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1. Introduction  

Bacillus subtilis is a Gram-positive, nonpathogenic organism which is widely used as a host 
for enzyme production, due to its ability to secrete large amounts of proteins into the 
growth medium (Simonen et al., 1993; Westers et al., 2004). The secretion of a target protein 
leads to the natural separation of the product from cell components, which simplifies 
downstream processing of the protein. Accordingly, there has been a great deal of research 
performed regarding protein production in B. subtilis (Simonen et al., 1993; Westers et al., 
2004). Nevertheless, the yields of heterologous protein obtained from this organism are 
often insufficient (Harwood, 1992). Several bottlenecks in the B. subtilis secretion pathway 
have been reported, including poor targeting to the translocase, degradation of the secretory 
protein, and incorrect folding (Westers et al., 2004). One of the major bottlenecks involves 
the degradation of the produced protein by extracellular proteases; therefore, inactivation of 
extracellular proteases is essential for improvement of protein production with B. subtilis as 
the host. 

2. Inhibition of proteolysis of heterologous and nature proteins after the 
translocation process by inactivation of multiple proteases 

Eight extracellular proteases have been identified in B. subtilis to date, which are encoded by 
the following genes: aprE (Stahl et al., 1984; Wong et al., 1984), bpr (Sloma et al., 1990b; Wu et 
al., 1990), epr (Bruckner et al., 1990; Sloma et al., 1988), mpr (Rufo et al., 1990; Sloma et al., 
1990a), nprB (Tran et al., 1991), nprE (Yang et al., 1984), vpr (Sloma et al., 1991), and wprA 
(Margot et al., 1996). Deletions in the aprE (encoding subtilisin, alkaline protease) and nprE 
(encoding neutral protease) genes were the first such mutations, whose mutants show lower 
activities of extracellular proteases (Sloma et al., 1991). In addition, a deletion mutation in 
the epr gene resulted in low protease activity in the culture supernatant. wprA encodes a 96-
kDa protein that is processed to the CWBP23 propeptide and CWBP52 mature protease, 
forming a complex associated with the cell wall (Margot et al., 1996). This complex was also 
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Fig. 1. Strategy for construction of a ∆epr mutant. (A) Construction of a chloramphenicol-
resistance (Cmr) plasmid, pUC118-Cmr∆epr. Fragment 3 was amplified with fragment a 
(containing the repU promoter of pUB110) and fragment b (containing the chloramphenicol 
resistance gene of pC194), and primers 7 and 8. Fragment 4 was amplified with fragments 1, 
2, 3, and primers 5 and 6. The amplified fragment 4 was prepared by blunting and kination, 
and then cloned into the SmaI site of pUC118 to generate pUC118-Cmr∆epr. (B) Construction 
of the ∆epr mutant. B. subtilis 168 cells were transformed with pUC118-Cmr∆epr, followed 
by selection for chloramphenicol resistance, obtaining Cmr∆epr. To obtain a ∆epr mutant 
(deleted chloramphenicol-resistance cassette), the ampicillin concentration method was used 
(Kodama et al., 2007a). The chloramphenicol-sensitive (Cms) ∆epr mutant was confirmed by 
PCR using primers 5 and 4. 
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found in the culture supernatant of B. subtilis WB600 (Babe et al., 1998; Wu et al., 1991). 

Whether it is present in the cell wall or in the culture medium is therefore a critical factor in 

the degradation of heterologous proteins (Lee et al., 2000). Strains with deletion mutations in 

multiple extracellular proteases have since been constructed with extracellular protease 

activities of less than 0.5%, compared to the parental strain (Wu et al., 1991). It was recently 

reported that an eight protease-deficient strain, WB800, was a useful host for the production 

of various heterologous proteins (Murashima et al., 2002; L. Westers et al., 2006). However, 

the use of B. subtilis as a host has remained limited to bulk industrial enzyme production. 

Further optimization is necessary to develop production systems for heterologous proteins. 

This chapter focuses on the inhibition of proteolysis of secreted proteins after the 

translocation process by inactivation of multiple proteases which are extracellular (AprE, 

Bpr, Epr, Mpr, NprB, NprE, Vpr, and WprA), leaked outside from intracellular (AprX), and 

membrane-bound (HtrA and HtrB). 

2.1 The intracellular protease, AprX is involved in degradation of a heterologous 
protein 

In B.  subtilis, extracellular protease-deficient mutants have been used in attempts to increase 

the productivity of heterologous proteins. We detected the protease activity of AprX using 

protease zymography in the culture medium at the late stationary growth phase. 

Construction of multiple-protease-deficient mutant without antibiotic-resistance markers 

and the effect of AprX on the heterologous protein production are descrived in detail in the 

following sections. 

2.1.1 Construction of an eight-extracellular-protease-deficient mutant by marker-free 
deletion in B. subtilis  

Antibiotic-resistance marker genes were used to create new bacterial strains. However, the 

number of markers available for use in B. subtilis and other bacteria is limited. We used the 

“ampicillin concentration” method for the creation of eight-extracellular-protease-deficient 

mutant with marker-free deletion (Fig. 1, Kodama et al., 2007a). Recently, several useful 

methods were developed to produce unmarked mutations in B. subtilis (Liu et al., 2008; 

Morimoto et al., 2008; Morimoto et al., 2009). These systems are more convenient for the 

introduction of multiple mutations. 

