
 

 

 University of Groningen

Genome engineering and protein secretion stress in the BACELL factory
Westers, Helga

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Westers, H. (2004). Genome engineering and protein secretion stress in the BACELL factory. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/f537013b-1845-4c10-918b-ac8064c7a476


 

 

Genome engineering and protein secretion 

stress in the BACELL factory 



 



 

RIJKSUNIVERSITEIT GRONINGEN 

Genome engineering and protein secretion 

stress in the BACELL factory 

Proefschrift 
 

ter verkrijging van het doctoraat in de  
Wiskunde en Natuurwetenschappen 
aan de Rijksuniversiteit Groningen 

op gezag van de  
Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 

vrijdag 5 november 2004 
om 13.15 uur 

 

door 
 

Helga Westers 
 

geboren op 14 september 1976 
te Ten Boer 



 

 
  

Promotores:  Prof. dr. W. J. Quax 
     Prof. dr. J. M. van Dijl 
Beoordelingscommissie:  Prof. dr. R. P. H. Bischoff 
     Dr. S. Bron 
     Prof. dr. K. M. Devine 
      



 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Met dit proefschrift heb ik een steen verlegd in een rivier op aarde 
(Naar “De Steen”, tekst en muziek: Bram Vermeulen) 

 
 
 

Een dag niet gelachen, is een dag niet geleefd 



 

 
  

Paranimfen: Lidia Westers 
    Geeske Zanen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The studies described in this thesis were performed at the Department of 
Pharmaceutical Biology of the University of Groningen, The Netherlands. The 
research was financially supported by the grants BIO4-CT98-0250 and QLK3-
CT-1999-00413 from the European Union. 
 
Printed by Facilitair Bedrijf, University of Groningen, The Netherlands. 
 
Publication of this thesis was sponsored by the Dr. Ir. Van de Laar Stichting, 
Novozymes A/S (Denmark), and the Groningen University Institute for Drug 
Exploration (GUIDE). 



 

CONTENTS 
 
 
 
Chapter 1 Introduction 9 

Chapter 2  Genome engineering reveals large dispensable 
regions in Bacillus subtilis 

 
31 

Chapter 3  Genes for SkfA killing factor production protect a 
Bacillus subtilis lipase against proteolysis 

 
59 

Chapter 4  The extracellular proteome of Bacillus subtilis under 
secretion stress conditions 

 
79 

Chapter 5  The Bacillus secretion stress response is an indicator 
for α-amylase production levels 

 
101 

Chapter 6  Critical determinants for the general secretion stress 
response in Bacillus subtilis 

 
117 

Chapter 7  Functional analysis of the sortase of Bacillus subtilis 139 

Chapter 8  Summary and general discussion 153 

References  161 

Nederlandse samenvatting  181 

List of publications  189 

Dankwoord  191 

   

   

   

 



 

 

 

  

 
 



 

 

 

 

CHAPTER 1 
 

 

INTRODUCTION 

 
 
 

 
 

Parts of this chapter were published in: 
Tjalsma, H., H. Antelmann, J. D. H. Jongbloed, P. G. Braun, E. Darmon, R. 
Dorenbos, J. Y. Dubois, H. Westers, G. Zanen, W. J. Quax, O. P. Kuipers, 
S. Bron, M. Hecker, and J. M. van Dijl. Microbiology and Molecular Biology 
Reviews (2004). Proteomics of protein secretion by Bacillus subtilis: separating 
the "secrets" of the secretome. 68: 207-233. 
Westers, L., H. Westers, and W. J. Quax. Biochimica Biophysica Acta (2004). 
Bacillus subtilis as a cell factory for pharmaceutical proteins: A biotechnological 
approach to optimise the host organism. In press. 

 



 

 

10 

Genome engineering and protein secretion stress in the BACELL factory 

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 



 

 

13 

CHAPTER 1 

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).  



 

 

21 

CHAPTER 1 

 

 

 

 

 

 

 

 
 
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 
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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. 
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SUMMARY 

Bacterial genomes contain 250 to 500 essential genes as suggested by 
single gene disruptions and theoretical considerations. If this view is 
correct, the remaining non-essential genes of an organism, such as 
Bacillus subtilis, have been acquired during evolution in its perpetually 
changing ecological niches. Notably, ~47 % of the ~4100 genes of B. 
subtilis belong to paralogous gene families of which several members 
have overlapping functions. Thus, essential gene functions will 
outnumber essential genes. To answer the question to what extent the 
most recently acquired DNA contributes to life of B. subtilis under 
standard laboratory growth conditions, we initiated a “reconstruction” of 
the B. subtilis genome by removing prophages and AT-rich islands. Step-
wise deletion of 2 prophages (SPβ, PBSX), 3 prophage-like regions, and 
the largest operon of B. subtilis (pks) resulted in a genome reduction of 
7.7 % and elimination of 332 genes. The resulting strain was 
phenotypically characterised by metabolic flux analysis, proteomics, and 
specific assays for protein secretion, competence development, 
sporulation, and cell motility. We show that genome engineering is a 
feasible strategy for functional analysis of large gene clusters and that 
removal of dispensable genomic regions may pave the way towards an 
optimised Bacillus cell factory.  
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INTRODUCTION 

