphate, 300 mM sodium chloride,
pH 7.0, 50 % glycerol) using a PD Miditrap G-25 (GE
healthcare, Amersham, Bucks, UK) to store the protein at
—20 °C until use.

The green fluorescent protein (GFP) fusion to
LysSA97 CBD (LysSA97 CBD-GFP) was then constructed.
Putative CBD regions were determined by the domain analysis
of LysSA97. CHAP was located at the N-terminus, amidase-3
(N-acetylmuramoyl-L-alanine amidase) at the middle region, and
no homolog was at the C-terminus. Therefore, we predicted that
the putative CBD would be next to amidase-3
(N-acetylmuramoyl-L-alanine amidase), in the 368 to 470 region
of LysSA97. For strain construction, LysSA97 CBD was ampli-
fied by PCR with the primers lysSA97 CBD-F and
lysSA97 CBD-R in Table I, and cloned into a pET28a-
containing GFP (pET28a-GFP) vector. The T7 promoter was
induced with 0.5 mM IPTG at exponential growth to express
the LysSA97 CBD-GFP, followed by incubation at 37 °Cfor
3 h. Subsequently, protein purification was conducted as previ-
ously described (Gu et al. 2011a).

Turbidity reduction assay

The lytic activities against S. aureus RN4220 were assessed
by turbidity reduction assay (Gaeng et al. 2000). Bacterial
cells were incubated to an early-exponential phase, harvested,
and resuspended with reaction buffer (50 mM sodium phos-
phate, pH 7.0). In the case of Gram-negative bacteria, cells
were pre-treated with 50 mM sodium phosphate buffer with
0.1 M EDTA for 5 min at room temperature (RT) and the cells
were washed three times, as previously described (Leive
1968). Various amounts (0—200 pg) of the endolysins and
the bacterial cell suspensions were mixed thoroughly and in-
cubated at RT, and ODg( values were monitored over time.
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Table 1 Oligonucleotide primers ]
used for cloning Primer Nucleotide sequences [5 — 3] Restriction Reference
sites
lysSA97F GGAGATGATACATATGCCGT Ndel This study
CGGTTA
lysSA97R AATAACCTACCTCGAGTCTTTTTATA Xhol This study
lysSA97_CBD-F GATGCGCCAGGATCCAAGCCAAGC BamHI This study
lysSA97 _CBD-R AATAACCTACCTCGAGTCTTTTTATA Xhol This study

4 Restriction sites are underlined

To test the pH stability, 50 pug of LysSA97 was added to the
S. aureus RN4220 cell suspension with various buffers: 0.1 %
trifluoroacetic acid (pH 2.0), 50 mM sodium acetate (pH 4.0),
50 mM 2-(N-morpholino) ethanesulfonic acid (pH 6.0),
50 mM bis-tris (pH 7.0), 50 mM tris—HCI (pH 8.0), and
50 mM N-cyclohexyl-3-aminopropanesulfonic acid
(pH 10.0). To assess the effect of temperature on LysSA97
enzymatic activity, different temperatures (4—65 °C) were set
and the endolysin was incubated in each group for 30 min.
Next, the turbidity reduction assay was applied to S. aureus
RN4220. The influence of NaCl on lysis activity was evalu-
ated under various conditions with several different NaCl con-
centrations (0-300 mM) at RT (Son et al. 2012).

Plate lysis assay

Plate lysis assays were performed as previously described
(Becker et al. 2009). In brief, purified protein was diluted in
sterile phosphate-buffered saline (PBS). Twenty microliters
containing 50 pg of the protein was spotted onto a freshly
spread lawn of mid-log phase of bacterial cells that had air-
dried for 10 min on TSA plates. Spotted plates were air-dried
in a laminar flow hood (15 min) and incubated overnight at
37 °C. Cleared spots were scored within 20 h of plating. Lysis
with clear zone was considered as a positive result.

