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Heterologous production of active form Gl
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and improvement of staphylolytic activity
by protein engineering
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Abstract

Background: Most of the proteases classified into the M23 family in the MEROPS database exhibit staphylolytic
activity and have potential as antibacterial agents. The M23 family is further classified into two subfamilies, M23A

and M23B. Proteases of the M23A subfamily are thought to lack the capacity for self-maturation by auto-processing
of a propeptide, which has been a challenge in heterologous production and application research. In this study, we
investigated the heterologous expression, in Bacillus subtilis, of the Lysobacter enzymogenes beta-lytic protease (BLP), a
member of the M23A subfamily.

Results: We found that B. subtilis can produce BLP in its active form. Two points were shown to be important for the
production of BLP in B. subtilis. The first was that the extracellular proteases produced by the B. subtilis host are essen-
tial for BLP maturation. When the host strain was deficient in nine extracellular proteases, pro-BLP accumulated in the
supernatant. This observation suggested that BLP lacks the capacity for self-maturation and that some protease from
B. subtilis contributes to the cleavage of the propeptide of BLP. The second point was that the thiol-disulfide oxidore-
ductases BdbDC of the B. subtilis host are required for efficient secretory production of BLP. We infer that intramo-
lecular disulfide bonds play an important role in the formation of the correct BLP conformation during secretion. We
also achieved efficient protein engineering of BLP by utilizing the secretory expression system in B. subtilis. Saturation
mutagenesis of GIn116 resulted in a Q116H mutant with enhanced staphylolytic activity. The minimum bactericidal
concentration (MBC) of the wild-type BLP and the Q116H mutant against Staphylococcus aureus NCTC8325 was

0.75 pg/mL and 0.375 pg/mL, respectively, and the MBC against Staphylococcus aureus ATCC43300 was 6 ug/mL and
3 ug/mL, respectively.

Conclusions: In this study, we succeeded in the secretory production of BLP in B. subtilis. To our knowledge, this work
is the first report of the successful heterologous production of BLP in its active form, which opens up the possibility of
industrial use of BLP. In addition, this study proposes a new strategy of using the extracellular proteases of B. subtilis for
the maturation of heterologous proteins.
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Background

The M23 protease family in the MEROPS database is
a family of zinc-dependent metallopeptidases with a
zinc-binding HXH motif [1]. Many of the enzymes in
this family have glycylglycine endopeptidase activity,
which cleaves peptide linkers that cross-link cell wall
peptidoglycans to lyse Gram-positive bacteria such as
staphylococci [2]. Since these enzymes have the activ-
ity to kill pathogenic Staphylococcus aureus, which
has a pentaglycine linker in its cell wall peptidoglycan,
these proteins are expected to find application as anti-
microbial agents in medicine, veterinary science, and
the food industry [3]. These enzymes also are effective
against antimicrobial-resistant S. aureus, and therefore
are being considered as alternatives to, or for use in
combination with, existing antimicrobial agents [4, 5].

The M23 family is further classified into two subfami-
lies, M23A and M23B, based on amino acid sequence
homology [1]. The M23A subfamily includes beta-lytic
protease (BLP) from Lysobacter enzymogenes [6] and
LasA protease (staphylolysin) from Pseudomonas aer-
uginosa [7], while the M23B subfamily includes lys-
ostaphin from Staphylococcus simulans [8] and ALE-1
from Staphylococcus capitis [9]. Among the M23 fam-
ily members, lysostaphin in particular has been exten-
sively studied for application as an antimicrobial agent;
this enzyme has been shown to be effective in a number
of preclinical animal models and to show efficacy in a
small number of clinical trials [10]. On the other hand,
there are few reports of applied research on M23A sub-
family enzymes, with only a few papers describing the
efficacy of LasA protease in preclinical animal models
[5, 11]. Because LasA protease has broader substrate
specificity than lysostaphin [12, 13], it may be effective
in the treatment of opportunistic infections caused by
staphylococci other than S. aureus [3].

A BLP belonging to the M23A subfamily was first
identified in L. enzymogenes, [6] and BLPs with almost
identical mature sequences have been identified in
Achromobacter lyticus M497-1 [14], Lysobacter sp.
IB-9374 [15], and Lysobacter capsici VKM B-2533T
[16]. BLP has broader substrate specificity than lys-
ostaphin and shows lytic activity not only against
S. auwreus, including methicillin-resistant S. aureus
(MRSA), but also against other staphylococci and Mic-
rococcus luteus [15, 16]. Although M. luteus does not
have a glycylglycine in the peptide linker of its cell
wall peptidoglycan and is resistant to lysostaphin and

LasA protease [12], BLP shows activity in degrading the
L-Ala-D-Ala bond of the M. [uteus peptide linker [17].
Several studies have proposed the application of BLPs
as antimicrobial agents [16, 17], but (to our knowledge)
no application studies of BLPs have been reported to
date.

One of the reasons for the lack of applied research on
M23A subfamily proteases has been the lack of avail-
able heterologous expression systems [3]. The M23A
proteases have a pre-pro peptide at the N-terminus
of the mature region (Fig. 1). In P aeruginosa, LasA
protease is secreted as a pro-protein and is matured
through processing by other proteases [18]. When
expressed heterologously in Escherichia coli, LasA pro-
tease was produced as the pro-protein with no activity
[19]. Heterologous expression of BLP derived from L.
capsici VKM B-2533T in E. coli resulted in accumula-
tion of the pro-protein in inclusion bodies [16]. Pseu-
doalterin, an M23A protease from Pseudoalteromonas
sp. CF6-2, also lacks the ability to self-mature, preclud-
ing the heterologous production of the active enzyme
in E. coli [20]. The only report of successful heterolo-
gous production of the active form of M23A protease
is the expression of pseudoalterin using Pseudoaltero-
monas sp. SM20429 as a host [21]. The enzyme from
Pseudoalteromonas, which cannot be matured in E.
coli, can be produced as the mature protein by using
a host of the same genus. As described above, the lack
of self-maturation ability is a major issue in the het-
erologous production of M23A subfamily proteases.

BLP signal (24)

pHY-BLP0O1 N | | pro BLP (174) | mature BLP (179) > c
Egl-237 signal (29) i

pHY-BLP02 N pro BLP (174) | mature BLP (179) > [
Egl-237 signal (29) |

pHY-BLP03 N mature BLP (179) > c

Fig. 1 Schematic diagram of the ORF region of the expression
vectors of BLP. In the figure,“N"and “C" indicate the N-terminus

and C-terminus of the protein, respectively, and the number of the
amino acid residues in each sequence is given in parentheses. The
open reading frame (ORF) of pHY-BLPO1 encodes the full-length
beta-lytic protease (BLP) protein, including the signal, pro, and mature
sequence. The ORF of pHY-BLPO2 encodes the pro and mature
sequence of BLP fused to the signal sequence of Egl-237. The ORF

of pHY-BLP03 encodes the mature sequence of BLP fused to the
signal sequence of Egl-237. Each ORF was placed downstream of the
egl-237 promoter and cloned into pHY300PLK
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Heterologous production of M23A subfamily proteases
in an active form in a high-level protein-producing
host is essential for industrial applications.