Bacillus subtilis is a well-studied Gram-positive soil bacterium, which undergoes 
two interesting developmental processes: morphological differentiation into 
spores (Piggot and Losick, 2001) and physiological differentiation into a state of 
competence for genetic transformation (Berka et al., 2002). Furthermore, B. 
subtilis and closely related Bacillus species are non-pathogenic, free of 
endotoxins, and well known with respect to fermentation technology, which 
makes them important cell factories for industrial enzymes, fine biochemicals, 
antibiotics, and insecticides (Bron et al., 1999; van Dijl et al., 2001).  

Characterised genomes of eubacteria differ in size from 580 kb for 
Mycoplasma genitalium (Fraser et al., 1995) to 9,200 kb for Myxococcus 
xanthus (He et al., 1994). One of the key questions emerging from the still 
expanding dataset of complete genome sequences is how many genes are 
essential for life of an organism such as B. subtilis. Itaya (1995) has used a 
small set of randomly selected genetic loci in B. subtilis to determine the 
percentage of genes that could be disrupted without loss of viability. This led to 
the hypothesis that the minimal B. subtilis genome may comprise about 318-
562 kb (Itaya, 1995) which, given the average size of ~1 kb for a bacterial 
protein-encoding gene, corresponds to 300-500 genes (Kunst et al., 1997). In a 
systematic approach of single gene disruptions covering the complete Bacillus 
genome, so far, about 270 genes have been found to be indispensable for 
growth of B. subtilis in a rich medium at 37 °C (Kobayashi et al., 2003). This is 
in line with a global transposon mutagenesis study showing that 265 to 350 of 
the 517 genes of M. genitalium are essential for growth under laboratory 
conditions (Hutchison et al., 1999). Moreover, this suggests that the majority of 
the B. subtilis genome would be dispensable for growth under defined 
conditions. It is an intriguing question whether such a minimal genome would 
encode a healthy cell. A first step towards an answer can come from the 
construction of a Bacillus cell that has been deprived of sequences encoding 
functions non-essential for propagation and fermentation. As a consequence of 
such a chromosome reduction, cellular metabolite and energy resources would 
not be expended to maintain and express the deleted genetic information. Thus, 
the consumption of substrates would be optimally directed towards the 
synthesis of both essential and desired gene products. Concomitantly, the 
metabolic waste might decrease, since fewer unwanted proteins are 
synthesised. In this respect, it is important to note that every dispensable 
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protein produced by a cell factory can represent a potential contaminant in the 
purification of desired proteinaceous products (Kolisnychenko et al., 2002).  

For B. subtilis, a large number of potentially dispensable chromosomal loci 
can be inferred from the complete nucleotide sequence of the chromosome 
(4,188-kb) (Kunst et al., 1997). On average, the G + C ratio of the B. subtilis 
chromosome is 43.5 %. However, considerable variation in the GC content can 
be observed throughout the genome sequence. In particular, 10 relatively large 
AT-rich islands are distributed over the chromosome that represent known 
prophages (SPβ and PBSX) and prophage-like regions (Zahler et al., 1977; 
Wood et al., 1990; Takemaru et al., 1995; Kunst et al., 1997). Together with 
three gene clusters involved in the synthesis of polyketide and peptide-
antibiotics (the polyketide synthase, fengycin, and surfactin operons), they form 
a group of possibly dispensable regions (Fig. 1). Deletion of these regions 
would lead to a removal of ~450-kb of DNA, or 12 % of the chromosome. 
Furthermore, removal of phage and phage-like elements would result in the 
deletion of a number of autolysins, which can cause a severe problem of cell 
lysis during industrial fermentations.  

