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1. GENERAL INTRODUCTION 
The ongoing discovery of new vaccines and therapeutics asks for the 
development of efficient systems for the production of pharmaceutical proteins. 
The choice of an appropriate host and suitable production conditions is crucial 
for the down-stream processing of a pharmaceutical-grade product. Escherichia 
coli and Bacillus species are the most frequently used prokaryotes for the 
industrial production of recombinant proteins. These organisms are above all 
favoured, because their cultivation in large-scale production systems at high cell 
densities is easy and usually inexpensive. This thesis focuses on the 
development of novel strategies to optimise Bacillus subtilis as a Cell Factory, 
the so-called BACELL factory. 

1.1 Characteristics of B. subtilis 
B. subtilis has been a paradigm for research in Gram-positive bacteria for more 
than four decades. B. subtilis is a non-pathogenic, aerobic, motile, endospore-
forming rod-shaped bacterium, commonly found in soil and in association with 
plants. It is well-known for its high secretion capacity, the development of 
natural competence and its ability to sporulate (Palva, 1982; Fahnestock and 
Fischer, 1986; Dubnau, 1993; Ferrari et al., 1993; Stragier and Losick, 1996). 
The ability to respond flexibly to a varying environment is essential for bacterial 
survival. B. subtilis responds to environmental challenges and insults by 
remarkable adaptive programmes. These include the differentiations into a 
heat-resistant spore in unfavourable environments (Stragier and Losick, 1996; 
Moir et al., 1994) and the uptake of DNA (competence) to either maintain it by 
homologous recombination or, if there is not enough homology, to use it as a 
nutritional resource (Dubnau, 1991). Both phenomena are coupled to complex 
networks of regulatory pathways and developmental checkpoints (Grossman, 
1995). Furthermore, B. subtilis produces degradative enzymes, like proteases, 
lipases, carbohydrases, levansucrase, beta-glucanases, DNases, and RNases 
as an adaptive response to nutrient limitation. Thus, macro-molecules are 
degraded by these enzymes and the products internalised by special systems in 
the cytoplasmic membrane (Priest, 1977; Ferrari et al., 1993; Msadek et al., 
1993; Simonen and Palva, 1993). In the competition for nutrients B. subtilis also 
secretes antimicrobial and antifungal peptides (antibiotics, lantibiotics, and 
bacteriocins) to kill other organisms (Paik et al., 1998; Duitman et al., 1999; 
Zheng et al., 1999).  

The 4,214-kb circular genome of B. subtilis 168 has been completely 
sequenced by a European-Japanese consortium (Kunst et al., 1997). Its 
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genome was found to encode about 4100 putative proteins of which over 60 % 
initially had an unknown function. Its well-developed natural transformation 
system has proved to be invaluable for genetic engineering. Furthermore, B. 
subtilis is amenable to laboratory culture and molecular genetics for functional 
analyses. 

The “BACELL factory” is an interesting model system for numerous 
industrial, medical, and ecological applications. This introduction elaborates on 
the development of B. subtilis as a Cell Factory, especially on studying 
remedies for the drawbacks of B. subtilis as producer organism and on 
exploiting the advantages of using B. subtilis for this purpose (section 2). 
Furthermore, the mechanism of protein export by this organism is explained 
(section 3). The last section deals with the extracytoplasmic response of B. 
subtilis to high-level production and secretion of proteins (section 4).  

2. BACTERIAL CELL FACTORIES 
Both Gram-negative and Gram-positive bacteria are commonly used for the 
production of proteins, because bacterial protein production systems are 
relatively cheap methods for the industry to obtain a desired product. The 
products that can be produced by different Bacillus species for instance 
comprise enzymes, vitamins, and insecticides. Table 1 lists some examples of 
products that are produced by B. subtilis in the last three decades. This listing 
clearly shows that with B. subtilis not for every (protein) product a high-level 
production can be achieved. Therefore, the optimisation of bacteria for high-
level production is an ongoing process that is focused on all aspects that play a 
role in protein production.  

 
Table 1.  Protein products from B. subtilis 
Product Yield Reference 
α-amylase (AmyS)  n.d.a Outtrup et al., 1984 
α-amylase (AmyQ) 1-3 g/l Palva, 1982 
Proinsulin 1 g/lb Olmos-Soto and 

Contreras-Flores, 2003 
Lipase A 600 mg/l Lesuisse et al., 1993 
Streptavidin 35-50 mg/l Wu and Wong, 2002 
scFv 10-15 mg/l Wu et al., 2002 
hEGF 7.0 mg/l Lam et al., 1998 
Endoglucanase 8300 U/l Lam et al., 1998 
IFN-alpha 2 0.5-1 mg/l Palva et al., 1983 
Poly(30hydroxybutyrate) depolymerase 1.9 mg purified protein/l Braaz et al., 2002 
Endocellulase (Puradax®) n.d. Jones and Quax, 1998 
Subtilisin (AprE) n.d. Pierce et al., 1992 
an.d., not documented. 
bThere are no data available on the bioactivity. 
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2.1 Protein production in E. coli versus protein production in B. 
subtilis 

For the economical production of recombinant proteins the existence of stable 
expression systems is a necessity. At present, about 60 % of the commercially 
available enzymes are produced by Bacillus species, mostly being proteins from 
Gram-positive origin that are naturally secreted into the growth medium, such 
as alkaline proteases as additives in laundry detergents or amylases for the 
starch industry (Palva, 1982; Simonen and Palva, 1993; Schweder and Jurgen, 
2001; Quax, 2003). E. coli is a Gram-negative organism and thus does not 
secrete proteins into the growth medium, but exports proteins to the periplasm 
instead. However, E. coli is still the most commonly used host for industrial 
production of pharmaceutical proteins as it is genetically most accessible and 
therefore first choice in the lead finding phase of drug development projects. 
Despite the fact that other systems may be superior to E. coli both in quality and 
efficiency, time pressure, the requirement for new clinical trials, and intellectual 
property issues have often prohibited the use of alternative host organisms in 
later stages of drug development.  