Biofilm reduction assay

A Dbiofilm disruption assay was performed as previously
described with some modifications (Wu et al. 2003).
S. aureus Newman incubated in BHI medium supple-
mented with 0.25 % p-(+)-glucose (Sigma) was pre-
pared and was sub-cultured to the same media in a
96-well polystyrene microplate. Glucose was supple-
mented to the medium as it can induce the biofilm
formation by inducing ica gene (Jin et al. 2005) and
most of the staphylococci adhered to the plates in
glucose-rich medium than in glucose-poor medium
(Moreira et al. 2013). After incubating the microplate
for 24 h at 37 °C, all wells were washed with PBS.
Once the biofilm was formed, the experimental group

wells were filled with LysSA97 (50 pg), whereas PBS
was added to the negative control. After the incubation
for 2 h at 37 °C, each well was washed once with PBS
and stained with 0.1 % crystal violet. Additional wash-
ing with PBS, followed by solubilizing with 33 %
acetic acid, was done. The absorbance of the obtained
solution was measured at 570 nm and the sessile bio-
mass was presented as the ODs;y value (Salazar et al.
2013; Simoes et al. 2007; Son et al. 2010).

To prepare samples for scanning electron microscopy
(SEM), the procedures of the biofilm assay on glass cover
slips in a six-well culture plate (Corning, NewYork, NY,
USA) instead of a 96-well microplate as described above.
The microscopic sample was prepared following a previously
reported method (Wu et al. 2003). A field-emission scanning
electron microscope (SUPRA 55VP, Carl Zeiss, Germany)
was used to observe the biofilm formation.

Bioinformatics analysis of staphylococcal endolysins

The LysSA97 endolysin gene (SA97 036) was identi-
fied in the SA97 phage genome in a previous study
(Chang et al. 2015). Its protein domain composition
was analyzed using the BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi; Altschul et al. 1997), InterProScan 5
(http://www.ebi.ac.uk/interpro; Jones et al. 2014), and
Pfam 28.0 (http://pfam.xfam.org; Finn et al. 2014)
programs. The nucleotide sequences of 98 S. aureus
phages on NCBI were analyzed and the putative
endolysin genes were identified. The bioinformatics
analysis of the domain compositions of staphylococcal
endolysins revealed six distinct groups of endolysin.
To determine the phylogenetic position of the LysSA97
endolysin and its CBD, respectively, phylogenetic trees
were constructed based on the alignment of the amino
acid sequences from the full-length endolysins and their
CBDs from 98 staphylococcal endolysins. The amino acid
sequences used for phylogenetic trees are available online
in the NCBI nucleotide databases (http://www.ncbi.nlm.
nih.gov/nuccore). Alignments of amino acid sequences
were aligned using the Clustal x2 program (Larkin et al.
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Fig. 1 Purification and lytic activities of LysSA97. a Purified LysSA97
was loaded on an SDS-PAGE gel. Lane M, standard molecular weight
marker; LysSA97, purified LysSA97 fraction. b Lysis of S. aureus
RN4220 in the presence of recombinant LysSA97. Black circle negative
control (no enzyme added), inverted black triangle 30 pug enzyme added,

2007). Phylogenetic trees based on the alignments of pro-
tein amino acid sequences were constructed and obtained
bootstrap neighbor-joining trees (B = 1,000 of bootstrap
replications) using the MEGAS program (Kumar et al.
2008).

Amidase assay

N-acetylmuramyl-L-alanine amidase activity was measured
by quantification of acetaldehyde in the peptidoglycan after
the endolysin reaction. S. aureus peptidoglycan was prepared
as previously described (Fein and Rogers 1976; Kuroda and
Sekiguchi 1990). The bacterial cell was disrupted by sonica-
tion and centrifuged at low speed (1,400xg, 10 min) to remove
the unbroken cells. Only the supernatant was recentrifuged at
high speed (27,000xg, 5 min) to obtain the crude cell wall
pellet, suspended in 4 % SDS solution, and boiled for
10 min. It was washed three times after cooling and resus-
pended in endolysin reaction buffer (50 mM sodium phos-
phate, pH 7.0). Negative control groups were composed of
peptidoglycan solution only or reaction buffer containing
LysSA97 (50 ug) each, and the group with the reaction buffer
was set for the reference. For the experimental group, 200 pg
of peptidoglycan solution containing 50 pg of lysSA97 was
prepared, and all of these groups were incubated at RT for 1 h.
To stop the reaction, 1.0 M NaOH was mixed into each reac-
tion. After 30 min incubation at 38 °C, 0.5 M H,SO, and
concentrated H,SO,4 (5 mL) were added to each set. The stop-
pered tubes were placed in boiling water for 5 min. After
cooling on ice, 4 % CuSO45H,0 and 1.5 % p-
hydroxydiphenyl solution were added and incubated for
30 min at 30 °C. Finally, the ODss, was measured (Hadzija
1974; Hazenberg and de Visser 1992) with the supernatants.
Briefly, muramic acid, which was used as the standard, was
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deviations