The probable dispensability of the prophage, and prophage-like, regions 
can also be inferred from a classification of the B. subtilis genes on the basis of 
their codon preference (Kunst et al., 1997; Moszer 1998; Garcia-Vallvé et al., 
2000). Class 1 comprises the majority of genes, which have a weak codon bias 
and are constitutively expressed at a low or intermediary level. These genes are 
involved in processes such as carbon assimilation. In contrast, class 2 genes 
have a strong codon bias. They are highly expressed during exponential growth 
and encode proteins involved in transcription, translation, protein folding, and 
intermediary metabolism. The members of class 3 have codons enriched in A + 
T and are clustered in prophage or prophage-like regions. This specific codon 
preference is indicative of horizontal gene transfer events that may have 
occurred during the evolution of B. subtilis (Moszer et al.,  1999; Garcia-Vallvé 
et al., 2000). Interestingly, ~20 % of the 345 small polypeptide-encoding open-
reading frames (85 codons or less) of B. subtilis reside in the prophage(-like) 
elements and most of these small ORFs belong to class 3. The percentage of 
small ORFs is exceptionally high in the prophage SPβ, where 30 % of the ORFs 
belong to this category (Zuber, 2001). 

In the present studies, a sequential and cumulative approach was explored 
to delete large dispensable regions from B. subtilis strain 168. Finally, a multiple 
deletion strain lacking two prophages (SPβ and PBSX), three prophage-like 
elements (prophage 1, prophage 3, and skin), and the polyketide synthase (pks) 
operon was constructed. Thus, the genome was reduced by 7.7 % or 320 kb. 
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B. subtilis

The results show that this genome minimization neither affects cell viability nor 
the key physiological and developmental processes of B. subtilis.  

 

 

 

 

 

 
 
Figure 1. Relative location of potentially dispensable regions 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) and gene clusters involved in the synthesis of polyketide and peptide-antibiotics (pks, 
pps, srf) 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 (Kunst et al., 1997). 

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and growth conditions 
The bacterial strains and plasmids used are listed in Table 1. TY medium contained Bacto tryptone 
(1 %), Bacto yeast extract (0.5 %), and NaCl (1 %). B. subtilis sporulation medium consisted of (per 
litre): 8 g nutrient broth, 0.5 mM NaOH, 1 mM MgSO4, and 13 mM KCl. After sterilization, the 
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following components were added to complete the sporulation medium: 1 mM Ca(NO3)2, 0.01 mM 
MnCl2, and 0.001 mM FeSO4. B. subtilis minimal salts used in transformation experiments consisted 
of (per litre): 2 g K2SO4, 10.8 g K2HPO4, 6 g KH2PO4, 1 g Na-citrate, and 0.02 g MgSO4. After 
adjustment to pH 7.0 and sterilization, the following components were added (per 50 ml): 0.5 % 
glucose, 0.02 % casamino acids (Difco), 1.4 mg/ml L-tryptophane, and 2.2 mg/ml ferric ammonium 
citrate. Antibiotics were used in the following concentrations: chloramphenicol (Cm), 5 µg/ml; 
erythromycin (Em), 100 µg/ml (Escherichia coli) or 5 µg/ml (B. subtilis); and kanamycin (Km), 20 
µg/ml. Aerobic batch cultures for [13C]-labelling experiments and physiological analyses were grown 
at 37 °C in 500 ml baffled shake flasks with 50 ml of M9 minimal medium, consisting of (per litre): 
8.5 g Na2HPO4.2H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 0.25 g MgSO4.7H2O, 11 mg CaCl2, 50 
mg tryptophane, and trace elements (Harwood and Archibald, 1990). Filter-sterilised glucose was 
added to a final concentration 5 g/l. Independent experiments were performed with either entirely [1-
13C]glucose or a mixture of 20 % [U-13C6]glucose and 80 % unlabeled glucose. These cultures were 
inoculated with 0.5 % (v/v) from an overnight culture in M9 medium, supplemented with 10 g/l 
glucose.  

 
Table 1.  Plasmids, strains, and primers 
Plasmids Relevant propertiesa Reference 
pORI280 Vector for chromosomal integration and excision 

allowing construction of markerless deletions; lacZ, ori+ 
of pWV01, replicates only in strains providing repA in 
trans; Emr 

Leenhouts et al., 
1996 

pKTH10 Vector containing the amyQ gene of B. 
amyloliquefaciens; Kmr 

Palva, 1982 

pLip2031 Vector containing the lip gene of B. subtilis; Kmr Dartois et al., 
1994 

pJM105A pBluescript-based integration vector for B. subtilis; Apr, 
Cmr 

Perego, 1993 

pG+ host4 Vector containing a temperature-sensitive replicon for 
conditional integration and excision allowing construction 
of markerless deletions; Apr, Emr 

Biswas et al., 
1993 

pMTL20E pBR322-derived chromosomal integration vector for B. 
subtilis; lacZ, Apr, Emr 

Swinfield et al., 
1990 

pEpUC∆1 Vector containing a temperature-sensitive replicon 
(based on pE194cop6; Weisblum et al., 1979) for 
conditional integration and excision allowing construction 
of markerless deletions; Apr, Emr 