In contrast to the well-known Gram-negative bacterium E. coli, the Gram-
positive bacterium B. subtilis is considered as a GRAS organism (generally 
recognised as safe). For that reason, the use of B. subtilis for the production of 
food products is highly favoured over the use of E. coli. The outer cell 
membrane of many Gram-negative bacteria, e.g. E. coli, contains 
lipopolysaccharides (LPS), generally referred to as endotoxins, which are 
pyrogenic in humans and other mammals. These endotoxins complicate 
product purification, because the end-product should be completely endotoxin-
free (Petsch and Anspach, 2000; Bredmose et al., 2001). Furthermore, in 
comparison to E. coli, B. subtilis is a more attractive host because it has a 
naturally high secretory capacity and exports proteins directly into the 
extracellular medium (Simonen and Palva, 1993; see also section 3.1). The 
secretion of target proteins leads to a natural separation of the product from cell 
components, simplifying downstream processing of the protein. In addition, it 
may provide better folding conditions compared to the reducing environment in 
the cytoplasm (Moks et al., 1987), thereby preventing the formation of inclusion 
bodies. Despite these clear shortcomings of the E. coli system, the use of the 
highly efficient Bacillus secretion hosts has remained limited to bulk industrial 
enzyme production. Although nearly 80 recombinant protein therapeutics have 
been approved worldwide (58 approvals in the US) (Reichert and Paquette, 
2003), none of these is produced in Bacillus. Besides the fact that there is no 
track record for pharmaceutical registration, the major reservations for using 
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Bacillus have been (1) lack of suitable expression vectors; (2) plasmid 
instability; (3) presence of proteases; (4) occurrence of malfolded proteins.  

2.2 Functional stages of the protein secretion pathway 
The Bacillus secretory pathway can be divided into three functional stages: (1) 
early stages involving the synthesis of secretory pre-proteins, their interaction (if 
any) with chaperones and binding to the translocase; (2) translocation across 
the cell membrane via the Sec or Tat translocase; (3) late stages, including 
removal of the signal peptide, release from the translocase, folding on the trans 
side of the cell membrane and passage through the cell wall (Simonen and 
Palva, 1993; Braun et al., 1999; van Wely et al., 2001). Most bacterial proteins 
destined to leave the cytoplasm are exported via the highly conserved SecA-
YEG (Sec) pathway. In addition, more specialised pathways can be used for the 
export of specific subsets of extracellular proteins (see section 3). Most 
exported proteins are synthesised as precursors with an N-terminal signal 
peptide (see von Heijne, 1998). These pre-proteins are, in general, first 
recognised by soluble targeting factors for their transport to the translocation 
machinery in the cell membrane. Next, the polypeptide chain is transported 
through a proteinacious channel in the membrane, a process driven by a 
translocation motor that binds and hydrolyses nucleoside triphosphates. The 
signal peptide is removed, resulting in the release of the mature protein from the 
membrane. Finally, the mature protein will fold into its native conformation 
shortly after the release from the translocase, unless it is translocated in a 
folded state. In many cases, extracytoplasmic folding catalysts are involved in 
folding of the protein in a protease-resistant form. These basic principles of 
protein transport across membranes apply to most eukaryotic and prokaryotic 
organisms (see: Schatz and Dobberstein, 1996; Pohlschröder et al., 1997; 
Riezman 1997; Economou, 1998; Tjalsma et al., 2000).  

2.3 Bottlenecks in protein secretion 
Research to identify the afore-mentioned functional stages of protein secretion 
by B. subtilis (see section 2.2), revealed that the Bacillus protein secretion 
machinery contains cellular quality control systems that efficiently remove 
misfolded or incompletely synthesised proteins. The high quality of the secreted 
proteins that are produced industrially is, at least in part, due to the presence of 
these quality control systems. Paradoxically, these systems were shown to 
represent major bottlenecks (Fig. 1) for the production of heterologous, high 
value-added proteins at commercially significant concentrations, because the 
folding of many heterologous proteins into their native, protease-resistant 
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conformation is usually inefficient. The importance of efficient folding is 
underscored by the fact that the membrane-cell wall interface and extracellular 
environment of B. subtilis are highly proteolytic. A search in the SubtiList 
database (http://genolist.pasteur.fr/SubtiList/) for proteases and peptidases 
revealed the presence of 24 known and 6 putative proteases and 20 known and 
21 putative peptidases (Tjalsma et al., 2000; Fig. 2). This results in a rapid 
degradation of exported proteins of homologous or heterologous origin that fold 
too slowly, or wrongly, upon translocation (Bolhuis et al., 1999c). The high 
proteolytic activity of B. subtilis seems to be the greatest problem. Although the 
inactivation of such quality control systems has potential to improve the 
secretory yields of heterologous proteins, this could be at the expense of 
product quality. Thus far, most attempts to find solutions were focused on the 
proteases that are secreted into the growth medium. 

2.4 Protease-deficient Bacillus subtilis strains 
Secretory proteins that have missed their last chance to be folded correctly by 
membrane or cell wall-attached folding catalysts are potential substrates for one 
of the many proteases in the membrane, cell wall or medium (Fig. 2). Especially 
extracytoplasmic proteases are responsible for the degradation of various 
(heterologous) proteins secreted by B. subtilis (Wu et al., 1991; Bolhuis et al., 
1999c). Therefore, since 1984, the year in which the first engineered protease-
deficient strains were reported in the Journal of Bacteriology (Kawamura and 
Doi, 1984; Yang et al., 1984), B. subtilis strains containing deletion mutations in 
multiple extracellular proteases have been constructed. These strains have 
extracellular proteolytic activities of less than 0.5 % compared to the parental 
strain (Sloma et al., 1991). These multiple deletion strains allow the production 
of proteins that are highly sensitive to protein degradation in the parental 168