2.1.2 Detection of AprX activity in the culture supernatant with protease zymography 

Zymography has been used to detect proteolytic enzymes after electrophoretic separation in 

gels. Recently, the activities of some proteases, including Vpr have been detected by fibrin 

zymography of the extracellular proteins of B. subtilis (Murashima et al., 2002; L. Westers et 

al., 2006). The supernatant proteins of B. subtilis culture in modified 2xL broth (Kodama et 

al., 2007b) at 8 h (exponential growth phase), 25 h (early stationary phase), 50 h (mid-

stationary phase), and 75 h (late stationary phase) (Fig. 2A) were analyzed by gelatin 

zymography (Fig. 2B). The resulting zymogram shows the protease activities as clear bands 

(or zones). In the exponential growth phase (8 h), no protease activity was detected (Fig. 2B, 

lane 1). However, protease activity increased during the stationary phase, and was highest 
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at 75 h of the late stationary phase (Fig. 2B, lane 4). We examined the zymogram profile of 

the supernatant from the eight-extracellular-protease-deficient mutant (Dpr8) at 75 h, and 

found one clear band in the zymogram (Fig. 2C, lane 2). Protease activity disappeared in the 

aprX mutant at 75 h (Fig. 2C, lane 3). All of the protease activities completely disappeared in 

the KA8AX strain, in which nine genes (eight extracellular protease genes and aprX) were 

disrupted (Fig. 2C, lane 4). These results support the idea that the protease is serine protease 

AprX. To determine the serine and metal protease activities of this protease by zymography, 

PMSF and EDTA (2 mM each) were added to the supernatant of the 75 h culture of Dpr8 

(Fig. 2D). EDTA decreased the activity of the protease slightly, whereas 2 mM PMSF 

completely inhibited the protease activity (Fig. 2D). These results suggest that the gelatin-

degrading protease from the supernatant of Dpr8 culture is AprX. To determine whether 

AprX is the gelatin-degrading protease in the supernatant of the Dpr8 culture at 75 h, the 

AprX-FLAG fusion protein was constructed. The fusion gene was expressed with the 

original promoter and ribosomal binding site. On a zymographic gel, the activity bands 

corresponding to AprX-FLAG from both 168/AprX-FLAG and Dpr8/AprX-FLAG strains 

were located at slightly larger positions in size than those of AprX (Fig. 3). The size of the 

band corresponded to the size of the FLAG peptide. These results indicate that the activity 

of AprX is detectable as a single band by gelatin zymography of the supernatant of a 75 h 

culture of B. subtilis strains. 

 

 

Fig. 2. (A) Cells from the wild-type were cultured in modified 2xL broth at 30ºC. (B) 

Protein samples were prepared from the supernatants of the wild-type, cultured for 

various incubation times.  Lane 1, 8 h culture; lane 2, 25 h; lane 3, 50 h; lane 4, 75 h. (C). 

Protein samples were prepared from the supernatants of the protease-deficient mutants 

after a 75 h culture. Lane 1, 168; lane 2, Dpr8; lane 3, AprXdd; lane 4, KA8AX. (D) PMSF or 

EDTA (2 mM each) was added to the supernatants of Dpr8 after a 75 h culture. Lane 1, 

Control (no addition); lane 2, addition of 2 mM PMSF; lane 3, addition of 2 mM EDTA. 

The samples were analyzed on SDS-12% polyacrylamide gels with 0.1% (w/v) gelatin. 

Proteins from the culture supernatants (equivalent to 0.3 µl) were applied to each lane for 

panels B, C, and D. 
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Fig. 3. Zymography of AprX-FLAG proteases. (A) Lane 1, 168; lane 2, 168/AprX-FLAG. (B) 
Lane 1, Dpr8; lane 2, Dpr8/AprX-FLAG. Proteins from the supernatants of the 75-h cultures 
(equivalent to 0.3 µl) were applied to the lanes for panels A and B. Arrowheads indicate the 
positions of AprX (closed symbol) and AprX-FLAG (open symbol). 

2.1.3 Intracellular AprX leaked to the culture medium during the late stationary phase 

It has been supposed that AprX is a serine protease belonging to the subtilase superfamily, 
and that it is an intracellular protease, because a canonical signal sequence for secretion has 
not been found in this protease (Valbuzzi et al.; 1999). However, AprX was detected in the 
culture medium by gelatin zymography (Fig. 3). aprX is transcribed during the stationary 
phase, and the regulator of SinR exerts negative effect on its transcription directly or 
indirectly (Valbuzzi et al.; 1999). However, aprX is not essential for either growth or 
sporulation (Valbuzzi et al.; 1999). As a result, the function of AprX has remained poorly 
understood. The Western blotting of AprX-FLAG from the intracellular fraction showed that 
the expression of AprX-FLAG began at 25 h, and that the expression level markedly 
increased after 50 h (Fig. 4). Our results agreed with a previous report that aprX is 
transcribed during the stationary phase. In contrast, a weak AprX-FLAG expression was 
detected in the supernatant only in the late stationary phase at 75 h (Fig. 4). This result 
agreed with the zymogram pattern of wild-type AprX (Fig. 2B). A slight decrease in cell 
density was observed after 50 h for the wild-type (Fig. 2A) and 168/AprX-FLAG strains 
(data not shown). The bands corresponding to AprX-FLAG from both the intra- and 
extracellular fractions were located at the same position. This result suggests that there is 
insufficient secretion of AprX, due to the absence of an obvious signal sequence. These 
observations also suggest that AprX is localized intracellularly by nature, and is leaked to 
the culture medium during the late stationary phase due to cell lysis. 