C. Bruand, 
laboratory 
collection 

pMutin4 pBR322-based integration vector for B. subtilis; contains 
a multiple cloning site downstream of the Pspac 
promoter, and a promoter-less lacZ gene preceded by 
the RBS of the spoVG gene; Apr, Emr 

Vagner et al., 
1998 

Strains   
E. coli 

EC1000 
 
RepA+ MC1000, carries a single copy of the pWV01 
repA gene in the glgB gene; Kmr 

 
Leenhouts et al., 
1996 

B. subtilis 
168 

 
trpC2 

 
Kunst et al., 1997 

∆SPβ trpC2; ∆SPβ; sublancin 168-sensitive; laboratory name 
CBB312 

Dorenbos et al., 
2002 

TFC7A trpC2; ∆SPβ; sublancin 168-sensitive; ∆skin This paper 
TF8A trpC2; ∆SPβ; sublancin 168-sensitive; ∆skin; ∆PBSX This paper 
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Table 1 continued 
Strains Relevant propertiesa Reference 
∆4 trpC2; ∆SPβ; sublancin 168-sensitive; ∆skin; ∆PBSX; 

∆prophage 1 
This paper 

∆5 trpC2; ∆SPβ; sublancin 168-sensitive; ∆skin; ∆PBSX; 
∆prophage 1; pks::cat; Cmr 

This paper 

∆6 trpC2; ∆SPβ; sublancin 168-sensitive; ∆skin; ∆PBSX; 
∆prophage1; pks::cat; ∆prophage 3; Cmr 

This paper 

BFA3041 trpC2; htrB::pMutin4; contains a transcriptional htrB-lacZ 
fusion; Emr 

Darmon et al., 
2002 

∆6 htrB::pMutin4 like ∆6; htrB::pMutin4; htrB-lacZ; Emr This paper 
Primers 5’- 3’  
YqcM1 CCCTGTTTCAGCAAATTC This paper 
YqcM2 GATTGCTGTAGCTGTTGG This paper 
YqaB1 TTCCATCTCCTTAGACGC This paper 
YqaB2 GGGGCATAAATTTTCCCG This paper 
YjnA1  AGCGAAGCACTCGGAATAC This paper 
YjnA2 TAGTCGGGTTTTCAGGAGG This paper 
XlyA1 ACCCGAATCTTATTCGCG This paper 
XlyA2  TTCCGTTGTTAACAGCGC This paper 
GlmS1 GCGAGTGAATTCTCCTACAACATGCCGCTTCTGTCT This paper 
GlmS2 GCAGCACATGTGAAGACCTTCTTATCCAAAGGGGTT

AATTAATTATTATACTCCACAGTAACACTCTTCGCAA
GG 

This paper 

YbdG1 GAAGGTCTTCACATGTGCTGCTAGGCTCCAAATGTA
CACCTTTCCGTAAGGGC 

This paper 

YbdG2 CCCTTCATCCTAGCGAACCTTTCTC This paper 
EUP1 GGGGTACCCAAAACAATGACAACCCAAAA  This paper 
ELO1 AGCTACCCAAGCTTCTAATGACAATCCTGCTTCCTT This paper 
pre-ydiM1 AATTCGAACGATATCAACA This paper 
pre-ydiM2 ATCCATCAGGATTGATTC This paper 
post-gutR1 GTAGACTTTAATAAGAAACG This paper 
GutR2 CGAACTCATCACCCGC This paper 

aEmr, erythromycin resistance marker; Kmr, kanamycin resistance marker; Apr, ampicillin resistance 
marker; Cmr, chloramphenicol resistance marker. 

DNA techniques 
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli cells were carried out as described by Sambrook et al. (1989). 
B. subtilis was transformed as described by Kunst and Rapoport (1995). The nucleotide sequences 
of primers used for PCR are listed in Table 1.  