Bacillus subtilis is a Gram-positive, non-pathogenic
bacterium that is widely used as a host for heterolo-
gous protein production because of its excellent ability
to secrete proteins into the medium [22]. The secre-
tory production of target proteins into the medium
can simplify downstream processing in industrial pro-
duction compared to intracellular production, which
requires cell disruption. In the expression of heterolo-
gous proteins in B. subtilis, degradation of the product
by endogenous extracellular proteases is often a bot-
tleneck. B. subtilis releases at least nine different pro-
teases into the culture supernatant, and there are many
reports that multiple disruptions of the corresponding
genes can improve heterologous protein productivity
[23, 24].

In the present study, we investigated the heterolo-
gous expression of the BLP by B. subtilis. Unexpect-
edly, secretory expression in B. subtilis resulted in the
accumulation of the mature form of the BLP in the
supernatant. To our knowledge, this work is the first
report of successful heterologous production of BLP
in its active form. We also employed site-directed
mutagenesis to improve the staphylolytic activity of
BLP using the B. subtilis expression system.
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Results

Secretory expression of BLP by B. subtilis

We investigated the possibility of heterologous secre-
tory expression of BLP (GenBank: BAV99603.1) derived
from L. enzymogenes M497-1 (formerly Achromobac-
ter Iyticus) [25] using B. subtilis strain 168 as a host.
For secretory expression in B. subtilis, it is necessary to
add a secretory signal peptide at the N-terminus of the
target protein. In the present study, we used the native
signal sequence of BLP and the signal sequence of Egl-
237 (GenBank accession number: BAB19360.1), which
is known to have a high secretion efficiency [26]. Three
types of expression plasmids were used: one encoding
a full length BLP, including the signal, pro, and mature
sequence (pHY-BLPO1); a second encoding the pro and
mature sequence of BLP fused to the signal sequence of
Egl-237 (pHY-BLP02); and a third encoding the mature
sequence of BLP fused to the signal sequence of Egl-237
(pHY-BLPO03) (Fig. 1). Evaluation by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE)
revealed the presence of 19-kDa bands corresponding
to the mature form of BLP in the culture supernatants of
cells harboring pHY-BLPO1 and pHY-BLP02 (Fig. 2A). A
pentaglycine cleavage activity assay using the pentagly-
cine-containing Forster (Fluorescence) Resonance Energy
Transfer (FRET) substrate FRET-GGGGG detected
activity in the culture supernatant of cells harboring
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Fig. 2 Secretion and activation of BLP by B. subtilis. B. subtilis strain 168 was transformed with pHY300PLK (empty vector), pHY-BLPO1, pHY-BLPO2, or
pHY-BLPO3 for BLP expression. Cells were grown at 30 °C for 72 h in modified 2 x [-Mal medium. A SDS-PAGE analysis of culture supernatants. The
supernatants were diluted two-fold with SDS reducing buffer. Five microliters of each sample were applied to SDS-PAGE. The expression plasmids
are indicated above the image. The arrow indicates the position of mature BLP. B Pentaglycine cleavage activity assay of culture supernatants using
the pentaglycine-containing FRET substrate FRET-GGGGG. C Bactericidal assay of the purified BLP against S. aureus NCTC8325. The bactericidal
activity was measured at a final protein concentration of 1.5 ug/mL. The results presented are the means of three individual experiments. Error bars
represent the standard errors of the means
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pHY-BLPO1 and pHY-BLPO2 (Fig. 2B). Cells harboring
the pHY-BLP02 plasmid, which encodes BLP with the
Egl-237 secretion signal, produced the mature BLP at
0.8 g/L, a productivity that exceeded that seen in cells
harboring pHY-BLP01, which encodes BLP with the orig-
inal secretion signal. Neither a band corresponding to the
mature form of BLP nor the pentaglycine cleavage activ-
ity was detected in the culture supernatant of cells har-
boring pHY-BLPO03, indicating that the propeptide was
essential for the secretory expression of BLP by B. subti-
lis. BLP was purified from the culture supernatant of cells
harboring pHY-BLP02 by use of a cation exchange col-
umn and subjected to N-terminal amino acid sequenc-
ing. The N-terminal sequence of the BLP produced by
pHY-BLP02-bearing B. subtilis was SPNGL, which was
the same as that of the mature BLP in Achromopepti-
dase, a commercial lytic enzyme produced by L. enzymo-
genes M497-1 [14]. Furthermore, the BLP produced by
B. subtilis showed bactericidal activity against S. aureus.
Incubation of S. aureus NCTC8325 cells with the purified
BLP at 1.5 pg/mL at 30 °C for 60 min reduced log CFU/
mL from 6.6 to 2.9 compared to no enzyme (Fig. 2C).
Thus, we demonstrated that BLP can be produced as the
mature, active form using B. subtilis heterologous secre-
tory expression system.

Effect of B. subtilis extracellular proteases

on the maturation of BLP

Some proteases with propeptides have the ability to self-
mature, while others do not. Subtilisin E, an alkaline
serine protease produced by B. subtilis 168, matures by
cleaving the propeptide through its own protease activity
after folding [27]. In contrast, LasA protease and pseu-
doalterin, which are classified in the same M23A sub-
family as BLP, do not show self-maturation ability [18,
20]. Since BLP also may lack the ability to self-mature,
we tested whether proteases from B. subtilis contrib-
ute to the maturation of BLP. B. subtilis strain Dpr9, in
which nine genes encoding extracellular proteases have
been deleted, was cultured following transformation
with pHY-BLP02. The protease deficiency resulted in the
disappearance of the pentaglycine cleavage activity and
of the band corresponding to mature BLP in the super-
natant, while two additional bands at higher molecular
weight, ~ 28 kDa and 36 kDa, were observed (Fig. 3).
The N-terminal sequence of the 28 kDa band was identi-
fied as FGAQT, which is consistent with the sequence of
residues 86—90 of the propeptide of BLP. The N-terminal
sequence of the 36 kDa band was identified as SAQGH,
which is consistent with the N-terminal of the propeptide
of BLP. These results indicated that BLP does not self-
mature into the active form in the culture supernatant of
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B. subtilis, and that the extracellular proteases of B. subti-
lis are essential for the maturation of BLP.