Figure 1. Schematic representation of
processes that affect the yield of
heterologous proteins 
Although proteins can be produced
intracellularly, this always has the risk of
inclusion body formation when the protein is
(highly) overexpressed. Often extracellular
production is chosen using protease-deficient
strains to minimise proteolytic degradation.  
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Figure 2. Proteases and peptidases of B. subtilis 
The location of the B. subtilis proteases and peptidases in the cellular compartments and the 
growth medium is indicated. Note that specific proteases and peptidases involved in the 
sporulation process are not indicated in the picture, because these are usually not expressed 
during fermentation of protein production strains. Furthermore, peptidases involved in 
peptidoglycan maturation are not indicated. Proteases that were deleted in the B. subtilis strains 
WB600, WB700, and WB800 are depicted in grey, proteases that were deleted additionally in the 
WB700 and WB800 strains are filled with an elipse and wall-pattern, respectively. 

 
strain. It has to be noted that when protease activity levels are measured using 
different substrates under different conditions, it is difficult to compare the 
outcomes. For example, alkaline proteases are not fully active in a neutral 
environment (Gupta et al., 2002). Furthermore, it has to be mentioned that 
inactivation of proteases leads to more cell lysis, which starts already at the 
point of transition from the exponential to the post-exponential growth phase. 
Occurrence of intracellular proteases in the medium caused by cellular lysis 
may result in lower production yields, because of degradation of the protein of 
interest (Stephenson et al., 1999). In a strain lacking six extracellular proteases, 
WB600 (nprE aprE epr bpf mpr nprB) (Fig. 2), it was shown that protein 
degradation is minimised. Specifically, the production yields of β-lactamase (Wu 
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et al., 1991), streptokinase (Wong et al., 1994), and the antidigoxin single-chain 
antibody fragment (5 mg/l in shake flask culture) (Wu et al., 1993) were 
improved compared to the production yields in the wild-type strain. With the 
inactivation of seven genes for extracellular proteases in the WB700 strain 
(nprE aprE epr bpf mpr nprB vpr) (Ye et al., 1999; Fig. 2), a residual activity of 
~0.15 % of the wild-type extracellular protease activity was detected when these 
cells were cultivated for 24 hours in a super-rich medium. Serine protease 
inhibitors could inhibit this residual activity. The blood-clot dissolving agent 
staphylokinase (Ye et al., 1999) (337 mg/l in a fermentor) and human 
Interleukin-3 (3 mg/l; L. Westers unpublished observations) are successfully 
produced in this strain. In December 1996, an eighth extracellular protease was 
reported, named WprA (Margot and Karamata, 1996). This cell wall-associated 
protease was shown to be involved in the degradation of instable and/or 
heterologous secretory proteins prior to release into the culture medium 
(Stephenson and Harwood, 1998; Bolhuis et al., 1999d; Wu et al., 2002). 
Interestingly, WprA itself is processed into two cell wall-bound products, known 
as CWBP52, which has serine protease activity, and CWBP23, which may have 
a chaperone-like activity (Margot and Karamata, 1996). It has been shown to be 
present both on the cell wall proteome and the extracellular proteome 
(Antelmann et al., 2002, 2003). Unlike other protease genes, which are induced 
after the transition from the exponential to the post-exponential growth phase, 
the wprA gene is already expressed in exponentially growing cells and 
upregulated during the post-exponential phase (Stephenson and Harwood, 
1998). Inactivation of WprA in the WB700 strain led to an even better production 
system (B. subtilis WB800), although in some cases the growth temperature 
had to be lowered to 30 °C to prevent inclusion body formation. Even after 
growing the cells for 48 hours, no degradation of the protein of interest, a 
cellulase, was shown (Murashima et al., 2002).  

2.5 Bacillus subtilis genome and biotechnology 
The average G + C ratio of the B. subtilis chromosome is 43.5 %, which is 
comparable with the alkaliphilic organism Bacillus halodurans (43.7 %) (Takami 
et al., 2000), but very high compared to the G + C content of pathogenic 
Bacillus species as B. anthracis A2012 (35.1 %) (Read et al., 2003) and B. 
cereus AATCC14579 (35.5 %) (Ivanova et al., 2003). However, it has to be 
noted that the G + C content varies considerably throughout the known bacterial 
chromosomes, resulting in so-called AT-rich islands, which are thought to have 
a foreign origin. Recently, it has been hypothesised that the Bacillus 
chromosomes resulted from phage-mediated recombination events between 
genomes of closely related bacteria (Ivanova et al., 2003), or that the AT-rich 
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islands resulted from horizontal gene transfer of source organisms with higher A 
+ T contents than the recipient host organism (Moszer et al., 1999; Garcia-
Vallvé et al., 2000; Nicolas et al., 2002). The genome of B. subtilis 168 
comprises ten relatively large AT-rich regions that are distributed over the whole 
chromosome (Fig. 3).  
 

Figure 3. Relative location of AT-rich islands on the chromosome of B. subtilis 168 
The distribution of AT-rich islands on the B. subtilis genome (inner side of the circle) is depicted 
with the Genome Viewer program (http://www.cmbi.kun.nl/genome) in sliding windows of 4000 
nucleotides with steps of 200 nucleotides. The outer boundary of the Figure is defined by the 
window of 4000 nucleotides with the lowest A + T content, while the inner boundary is defined by 
the window with the highest A + T content. The baseline indicates the midpoint between the 
inner and outer A + T content boundaries. The relative location of prophages (SPβ, PBSX, skin, 
proΦ 1-7) is indicated. Note that this plot does not mark PBSX as an AT-rich island, despite the 
fact that the A + T content of this prophage is higher than the average A + T content of the B. 
subtilis genome (adapted from Westers et al., 2003). 

 
These islands represent known prophages (SPβ and PBSX) and prophage-

like regions (skin and prophages 1-7) (Zahler et al., 1977; Wood et al., 1990; 
Takemaru et al., 1995; Kunst et al., 1997). An extensive study to estimate the 
minimal gene set that is required to sustain life of B. subtilis in nutritious 
conditions was performed by Kobayashi et al. (2003). ~3000 genes were 
systematically inactivated and only 271 were shown to be essential for growth in 
Luria Bertani broth at 37 °C. None of these genes was located on the ten 
prophage(-like) regions on the B. subtilis chromosome, which would render 
these dispensable. This kind of studies, in combination with more theoretical 
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estimations after the minimal gene set required for life (Itaya, 1995), will help to 
identify the gene functions necessary for an optimised cell factory. The still 
growing information in the fields of genomics, proteomics, transcriptomics and 
metabolomics will pave the way for extensive genetic engineering and 
minimization of the B. subtilis chromosome to obtain an optimised lean machine 
for high-level production of, especially, heterologous proteins (see for a recent 
review on this field: Tosato and Bruschi, 2004; see also Westers et al., 2003; 
chapter 2 and chapter 3).  