To construct the B. subtilis ∆6 strain, plasmid-based chromosomal integration-excision 
systems were used. The strain B. subtilis ∆SPβ (Dorenbos et al., 2002) was used to delete the skin 
element (2655129-2699959 bp SubtiList coordinates). To this purpose, the flanking regions of skin 
were PCR-amplified with the primer pairs YqcM1/YqcM2 and YqaB1/YqaB2, and cloned into the 
chromosomal integration vector pG+ host4. The resulting plasmid was used to transform B. subtilis 
∆SPβ for chromosomal integration into yqcM or yqaB. Transformants (Emr) were selected at 30 °C. 
Next, the excision of the integrated plasmid (together with skin) from the chromosome was provoked 
by growth at 42 °C, resulting in the two-fold deleted strain TFC7A (∆SPβ ∆skin). PBSX (1312952-
1347172 bp SubtiList coordinates) was deleted from TFC7A using a pG+ host4-based integration-
excision plasmid that contains the flanking regions of this prophage, PCR-amplified with the primer 
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pairs YjnA1/YjnA2 and XlyA1/XlyA2. This resulted in strain TF8A (∆SPβ ∆skin ∆PBSX). For deletion 
of prophage 1 (202092-220145 bp SubtiList coordinates) two fragments flanking the prophage 1 
region were PCR-amplified with the primer pairs GlmS1/GlmS2 and YbdG1/YbdG2, and ligated into 
pORI280 after PCR-mediated splicing by overlap extension (Horton et al., 1989). The resulting 
plasmid, p280GY, was used to transform B. subtilis for chromosomal integration into glmS or ybdG. 
Transformants (Emr and blue on TY plates with X-gal) were grown in the absence of erythromycin to 
obtain the four-fold deleted strain ∆4 (∆SPβ ∆skin ∆PBSX ∆prophage 1; Ems and white on TY plates 
with X-gal) due to spontaneous excision of the plasmid from the chromosome (together with the 
prophage 1 region). The largest part of the pks operon (1781306-1857233 SubtiList coordinates) in 
the ∆4 strain was replaced with a Cmr marker by double cross-over recombination. For this purpose, 
the pJM105A-based plasmid pJM∆80 was used, which contains a pks flanking region amplified with 
the primer pair EUP1/ELO1 (comprising the 5’ end of pksA) and a cloned flanking region of pks 
(comprising the 5’ ends of pksR and pksS). A Cmr marker is located between the two pks flanking 
regions on pJM∆80. This plasmid was first used to replace the pks operon of B. subtilis 168 with the 
Cmr marker and, subsequently, chromosomal DNA of the resulting strain (PB1862) was used to 
transform B. subtilis ∆4. This resulted in the five-fold deleted strain ∆5 (∆SPβ ∆skin ∆PBSX 
∆prophage 1 pks::cat). The ∆5 strain was used to delete prophage 3 (651866-665067 bp SubtiList 
coordinates). A derivative of pMTL20E (carrying an Emr marker) was made, which contains two 
fragments flanking prophage 3 that were PCR-amplified with the primer pairs pre-ydiM1/pre-ydiM2 
and post-gutR1/gutR2. A Kmr cassette is located between the two prophage 3 flanking regions. The 
resulting plasmid was used to transform B. subtilis for chromosomal integration. Transformants 
(Kmr) were transformed with a pEpUC∆1 derivative, which contains the same flanking regions of 
prophage 3, but lacks the Kmr marker between them. Single cross-over integrants (Kmr Emr) were 
selected at 51 °C. Finally, excision of the integrated pEpUC∆1 (together with the Kmr marker) was 
provoked by growth at 30 °C. The resulting Kms Ems strain was named B. subtilis ∆6 (∆SPβ ∆skin 
∆PBSX ∆prophage 1 pks::cat ∆prophage 3). The sequential introduction of the deletions was 
verified by Southern hybridisation and/or PCR. 

Transcript profiling 
Transcript profiling was performed with Bacillus subtilis Panorama macro-arrays from Sigma-
Genosys. Total RNA from B. subtilis 168 was isolated with the High Pure RNA isolation kit of Roche 
Molecular Biochemicals. For simultaneous reverse transcriptase reactions on all mRNAs in the RNA 
sample, 4 µg of total RNA was added to 1 pmol of ORF-specific primers (Eurogentec). This mixture 
was heated to 70 °C for 10 min and subsequently stored on ice. Next, 10 µl of 5 x first strand buffer 
(Invitrogen), 5 µl of 0.1 M DTT, 0.5 µl RNasin 40 U/µl (Roche Molecular Biochemicals), and 2.5 µl 
dNTPs (5 mM dATP, dGTP, dTTP, and 0.1 mM dCTP) were added to the RNA-primer mix. The total 
reaction volume was adjusted to 42.5 µl with water treated with 0.1 % diethyl pyrocarbonate 
(DEPC). After addition of 5 µl [α-33P] dCTP (50 µCi) (Redivue, Amersham Biosciences) and 2.5 µl of 
Superscript II reverse transcriptase (Invitrogen), the reaction mix was incubated for 2 hours at 42 
°C, followed by 15 min at 70 °C. The reaction was stopped and the RNA was denatured by adding 2 
µl of 0.5 M EDTA, 2 µl of 10 % SDS, and 6 µl of 3 N NaOH. Upon incubation for 30 min at 68 °C, 
the mixture was neutralised by adding 6 µl of 2 N HCl. The [α-33P]-labelled cDNA was purified using 
Sephadex G-25 columns (Roche Molecular Biochemicals). The percentage of label incorporation 
was checked by scintillation counting. Prior to hybridisation, the hybridisation bottles and arrays 
were washed with 2 x SSPE (0.36 M NaCl, 20 mM Na-phosphate buffer pH 7.7, and 2 mM EDTA). 
Then, the arrays were pre-hybridised in hybridisation solution (Sigma-Genosys) supplemented with 
100 µg/ml salmon testis DNA (Sigma-Genosys) for at least 1 hour. The labelled cDNA was added to 
the array after 10 min incubation at 90-95 °C in hybridisation solution plus salmon testis DNA. 
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Hybridisation was performed for 12-18 hours. After washing with washing solution (0.5 x SSPE, 0.2 
% SDS), the array was wrapped in Saran wrap and exposed to phosphorimager screens (Packard 
Instrument Company) for 2 or 3 days. The screens were scanned by the Cyclone Imager (Packard 
Instrument Company). The Array-Pro Analyzer 4.0 software package (Media Cybernetics) was used 
to analyse the images. The signals from duplicate spots were averaged and the intensities were 
expressed as percentages of the total signal.  