Importance of intramolecular disulfide bonds in BLP

BLP is thought to contain two intramolecular disulfide
bonds, one each between cysteine residues 66 and 112
and between cysteine residues 156 and 169 [28]. In the
heterologous secretory expression in B. subtilis of the E.
coli alkaline phosphatase PhoA, which contains intra-
molecular disulfide bonds, the bdbDC operon, which
encodes thiol-disulfide oxidoreductases, plays an impor-
tant role in the formation of the disulfide bonds [29,
30]. B. subtilis strain AbdbDC, which lacks the bdbDC
genes (UniProt 032217, 032218), was cultured follow-
ing transformation with pHY-BLP02. No BLP bands were
detected in the SDS-PAGE of the culture supernatant
of the AbdbDC strain (Fig. 4A). A>100-fold decreased
level of pentaglycine cleavage activity was detected in
the culture supernatant of the AbdbDC strain compared
to strain 168 (Fig. 4B). These results indicated that the
bdbDC operon plays a pivotal role in the secretion of BLP
by B. subtilis. Non-reducing and reducing SDS-PAGE
analysis of the BLP secreted by B. subtilis 168 (bdbDC")
revealed that this protease exhibits faster mobility in the
non-reducing condition than in the reducing condition
(Fig. 4C). This result suggested that the BLP secreted by
B. subtilis 168 has one or more intramolecular disulfide
bonds.

Improvement of staphylolytic activity of BLP by protein
engineering

We next sought to use protein engineering to enhance
the staphylolytic activity of BLP using the B. subtilis
heterologous secretory expression system. A structural
model of mature BLP was generated using the crystal
structure of LasA protease (PDB code 3IT5) as a tem-
plate; notably, LasA protease shares 43% amino acid
sequence identity with mature BLP (Fig. 5). The entrance
to the catalytic cleft of BLP is composed of three loops
(Loop 1: residues 23-27, Loop 2: residues 113-119, and
Loop 3: residues 151-153). The structural model sug-
gested that the sidechain of GIn116, which is located in
Loop 2, has a large outward protruding structure, which
is expected to contribute to the interaction with the sub-
strate. Mutant blp genes were generated by saturation
mutagenesis of the nucleotides encoding GInll16; the
mutant proteins then were produced using the B. subti-
lis secretory system. Except for the Q116C mutant, which
was expressed only at a low level (data not shown), 18
mutants and the wild-type BLP were expressed, puri-
fied, and evaluated. Substitution of GInl16 with basic
amino acids (Arg, Lys, His) enhanced the pentaglycine
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Fig. 3 Maturation of BLP by extracellular proteases of B. subtilis. The B. subtilis Dpr9 strain and the parental strain 168 were transformed with
pHY300PLK (empty vector) or pHY-BLP02. Cells were grown at 30 °C for 72 h in modified 2 x L-Mal medium. A SDS-PAGE analysis of culture
supernatants. The supernatants were diluted two-fold with SDS reducing buffer. Five microliters of each sample were applied to SDS-PAGE. The
expression plasmids and hosts are indicated above and below the image, respectively. The black arrow indicates the position of mature BLP. The

red arrows indicate the positions of unprocessed or partially cleaved forms of pro-BLP, and their N-terminal sequences are shown. B Pentaglycine
cleavage activity assay of culture supernatants using the pentaglycine-containing FRET substrate FRET-GGGGG. The results presented are the means
of three individual experiments. Error bars represent the standard errors of the means. C Amino acid sequence of BLP encoded by pHY-BLP02. The
signal sequence is underlined with a dotted line, and the pro sequences is underlined with a straight line. The N-terminal sequences detected in the
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cleavage activity (Fig. 6A). Among these mutant proteins,
only Q116H demonstrated enhanced staphylolytic activ-
ity compared to the wild-type BLP (Fig. 6B). In contrast,
substitution of Gln116 with acidic residues (Asp, Glu) or
Pro greatly decreased the pentaglycine cleavage activity
and the staphylolytic activity. The minimum bactericidal
concentration (MBC) for the wild-type and the Q116H
mutant BLPs against S. aureus NCTC8325 and methi-
cillin-resistant S. aureus ATCC43300 were determined;
the MBC against S. aureus NCTC8325 was 0.75 pg/mL
and 0.375 pg/mL, respectively, and the MBC against S.
aureus ATCC43300 was 6 pg/mL and 3 pg/mL, respec-
tively (Fig. 7).

Discussion

We found that BLP can be produced in an active form
by using B. subtilis as a host for heterologous secretory
expression. As shown in Fig. 2A, the propeptide was
essential for the expression of BLP in B. subtilis. One of
the major functions of propeptides of bacterial extra-
cellular proteases is thought to be to assist in the fold-
ing of the mature region [31]. Lysostaphin, a member of
the M23B subfamily, has a propeptide that is processed
by the extracellular cysteine protease of S. simulans, but
this propeptide is not essential for lysostaphin expression
[32]. Although the pro-form of lysostaphin was active,
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Fig. 4 Formation of intramolecular disulfide bond of BLP. The B. subtilis AbdbDC strain and the parental strain 168 were transformed with
pHY300PLK (empty vector) or pHY-BLP02. Cells were grown at 30 °C for 72 h in modified 2 x L-Mal medium. A SDS-PAGE analysis of culture
supernatants. The supernatants were diluted two-fold with SDS reducing buffer. Five microliters of each sample were applied to SDS-PAGE.

The expression plasmids and hosts are indicated above and below the image, respectively. The arrow indicates the position of mature BLP. B
Pentaglycine cleavage activity assay of culture supernatants using the pentaglycine-containing FRET substrate FRET-GGGGG. Since the activity
detected in the AbdbDC strain was very low, it was also included in the inset. The results presented are the means of three individual experiments.
Error bars represent the standard errors of the means. C Non-reducing and reducing SDS-PAGE analysis of the purified BLP. The purified BLP was
applied to SDS-PAGE at 500 ng/lane under non-reducing (lane 1) or reducing (lane 2) conditions
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Fig. 5 Homology modeling of mature BLP. Ribbon diagram of a predicted BLP structure. The catalytic residues (His22, Asp36, His82, His121, His123)
are shown in ball-and-stick format. The zinc ion is shown as a blue ball. Loops 1 to 3, which form the entrance to the catalytic cleft, are shown

in yellow in stick format (Loop 1: residues 23-27, Loop 2: residues 113-119, and Loop 3: residues 151-153). GIn116 is shown in orange. The BLP
structure was predicted using Discovery Studio (Dassault Systemes). The template was LasA protease (PDB code 3IT5), which shares 43% amino acid
identity with mature BLP. A Cleft side. B Rotated 90° from (A)