3. PROTEIN SORTING IN BACILLUS SUBTILIS 
Bacterial secretory proteins are known to perform several very important 
“remote control” functions, such as the provision of nutrients, cell-to-cell 
communication, detoxification of the environment, or the killing of potential 
competitors (see also section 1). More specifically, the extracellular proteins of 
pathogenic bacteria seem to play critical roles in virulence (see: Lei et al., 2000; 
Jungblut et al., 1999; Rosenkrands et al., 2000). The beneficial properties of B. 
subtilis mentioned in section 1 make B. subtilis the model organism for 
extensive studies to elucidate the protein secretion mechanisms and sorting to 
the different cellular compartments of B. subtilis.  

3.1 Secretion pathways 
Although the soil bacterium B. subtilis has a relatively simple cell structure, 
proteins can at least be delivered to, or retained at, five (sub)cellular locations: 
(i) the cytoplasm, (ii) the cytoplasmic membrane, (iii) the membrane-cell wall 
interface, (iv) the cell wall and (v) the extracellular environment (Tjalsma et al., 
2000). The final destination of a protein is governed by the presence or absence 
of signal peptides and/or retention signals. All proteins of B. subtilis lacking 
transport signals, are retained in the cytoplasm and fold, with or without the aid 
of chaperones into their native conformation. Other proteins contain membrane-
spanning domains that are required for their insertion into the cytoplasmic 
membrane. Most proteins that are completely transported across the 
cytoplasmic membrane are synthesised with an N-terminal signal peptide. As B. 
subtilis lacks an outer membrane, many of these proteins are secreted directly into 
the growth medium. Other exported proteins have to be retained at the 
membrane-cell wall interface to fulfil their function, such as cell wall turnover or 
the folding and modification of translocated secretory proteins.  

From previous studies the composition of the so-called “secretome” of B. 
subtilis was predicted, which includes both the secreted proteins and the protein 
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secretion machinery (Tjalsma et al., 2000). These predictions showed at least 
four distinct pathways for protein export from the cytoplasm and approximately 
300 proteins with the potential to be exported could be distinguished. By far the 
largest number of exported proteins was predicted to follow the major “Sec” 
pathway for protein secretion. In contrast, the recently identified twin-arginine 
translocation “Tat” pathway (Jongbloed et al., 2000, 2002), a pseudopilin export 
pathway for competence development, and certain ATP-binding cassette (ABC) 
transporters can be regarded as “special-purpose” pathways through which only 
few proteins appear to be transported (Fig. 4; Tjalsma et al., 2000).  

The following components have known or predicted functions involved in 
Sec-dependent protein transport. Cytoplasmic chaperones, such as SRP/FtsY 
(Hirose et al., 2000) and, probably, CsaA (Müller et al., 2000a, b) keep the 
precursors in a translocation competent state and facilitate targeting to the 
translocase in the membrane. The translocation machinery consists of: SecA 
(motor), SecYEG (pore), and SecDF. Possibly, YrbF and SpoIIIJ/YqjG are also 
part of this machinery (see: Bolhuis et al., 1998; Tjalsma et al., 2000, 2003; van 
Wely et al., 2001). During or shortly after translocation, the pre-protein is 
cleaved by one of the type I signal peptidases (SipS-W; Tjalsma et al., 1998), or 

Figure 4. Protein export 
pathways in B. subtilis 
Ribosomally-synthesised proteins 
can be sorted to various destinations 
depending on the presence (+SP) or 
absence (-SP) of an N-terminal 
signal peptide, and specific retention 
signals. Proteins devoid of a signal 
peptide remain in the cytoplasm. 
Proteins that have to be retained at 
the extracytoplasmatic side of the 
membrane can either contain a 
transmembrane segment (TM), or a 
lipid modification (+lipobox). These 
are exported via the Sec or Tat 
pathways. Pseudopilins are exported 
by the Com system. Proteins that 
need to be retained in the cell wall 
can be exported either via the Sec or 
the Tat pathways. In order to be 
retained in the cell wall, the mature 
parts of these proteins contain cell 
wall-binding repeats (+CWB). 
Proteins can be secreted into the 
medium via the Sec or Tat pathways, 
or by ABC transporters. 
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lipid-modified by the diacylglyceryl-transferase (Lgt; Leskelä et al., 1999) and 
cleaved by the lipoprotein-specific signal peptidase (Lsp; Tjalsma et al., 1999, 
2001). SppA (Signal peptide peptidase A) and TepA (Translocation enhancing 
protein A) might be involved in degradation of cleaved signal peptides (Bolhuis 
et al., 1999a). The folding of several secreted proteins depends on the activities 
of PrsA (extracytoplasmic folding factor) (Kontinen and Sarvas, 1993), 
BdbB/C/D (thiol-disulphide oxidoreductases) (Bolhuis et al., 1999b; Meima et 
al., 2002) and/or SpoIIIJ/YqjG (Tjalsma et al., 2003). HtrA and HtrB (High-
temperature requirement) (Noone et al., 2001), as well as WprA (Wall-protease 
A) (Margot and Karamata, 1996; see also section 2.4), are involved in the 
quality control of secretory proteins. Importantly, HtrA and HtrB have the 
potential to assist in the folding or, if folding is impossible, degradation of the 
malfolded secretory protein (see also section 4). A model for the function of 
these main components of the Sec machinery of B. subtilis is depicted in Figure 
5. 