Metabolic flux ratio (METAFoR) analysis 
Biomass aliquots of B. subtilis were harvested during late exponential growth at OD600 nm values 
between 2.5 to 3.0. Biomass pellets from 2 ml of culture broth were washed once with 1 ml 0.9 % 
(w/v) NaCl and hydrolysed in 1.5 ml 6 M HCl at 110 °C for 24 hours in sealed glass tubes. The dried 
hydrolysate was derivatised with N-(tert-butyldimethylsilyl)-N-methyl-triflouracetamide (Fluka) and 
subjected to GC-MS analysis as described previously (Dauner and Sauer, 2000). The GC-MS-
derived mass distributions in proteinogenic amino acids were then used to calculate intracellular 
carbon flux ratios using probabilistic equations (Fischer and Sauer, 2003) and a metabolic network 
model for B. subtilis (Sauer et al., 1996). The metabolic by-products acetate and acetoin were 
determined by HPLC. Glucose concentrations were measured with the Beckman Synchron CX5CE 
autoanalyzer using the glucose reagent kit supplied by Beckman. Maximum growth rates (µmax) 
were determined by log-linear regression analysis of OD600 nm versus time, with µmax as the 
regression coefficient. Dry matter concentrations of biomass were calculated using a predetermined 
correlation factor of 0.33 g cellular dry weight per OD600 nm unit. 

Competence, sporulation and spore germination assays 
The B. subtilis ∆6 and the parental 168 strains were tested for competence using the two-step 
method as described previously (Bron and Venema, 1972). The strains were transformed with 
chromosomal DNA of B. subtilis OG1 (trp+) and transformants were selected for tryptophane 
prototrophy on minimal agar without tryptophane. Transformability was expressed as the number of 
transformants relative to the total viable count. The ability of the strains to sporulate and germinate 
was tested by growing 25 colonies for 2 to 3 days on a sporulation medium agar plate at room 
temperature. The colonies were transferred onto a filter paper, after which they were exposed to 
chloroform vapor in a vacuum chamber for 45 min. The filters were used to make a contact replica 
on TY plates, which were incubated overnight at 37 °C. Finally, the number of colonies growing on 
the replica plates was counted. Sporulation was also tested by growing the cells overnight in 
sporulation medium after which an aliquot of the culture was heated to 80 °C for 10 min. 
Subsequently, the presence of viable spores was assayed by plating. 

Proteomics 
The B. subtilis ∆6 mutant strain and the parental strain 168 were grown at 37 °C under vigorous 
agitation in 1 litre TY medium. After 1 hour of post-exponential growth, cells were separated from 
the growth medium by centrifugation. The secreted proteins in the growth medium were collected for 
two-dimensional (2D) SDS-PAGE and subsequent matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) as previously described (Jongbloed et al., 2002; 
Antelmann et al., 2001). 2D gel image analysis was performed with the DECODON Delta 2D 
software (http://www.decodon.com), which is based on dual channel image analysis (Bernhardt et 
al., 1999). Using this software, the master image (represented by green protein spots) is warped 
with the sample image (represented by red protein spots) after setting specific vector points. 
Consequently, green protein spots in the dual channel image are predominantly present in the 
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master image, while red protein spots are predominantly present in the sample image. Yellow 
protein spots are present at similar amounts in both images. After background subtraction, 
normalization is performed in order to equalise the grey values in each image. Each experiment was 
repeated at least two times.  