the mature form without the propeptide was more active  In contrast, in the M23A subfamily member LasA pro-
than the pro-form [32]. Several heterologous expression  tease, mutations in the propeptide region result in a dra-
systems for lysostaphin have been developed in different  matic decrease in the stability and activity of the mature
hosts including Lactococcus lactis [33] and Pichia pas-  form, suggesting that the propeptide is important for the
toris [34], and in most cases an active enzyme was pro-  correct folding of the mature region [35]. In the present
duced by cloning only sequences lacking the propeptide.  study, the propeptide of BLP was essential for secretory
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Fig. 7 MBC of wild-type BLP and Q116H mutant against S. aureus. Bactericidal assay against S. aureus NCTC8325 and S. aureus ATCC43300. The
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lower concentration by a dotted line. The results presented are the means of three individual experiments. Error bars represent the standard errors
of the means. The minimum bactericidal concentration (MBC) of each enzyme is listed in the upper right corner of the plot area

expression by B. subtilis, supporting the idea that the BLP did not show self-maturation ability in the culture
propeptide has a function in assisting the folding of the  medium of B. subtilis, and the extracellular proteases
mature BLD, as is seen with LasA protease. of B. subtilis were required for maturation. In many

previous studies of protein production in B. subtilis,
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degradation of products by host extracellular proteases
has been regarded as a bottleneck for heterologous pro-
tein production [23, 24]. In the case of BLD, the focus of
the present study, the characteristic result was that the
propeptide was cleaved by the proteases from B. subtilis.
To our knowledge, the present work is the first demon-
stration that a protease from B. subtilis can be used for
the maturation of a heterologously expressed protein.
We believe that this result shows a potential novel util-
ity for B. subtilis as a host for heterologous production.
This observation is a useful finding, as maturation by a
B. subtilis extracellular protease also may be of use in
the expression of other heterologous proteins that do
not have the ability to self-mature. In the present study,
we showed that BLP does not mature in the Dpr9 strain,
which is deficient in nine reported extracellular proteases
(those encoded by aprE, nprE, bpr, wprA, vpr, epr, mpr,
nprB, and aprX). We currently are trying to identify the
specific protease that contributes to the maturation of
BLP when expressed in B. subtilis. We expect that main-
tenance of the gene encoding that endogenous extracel-
lular protease, while disrupting the extracellular protease
genes that do not contribute to BLP maturation, will per-
mit BLP maturation while increasing productivity due to
the loss of extracellular proteases.

In the Dpr9 strain, where no BLP activity was detected
in the supernatant, two novel bands were observed at
approximately 36 kDa and 28 kDa. Based on the results
of N-terminal sequence analysis, the band around 36 kDa
is considered to be the full-length of pro-BLP (38.2 kDa),
and the band around 28 kDa is considered to be a par-
tially cleaved but inactive form of the pro-BLP (28.9 kDa)
cleaved between residues Gly85 and Phe86. This partial
processing could be catalyzed either by its own catalytic
activity or by a host protease other than the nine that are
deleted in the Dpr9 strain. During the maturation pro-
cess of LasA protease in the supernatant of P. aeruginosa
culture, a 28-kDa intermediate also has been reported;
this novel band is inferred to reflect processing by the
elastase and the lysine-specific protease [18]. In the pro-
cess of purifying and refolding pro-BLP heterologously
expressed in inclusion bodies in E. coli, it was reported
that active BLP is obtained without the addition of any
other proteases [16]. It is possible that traces of contami-
nating proteases in the sample contributed to the matu-
ration of the pro-BLP.

Since the thiol-disulfide oxidoreductases BdbDC
were important for BLP expression, cross-linking of the
disulfide bonds might be a bottleneck for BLP produc-
tion. In the secretory expression of the E. coli alkaline
phosphatase PhoA in B. subtilis, suppression of the intra-
cellular reductase and introduction of a heterologous
thiol-disulfide oxidoreductase was shown to improve
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productivity [36]. These approaches also may be effective
in BLP production.

B. subtilis also is a useful host when employed as a tool
for protein engineering. In the present work, the secre-
tory production of active BLP by B. subtilis enabled effi-
cient protein engineering of this protease. The activity
of BLP was significantly altered by the substitution of
GIn116, which was predicted from the modeling struc-
ture to make a large contribution to the interaction with
the substrate. In particular, the Q116H mutant showed
enhanced activity (compared to the wild-type protein)
in cleavage of a pentaglycine FRET substrate and lysis of
S. aureus. The Q116H mutant showed an MBC that was
two-fold lower than that of the wild-type enzyme against
both S. aureus NCTC8325 and S. aureus ATCC43300
(MRSA). To our knowledge, this work is the first report
of an enhanced activity mutation in the M23A protease.
The cleavage activity against the pentaglycine FRET sub-
strate correlated approximately with the bacteriolytic
activity against S. aureus, suggesting that a simple screen
using peptide substrates will be useful in seeking muta-
tions that improve bacteriolytic activity. Further modifi-
cation of the three loops that constitute the entrance to
the active cleft is expected to improve the activity and
change the substrate specificity of BLP.

S. aureus ATCC43300 (MRSA) showed lower suscep-
tibility to the BLPs compared to S. aureus NTCT8325.
Methicillin resistance is only part of the difference
between the two strains, but the effect of the acquisition
of drug resistance on susceptibility to BLP needs to be
investigated in the future.

Conclusions

BLP has potential for application as an antimicrobial
agent in medicine, veterinary science, the food industry,
and detergents given its staphylolytic activity, but an effi-
cient production method has not been developed to date.
In the present study, we demonstrated the production of
the active form of BLP by B. subtilis, opening up the pos-
sibility of industrial production of BLP. These results are
expected to facilitate further applied research on M23A
subfamily proteases, including BLP.

Methods

Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. E. coli DH5a (Nippon Gene, Tokyo,
Japan) was used as the host for plasmid preparation and
was grown in LB medium Lennox (1% tryptone, 0.5%
yeast extract, 0.5% NaCl) supplemented with 100 pg/
mL ampicillin. The B. subtilis strains were grown in
LB medium or modified 2 x L-Mal medium (2% tryp-
tone, 1% yeast extract, 1% NaCl, 7.5% maltose, 7.5 pg/
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Table 1 Bacterial strains and plasmids used in this study
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Strain or plasmid Relevant genotype or descriptions®

Reference or source

Strains
168 trpC2 [44]
Dpr9 trpC2 Nepr AwprA Ampr AnprB Abpr AnprE Avpr AaprE AaprX This study
AbdbDC trpC2 bdbDC::spc This study
Plasmids
pUCT18-Cm'AaprX  Plasmid for markerless deletion of aprX gene, containing cat This study
pHY300PLK Shuttle vector for E. coli and B. subtilis, containing amp and tet Takara Bio
pHY-S237 pHY300PLK carrying egl-237 with egl-237 promoter This study
pHY-5237sBLP pHY300PLK carrying the signal, pro and mature sequence of blp fused to the promoter and signal This study
sequence of egl-237
pHY-BLPO1 pHY300PLK carrying the signal, pro and mature sequence of bip fused to the promoter of egl-237 This study
pHY-BLPO2 pHY300PLK carrying the pro and mature sequence of blp fused to the promoter and signal sequence of ~ This study
egl-237
pHY-BLPO3 pHY300PLK carrying the mature sequence of blp fused to the promoter and signal sequence of egl-237  This study