 

Fig. 4. Western blot analysis of AprX-FLAG. Western blot analysis was carried out to detect 
AprX-FLAG in the 168/AprX-FLAG strain with the anti-FLAG antibody. Proteins of cells 
(lanes 1-3) and supernatants (lanes 4-6) from 168/AprX-FLAG (0.02 OD600 units) were 
prepared as described in Materials and Methods. The arrowhead indicates the position of 
AprX-FLAG. The times of harvest of cells and supernatants are shown at the top. 
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2.1.4 AprX involved in degradation of the α-amylase-A522-PreS2 hybrid protein 

AprX in the supernatant was able to degrade gelatin. Therefore, we considered that AprX 
may affect the production of secreted proteins. pTUBE522-preS2 has already been 
developed for the extracellular production of small peptides of the human hepatitis B virus 

preS2 antigen (42 amino acids) fused with B. subtilis α-amylase (deleting the C-terminal 
region to construct a peptide carrier) (Honda et al., 1993). To confirm the effect of AprX on 

the degradation of heterologous proteins, we examined the production of α-amylase-A522-
PreS2 as a model of heterologous proteins, in multiple-protease-deficient B. subtilis strains. 

Cells carrying pTUBE522-preS2 were cultured in modified 2xL broth for 25, 50, and 75 h. α-
amylase-A522-PreS2 in the supernatants from the cultures of Dpr7, Dpr8, and KA8AX 
strains was analyzed by Western blotting with the anti-PreS2 antibody (Fig. 5A). The Dpr7 
strain lacked seven extracellular proteases (AprE deficiency excluded). No positive band 

corresponding to α-amylase-A522-PreS2 was detected at any phase for Dpr7 (pTUBE522-

preS2) (Fig. 5A, lanes 1-3). Dpr8 (pTUBE522-preS2) produced α-amylase-A522-PreS2 at 
detectable levels, and production of the hybrid protein attained high levels after 50 h (Fig. 
5A, lane 5). However, when AprX was produced in the supernatant of Dpr8 (pTUBE522-

preS2) at 75 h, the amount of α-amylase-A522-PreS2 decreased markedly (Fig. 6A, lane 6). 

As expected, the degradation of α-amylase-A522-PreS2 was markedly inhibited in KA8AX 
(pTUBE522-preS2) at 75 h, with the relative amount of the hybrid protein produced by this 
strain being 1.8-times higher than that of Dpr8 at 50 h (Fig. 5A, lanes 5 and 9; Fig. 5B). 

KA8AX produced α-amylase-A522-PreS2 up to 80 mg/L, which is at least eightfold higher 
than the amount produced by the improved strain in a previous study (Lee et al., 2000; Fig. 

5, lane 9). We also examined the degradation of α-amylase-A522-PreS2 by AprX protease. 
First, we prepared AprX protease from KA8AX (pDG-AprX) that was grown in a medium 
containing 1 mM IPTG for 4 h. The overexpression of AprX was confirmed by gelatin 

zymography (Fig. 6A, lane 2). Afterwards, the α-amylase-A522-PreS2 protein prepared from 
the supernatant of KA8AX (pTUBE522-preS2) at 75 h was mixed with AprX protease, and 

the mixture was incubated at 37ºC for 60 min. The degradation of α-amylase-A522-PreS2 
was analyzed by Western blotting using the anti-PreS2 antibody. H2O and intracellular 
proteins extracted from KA8AX (pDG-AprX) cells cultured without IPTG did not decrease 

the amount of the α-amylase-A522-PreS2 protein (Figs. 6B, C, lanes 2 and 4), but 
intracellular proteins extracted from KA8AX (pDG-AprX) cells cultured with 1 mM IPTG 
decreased the amount to 70% (Figs. 6B, C, lanes 5 and 6).  

These results indicate that the AprX protease directly degraded the α-amylase-A522-PreS2 

protein. One bottleneck of the production of α-amylase-A522-PreS2 was partially solved by 
the disruption of eight extracellular proteases and AprX, as shown in this chapter. However, 

the supernatant from the KA8AX culture at 75 h contained not only a small amount of α-

amylase-A522-PreS2, but also a large amount of α-amylase protein (determined by Western 

blotting with the anti-α-amylase antibody; data not shown). On other hand, no PreS2 
peptide was detected by Western blotting with the anti-PreS2 antibody (Fig. 5A). These 

results indicate that the degradation of α-amylase-A522-PreS2 was not inhibited completely 
in the KA8AX strain, and that there were as yet unidentified protease(s) involved in the 
proteolysis of the PreS2 region. Therefore, there is still room for improving the inhibition of 
hybrid protein degradation. It has been reported that IspA (Isp) was identified as a major 
intracellular serine protease (Koide et al., 1986). We evaluated the inhibition of the 
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degradation of α-amylase-A522-PreS2 by the inactivation of IspA in the KA8AX strain. 

However, the productivity of α-amylase-A522-PreS2 in the ten-protease deficient mutant 
was almost same as that in the KA8AX strain. A search in the GenoList database for B. 
subtilis 168 genome (http://genodb.pasteur.fr/cgi-bin/WebObjects/GenoList) of proteases 
and peptidases revealed the presence of 31 known and 11 putative proteases, and 38 known 
and 12 putative peptidases, respectively. Section 2.2 describes the investigation of 
membrane-bound proteases involved in protein degradation. 