3.2 Signal peptide prediction and classification 
Predictions showed that about 300 proteins with the potential to be exported 
could be distinguished in B. subtilis (Tjalsma et al., 2000). On the basis of signal 
peptidase (SPase) cleavage sites and the export pathways via which these pre-
proteins are (thought to be) exported, signal peptides can be divided into five 
distinct classes. The first group of signal peptides contains a so-called “twin-
arginine (RR/KR) motif”, which serves to direct folded proteins into the Tat-
pathway (Jongbloed et al., 2000). The second and most abundant class is 
composed of ‘typical’ secretory signal peptides (lacking a RR/KR-motif) that 
direct proteins into the Sec pathway. Both the twin-arginine and the “typical” 
secretory signal peptides appear to be cleaved off by one of the various type I 
SPases of B. subtilis (Tjalsma et al., 1998). The third class of signal peptides is 
present at the N-terminus of pre-lipoproteins that are exported via the Sec 
pathway, lipid-modified and cleaved by the type II SPase (Lsp; Tjalsma et al., 
1999). The fourth class is formed by signal peptides of pseudopilins that, in B. 
subtilis, are cleaved by the signal peptidase ComC (Lory, 1994). Finally, the fifth 
class of signal peptides is found on ribosomally-synthesised pheromones and 
lantibiotics that are exported and cleaved by so-called ATP Binding Casette 
(ABC) transporters (Nakano and Zuber, 1990).  
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Figure 5. Components involved in Sec-dependent protein export in B. subtilis  
Secretory proteins are ribosomally-synthesised as precursor proteins with an N-terminal signal 
peptide (SP). Cytoplasmic chaperones, such as SRP/FtsY and CsaA keep the precursors in a 
translocation-competent state and facilitate their targeting to the translocase in the membrane 
consisting of: SecA, SecY, SecE, SecG, and SecDF. During or shortly after translocation, the 
pre-protein is cleaved by one of the type I signal peptidases (SipS-W), or lipid-modified by the 
diacylglyceryl-transferase (Lgt), and cleaved by the lipoprotein-specific signal peptidase (Lsp). 
SppA and TepA may be involved in degradation of cleaved signal peptides, whereas folding of 
several secreted proteins depends on the activities of PrsA, BdbB/C and/or SpoIIIJ/YqjG. HtrA, 
HtrB and WprA are involved in the quality control of secretory proteins. It should be noted that, 
for reasons of simplicity of the Figure, HtrA/B are depicted in the cell wall, although HtrA is 
detected in both the membrane and the medium. Upon passage through the cell wall, the mature 
protein is released into the environment.  

3.3 Retention signals 
In Gram-negative bacteria, the outer membrane confines numerous proteins to 
the periplasm. The membrane-cell wall interface of B. subtilis defines a cellular 
area that is analogous to the Gram-negative periplasm and contains many 
proteins that fulfil important functions (Merchante et al., 1995; Pooley et al., 
1996). Proteins retained at the membrane-cell wall interface include substrate 
binding proteins, chaperones for protein secretion, RNases, DNases, enzymes 
involved in the synthesis of peptidoglycan (penicilin-binding proteins), and cell-
wall hydrolases, which are involved in cell wall turnover during cell growth, cell 
division, sporulation and germination (Popham et al., 1996; Murray et al., 1997; 
Babe and Schmidt, 1998; Foster, 1993; Blackman et al., 1998; Tjalsma et al., 
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2000). To prevent the loss of these proteins, various retention mechanisms are 
employed by the cell: 

Transmembrane domains. Membrane proteins with large extracytoplasmic 
domains are translocated across the membrane by the Sec or Tat machinery. 
Due to the presence of one or more transmembrane domains, and the absence 
of an SPase cleavage site such proteins may remain anchored to the 
membrane. The N-terminal transmembrane domain with an Nin-Cout topology is 
regarded as an uncleaved signal peptide, and the absence of a proper SPase I 
cleavage site as a determinant for retention in the membrane. Furthermore, 
certain proteins containing cleavable N-terminal signal peptides contain 
additional transmembrane domains in their C-terminus that can function as 
membrane anchor (Tjalsma et al., 2000; Antelmann et al., 2001; Jongbloed et 
al., 2002).  

Lipid modification. In Gram-positive bacteria, lipid modification of exported 
proteins can serve to retain these proteins at the extracytoplasmic membrane 
surface. Lipid-modified proteins are synthesised as pre-lipoproteins and have to 
be modified by the diacylglyceryl transferase (Lgt; Leskelä et al., 1999) before 
the lipoprotein precursor can be processed by SPase II. The diacylglyceryl 
group, attached to the cysteine residue at position +1 of the mature lipoprotein, 
inserts into the lipid bilayer of the cytoplasmic membrane, thereby preventing 
the release of the protein into the environment. It is noteworthy that some 
lipoproteins, such as CtaC (Bengtsson et al., 1999) and QoxA (Antelmann et al., 
2001), contain transmembrane segments in addition to a lipoprotein signal 
peptide. In these cases, lipid modification could be required for optimal 
positioning of protein chains rather than cell retention. 

Pseudopilin assembly. A specific class of exported B. subtilis proteins that 
remain attached to the cytoplasmic membrane consists of the afore-mentioned 
pseudopilins ComGC, GD, GE, and GG. These proteins are required for the 
binding and uptake of exogenous DNA during genetic competence (Dubnau, 
1997). They resemble type IV pilins of various Gram-negative bacteria that are 
synthesised as precursors with cleavable signal peptides. After cleavage and 
modification, the hydrophobic H-domains represent the N-termini of mature 
pseudopilins, which are believed to form pilin-like structures that are attached to 
the cytoplasmic membrane (Pugsley, 1993). 

Cell Wall-binding repeats. Several B. subtilis enzymes involved in cell wall 
turnover contain a variable number of repeated domains (see Tjalsma et al., 
2000) in their non-catalytic C-termini, which have affinity for components of the 
cell wall (Ghuysen et al., 1994; Rashid et al., 1995; Margot et al., 1998). These 
repeats are thought to direct enzymes for cell wall assembly and turnover to 
specific sites where cell wall synthesis and/or hydrolysis take place, as was 
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shown for Staphylococcus aureus (Baba and Schneewind, 1996, 1998). Most 
likely, this specific targeting is promoted by certain components of the cell wall, 
such as choline, which was shown to be a receptor for several cell wall proteins 
of Streptococcus pneumoniae (Sánchez-Puelles et al., 1986, 1990; Rosenow et 
al., 1997).  