2 Antibiotic resistance genes are abbreviated in the table as follows: spc, spectinomycin; cat, chloramphenicol; amp, ampicillin; tet, tetracycline

mL MnSO,, 6 pg/mL ZnSO,-7H,0). Where appropri-
ate, antibiotics were added to the media at the following
concentrations: 100 pg/mL spectinomycin and 5 pg/mL
chloramphenicol. A solid medium was prepared by add-
ing 1.5% agar to LB medium. The protoplast transforma-
tion method [37] was used to introduce BLP expression
plasmids into B. subtilis, and transformants were selected
on DM3 medium supplemented with 50 pg/mL tetracy-
cline [37]. For enzyme production, cells were pre-cul-
tured in 1 mL of LB medium supplemented with 15 pg/
mL tetracycline at 30 °C for 15 h; an aliquot (100 uL) of
the pre-culture broth then was added to 5 mL of modi-
fied 2 x L-Mal medium supplemented with 15 pg/mL tet-
racycline. After further cultivation at 30 °C for 72 h, cells
were removed by centrifugation and the culture superna-
tant was collected.

Construction of mutant strains

Primers used in this study are listed in Additional file 2:
Table S1. B. subtilis strain Dpr9, in which nine genes
encoding extracellular proteases (aprE, nprE, bpr, wprA,
vpr, epr, mpr, nprB, and aprX) have been deleted from the
chromosome, was constructed from Dpr8 [38], in which
eight genes encoding extracellular proteases were deleted,
by deleting the aprX gene using a previously described
markerless gene deletion system [38]. Specifically, Frag-
ments 1 and 2 (containing the upstream and downstream
regions of aprX gene, respectively) were amplified from
B. subtilis 168 chromosomal DNA with two pairs of
primers (primers aprXfwl and aprXUPr for Fragment
1, primers aprXDNf and aprXrv-repU for Fragment 2).
Fragment 3 (containing the repl promoter [39] and the
chloramphenicol resistance gene) was amplified from

a pUC118-CmrAepr plasmid [38] with primers repUfw
and Cmrvl. Fragment 4 was amplified with the prim-
ers aprXfw2 and Cmrv2 using a mixture of Fragments 1,
2, and 3 as templates. The resulting amplified fragment
was cloned into the Smal site of pUC118 (Takara Bio,
Shiga, Japan) to generate pUC118-CmrAaprX. pUC118-
CmrAaprX was used for the transformation of Dpr8, and
the resulting AaprX mutant (designated Dpr9) was con-
structed as described previously [38].

The AbdbDC mutant, in which the bdbDC operon was
substituted with a spectinomycin resistance gene (spc),
was constructed from strain 168 as follows. Fragments 5
and 6 (containing the upstream and downstream regions
of the bdbDC operon, respectively) were amplified from
B. subtilis 168 chromosomal DNA with two pairs of
primers (primers bdbDCup_fw and bdbDCup(spc)_rv
for Fragment 5, primers bdbDCdw(spc)_fw and bdb-
DCdw_rv for Fragment 6). Fragment 7 (containing the
spc gene) was amplified with primers spc_fw and spc_rv,
using plasmid pDG1727 [40] as a template. Fragment 8
was amplified with primers bdbDCup_fw/bdbDCdw_rv,
using a mixture of Fragments 5, 6, and 7 as templates,
and then used for the transformation of B. subtilis 168.
After selection for spectinomycin resistance, proper gene
disruption was confirmed by colony PCR.

Construction of BLP expression plasmids

A BLP coding sequence from L. enzymogenes M497-1
(GenBank accession number: BAV99603.1) [25] that was
codon-optimized for B. subtilis (Additional file 2: Sup-
plementary Methods) was designed, synthesized, and
cloned into pUC57 (GenScript Japan, Tokyo, Japan).
The resulting plasmid was designated pUC57-BLP. The
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pHY-S237 plasmid, which was used as a template for
pHY-S237sBLP, was constructed as follows. A fragment
containing the promoter, coding region, and termina-
tor of the gene encoding the alkaline cellulase Egl-237
(GenBank accession number: BAB19360.1) was ampli-
fied from Bacillus sp. KSM-S237 chromosomal DNA
[41] with primers s237pro_fw and s237ter_rv. Plasmid
pHY300PLK was linearized by inverse PCR with primers
pHY(s237)_fw and pHY(s237)_rv. Those two fragments
were fused using the In-fusion HD cloning kit (Takara
Bio), yielding a plasmid designated pHY-S237. The pHY-
S237sBLP plasmid, which was used as a template for the
BLP expression plasmids, was constructed as follows. A
fragment encoding the signal, propeptide, and mature
form of BLP was amplified from pUC57-BLP with prim-
ers BLP(s237)_fw and BLP(s237)_rv. A vector fragment
carrying the promoter, signal sequence, and the termina-
tor of egl-237 was amplified from pHY-S237 with prim-
ers pHYS_fw and pHYS_rv. Those two fragments were
fused using the In-fusion HD cloning kit, yielding pHY-
S237sBLP. Plasmids used for the expression of wild-type
BLP were constructed as follows. PCR fragments were
amplified from pHY-S237sBLP with three pairs of prim-
ers (primers BLPO1_fw and BLPO1_rv for pHY-BLPO1,
primers BLP02_fw and BLP02_rv for pHY-BLP02, and
primers BLP03_fw and BLPO3_rv for pHY-BLP03) and
transformed into E. coli to yield plasmids pHY-BLPO1,
pHY-BLPO02, and pHY-BLPO03, respectively (Fig. 1). Site-
directed mutagenesis at the nucleotide residues cor-
responding to amino acid 116 of BLP was performed as
follows. Forward mutagenic primer Q116X_fw (where
X represents the amino acid after the substitution) and
common reverse primer Q116_rv were employed for
each mutagenesis PCR, using pHY-BLPO02 as a template.
The resulting PCR fragments were transformed into
E. coli to generate expression plasmids encoding each
mutant protein.

SDS-PAGE analysis

Sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) analysis was performed according to
the method of Laemmli [42], as follows. Each culture
supernatant or purified protein was mixed with reduced
Laemmli sample buffer containing dithiothreitol (DTT;
final concentration 200 mM) and incubated at 100 °C for
3 min. Each sample was loaded on an Any kD" Mini-
PROTEAN® TGX Stain-Free" Protein Gel (Bio-Rad,
Hercules, CA, USA) and subjected to electrophoretic
separation. Chemifluorescent signals were captured using
a Chemi Doc MP Imaging system (Bio-Rad). Precision
Plus Protein Unstained Standards (Bio-Rad) were used as
molecular weight markers. The protein bands were ana-
lyzed using Image Lab software version 4.0 (Bio-rad). The
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protein level of mature BLP in each culture supernatant
was calculated from the intensity of the band at the posi-
tion of mature BLP (19 kDa), using the serial diluent of
purified wild-type BLP (quantified by DC-protein assay
kit (Bio-Rad)) as the standard. Non-reducing SDS-PAGE
was performed in the same way as above, but using DTT-
free Laemmli sample buffer instead of the reduced buffer.