 

Fig. 5. Western blot analysis of the α-amylase-A522-PreS2 hybrid protein in the extracellular 
fractions of Dpr7, Dpr8, and KA8AX. (A) Western blot analysis was carried out to detect α-
amylase-A522-PreS2 with the anti-PreS2 antibody. Culture supernatants from Dpr7 (lanes 1-3), 
Dpr8 (lanes 4-6), and KA8AX (lanes 7-9) were collected after 25, 50 h, and 75 h of cultivation, 
and subjected to Tricine-SDS-PAGE and Western blotting, as described in the Materials and 
Methods. Proteins from the culture supernatants (equivalent to 1 µl) were applied to each lane. 
The arrowhead indicates the position of α-amylase-A522-PreS2. The times of harvest of 
supernatants are shown at the top. (B) The relative α-amylase-A522-PreS2 protein amounts 
were compared on the basis of band intensities on Western blots (the amount of α-amylase-
A522-PreS2 at 50 h in the Dpr8 strain was set to 100%). The presented results are the average of 
three individual experiments. Error bars correspond to the standard errors of the means 
(SEM). Lane numbers in panel A correspond to those in panel B. 
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Fig. 6. The α-amylase-A522-PreS2 hybrid protein was degraded by AprX. (A) Zymography 
of supernatants from the KA8AX(pDG-AprX) strain. Lane 1, without IPTG; lane 2, with 
IPTG. (B) Western blot analysis of degradation of α-amylase-A522-PreS2 by AprX. AprX 
from KA8AX (pDG-AprX) mutant cells, cultured for 4 h with or without 1 mM IPTG was 
prepared as described in the Material and Methods. α-Amylase-A522-PreS2 from 10 µl 
supernatants of the KA8AX (pTUBE522-preS2) mutant (at 75 h cultivation) was mixed with 
10 µl of AprX solution. After incubation at 37ºC for 60 min, PMSF (final concentration, 10 
mM) was added to the samples to stop the reaction. Western blot analysis was carried out to 
detect α-amylase-A522-PreS2 with the anti-PreS2 antibody; +, addition of 1 mM IPTG 
(AprX); -, no addition. The reaction mixture (equivalent to 1 µl) was applied to each lane. 
The arrowhead indicates the position of α-amylase-A522-PreS2. (C) The relative amounts of 
α-amylase-A522-PreS2 were obtained by comparing the band intensities on Western blots 
(the α-amylase-A522-PreS2 amount in lane 1 was set as 100%). Lanes 1 to 6 in panel C 
correspond to lanes 1 to 6 in panel B. 

2.2 The effect of HtrA and HtrB on the degradation of secreted proteins 

In this section we describe the effects of membrane-bound proteases and a two-component 
system on degradation of secreted proteins, and transcriptional regulation of the membrane-
bound protease genes. 

2.2.1 Cell envelope-associated quality control proteases 

In B. subtilis, the accumulation of misfolded proteins at the membrane-cell wall interface is 
sensed by the CssR–CssS two-component system, which consists of the membrane-
embedded sensor kinase, CssS and the response regulator, CssR (Hyyryläinen et al., 2001). 
This system responds to general protein secretion stresses, which can be triggered by either 
homologous (e.g., overproduction of LipA) or heterologous (e.g., overproduction of AmyQ 
and hIL-3) proteins, and consequently activates the transcription of the monocistronic htrA 
and htrB genes (Darmon et al., 2002; H. Westers et al., 2006; Hyyryläinen et al., 2007). HtrA 
and HtrB are membrane-bound serine proteases that are responsible for the degradation of 
misfolded proteins, and can thereby rescue the cell from a lethal accumulation of misfolded 
proteins in the cell envelope. In addition, HtrA has a dual localization, because it can be 
detected in the membrane-associated cellular fraction as well as the growth medium. 
Therefore, HtrA has a chaperone-like activity that might assist misfolded proteins in 
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recovering their conformation, while also targeting unsuccessful protein for degradation 
(Antelmann et al., 2003). Induction of htrA and htrB expressions is responsive to secretion 
stress in a manner dependent on the CssRS two-component system. In addition, htrA and 
htrB expressions are negatively autoregulated and reciprocally cross-regulated (Noone et al., 
2000, Noone et al., 2001). Therefore, the absence of HtrA leads to the increased synthesis of 
HtrB, and vice versa (Noone et al., 2001). 

2.2.2 High-level lipase A (LipA) production in eleven proteases mutant 

We examined the production of lipase A (LipA) of B. subtilis (van Pouderoyen et al., 2001), as a 
valuable model for industrial enzyme production, in a nine-protease-deficient B. subtilis strain. 
Therefore, we constructed the pHLApm plasmid, in which LipA with the promoter and 
ribosomal binding site of an alkaline cellulase gene, egl-237 (Hakamada et al., 2000) was cloned 
into pHY300PLK (Takara, Japan). LipA was overproduced in B. subtilis. Cells carrying 
pHLApm were cultured in modified 2xL broth for 12, 24, 36, 48, 60, and 75 h. The productivity 
of LipA in the supernatants from cultures of the 168 and Dpr9 (in which nine genes encoding 
eight extracellular proteases and AprX were precisely and completely deleted from the 
chromosome) strains was calculated based on the activity of LipA (Fig. 7). In 24 h cultivation, 
the production level of the LipA in 168 and Dpr9 could be obtained at 860 mg/L, an excellent 
yield which is 1.4-times higher than that of previously reported (Lesuisse et al., 1993). After 24 
h, the amount of LipA markedly decreased in the 168 strain (Fig. 7). In contrast, degradation of 
LipA in the Dpr9 was effectively inhibited, compared with the 168 strain. However, after 36 h, 
the production of LipA in Dpr9 was reduced by approximately 10% (Fig. 7). These results 
showed that LipA was also degraded in the Dpr9 strain. Overproduction of both homologous 
(LipA) and heterologous (AmyQ and hIL-3) proteins induces the expression of htrA and htrB 
by the CssRS system (Darmon et al., 2002; H. Westers et al., 2006). From the currently available 
data, it seems most likely that limitation of both proteases of HtrA and HtrB improved the 
yield of heterologous proteins (Vitikainen, M., H. L. et al., 2005). To confirm the effect of HtrA 
and HtrB on the degradation of secreted proteins, we examined the production of LipA of B. 
subtilis in the htrA and/or htrB deficient B. subtilis strains. We constructed Dpr9∆htrA, 
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Fig. 7. Time course of LipA activity in the Dpr9 mutant. Cells were cultured in modified 2xL 
broth at 30ºC. The accumulation of LipA in the culture medium was measured at various 
incubation times. Open circles, wild type strain; closed triangles, Dpr9 mutant.  
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Dpr9∆htrB, and Dpr9∆htrA/B (with eleven inactivated proteases), and evaluated each strain 
for the production of LipA. No effect on LipA production was observed in Dpr9∆htrA and 
Dpr9∆htrB. However, the production of LipA by the Dpr9∆htrA/B strain was at 1100 mg/L, 
which is 1.2-times higher than that of the Dpr9 strain (Fig. 8). These results suggest that 
inactivation of both htrA and htrB, as well as the nine proteases, has improved the 
productivity of B. subtilis for the production of LipA. 