Enzyme activity assays 
To determine lipase (i.e. esterase) activity, the colorimetric assay as described by Lesuisse et al. 
(1993) was applied with some modifications. In short, 180 µl of reaction buffer (0.1 M H2KPO4 pH 
8.0, 0.1 % Arabic gum, 0.36 % Triton X-100) was supplemented with 10 µl of the chromophoric 
ligand 4-Nitrophenyl caprylate (10 mM in methanol). The reaction was started by the addition of 10 
µl of culture supernatant. Lipase activity was determined by measuring the increase in absorbance 
at 405 nm per min of incubation at room temperature, per OD600 nm of the culture at the time of 
sampling. 

Protease activity was quantified with azocasein (Sigma). Growth medium (250 µl) was mixed 
with 2 % azocasein suspension (150 µl) in 50 mM Tris-HCl (pH 7.5), 4 mM CaCl2, and incubated for 
60 min at 25 °C. The reaction was stopped by the addition of 1.2 ml 10 % TCA. After centrifugation, 
absorbance changes (440 nm) of the supernatant were determined. 

α-Amylase activity was assayed with a halo assay. Cells were grown to the stationary phase, 
after which they were separated from the growth medium by centrifugation. The medium fractions 
were spotted on Durapore membrane filters (Millipore) that were placed on TY-agar plates 
containing 1 % starch (Merck). The amounts of medium spotted on the filters were corrected for the 
OD600 nm of each culture. After overnight incubation at 37 °C, the plates were analysed for starch 
degradation by staining with iodine vapour. Diameters of the resulting clear zones (halos) were 
measured.  

To assay β-galactosidase activity, overnight cultures were diluted in fresh medium and 
samples were taken at different time intervals for OD600 nm readings and β-galactosidase activity 
determinations. For strains containing a transcriptional lacZ fusion, the β-galactosidase assay and 
the calculation of β-galactosidase units (Miller units: nmol/min/OD600) were performed as described 
by Hyyryläinen et al. (2001). Experiments were repeated at least twice, starting from independently 
obtained transformants. In all experiments, the relevant controls were performed in parallel. 
Although some differences were observed in the absolute β-galactosidase activities, the ratios 
between these activities in the various strains tested were largely constant.  

Western blotting and immunodetection 
To assay the B. amyloliquefaciens α-amylase (AmyQ) production levels, cells were separated from 
the growth medium by centrifugation. Samples for SDS-PAGE were prepared as described 
previously (van Dijl et al., 1991). After separation by SDS-PAGE, proteins were transferred to a 
Protran nitrocellulose transfer membrane (Schleicher and Schuell) as described by Kyhse-Andersen 
(1984). AmyQ and LipA were visualised with specific antibodies and horseradish peroxidase- or 
alkaline phosphatase-anti-rabbit IgG conjugates (Jackson ImmunoResearch).  

Motility plate assay 
To study the motility of Bacillus cells, 2 µl aliquots of overnight cultures were transferred to a TY-
agarose plate containing 0.75, 0.5 or 0.27 % agarose. Prior to the transfer to plates, the OD600 nm of 
each culture was measured and adjusted to 1. After overnight incubation at 37 °C, the degree of 
swarming was assessed. 
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RESULTS 

Deletion of 332 genes 
As an initial step, candidate regions for deletion were tested for essential gene 
functions by constructing single deletion strains (i.e. ∆SPβ, ∆PBSX, ∆skin, 
∆prophage 1, ∆prophage 3, and ∆pks). The deletions were constructed in such 
a way that flanking ORFs remained unaffected and no novel ORFs were 
created. For this purpose, a variety of chromosomal integration-excision vectors 
was used (Table 1). All single deletions yielded viable and apparently healthy 
cells. Subsequently, the deletions were combined in the following order. Firstly, 
bacteriophage SPβ was deleted from the parental strain B. subtilis 168. Skin 
and PBSX were sequentially deleted from the chromosome of the ∆SPβ strain, 
after which the prophage 1 deletion and the pks::cat replacement were 
introduced. Finally, B. subtilis ∆6 was obtained by the deletion of prophage 3. 
The absence of the deleted regions was verified by Southern hybridisation 
and/or PCR. The fact that the ∆6 strain could be obtained confirms that the 
combined deletions do not encode essential gene functions for viability of B. 
subtilis, at least not when cells are grown aerobically in TY broth at 37 °C.  

Six functional categories have been assigned to the genes of B. subtilis 
(Kunst et al. 1997; Moszer 1998). To make an inventory of the genes that have 
been removed from the 168 strain, we compared the functional categories of 
the deleted genes (332 in total) with the functional classification of all B. subtilis 
protein-encoding genes (Kunst et al., 1997; Moszer, 1998) (Table 2). Compared 
to the average in the chromosome, the percentage of genes that specify 
proteins with no similarity to other proteins (functional category number 6) is 
much higher amongst the deleted genes. As was to be expected, most of the 
deleted genes within the “other functions category” (number 4) encode proteins 
with phage-related functions.  