Purification of BLP variants

For the purification of BLP variants, B. subtilis strain 168
harboring pHY-BLP02 or the mutant plasmids was cul-
tivated in modified 2 x L-Mal medium at 30 °C for 72 h.
Wild-type and variant BLP enzymes were purified using
the same protocol as follows. 2 mL of the culture super-
natant was dialyzed overnight against 20 mM Tris—HCl
buffer (pH 7.5). The whole volume of the retentate was
applied to a Pierce™ Strong Cation Exchange Spin Col-
umn, Mini (Thermo Fisher Scientific, Waltham, MA,
USA) equilibrated with the same buffer, and the column
was washed with 400 uL of 20 mM NaCl in the same
buffer. BLP was eluted using 400 pL of 200 mM NaCl in
the same buffer, and the buffer was exchanged to 20 mM
Tris—HCI (pH 7.5) by ultrafiltration using VIVASPIN 20,
MWCO 3,000 (Sartorius AG, Gottingen, Germany). The
protein level of wild-type BLP was determined with a
DC-protein assay kit (Bio-Rad) using bovine serum albu-
min as the standard. Protein levels of GIn116 mutants of
BLP were determined by SDS-PAGE analysis using wild-
type BLP as the standard as follows. An aliquot (500 ng)
of each purified protein (quantified by DC-protein assay
kit) was applied to SDS-PAGE. The protein levels were
calculated from the band intensity of each mutant, using
wild-type BLP (quantified by DC-protein assay kit) as
the standard. Each variant was electrophoresed in three
lanes, and the means of the band intensities of BLP were
used for calculations. Finally, the purity of each purified
BLP variant was assessed by SDS-PAGE analysis using
500 ng of each purified protein (quantified by SDS-
PAGE) per lane (Additional file 1: Fig. S1).

N-terminal amino acid sequencing

The culture supernatant and the purified BLP were sepa-
rated by SDS-PAGE and electrotransferred to a PVDF
membrane. Bands were stained, excised, and submitted
for N-terminal sequencing by Edman degradation (Nippi,
Tokyo, Japan).

Peptide cleavage activity assay

A pentaglycine containing the FRET substrate
(D-A2pr(Nma)-Gly-Gly-Gly-Gly-Gly-Lys(Dnp), named
FRET-GGGGG) was synthesized by PH Japan Co. (Hiro-
shima, Japan). FRET-GGGGG contained a highly fluores-
cent 2-(N-methylamino)benzoyl (Nma) group linked to
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the side chain of the N-terminal p-2,3-diamino propionic
acid (D-A2pr) residue. This group is efficiently quenched
by a 2,4-dinitrophenyl (Dnp) group linked to the side
chain of the C-terminal Lys residue.

Culture supernatants and purified BLP variants were
diluted in 200 pL of assay buffer (20 mM Tris—HCl
(pH 7.5)) in a 96-well black plate. Then, 10 pL of 1 mM
FRET-GGGGG in the assay buffer was added to each
well. Fluorescence was measured once per minute at
excitation/emission wavelengths of 340/440 nm (respec-
tively) at 30 °C in a Tecan Infinite M200 plate reader
(Tecan, Ménnedorf, Switzerland). An aliquot of 200 pL
of an equimolar mixture of FRETS-25-STD1 (Peptide
Institute, Inc. Osaka, Japan) and FRETS-25-STD2 (Pep-
tide Institute, Inc.) in the assay buffer was used as the
standard. FRETS-25-STD1 (p-A2pr(Nma)-Gly) contains
Nma, which acts as a fluorophore in the FRET-GGGGG.
FRETS-25-STD2 (Ala-Phe-Pro-Lys(Dnp)-D-Arg-D-
Arg) contains Dnp, which acts as a quencher in the
FRET-GGGGG.

One unit (U) of the pentaglycine cleavage activity was
defined as the amount of enzyme needed to exhibit a
change in fluorescence intensity equivalent to 1 nmol
of FRETS-25-STD1 and 1 nmol of FRETS-25-STD2 per
minute.

Staphylolytic activity assay

S. aureus NCTC8325 was obtained from the National
Collection of Type Cultures. S. aureus NCTC8325 was
cultured in 10 mL of Soybean-Casein Digest Broth
“DAIGO” (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan) at 37 °C for 24 h, and the cells were collected by
centrifugation. The cells were suspended in 10 mL of
assay buffer (20 mM Tris—HCl (pH 7.5)), preincubated
at 30 °C for 10 min, and diluted with the assay buffer to
yield an absorbance of 1.0 at 600 nm. The reaction was
initiated by adding 4 pL of 33 pg/mL enzyme to 100 pL of
the cell suspension dispensed into a 96-well plate. After
incubation at 30 °C for 5 min, the absorbance at 600 nm
was measured using a Tecan Infinite M200 plate reader.
The measurements were corrected to a 1-cm pathlength
by dividing by the measurement of 104 pL of the cell
suspension with an absorbance of 1.0 at 600 nm with a
1-cm pathlength. One lytic unit (LU) was defined as the
amount of enzyme needed to decrease the absorbance at
600 nm by 0.01 compared to the blank.

Bactericidal assay

Methicillin-resistant  S. aureus (MRSA) ATCC43300
was obtained from the American Type Culture Collec-
tion. S. aureus NCTC8325 and S. aureus ATCC43300
were cultured (separately) in 2 mL of Soybean-Casein
Digest Broth “DAIGO” at 37 °C for 24 h, and the cells
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were collected by centrifugation. The cells then were
suspended in an appropriate volume of assay buffer
(20 mM Tris—HCI (pH 7.5)) to yield an absorbance of
0.15 at 600 nm. An aliquot (10 uL) of the cell suspen-
sion was added to 200 pL of enzyme solution diluted in
assay buffer and mixed well. After incubation at 30 °C for
60 min, the cells were diluted tenfold and 1000-fold with
Diluent with Lecithin & Polysorbate 80 “DAIGO” (FUJI-
FILM Wako Pure Chemical Corp.). An aliquot (100 pL)
of each dilution was plated on Soybean-Casein Digest
Agar “DAIGO” (FUJIFILM Wako Pure Chemical Corp.)
plates and incubated at 37 °C for 24 h.

The number of colonies formed was counted for each
plate. The MBC was the lowest concentration of the
enzyme that caused a reduction in colony count of at least
3 logs compared with the initial bacterial concentration.