 

Fig. 8. Enhanced productivity of LipA in the absence of both htrA and htrB. Cells were 
cultured in modified 2xL broth at 30ºC. The accumulation of LipA in the culture medium 
was measured at 48 h. The relative activities of LipA are shown (the amount of Dpr9 was set 
to 100%). 

2.2.3 Transcriptional regulation of htrB and htrA by reciprocal cross regulation 

We predicted that there was no difference between the productivities of LipA in the 
Dpr9∆htrA and Dpr9∆htrB strains, because the inactivation of either htrA or htrB results in a 
compensating overexpression of the other gene (Noone et al., 2001). To confirm that the 
overexpressions of htrA and htrB are caused by the inactivation of the other gene, we 
examined the level of expression of the htrB-lacZ fusion for the Dpr9∆htrA mutant, as well 
as the similar expression of the htrA-lacZ fusion for the Dpr9∆htrB mutant. Cells carrying 
pHY300PLK (control) and pHLApm (LipA overexpression) were cultured in modified 2xL 
broth for 48 h. As shown in Table 1, Dpr9∆htrA cells harboring pHLApm transcribed htrB-
lacZ at a 4-fold increased level, compared with Dpr9 harbouring pHLApm (from 0.51 to 2.30 
U). Similarly, a 10-fold increase in the htrA-lacZ expression level was observed in the 
Dpr9∆htrB mutant (from 0.41 to 4.26 U). The expressions of htrB-lacZ and htrA-lacZ also 
demonstrated reciprocal cross regulation in cells carrying pHY300PLK. These observations 
suggest that the overexpression of htrB in Dpr9∆htrA and of htrA in Dpr9∆htrB might affect 
LipA production. The expression level of htrB-lacZ in LipA-producing Dpr9 was 2.4-times 
higher than that of non-LipA-producing Dpr9 (Table 1). There was almost no change in the 
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expression level of htrA-lacZ, between Dpr9 cells harboring pHLApm and Dpr9 cells 
harbouring pHY300PLK. The expression of the htrB-lacZ reporter gene fusion has previously 
been shown to be more sensitive to secretion stress than the htrA-lacZ reporter gene fusion 
(Hyyryläinen et al., 2001). These results suggest that Dpr9 produced LipA in weak response 
to secretion stress.  

Expressed gene  Strain  Plasmid   Expression a 

htrB-lacZ  Dpr9  pHY300PLK  0.22±0.01 
   Dpr9∆htrA pHY300PLK  1.46± 0.11  
   Dpr9  pHYLApm  0.51± 0.11  
   Dpr9∆htrA pHYLApm  2.30± 0.02 
htrA-lacZ  Dpr9  pHY300PLK  0.38± 0.03 
   Dpr9∆htrB pHY300PLK  1.29± 0.01  
   Dpr9  pHYLApm  0.41± 0.03 
   Dpr9∆htrB pHYLApm  4.26± 0.02 

a One activity unit is defined as 1 nmol of O-nitrophenyl-ß-D-galactopyranoside hydrolysed per min per 
µg of OD600. The results presented are the average of three individual experiments. Plus/minus values 
represent standard deviations. 

Table 1. Expression of transcriptional fusions between the htrA and htrB promoters and lacZ 
reporter gene in various genetic backgrounds. 

3. Conclusion 

This chapter focused on biotechnological approaches to optimization of heterologous 
protein and enzyme production by multiple protease-deficient mutations in B. subtilis. 
Section 2.2 described the identification of AprX protease using gelatin zymography and the 
effects of AprX on heterologous protein production. The nine-protease-deficient KA8AX 
strain (lacking nine genes encoding eight extracellular proteases and AprX) effectively 

prevented proteolysis of α-amylase-A522-PreS2 [PreS2 antigen of human hepatitis B virus 

(HBV) fused with the N-terminal 522 amino acids of B. subtilis α-amylase] in the late 
stationary growth phase and improved the yield of the fusion protein. In addition, AprX 
was detected in the culture medium due to leakage on cell lysis during the late stationary 
growth phase. Section 2.3 described that the inactivation of nine-proteases and both htrA 
and htrB (resulting the Dpr9∆htrA/B mutant) improved the productivity of LipA in B. 
subtilis. In particular, the productivity of the LipA in the Dpr9∆htrA/B strain was 1100 
mg/L, an optimal yield which is 1.8-times higher than that of previously reported. There 
was no difference in the productivities of LipA in the Dpr9∆htrA and Dpr9∆htrB strains, 
compared with that of Dpr9. Because the transcriptions of htrA and htrB are controlled by 
reciprocal cross regulation, overexpression of htrB in the Dpr9∆htrA strain and of htrA in the 
Dpr9∆htrB strain might affect LipA production. The previous approach for effective protein 
production was to generate a strain which has the inactivation of eight extracellular 
proteases in B. subtilis as the host. We reported that AprX leaked outside of cells, and 
HtrA/HtrB membrane-bond proteases of B. subtilis were also key proteases involved in the 
degradation of natural and heterologous proteins. In addition, nine- or eleven-protease-
deficient strains of B. subtilis were helpful in improving protein productivity. Our findings, 
described in this chapter should contribute to the generation of hosts to be further optimized 
for protein production. 