Covalent attachment to the cell wall. A specific group of surface proteins 
from Gram-positive organisms is covalently anchored to the cell wall via the C-
terminus (Schneewind et al., 1993, 1995). Cell wall anchoring of a variety of 
surface proteins in S. aureus requires, in addition to an N-terminal signal 
peptide, a C-terminal cell wall sorting signal consisting of the so-called LPXTG 
motif, a C-terminal hydrophobic domain, and a positively charged tail 
(Schneewind et al., 1992; Navarre and Schneewind, 1994; Navarre et al., 
1996). A specific transpeptidase, the sortase A (SrtA), is responsible for both 
the cleavage of the cell wall sorting signal (between the Thr and Gly residues of 
the LPXTG motif) and covalent attachment of the carboxyl group of the Thr 
residue to the cell wall (Ton-That et al., 1997, 1999). A second and structurally 
related C-terminal cell wall sorting signal in S. aureus, Bacillus halodurans and 
Bacillus anthracis contains the “NPQTN motif”. This sorting signal is cleaved, 
most likely between the Thr and Asn residues, by sortase B (SrtB), a paralogue 
of SrtA (Mazmanian et al., 2002). Two sortase homologues, YhcS and YwpE 
were identified in B. subtilis, suggesting that sortase-like enzymes for the 
cleavage and cell wall linkage of surface proteins are present in B. subtilis. 
However, no exported B. subtilis proteins with LPXTG or NPQTN motifs were 
thus far identified (Tjalsma et al., 2000). This might indicate that B. subtilis does 
not make use of this cell wall retention mechanism, or that YhcS and YwpE 
recognise a cell wall sorting signal with a different amino acid sequence. 
Notably, two proteins, YfkN and YhcR, which have a predicted N-terminal signal 
peptide and a potential C-terminal transmembrane segment contain an LPXTG-
like motif, but were previously detected extracellularly in B. subtilis. YfkN has 
the sequence LPDTA and YhcR has the sequence LPDTS. Previously, it was 
proposed that these proteins were cleaved by unidentified signal peptidases 
and/or proteases that are active at the membrane-cell wall interface (Antelmann 
et al., 2001). However, it could well be that these proteins are sorted to the cell 
wall by the B. subtilis sortase homologues, YhcS and/or YwpE. If so, the 
appearance of YfkN and YhcR in the growth medium can still be explained by 
aspecific proteolytic “shaving”, but also by cell wall turnover, which results in the 
release of cell wall-bound proteins (Antelmann et al., 2002; see also Chapter 7). 
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4. SECRETION STRESS RESPONSE 
To maintain the very high secretory capacity, B. subtilis needs regulatory 
systems to cope with the accumulation of misfolded proteins either engendered 
by extracellular exposed stresses, e.g. heat shock, or by elevated protein 
production. Cytoplasmic stress response systems have extensively been 
studied and shown to involve upregulation of genes encoding heat-shock 
proteins, molecular chaperones and proteases (see for E. coli: Yura and 
Nakahigashi, 1999; see for B. subtilis: Hecker et al., 1996). Additionally, 
extracytoplasmic stress response systems are triggered of which relatively little 
is known. In the cell envelope of E. coli, the σE-mediated stress response 
pathway and the Cpx two-component regulatory system synergistically sense 
and combat the accumulation of malfolded or aggregated proteins (Connolly et 
al., 1997; Danese and Silhavy, 1997; Pogliano et al., 1997). In B. subtilis a two-
component regulatory system named CssR-CssS was identified that bears 
resemblance to the CpxR-CpxA system and is involved in combating the so-
called secretion stress caused by high-level production of secretory proteins 
(Hyyryläinen et al., 2001).  

4.1 Escherichia coli extracytoplasmic stress response systems 
The σE-dependent stress response. There are a number of stress 

response systems in the envelope of E. coli perceiving extracytoplasmic (i.e. 
periplasm and outer membrane) stress. One of these systems is the periplasmic 
σE-mediated stress response pathway that consists of three key components: 
the sigma factor σE encoded by rpoE, the cognate anti-sigma factor RseA, and 
the periplasmic protein RseB (Missiakas and Raina, 1998, Pallen and Wren, 
1997; Raivio and Silhavy, 2001). The genes encoding σE, RseA, RseB, and 
RseC lie in a single operon and are autoregulated by σE (De Las-Peñas et al., 
1997; Missiakas et al., 1997). The cytoplasmic regulator σE is a member of the 
extracytoplasmic function (ECF) sigma factor subfamily with sigma factors that 
respond to external signals by means of a membrane-localised anti-sigma 
factor, RseA in this case. Sigma factor σE regulates extracytoplasmic functions 
in response to heat and ethanol but also, and uniquely, to defects in the 
assembly or folding of overproduced outer membrane porins. Accordingly, σE 