Homology modeling

The protein sequence of BLP from L. enzymogenes
M497-1 was retrieved from the GenBank database as
Accession Number BAV99603.1 (377 amino acid resi-
dues). The mature sequence of BLP, consisting of residues
199 to 377, was used for the structure prediction. The
structural model of mature BLP was predicted by Discov-
ery Studio 2017 R2 (Dassault Systemes, Vélizy-Villacou-
blay, France) using as a template the crystal structure of
LasA protease (PDB code 3IT5) [43], which shares 43%
amino acid identity with mature BLP.

Abbreviations

BLP: Beta-lytic protease; ORF: Open reading frame; MSSA: Methicillin-suscep-
tible Staphylococcus aureus; MRSA: Methicillin-resistant Staphylococcus aureus;
MBC: Minimum bactericidal concentration; PDB: Protein data bank; SDS-PAGE:
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; FRET: Forster
(Fluorescence) resonance energy transfer; DTT: Dithiothreitol.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-021-01724-x.

Additional file 1: Fig. S1 SDS-PAGE analysis of purified BLP variants

Additional file 2: Table S1: Primers used in this study. Supplementary
Methods.

Acknowledgements
Not applicable.

Authors’ contributions

TH designed the experiments, conducted the experiments, analyzed the
results, and drafted the manuscript. TH, DY, and MT conceived of the study.
DY participated in the protein engineering of BLP. KE participated in the
construction of mutant strains and commented on the manuscript. AK and
MO revised and commented on the manuscript. MO supervised the project
and edited the manuscript. All authors read and approved the final version of
the manuscript.


https://doi.org/10.1186/s12934-021-01724-x
https://doi.org/10.1186/s12934-021-01724-x

Hioki et al. Microbial Cell Factories (2021) 20:231

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its Additional file.

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

"Biological Science Research, Kao Corporation, 1334 Minato, Wakayama,
Wakayama 640-8580, Japan. “Biological Science Research, Kao Corporation,
Haga, Tochigi 2606 Akabane, Ichikai321-3497, Japan. *Safety Science Research,
Kao Corporation, 2606 Akabane, Ichikai, Haga, Tochigi 321-3497, Japan.

Received: 29 September 2021 Accepted: 15 December 2021
Published online: 28 December 2021

References

1. Rawlings ND, Barrett AJ, Bateman A. MEROPS: the peptidase database.
Nucleic Acids Res. 2010;38(Suppl_1):D227-33.

2. Rawlings ND, Barrett AJ. Evolutionary families of metallopeptidases.
Methods Enzymol. 1995;248:183-228.

3. Szweda P, Schielmann M, Kotlowski R, Gorczyca G, Zalewska M, Milewski
S. Peptidoglycan hydrolases-potential weapons against Staphylococcus
aureus. Appl Microbiol Biotechnol. 2012;96(5):1157-74.

4. Climo MW, Patron RL, Goldstein BP, Archer GL. Lysostaphin treatment
of experimental methicillin-resistant Staphylococcus aureus aortic valve
endocarditis. Antimicrob Agents Chemother. 1998;42(6):1355-60.

5. Barequet IS, Ben Simon GJ, Safrin M, Ohman DE, Kessler E. Pseudomonas
aeruginosa LasA protease in treatment of experimental staphylococcal
keratitis. Antimicrob Agents Chemother. 2004;48(5):1681-7.

6.  Whitaker D. Lytic enzymes of Sorangium sp.: isolation and enzy-
matic properties of the a-and B-lytic proteases. Can J Biochem.
1965;43(12):1935-54.

7. Kessler E,Ohman DE, Staphylolysin ND, Salvesen RG (eds) Handbook of
proteolytic enzymes. 3rd edn. Academic Press. 2013. pp. 1553-1558.

8. Schindler CA, Schuhardt V. Lysostaphin: a new bacteriolytic agent for the
Staphylococcus. Proc Natl Acad Sci USA. 1964;51(3):414.

9. Sugai M, Fujiwara T, Akiyama T, Ohara M, Komatsuzawa H, Inoue S,
et al. Purification and molecular characterization of glycylglycine
endopeptidase produced by Staphylococcus capitis EPK1. J Bacteriol.
1997;179(4):1193-202.

10. Kokai-Kun JF. Lysostaphin: a silver bullet for staph. Antimicrob Drug
Discov Emerg Strat. 2012,22:147.

11. Barequet IS, Habot-Wilner Z, Mann O, Safrin M, Ohman DE, Kessler E,
et al. Evaluation of Pseudomonas aeruginosa staphylolysin (LasA pro-
tease) in the treatment of methicillin-resistant Staphylococcus aureus
endophthalmitis in a rat model. Graefes Arch Clin Exp Ophthalmol.
2009;247(7):913-7.

12. Brito N, Falcon M, Carnicero A, Gutierrez-Navarro A, Mansito T. Purifica-
tion and peptidase activity of a bacteriolytic extracellular enzyme from
Pseudomonas aeruginosa. Res Microbiol. 1989;140(2):125-37.

13. Kessler E, Safrin M, Blumberg S, Ohman DE. A continuous spectrophoto-
metric assay for Pseudomonas aeruginosa LasA protease (staphylolysin)
using a two-stage enzymatic reaction. Anal Biochem. 2004;328(2):225-32.

14. LiS, Norioka S, Sakiyama F. Molecular cloning and nucleotide sequence
of the beta-lytic protease gene from Achromobacter lyticus. J Bacteriol.
1990;172(11):6506—-11.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 12 of 13

Ahmed K, Chohnan S, Ohashi H, Hirata T, Masaki T, Sakiyama F. Purifica-
tion, bacteriolytic activity, and specificity of B-lytic protease from Lyso-
bacter sp. IB-9374. J Biosci Bioeng. 2003;95(1):27-34.

Afoshin A, Kudryakova |, Borovikova A, Suzina N, Toropygin 1Y, Shishkova
N, et al. Lytic potential of Lysobacter capsici VKM B-2533 T: bacteriolytic
enzymes and outer membrane vesicles. Sci Rep. 2020;10(1):1-13.

Li S, Norioka S, Sakiyama F. Bacteriolytic activity and specificity of Achro-
mobacter B-lytic protease. J Biochem. 1998;124(2):332-9.

Kessler E, Safrin M, Gustin JK, Ohman DE. Elastase and the LasA protease
of Pseudomonas aeruginosa are secreted with their propeptides. J Biol
Chem. 1998;273(46):30225-31.

Gustin JK, Kessler E, Ohman DE. A substitution at His-120 in the LasA
protease of Pseudomonas aeruginosa blocks enzymatic activity without
affecting propeptide processing or extracellular secretion. J Bacteriol.
1996;178(22):6608-17.