www.intechopen.com



 
Advances in Applied Biotechnology 

 

174 

4. Acknowledgment  

We would like to thank Mr. Keiji Endo, Mr. Kazuhisa Sawada, Dr. Koji Nakamura, Dr. 
Yasutaro Fujita, Dr. Fujio Kawamura, and Dr. Naotake Ogasawara for useful advice and 
discussions, and Dr. Hiroshi Kakeshita and Dr. Kunio Yamane for their generous gift of 
plasmid of pTUBE522-PreS2, and for useful advice and discussions. This work was 
supported by the New Energy and Industrial Technology Development Organization 
(NEDO). 

5. References  

Antelmann, H.; Darmon, E.; Noone, D.; Veening, J.W.; Westers, H.; Bron, S.; Kuipers, O.P.; 
Devine, K.M.; Hecker, M. & van Dijl, J.M. (2003). The extracellular proteome of 
Bacillus subtilis under secretion stress conditions. Molecular Microbiology. Vol. 49, 
No. 1, pp. 143–156, ISSN 0950-382X 

Babe, L. M. & B. Schmidt. (1998).  Purification and biochemical analysis of WprA, a 52-kDa 
serine protease secreted by B. subtilis as an active complex with its 23-kDa 
propeptide. Biochimica et Biophysica Acta, Vol. 1386, No. 1, pp. 211–219, ISSN 0304-
4165  

Bruckner, R.; Shoseyov, O. & Doi, R. H. (1990). Multiple active forms of a novel serine 
protease from Bacillus subtilis. Molecular and General Genetics MGG, Vol. 221, No. 3, 
pp. 486-490, ISSN 0026-8925 

Darmon, E.; Noone, D.; Masson, A.; Bron S.; Kuipers, O.P.; Devine, K.M. & van Dijl, J.M. 
(2002). A novel class of heat and secretion stressresponsive genes is controlled by 
the autoregulated CssRS twocomponent system of Bacillus subtilis. Journal of 
Bacteriology, Vol. 184, No. 20, pp. 5661–5671, ISSN 0021-9193   

Hakamada, Y.; Hatada, Y.; Koike, K.; Yoshimatsu, T.; Kawai, S.; Kobayashi, T. & Ito, S. 
(2000). Deduced amino acid sequence and possible catalytic residues of a 
thermostable, alkaline cellulase from an alkaliphilic Bacillus strain. Bioscience 
Biotechnology and Biochemistry, Vol. 64, No. 11, pp. 2281-2289, ISSN 0916-8451 

Harwood, C.R. (1992). Bacillus subtilis and its relatives: molecular biological and industrial 
workhorses. Trends in Biotechnology, Vol. 10, No. 7, pp. 247-256, ISSN 0167-7799  

Honda, K., Fujieda, H., Ogawa, K., Imai, M., Yamamoto, H., Ikeda, T. & Yamane, K. (1993). 
Extracellular production of human hepatitis B virus preS2 antigen as hybrid 
proteins with Bacillus subtilis α-amylases in high-salt-concentration media. Applied 
Microbiology and Biotechnology, Vol. 40, No. 2-3, pp. 341-347, ISSN 0175-7598 

Hyyryläinen, H.L.; Bolhuis, A.; Darmon, E.; Muukkonen, L.; Koski, P.; Vitikainen, M.; 
Sarvas, M.; Prágai, Z.; Bron, S.; van Dijl, J.M. & Kontinen V.P. (2001). A novel two-
component regulatory system in Bacillus subtilis for the survival of severe secretion 
stress. Molecular Microbiology, Vol. 41, No. 5, pp. 1159–1172, ISSN 0950-382X 

Hyyryläinen, H.L.; Pietiäinen, M.; Lundén, T.; Ekman, A.; Gardemeister, M.; Murtomäki-
Repo, S.; Antelmann, H.; Hecker, M.; Valmu, L.; Sarvas, M. & Kontinen, V.P. (2007). 
The density of negative charge in the cell wall influences two-component signal 
transduction in Bacillus subtilis. Microbiology. Vol. 153, No. 7, pp. 2126-2136, ISSN 
1350-0872   

Kodama, T.; Endo, K.; Sawada, K.; Ara, K.; Ozaki, K.; Kakeshita, H.; Yamane, K. & 
Sekiguchi, J. (2007)a. Bacillus subtilis AprX Involved in Degradation of a 
Heterologous Protein During the Late Stationary Growth Phase. Journal of Bioscience 
and Bioengineering, Vol. 104, No. 2, pp. 135-143, ISSN 1389- 1723  

www.intechopen.com



Approaches for Improving Protein Production in  
Multiple Protease-Deficient Bacillus Subtilis Host Strains 

 

175 

Kodama, T.; Endo, K.; Ara, K.; Ozaki, K.; Kakeshita, H.; Yamane, K. & Sekiguchi, J. (2007)b. 
Effect of the Bacillus subtilis spo0A mutation on cell wall lytic enzymes and 
extracellular proteases, and prevention of cell lysis. Journal of Bioscience and 
Bioengineering, Vol. 103, No. 1, pp. 13-21, ISSN 1389- 1723  