degraded to lactic acid by N-acetylmuramyl-L-alanine ami-
dases, the lactic acid was then degraded to acetaldehyde, and
finally, the color was changed by the reaction with p-
hydroxydiphenyl (Park et al. 2012).

Binding assessment of GFP fusion protein to the bacterial
cell

One milliliter of early-exponential-phase cell cultures were
collected and resuspended in 100 pl PBS. The cells were
incubated with 0.8 uM of GFP fused LysSA97 CBD protein
for 5 min at RT. After incubation, the cells were collected by
centrifugation at 16,000xg for 1 min, washed, and resuspend-
ed in PBS. GFP alone was used as a negative control to test if
GFP has any binding affinity for bacterial cell surfaces. A
super-resolution confocal microscope (Leica, SP8 X STED,
Germany) was used to detect the fluorescence of the treated
cells to determine the binding specificity of LysSA97 CBD
(Gu et al. 2011a).

Statistical analysis

Statistical analysis was conducted using the GraphPad Prism
program (version 5.01). All results were analyzed by Student’s
unpaired ¢ test. The data are presented as means and standard
deviations. A P value of <0.05 was considered statistically
significant.

Nucleotide sequence accession number

The complete genome sequence of S. aureus phage SA97 has
been deposited in GenBank under accession number KJ716334.
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Results
Overexpression and lytic activities of LysSA97 endolysin

The endolysin gene was identified from the genome sequence of
phage SA97 (Chang et al. 2015), cloned, and overexpressed in
E. coli. LysSA97 was purified to near homogeneity (Fig. 1a).
This preparation showed concentration-dependent cell lysis ac-
tivity (Fig. 1b). To examine the susceptibility of various strains
against LysSA97, plate lysis assay was performed. LysSA97

could lyse the bacterial cells confined to staphylococcal species
(Table 2).

Lytic activity analysis at different pH values demonstrated
that LysSA97 was relatively stable under pH ranges between
6.0 and 8.0, with the highest activity at pH 7.0 (Fig. 2a).
LysSA97 was highly active under the temperature ranges be-
tween 25 and 37 °C (Fig. 2b). Its activity was relatively stable
under wide ranges of NaCl concentrations up to 300 mM, with
the maximum activity level at 0 mM NaCl conditions
(Fig. 2c).

Table 2  The antimicrobial spectrum of LysSA97, cell wall binding spectrum of LysSA97 CBD, and SH3 domain (PF08460)

Bacterial strain

Lysis zone formation of Binding activity of Binding activity of SH3  Reference or