Zhao H-L, Yang J, Chen X-L, Su H-N, Zhang X-Y, Huang F, et al. Optimiza-
tion of fermentation conditions for the production of the M23 protease
Pseudoalterin by deep-sea Pseudoalteromonas sp. CF6-2 with artery
powder as an inducer. Molecules. 2014;19(4):4779-90.

Yu Z-C, Tang B-L, Zhao D-L, Pang X, Qin Q-L, Zhou B-C, et al. Develop-
ment of a cold-adapted Pseudoalteromonas expression system for the
Pseudoalteromonas proteins intractable for the Escherichia coli system.
PLoS ONE. 2015;10(9):0137384.

Westers L, Westers H, Quax WJ. Bacillus subtilis as cell factory for
pharmaceutical proteins: a biotechnological approach to opti-

mize the host organism. Biochim et Biophys Acta BBA Mol Cell Res.
2004;1694(13):299-310.

Wu X-C, Lee W, Tran L, Wong S. Engineering a Bacillus subtilis expression-
secretion system with a strain deficient in six extracellular proteases. J
Bacteriol. 1991;173(16):4952-8.

KodamaT, Manabe K, Kageyama Y, Liu S, Ara K, Ozaki K, et al. Approaches
for improving protein production in multiple protease-deficient Bacillus
subtilis host strains. Adv Appl Microbiol. 2012;8:163-76.

Takami H, Toyoda A, Uchiyama |, Itoh T, Takaki Y, Arai W, et al. Com-

plete genome sequence and expression profile of the commercial

lytic enzyme producer Lysobacter enzymogenes M497-1. DNA Res.
2017,24(2):169-77.

Akiba S, Hayashi'Y, Hakamada Y, Endo K, Ara K, Kawai S, et al. Extracel-
lular production of human cystatin S and cystatin SA by Bacillus subtilis.
Protein Expr Purif. 2006;49(2):203-10.

Ohta, Inouye M. Pro-subtilisin E: purification and characterization

of its autoprocessing to active subtilisin E in vitro. Mol Microbiol.
1990;4(2):295-304.

Kessler E. B-Lytic metalloendopeptidase. In: Rawlings ND, Salvesen G (eds)
Handbook of proteolytic enzymes. 3rd edn. Academic Press. 2013. pp.
1550-1553.

Bolhuis A, Venema G, Quax WJ, Bron S, Van Dijl JM. Functional analysis of
paralogous thiol-disulfide oxidoreductases in Bacillus subtilis. J Biol Chem.
1999,274(35):24531-8.

Meima R, Eschevins C, Fillinger S, Bolhuis A, Hamoen LW, Dorenbos

R, et al. The bdbDC operon of Bacillus subtilis encodes thiol-disulfide
oxidoreductases required for competence development. J Biol Chem.
2002,277(9):6994-7001.

Demidyuk IV, Shubin AV, Gasanov EV, Kostrov SV. Propeptides as
modulators of functional activity of proteases. Biomol Concepts.
2010;1(3-4):305-22.

Thumm G, Gétz F. Studies on prolysostaphin processing and characteriza-
tion of the lysostaphin immunity factor (Lif) of Staphylococcus simulans
biovar staphylolyticus. Mol Microbiol. 1997;23(6):1251-65.

Mierau |, Leij P, Van Swam I, Blommestein B, Floris E, Mond J, et al.
Industrial-scale production and purification of a heterologous protein
in Lactococcus lactis using the nisin-controlled gene expression system
NICE: the case of lysostaphin. Microb Cell Fact. 2005;4(1):1-9.

Zhao H, Blazanovic K, Choi Y, Bailey-Kellogg C, Griswold KE. Gene and
protein sequence optimization for high-level production of fully active
and aglycosylated lysostaphin in Pichia pastoris. Appl Environ Microbiol.
2014,80(9):2746-53.

Grande KK, Gustin JK, Kessler E, Ohman DE. Identification of critical
residues in the propeptide of LasA protease of Pseudomonas aerugi-
nosa involved in the formation of a stable mature protease. J Bacteriol.
2007;189(11):3960-8.



Hioki et al. Microbial Cell Factories (2021) 20:231 Page 13 of 13

36. Kouwen TR, Dubois J-YF, Freudl R, Quax WJ, van Dijl JM. Modulation of
thiol-disulfide oxidoreductases for increased production of disulfide-
bond-containing proteins in Bacillus subtilis. Appl Environ Microbiol.
2008;74(24):7536-45.

37. Chang S, Cohen SN. High frequency transformation of Bacillus subtilis
protoplasts by plasmid DNA. Mol Gen Genet MGG. 1979;168(1):111-5.

38. KodamaT, Endo K, Sawada K, Ara K, Ozaki K, Kakeshita H, et al. Bacillus
subtilis AprX involved in degradation of a heterologous protein during
the late stationary growth phase. J Biosci Bioeng. 2007;104(2):135-43.

39. Itaya M, Kondo K, Tanaka T. A neomycin resistance gene cassette selecta-
ble in a single copy state in the Bacillus subtilis chromosome. Nucleic
Acids Res. 1989;17(11):4410.

40. Guérout-Fleury A-M, Shazand K, Frandsen N, Stragier P. Antibiotic-resist-
ance cassettes for Bacillus subtilis. Gene. 1995;167(1-2):335-6.

41. HakamadaY, Koike K, Yoshimatsu T, Mori H, Kobayashi T, Ito S. Thermo-
stable alkaline cellulase from an alkaliphilic isolate, Bacillus sp. KSM-5237.
Extremophiles. 1997;1(3):151-6.

42. Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 1970;227(5259):680-5.

43. Spencer J, Murphy LM, Conners R, Sessions RB, Gamblin SJ. Crystal
structure of the LasA virulence factor from Pseudomonas aeruginosa:
substrate specificity and mechanism of M23 metallopeptidases. J Mol
Biol. 2010;396(4):908-23.

44, Kunst F, Ogasawara N, Moszer |, Albertini A, Alloni G, Azevedo V, et al. The
complete genome sequence of the gram-positive bacterium Bacillus
subtilis. Nature. 1997;390(6657):249-56.

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

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

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

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

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Heterologous production of active form of beta-lytic protease by Bacillus subtilis and improvement of staphylolytic activity by protein engineering
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Secretory expression of BLP by B. subtilis
	Effect of B. subtilis extracellular proteases on the maturation of BLP
	Importance of intramolecular disulfide bonds in BLP
	Improvement of staphylolytic activity of BLP by protein engineering

	Discussion
	Conclusions
	Methods
	Bacterial strains, plasmids, and culture conditions
	Construction of mutant strains
	Construction of BLP expression plasmids
	SDS-PAGE analysis
	Purification of BLP variants
	N-terminal amino acid sequencing
	Peptide cleavage activity assay
	Staphylolytic activity assay
	Bactericidal assay
	Homology modeling

	Acknowledgements
	References