appears to be specifically induced by malfunction of protein folding in the 
periplasm (Erickson et al., 1987; Mecsas et al., 1993; Rouviere et al., 1995; 
Missiakas et al., 1996; Raivio and Silhavy, 2001). Two gene products, RseA 
and RseB, encoded by the rpoE operon are negative regulators of the pathway 
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and are involved in transduction of the envelope stress signal. RseC, however, 
plays a minor positive role in the regulation of the stress response although its 
exact function remains unknown (Missiakas et al., 1997). RseA is an inner 
membrane protein of which the periplasmic C-terminal domain binds to the 
periplasmic protein RseB under non-stress conditions, whereas the cytoplasmic 
face (N-terminal domain) of RseA binds to σE and inhibits σE-directed 
transcription in the absence of envelope stress (De Las-Peñas et al., 1997; 
Missiakas et al., 1997). The current model proposes that the interaction of RseA 
and RseB stabilizes the interaction of RseA and σE in the cytoplasm, thereby 
preventing activation of σE. RseB is a minor negative regulator of σE that is 
titrated off the RseA-σE complex under stress conditions. This causes 
destabilization of the RseA-σE complex. The released sigma factor is liberated 
in the cytoplasm and mediates the σE-regulated stress response. However, the 
major point of regulation seems to be the proteolysis of RseA (Ades et al., 
1999). Upon induction of the stress response, the periplasmic domain of RseA 
is degraded by the inner membrane-anchored protease DegS (Alba et al., 
2001), which subsequently triggers the proteolysis of the cytoplasmic part of the 
RseA protein by the metalloprotease YaeL, an integral membrane protein (Alba 
et al., 2002, Alba and Gross, 2004). This leads to a five- to ten-fold increase in 
the pool of free cytoplasmic σE and, correspondingly, to a five- to ten-fold 
increase in σE activity. Recently, YluC, the B. subtilis YaeL homologue, was 
shown to be involved in the degradation of the anti-sigma factor RsiW that 
regulates the activity of σW. The latter sigma factor is induced by e.g. alkaline 
shock (Schöbel et al., 2004). Genes under the control of E. coli σE are believed 
to encode functions required for the maintenance of envelope integrity under 
stress conditions (Connolly et al., 1997). Amongst these are proteins involved in 
the folding and degradation of envelope proteins, such as the chaperone-
protease HtrA, the chaperone Skp, the disulphide bond isomerase DsbC, and 
the periplasmic peptidyl-prolyl cis/trans isomerases FkpA and SurA (Erickson 
and Gross, 1989; Raina et al., 1995; Danese et al., 1998; Dartigalongue et al., 
2001; Rizzitello et al., 2001). Additionally, several σE-regulated genes encode 
proteins involved in the synthesis of lipopolysaccharide, a component of the 
outer membrane of E. coli (see for a description of the σE regulon: 
Dartigalongue et al., 2001).  

The Cpx two-component stress response. Protein misfolding in the 
extracytoplasm induces an additional stress response that is regulated by the 
two-component system CpxR-CpxA. The system is composed of an inner 
membrane sensor histidine kinase and phosphatase, CpxA, and the cognate 
cytoplasmic response regulator, CpxR. A third periplasmic component, CpxP, 
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negatively regulates the system (Raivio et al., 1999). The Cpx pathway 
responds to many different stress signals, including the overproduction of the 
outer membrane lipoprotein NlpE (Snyder et al., 1995), elevated pH (Danese 
and Silhavy, 1998), altered membrane composition (Mileykovskaya and 
Dowhan, 1997), spheroplast formation (Raivio et al., 2000), and production of 
misfolded or mislocalised envelope proteins (Danese et al., 1998). Starvation 
and high osmolarity are stresses sensed by the Cpx system as well (de Wulf et 
al., 2002). It is thought that the Cpx-activating signal consists of malfolded 
envelope proteins that are associated with the inner membrane. Notably, while 
both the σE and Cpx pathways are activated by misfolded envelope proteins, 
each appears to respond to a distinct class (Raivio and Silhavy, 2001). CpxA is 
an inner membrane protein with two transmembrane domains (Weber and 
Silverman, 1988). Once a stress stimulus is sensed by the periplasmic domain 
of CpxA in complex with CpxP, the latter binds to misfolded inner membrane-
associated proteins and is thus titrated off CpxA. It is believed that this will 
cause a conformational change in CpxA, which activates its kinase activity. 
CpxA transfers the phosphate group to the regulator CpxR, whereupon the 
regulator is activated and is able to regulate the further output (Dong et al., 
1993; Danese and Silhavy, 1998). Under non-stress conditions, CpxP remains 
bound to CpxA, thereby preventing the histidine kinase to activate CpxR, 
whereas the phosphatase activity is maintained in order to dephosphorylate 
phosphorylated CpxR that might be present (Raivio and Silhavy, 1997; Raivio et 
al., 1999; Raivio et al., 2000; see for a schematic representation: Fig. 6A). 

Phosphorylated CpxR induces or represses the transcription of genes 
belonging to the CpxAR regulon, composed of some 100 operons, by binding to 
two tandem 5’-GTAAA-3’ motifs separated by a five basepair linker (de Wulf et 
al., 2002). Some of the positively regulated genes encode proteins involved in 
(re)folding or degradation processes of polypeptides located in the bacterial 
envelope, such as the chaperone/protease DegP (HtrA), the chaperone Skp, 
the thiol-disulphide oxidoreductases DsbA and isomerase DsbC, and the 
peptidyl-prolyl cis/trans isomerases PpiA and PpiD (Danese and Silhavy, 1997; 
Pogliano et al., 1997; Dartigalongue and Raina, 1998; Dartigalongue et al., 
2001; Rizzitello et al., 2001). A second class of upregulated genes encodes 
proteins involved in membrane biogenesis (e.g. the phosphatidyl serine 
decarboxylase, Psd and the spheroplast protein y, Spy), whereas a third class 
encodes proteins involved in protein transport (e.g. the translocation motor 
protein SecA and the outer membrane porin OmpC). Additionally, the 
production of some virulence factors increases upon activation of the Cpx 
pathway. Finally, the Cpx signal transduction machinery autoregulates the 
cpxRA operon itself (Danese and Silhavy, 1998; de Wulf et al., 2002). Some 
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genes encoding proteins that participate in the control of cellular motility and 
chemotaxis are negatively regulated by CpxR, as well as proteins involved in 
aerotaxis, control of cell division sites, and formation of curli (a particular class 
of pili). Furthermore, CpxR inhibits the transcription of the rpoE-rseABC operon 
encoding σE and its regulators, so the Cpx stress response is dominant over the 
σE-dependent stress response (de Wulf et al., 1999; Dorel et al., 1999; de Wulf 
et al., 2002). 
The Bae two-component stress response. The Bae two-component stress 
response is a third stress response regulatory pathway in E. coli handling 
stresses in the bacterial envelope, which will be discussed only briefly. Stress 
signals that activate the Bae stress response include spheroplast formation, 
overexpression of misfolded pilus subunits, and the presence of indole (i.e. a 
quorum-sensing molecule). There appears to be some overlap in the stress 
stimuli triggering the Cpx stress response and the Bae response (Wang et al., 
2001; Raffa and Raivio, 2002). The two major components of the Bae signal 
transduction pathway are the BaeS sensor kinase and the BaeR response
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Figure 6. Schematic representations of the Cpx-dependent and the Css-dependent 
stress responses 
(A) Cpx-dependent stress response in E. coli 
Upon stress-induced misfolding of inner-membrane proteins (represented by ovals) (1) the CpxP 
protein is titrated off the inner membrane sensor protein CpxA, because it binds to the misfolded 
proteins (2). The kinase function of CpxA is activated and CpxA is autophosphorylated (3). 
Subsequently, the phosphate group is transferred to the cytoplasmic regulator CpxR (4). CpxR 
becomes active upon phosphorylation and induces or represses the transcription of the genes 
belonging to the CpxAR regulon. , phosphate group.  
(B) Css-dependent secretion stress response in B. subtilis 
Heat stress or overproduction of certain proteins is sensed by the membrane sensor protein 
CssS (1), whereupon this protein most probably autophosphorylates itself (2). The phosphate 
group is transferred to the cytoplasmic regulator protein (3), which becomes active and induces 
the transcription of cssRS, htrA, and htrB. , phosphate group. 