LysSA97 LysSA97_CBD domain (PF08460)° source
Staphylococcus strains
Staphylococcus aureus RN4220 + + + Park et al. (2010)
Staphylococcus aureus Newman + + + Baba et al. (2008)
Staphylococcus aureus KCTC 1916 + + + KCTC
Staphylococcus aureus ATCC 6538 + + + ATCC
Staphylococcus aureus ATCC 23235 + + + ATCC
Staphylococcus aureus ATCC 25923 + + + ATCC
Staphylococcus aureus ATCC 29213 + + + ATCC
Staphylococcus aureus ATCC 33593 + + + ATCC
Staphylococcus aureus ATCC 33586 + + + ATCC
Methicillin resistant S. aureus CCARM 3089 + + + CCARM
Methicillin resistant S. aureus CCARM 3090 + + + CCARM
Methicillin resistant S. aureus CCARM 3793 + + + CCARM
Staphylococcus aureus ATCC 12600 - + + ATCC
Staphylococcus aureus ATCC 13301 - + + ATCC
Staphylococcus xylosus, ATCC 29971 + + + ATCC
Staphylococcus hominis, ATCC 37844 + + + ATCC
Staphylococcus capitis, ATCC 35661 + + + ATCC
Staphylococcus saprophyticus, ATCC 15305 + + + ATCC
Staphylococcus haemolyticus, ATCC 29970 + + + ATCC
Staphylococcus intermedius, ATCC 29663 + + + ATCC
Staphylococcus epidermidis ATCC 35983 - + + ATCC
Staphylococcus warneri ATCC 10209 + + ATCC
Other Gram-positive bacteria
Enterococcus faecalis ATCC 29212 - - - ATCC
Bacillus cereus ATCC 14579 - - ATCC
Bacillus subtilis ATCC 23857 - - - ATCC
Listeria monocytogenes ATCC 19114 - - - ATCC
Gram-negative bacteria
Salmonella enterica serovar Typhimurium SL1344 -2 - -8 ATCC
E. coli O157:H7 ATCC 35150 -2 -@ -8 ATCC
Cronobacter sakazakii ATCC 29544 -2 - -2 ATCC
Pseudomonas aeruginosa ATCC 27853 -2 -2 -2 ATCC

# Gram-negative bacteria were treated with EDTA

® Binding activities were examined by LysSA12_CBD involved in type III (GenBank accession no. NC_021801.1)
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Fig. 2 Effect of pH, temperature, and NaCl on the lytic activities of
LysSA97. The effect of pH (a), temperature (b), and NaCl
concentration (¢) on the lytic activities of LysSA97 against S. aureus
RN4220 cells are shown. Each column represents the mean of triplicate
experiments and error bars indicate the standard deviation. The asterisks
indicate significant differences (***P < 0.001, **P < 0.01, *P < 0.05)

Biofilm reduction activity of LysSA97

The biofilm matrix disruption by LysSA97 endolysin was
verified by visual comparison in crystal violet-staining and
SEM. Although the biofilm removal extent was sufficient to
be determined by visual examination, it was further confirmed
by quantification of crystal violet staining. As shown in
Fig. 3a, the blue-stained color was significantly reduced in
the LysSA97-treated group compared with the PBS-treated
control group. Approximately 90 % of the biofilm was re-
duced in the LysSA97 endolysin-treated group compared with
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the control. Most biofilms formed after 24 h incubation of
S. aureus Newman cells were removed and a few cells
remained on the glass surface were deformed after treatment
with 50 pg of LysSA97 for 2 h (Fig. 3b).

Functional domains of LysSA97

LysSA97 is composed of 470 amino acids (55.4 kDa).
BLAST (Altschul et al. 1997), InterProScan 5 (Jones
et al. 2014), and Pfam 28.0 (Finn et al. 2014) analysis
suggested that LysSA97 is a putative N-acetylmuramoyl-
L-alanine amidase consisting of an N-terminal CHAP do-
main (PF05257; E value, 3.9¢-12) and a middle amidase-3
domain (N-acetylmuramoyl-L-alanine amidase, PF01520;
E value, 1.1e-23), known as the enzymatic domains that
cleave the amide bond between the N-acetylmuramoyl
and L-alanine residues in bacterial cell walls (Hugo
Oliveira et al. 2013; Szweda et al. 2012). Amino acid
sequence alignment revealed that LysSA97 presents
100 % overall identity with a CHAP domain containing
protein of S. aureus JH9.

To confirm the predicted amidase activity of LysSA97, the
quantity of free muramic acid on the N-acetylmuramic acid
residue was analyzed (Hadzija 1974). As shown in Fig. 4, the
amount of muramic acid in the peptidoglycan significantly
increased within 1 h after the endolysin reaction. When
LysSA97 was applied to the S. aureus peptidoglycan, free
muramic acid production was 4.83 times more than in the
control groups that means LysSA97 cleaves the lactate link
between the N-acetylmuramic acid and L-alanine of the pep-
tide side chain. Therefore, LysSA97 was demonstrated to have
amidase activity.