Koide, Y.; Nakamura, A.; Uozumi, T & Beppu, T. (1986). Cloning and sequencing of the 
major intracellular serine protease gene of Bacillus subtilis. Journal of Bacteriology, 
Vol. 167, No. 1, pp110-116, ISSN 0021-9193   

Lee, S.J.; Kim, D.M.; Bae, K.H.; Byun, S.M. & Chung, J.H. (2000). Enhancement of secretion 
and extracellular stability of staphylokinase in Bacillus subtilis by wprA gene 
disruption. Applied and Environmental Microbiology, Vol. 66, No. 2, pp. 476-480, ISSN 
0099-2240  

Lesuisse, E.; Schanck, K. & Colson, C. (1993). Purification and preliminary characterization of 
the extracellular lipase of Bacillus subtilis 168, an extremely basic pH-tolerant enzyme. 
European Journal of Biochemistry, Vol. 216, No. 1, pp.155-160, ISSN 0014-2956 

Liu, S.; Endo, K.; Ara, K.; Ozaki, K. & Ogasawara, N. (2008). Introduction of marker-free 
deletions in Bacillus subtilis using the AraR repressor and the ara promoter. 
Microbiology, Vol. 154, No. 9, 2562-2570, ISSN 1350-0872 

Margot, P. & Karamata, D. (1996). The wprA gene of Bacillus subtilis 168, expressed during 
exponential growth, encodes a cell-wall-associated protease. Microbiology, Vol. 142, 
No. 12, pp. 3437-3444, ISSN 1350-0872  

Morimoto, T.; Kadoya, R.; Endo, K.; Tohata, M.; Sawada, K.; Liu S.; Ozawa, T.; Kodama, T.; 
Kakeshita, H.; Kageyama, Y.; Manabe, K.; Kanaya, S.; Ara, K.; Ozaki, K. & 
Ogasawara, N. (2008). Enhanced recombinant protein productivity by genome 
reduction in Bacillus subtilis. DNA Research, Vol. 15, No. 2, pp. 73-81, ISSN 1340-2838  

Morimoto, T.; Ara, K.; Ozaki, K & Ogasawara, N. (2009). A new simple method to introduce 
marker-free deletions in the Bacillus subtilis genome. Genes & Genetic Systems, Vol. 
84, No. 4, pp. 315-318, ISSN 1341-7568 

Murashima, K.; Chen, C.L.; Kosugi, A.; Tamaru, Y.; Doi, R.H. & Wong, S.L. (2002).  
Heterologous production of Clostridium cellulovorans engB, using protease-deficient 
Bacillus subtilis, and preparation of active recombinant cellulosomes. Journal of 
Bacteriology, Vol. 184, No.1, 76-81, ISSN 0021-9193 

Noone, D.; Howell, A. & Devine, K.M. (2000). Expression of ykdA, encoding a Bacillus subtilis 
homologue of HtrA, is heat shock inducible and negatively autoregulated. Journal 
of Bacteriology, Vol. 182, No. 6, pp. 1592-1599, ISSN 0021-9193 

Noone, D.; Howell, A.; Collery, R. & Devine, K.M. (2001).  YkdA and YvtA, HtrA-Like serine 
proteases in Bacillus subtilis, engage in negative autoregulation and reciprocal cross-
regulation of ykdA and yvtA gene expression. Journal of Bacteriology, Vol. 183, No. 2, 
pp. 654–663, ISSN 0021-9193 

Rufo, G. A.; Jr., Sullivan, B. J.; Sloma, A. & Pero, J. (1990). Isolation and characterization of a 
novel extracellular metalloprotease from Bacillus subtilis. Journal of Bacteriology, Vol. 
172, No. 2, pp. 1019-1023, ISSN 0021-9193   

Simonen, M. & Palva, I. (1993). Protein secretion in Bacillus species, Microbiological Reviews. 
Vol.57, No.1, pp. 109-137, ISSN 0146-0749 

Sloma, A.; Ally, A., Ally, D. & Pero, J. (1988). Gene encoding a minor extracellular protease in 
Bacillus subtilis. Journal of Bacteriology, Vol. 170, No. 12, pp. 5557-5563, ISSN 0021-9193   

Sloma, A.; Rudolph, C. F.; Rufo, G. A., Jr.; Sullivan, B. J.; Theriault, K. A.; Ally, D. & Pero, J. 
(1990). Gene encoding a novel extracellular metalloprotease in Bacillus subtilis. 
Journal of Bacteriology, Vol. 172, No. 2, pp. 1024-1029, ISSN 0021-9193   

www.intechopen.com



 
Advances in Applied Biotechnology 

 

176 

Sloma, A.; Rufo, G. A.; Jr., Rudolph, C. F.; Sullivan, B. J.; Theriault, K. A. & Pero, J. (1990). 
Bacillopeptidase F of Bacillus subtilis: purification of the protein and cloning of the 
gene. Journal of Bacteriology, Vol. 172, No. 3, pp. 1470-1477, ISSN 0021-9193, Erratum 
in: Journal of Bacteriology, Vol. 172, No. 9, pp. 5520-5521, ISSN 0021-9193 

Sloma, A., Rufo, G. A., Jr., Theriault, K. A., Dwyer, M., Wilson, S. W., & Pero, J. (1991). 
Cloning and characterization of the gene for an additional extracellular serine 
protease of Bacillus subtilis. Journal of Bacteriology, Vol. 173, No. 21, pp. 6889-6895, 
ISSN 0021-9193   