 
regulator (Raffa and Raivio, 2002). The signal transduction activities of BaeS 
(bacterial adaptive response sensor) and BaeR (bacterial adaptive response 
regulator) are similar to those of the Cpx signal transduction proteins CpxA and 
CpxR, respectively. The Bae system regulates the transcription of the spy gene, 
the mdtABCD (yegMNOB) transporter gene cluster encoding a multidrug 
transporter (mdtABCD and baeSR form one operon) that pumps out novobiocin 



 

 

29 

CHAPTER 1 

and the bile salts deoxycholate, cholate and taurocholate (Baranova and 
Nikaido, 2002; Nagakubo et al., 2002). The exact signal transduction pathway 
of the Bae stress response has not yet been documented in the scientific 
literature. 

4.2 Extracytoplasmic stress response of Bacillus subtilis 
B. subtilis does not seem to respond to heat shock in a σE-dependent manner. 
Instead this organism has four different classes of regulatory mechanisms 
combating several kinds of stress conditions: Class I is σA-dependent and 
regulated by the HrcA repressor; Class II is regulated by σB; Class III genes are 
regulated by the CtsR transcription factor; Class IV consists of all heat-
responsive genes that do not belong to the first three classes. Amongst others, 
class IV comprises two genes, htrA and htrB, that encode proteins with a known 
role in the quality control of secretory proteins. The CssRS-regulated genes 
htrA and htrB represent a novel class of heat-inducible genes that is referred to 
as class V (Benson and Haldenwang, 1993; Price, 2000; Helmann et al., 2001; 
Darmon et al., 2002; Schumann, 2003). The HtrA-like proteases/chaperones 
HtrA and HtrB (Noone et al., 2001), are believed to have proof-reading 
capabilities for the folding-state of secretory proteins, as demonstrated for HtrA 
of E. coli (Spiess et al., 1999; see also paragraphs on σE-dependent and Cpx-
dependent stress response). When a secretory protein is not properly folded, 
HtrA/B can either assist in folding or, if folding occurs improperly, degrade the 
malfolded secretory protein. Interestingly, transcription of the corresponding 
genes is induced by high-level protein secretion, which is sensed and controlled 
by the CssR-CssS two-component regulatory system (Control secretion stress 
Regulator and Sensor). This two-component system is a Cpx-like two-
component regulatory system, which consists of a sensor histidine kinase, 
CssS, and a cognate response regulator, CssR. CssS has two potential 
membrane spanning domains with the C- and the N-terminus facing the 
cytoplasm. The sensor senses “secretion stress” and heat stress by detection of 
malfolded protein accumulation at the membrane-cell wall interface 
(Hyyryläinen et al., 2001). Judged by its similarity with other known two-
component systems, CssS most probably autophosphorylates itself, after which 
the phosphate group is transferred to CssR that regulates the transcription of 
specific genes like htrA and htrB. The cssRS operon is also autoregulated by 
the CssR response regulator (Darmon et al., 2002, Kobayashi et al., 2001; see 
for a schematic representation: Fig. 6B). Interestingly, the transcription of htrA 
and htrB has been shown to be negatively auto- and cross-regulated. Disruption 
of one of the genes causes a form of secretion stress that induces the 
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transcription of the other gene, which is mediated by the CssS-CssR two-
component system (Noone et al., 2001; Hyyryläinen et al., 2001; Darmon et al., 
2002). Secretion stress is presently defined as all stimuli that trigger a CssRS-
dependent cellular response (Antelmann et al., 2003 (chapter 4); see also 
chapters 5 and 6). This system is essential for cell viability under conditions of 
severe secretion stress due to e.g. overproduction of α-amylase of Bacillus 
amyloliquefaciens (Hyyryläinen et al., 2001; Darmon et al., 2002; see also 
chapters 5 and 6).  

5. SCOPE OF THIS THESIS 
The research described in this thesis is focused on the application of the B. 
subtilis cell (BACELL) factory for the production of, especially, heterologous 
proteins. B. subtilis is used for the high-level production and, most importantly, 
secretion of a variety of proteins. However, the industrial application of this 
organism might be extended if some bottlenecks in the production process were 
overcome. Special adaptations to the cell factory are needed for some proteins 
to achieve high-level production. Therefore, the minimisation of the genome 
was an approach applied to redirect the B. subtilis energetics, from DNA 
synthesis to production of desirable proteins. This would improve the cell factory 
in general, regardless of the protein that this production system is used for.   

The secretion stress response upon high-level protein production could limit 
the production of (heterologous) proteins in B. subtilis. The further 
characterisation of the secretion stress response is described in this thesis. 
Furthermore, we show that the secretion stress response is applicable as a 
system to monitor protein production levels. The sortase homologues of B. 
subtilis were identified and studied to cast light on the function of these proteins 
that are known to be involved in virulence of pathogens, in a non-pathogenic 
bacterium like B. subtilis. Despite their proteolytic activity, the sortase 
homologues of B. subtilis do not represent a bottleneck for protein production. 