However, the BLAST, InterProScan 5, and Pfam 28.0 anal-
ysis of LysSA97 did not reveal a CBD homologous to the
known CBD even though most reported staphylococcal
endolysins are known to have SH3 domain (PF08460) as a
CBD (Becker et al. 2009; Hugo Oliveira et al. 2013) (Table 3).
This suggests that LysSA97 may have a novel CBD because it
has a C-terminal domain large enough to function as a CBD in
addition to the EAD.

Grouping of staphylococcal endolysins

EADs and CBDs of 98 known S. aureus endolysins (April
2015) were predicted and compared to evaluate the possibility
of the C-terminal domain of LysSA97 as a novel CBD.
Staphylococcal endolysins have several distinct domain com-
positions; most have two EADs (CHAP and amidase-2
(N-acetylmuramoyl-L-alanine amidase) or amidase-3
(N-acetylmuramoyl-L-alanine amidase)), and some have
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Fig. 3 Examination of the S. aureus biofilm disruption abilities by
LysSA97 treatment. a Biofilms after crystal violet-staining were shown.
Left well negative control treated with PBS, right well the experimental
group applied with purified LysSA97 (50 ug). The dark staining indicates
the existence of a biofilm that is maintained after treatment for biofilm
disruption and /ight staining indicates the successful removal of biofilm.
The biomass amount was presented as the ODs7q value. Each column

CHAP as a single EAD; however, not all staphylococcal
endolysins have SH3 domain as a CBD, contrary to previous
reports (Oliveira et al. 2013). All of the endolysins, except the
2638A endolysin, have CHAP as EAD in the N-terminal.
Therefore, the endolysins can be divided into six groups based
on their domain compositions. Group I contains endolysins
containing CHAP as a catalytic domain and a putative CBD
not homologous to any known CBD and group II contains
those with CHAP and SH3 domains. Endolysins with
CHAP/amidase-2 (N-acetylmuramoyl-L-alanine amidase)/

-
(=]
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Fig. 4 N-acetylmuramyl-L-alanine amidase activities of LysSA97.
Peptidoglycan (PGN) extracted from S. aureus RN4220 was incubated
with or without 50 pg of purified LysSA97. The level of released
muramic acid was measured after 1 h endolysin incubation.
Peptidoglycan (PGN) peptidoglycan only, LysSA97 50 ug LysSA97 only,
PGN + LysSA97 50 ug 50 pg LysSA97 was added to the PGN. Each
column represents the mean standard deviations of triplicate assays. The
asterisk indicates significant differences (*P < 0.05)

LysSA97 50 pg

Control

represents the mean standard deviations of triplicate assays. The asterisks
indicate significant differences (***P < 0.001). b Scanning electron mi-
croscope analysis of the degradation efficacy of LysSA97 against
S. aureus Newman biofilms. Control indicates the sample treated with
PBS; LysSA97 50 p1g indicates the sample treated with 50 pg of LysSA97.
Magnification x10,000 and scale bar indicates 500 nm

SH3 domains are in group III and those with CHAP/
amidase-3 (N-acetylmuramoyl-L-alanine amidase)/SH3 do-
mains are in group IV. Group V contains endolysins with both
CHAP and amidase-3 (N-acetylmuramoyl-L-alanine amidase)
but with another putative CBD not homologous to any known
CBD, and group VI contains endolysins with peptidase M23
(PF01551)/amidase-2 (N-acetylmuramoyl-L-alanine ami-
dase)/SH3 domains.

According to the InterProscan 5 results, firstly we divided
staphylococcal endolysin CBDs into two groups, SH3 domain
and unknown. Interestingly, 19 out of 98 endolysins contained
putative CBDs with no homology to the known CBD, SH3
domain. Further, we divided the unknown group again into
two groups, type I CBD and type V_CBD, according to the
amino acid sequence alignment results through BLAST align
analysis. LysSA97, together with six other endolysins in
group V, contains a putative CBD with more than 97 % sim-
ilarity, and endolysins in group I contain other putative CBDs
not homologous to those in group V endolysins, suggesting
that at least two more types of CBDs exist in staphylococcal
endolysins in addition to the well-known SH3 domain
(Table 3).