Stahl, M. L. & Ferrari, E (1984). Replacement of the Bacillus subtilis subtilisin structural gene 
with an in vitro-derived deletion mutation. Journal of Bacteriology, Vol. 158, No. 2, 
pp. 411-418, ISSN 0021-9193  

Tran, L.; Wu, X. C. & Wong, S. L. (1991). Cloning and expression of a novel protease gene 
encoding an extracellular neutral protease from Bacillus subtilis. Journal of 
Bacteriology, Vol. 173, No. 20, pp. 6364-6372, ISSN 0021-9193   

Valbuzzi, A.; Ferrari, E.; & Albertini, A.M. (1999). A novel member of the subtilisin-like 
protease family from Bacillus subtilis. Microbiology, Vol. 145, No. 11, pp. 3121-3127, 
ISSN 1350-0872    

van Pouderoyen, G.; Eggert, T.; Jaeger, K.E. & Dijkstra, B.W. (2001). The crystal structure of 
Bacillus subtilis lipase: a minimal alpha/beta hydrolase fold enzyme. Journal of 
Molecular Biology, Vol. 309, No. 1, pp. 215-226, ISSN 0022-2836  

Vitikainen, M.; Hyyrylainen H. L.; Kivimaki A.; Kontinen V. P. & Sarvas M. (2005). Secretion 
of heterologous proteins in Bacillus subtilis can be improved by engineering cell 
components affecting post-translocational protein folding and degradation. Journal 
of Applied Microbiology, Vol. 99, No.2, pp. 363-375, ISSN 1364-5072 

Westers, L.; Westers, H.; & Quax, W.J. (2004). Bacillus subtilis as cell factory for pharmaceutical 
proteins: a biotechnological approach to optimize the host organism. Biochimica et 
Biophysica Acta, Vol. 1694, Issues 1-3, pp. 299-310, ISSN 0304-4165  

Westers, H.; Westers, L.; Darmon, E.; van Dijl, J.M.; Quax, W.J. & Zanen, G. (2006). The 
CssRS two-component regulatory system controls a general secretion stress 
response in Bacillus subtilis. FEBS Journal, Vol. 273, No. 16, pp. 3816–3827, ISSN 
1742-464X  

Westers, L.; Dijkstra, D.S.; Westers, H.; van Dijl, J.M. & Quax, W.J. (2006). Secretion of 
functional human interleukin-3 from Bacillus subtilis. Journal of Biotechnology, Vol. 
123, No. 2, pp. 211-24, ISSN 0168-1656   

Wong, S.L.; Price, C. W.; Goldfarb, D. S. & Doi, R. H. (1984). The subtilisin E gene of Bacillus 
subtilis is transcribed from a sigma 37 promoter in vivo. Proceedings of the National 
Academy of Sciences of the United States of America, Vol. 81, No. 4, pp. 1184-1188, ISSN 
0027-8424  

Wu, X. C.; Nathoo, S.; Pang, A. S.; Carne, T. & Wong, S. L. (1990). Cloning, genetic 
organization, and characterization of a structural gene encoding bacillopeptidase F 
from Bacillus subtilis. The Journal of Biological Chemistry, Vol. 265, No. 12, pp. 6845-
6850, ISSN 0021-9258  

Wu, X. C.; W. Lee, L. Tran, & S. L. Wong. (1991). Engineering a Bacillus subtilis expression-
secretion system with a strain deficient in six extracellular proteases. Journal of 
Bacteriology, Vol. 173, No. 16, pp. 4952–4958, ISSN 0021-9193 

Yang, M.Y.; Ferrari, E. & Henner, D. J. (1984). Cloning of the neutral protease gene of Bacillus 
subtilis and the use of the cloned gene to create an in vitro-derived deletion 
mutation. Journal of Bacteriology, Vol. 160, No. 1, pp. 15-21, ISSN 0021-9193   

 

www.intechopen.com



Advances in Applied Biotechnology

Edited by Prof. Marian Petre

ISBN 978-953-307-820-5

Hard cover, 288 pages

Publisher InTech

Published online 20, January, 2012

Published in print edition January, 2012

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

Biotechnology is the scientific field of studying and applying the most efficient methods and techniques to get

useful end-products for the human society by using viable micro-organisms, cells, and tissues of plants or

animals, or even certain functional components of their organisms, that are grown in fully controlled conditions

to maximize their specific metabolism inside fully automatic bioreactors. It is very important to make the

specific difference between biotechnology as a distinct science of getting valuable products from molecules,

cells or tissues of viable organisms, and any other applications of bioprocesses that are based on using the

whole living plants or animals in different fields of human activities such as bioremediation, environmental

protection, organic agriculture, or industrial exploitation of natural resources. The volume Advances in Applied

Biotechnology is a scientific book containing recent advances of selected research works that are ongoing in

certain biotechnological applications. Fourteen chapters divided in four sections related to the newest

biotechnological achievements in environmental protection, medicine and health care, biopharmaceutical

producing, molecular genetics, and tissue engineering are presented.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Takeko Kodama, Kenji Manabe, Yasushi Kageyama, Shenghao Liu, Katsutoshi Ara, Katsuya Ozaki and Junichi

Sekiguchi (2012). Approaches for Improving Protein Production in Multiple Protease-Deficient Bacillus subtilis

Host Strains, Advances in Applied Biotechnology, Prof. Marian Petre (Ed.), ISBN: 978-953-307-820-5, InTech,

Available from: http://www.intechopen.com/books/advances-in-applied-biotechnology/approaches-for-

improving-protein-production-in-multiple-protease-deficient-bacillus-subtilis-host-st



© 2012 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