To compare the genomes of the staphylococcal full-length
endolysins and their CBDs, phylogenetic analysis was per-
formed based on their amino acid sequences (Fig. S1 and 5,
respectively). The results were comparable to the grouping
analysis by domain compositions (Table 3). Especially, phy-
logenetic analysis of the CBD sequences revealed that

@ Springer



154

Appl Microbiol Biotechnol (2017) 101:147-158

Table 3

Staphylococcal endolysins grouping based on the domain compositions

Group Domain composition

Phages containing the same group endolysin

TypeI EAD (CHAP) and CBD (no homology 1)

42E, 187, SAP-26, SAP090B, phi13, phiBUO1, phiPV83, phiNM3, phiN315, tp310—

3, P954, and JSO1

Type EAD (CHAP) and CBD (SH3 domain) 44HID, 66, P68, SAP-2, S13, S24-1, GRCS, vB_SauM_Remus, vB_SauM
I Romulus, SAS5, and ISP
Type EAD (CHAP, amidase-2 (N-acetylmuramoyl- 11, 29, 37, 52A, 55, 69, 80, 85, 88, 92, 676Z, A3R, A5W, DW2, JD007, Fi200W,

i L-alanine amidase)) and CBD (SH3 domain)

MSAG6, x2, EW, PAW, GH15, K, MCE-2014, Sb-1, SP5, SP6, SA12, SA13,

StaphIN, S25-3, S25-4, phiMR11, phiMR25, phiNM2, phiSauS-IPLASS,
phiSA012, philPLA-C1C, philPLA-RODI, and 812

Type EAD (CHAP, amidase-3 (N-acetylmuramoyl-
v L-alanine amidase)) and CBD (SH3 domain)

3 A, 53,96, 77, 80alpha, ROSA, TEM123, TEM126, tp310-1, tp310-2, SMSAPS,
StauST398—4, LH1, PVL, phiNM, phil2, phiSauS-IPLA35, phiPVL108,

phi2958PVL, phiPVL-CN125, phiNM1, phiNM4, phiSa119, phiSLT,
phiS967PVL, phi7247PVL, phi7401PVL, and YMC/09/04/R1988

Type EAD (CHAP, amidase-3 (N-acetylmuramoyl-
\'% L-alanine amidase)) and CBD (no homology 2)
Type EAD (peptidase M23, amidase-2 (N-acetylmuramoyl-
VI L-alanine amidase)) and CBD (SH3 domain)

2638A

phiETA, phiETA2, phiETA3, 71, StauST398-1, StauST398-5, and SA97

LysSA97 CBD was involved in type V and totally different
from another non-SH3 domain CBD in type I (Fig. 5). Two
endolysins from the phage SAS5 (GenBank accession no.
JX875065.1) and ISP (GenBank accession no. FR852584.1)
were classified into type II according to the domain composi-
tions; however, both of their full-length and CBD genome
sequences were revealed to be more similar to type III
(Fig. S1 and 5). The results seemed to be occurred as
amidase-2 (N-acetylmuramoyl-L-alanine amidase) domain
was missing in those two endolysins because of some gene
mutation. In the case of the phage 2638 A endolysin in type VI,
its CBD (SH3 domain) was similar to the CBD in type III,
even though the genome sequences of the full-length
endolysin was totally different from others.

Confirmation of the C-terminal domain of LysSA97
as a novel CBD

To confirm the bacterial binding activity of a putative CBD of
LysSA97, a fusion protein containing the predicted CBD re-
gion (amino acid residues 368—470) and GFP was cloned into
a pET28a vector and purified (Fig. 6a). Purified GFP or GFP-
LysSA97 CBD was added to S. aureus cells and binding was
viewed by fluorescence microscopy. GFP alone did not show
any binding affinity to the bacterial cells as a control in
Fig. 6b. The LysSA97 CBD binding spectrum covered entire
staphylococcal strains tested including 14 S. aureus and 8 of
other staphylococcal strains known to be harmful to human
(Cone et al. 2005; Cuong Vuong 2002; Daniel et al. 2014;
Hovelius and Mardh 1984; Theodoros Kelesidis 2010;
Voineagu et al. 2012; Won et al. 2002) (Table 2). However,
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no binding of fusion protein to any other bacteria tested was
observed under the same conditions (Table 2).

Discussion

Endolysins are promising biocontrol or therapeutic agents as
they show specific action spectrum and low incidence of re-
sistance (Obeso et al. 2008; Oliveira et al. 2012). In this study,
the novel endolysin LysSA97 containing unprecedented CBD
was characterized. LysSA97 could lyse the bacterial cells con-
fined to staphylococcal species (Table 2), suggesting that it
may hydrolyze analogous peptidoglycan structure with the
amide linkage between N-acetylmuramic acid and L-alanine,
commonly found in various staphylococcal strains (Schleifer
and Kandler 1972). LysSA97 killed a large number of staph-
ylococcal strains in a wide range of pH, temperature, and
NaCl concentrations (Fig. 2) that could be a good biocontrol
agent.

LysSA97 endolysin could remove staphylococcal biofilms
effectively as observed by SEM (Fig. 3). It is likely that
LysSA97 endolysin lyses individual staphylococcal cells em-
bedded in the extracellular matrix of the biofilm, resulting in
destabilization of the biofilm and its detachment from the
surfaces as suggested by previous studies (Fenton et al.
2013; Shen et al. 2013; Son et al. 2010; Yang et al. 2014a).
These results demonstrate that LysSA97 can be used to treat
infections such as osteomyelitis, periodontitis, and chronic
rhinosinusitis (Archer et al. 2011) caused by biofilm-forming
S. aureus cells.

Endolysins originating from phages infecting Gram-
positives form a modular structure containing EADs and
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CBD and most reported endolysins lysing S. aureus were
known to have a SH3 domain as a CBD (Becker et al. 2009;
Oliveira et al. 2013). However, the BLAST, InterProScan 5,
and Pfam 28.0 analysis of LysSA97 did not reveal a CBD
homologous to the known CBD, a SH3 domain (Table 3).
This suggests that LysSA97 may have an unusual CBD be-
cause it has a C-terminal domain large enough to function as a
CBD in addition to the EAD. The minimum amino acid res-
idues required for specific binding of LysSA97 CBD were
studied. The systematic truncations of LysSA97 CBD were
fused to GFP and their bindings were compared;
LysSA97 CBD truncl containing the amino acid residues
from 371 to 470, LysSA97 CBD trunc2 containing the amino
acid residues from 386 to 470, LysSA97 CBD trunc3 con-
taining the amino acid residues from 386 to 453,
LysSA97 CBD trunc4 containing the amino acid residues
from 398 to 453, and LysSA97 CBD trunc5 containing the
amino acid residues from 386 to 435 of the LysSA97 were
made and their bindings to S. aureus were compared. Binding
assay revealed that the minimum amino acid residues required
for specific binding to S. aureus RN4220 was residues from
386 to 453 (Fig. S2).

The green fluorescent protein and the putative CBD of
LysSA97 fusion protein showed a specific binding spec-
trum against staphylococcal cells comparable to SH3 do-
main except Staphylococcus warneri ATCC 10209
(Table 2, Fig. 6), suggesting that the C-terminal domain
of LysSA97 is a novel CBD of staphylococcal endolysins.
At least eight different types of peptidoglycan exist in
Gram-positive bacteria (Schleifer and Kandler 1972).
Other Gram-positive bacteria tested in this study
(Table 2) have different cell wall types without glycine-
rich interpeptide bridges. Staphylococcus have A3 type
which possess penta-glycine structure while both Listeria
(Kamisango et al. 1982) and Bacillus have A1Y type
(Regulski et al. 2013) and Enterococcus have D-Asx cross
bridges instead of glycine-rich bridges in peptidoglycan
structure (Hendrickx et al. 2013). As LysSA97 CBD is
specifically bound to staphylococci, we could predict that
it might be attached to distinctive region in staphylococcal
cells, such as pentaglycine cross bridge structure which is
already known as a binding site of SH3 domain of
lysostaphin (Grundling and Schneewind 2006). These re-
sults indicate that the LysSA97 CBD is a novel CBD of
staphylococcal endolysins which targets specifically to the
envelope of staphylococci, representing a potential use of
LysSA97 CBD as a bioprobe for detecting staphylococcal
cells.
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