To obtain insight in the actual gene functions that are absent from the ∆6 
strain, a search for deleted genes encoding proteins with a known function or 
showing similarity to known proteins (functional categories 1-4) was performed 
using the SubtiList database (http://genolist.pasteur.fr/SubtiList/) (Kunst et al., 
1997; Moszer, 1998). The results are documented in Table 3. With respect to 
“health” of B. subtilis ∆6, it is interesting to note that this strain lacks 12 genes, 
which have been implicated in cell lysis. Furthermore, SPβ encodes the 
lantibiotic sublancin 168 (SunA). Deletion of SPβ leads to sublancin 168 
sensitivity (Dorenbos et al., 2002). 
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Table 2.  Functional classification of deleted protein-encoding genesa 
Functional classification 168 (4100 genes) deleted (332 genes) 
1 Cell envelope and cellular processes 876 (21 %) 15 (5 %) 
2 Intermediary metabolism 742 (18 %) 9 (3 %)  
3 Information pathways 482 (12 %) 20 (6 %) 

 
4 Other functions 289 (7 %) 93 (28 %) 
5 Similar to unknown proteins 667 (16 %) 22 (7 %) 

 
6 No similarity 1053 (26 %) 173 (52 %) 
aFor the functional classification of the deleted genes of the ∆6 strain, the SubtiList database 
(http://genolist.pasteur.fr/SubtiList/) was used. The functional classification of all B. subtilis 168 
protein-encoding genes was adapted from Moszer (1998).  

 
Table 3.  Deleted gene functions of B. subtilis ∆6a 
Gene  Location Function of corresponding protein 
alkA prophage 1 DNA-3-methyladenine glycosylase 
adaA prophage 1 methylphosphotriester-DNA alkyltransferase and 

transcriptionalregulator (AraC/XylS family) 
adaB prophage 1 O6-methylguanine-DNA methyltransferase 
ndhf prophage 1 NADH dehydrogenase (subunit 5) 
ybcF prophage 1 similar to carbonic anhydrase 
ybcL prophage 1 similar to chloramphenicol resistance protein 
ybcM prophage 1 similar to glucosamine-fructose-6-phosphate aminotransferase 
ybcP prophage 1 similar to coenzyme PQQ synthesis protein 
ybdA prophage 1 similar to ABC transporter (binding protein) 
ybdB prophage 1 similar to ABC transporter (permease) 
ydiO prophage 3 similar to DNA-methyltransferase (cytosine-specific) 
ydiP prophage 3 similar to DNA-methyltransferase (cytosine-specific) 
ydiS prophage 3 similar to DNA restriction 
yjoB upstream of PBSX similar to cell-division protein FtsH homolog 
rapA upstream of PBSX response regulator aspartate phosphatase 
phrA upstream of PBSX phosphatase (RapA) inhibitor 
xlyB upstream of PBSX N-acetylmuramoyl-L-alanine amidase (PBSX prophage-

mediated lysis) 
yjqB upstream of PBSX similar to phage-related replication protein 
yjqC upstream of PBSX similar to manganese-containing catalase 
xre PBSX transcriptional regulator 
xtmA PBSX PBSX defective prophage terminase (small subunit) 
xtmB PBSX PBSX defective prophage terminase (large subunit) 
xkdY (xepA) PBSX PBSX prophage lytic exoenzyme 
xhlA PBSX involved in cell lysis upon induction of PBSX 
xhlB PBSX hydrolysis of 5-bromo 4-chloroindolyl phosphate (X-phos); 

involved in cell lysis upon induction of defective prophage 
PBSX (Holin) 

xlyA PBSX N-acetylmuramoyl-L-alanine amidase (PBSX prophage-
mediated lysis) 

pksB pks similar to a group of hypothetical proteins similar to ATP 
synthase subunit 3 (involved in polyketide synthesis) 

pksC pks similar to AT (acyltransferase) domains or functions, 
consensus to the active site (involved in polyketide synthesis) 
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Table 3 continued 
Gene Location Function of corresponding protein 
pksD pks similar to Pks type I, EryA, consensus to AT acyl transferase 

domain (involved in polyketide synthesis) 
pksE pks similar to Pks of type I and II, with consensus to AT acyl 

transferase active site and to mithocondrial energy transfer 
signature (involved in polyketide synthesis) 

acpK pks acyl-carrier protein 
pksF pks similar to Rhizobium leguminosarum nodulation protein E and 

to E. coli 3-oxoacyl-(acyl-carrier protein) synthase I (involved 
in polyketide synthesis) 

pksG pks  similar to hamster hydroxymethylglutaryl-CoA synthase 
(involved in polyketide synthesis) 

pksH pks similar to Rhodobacter capsulatus enoyl-CoA hydratase 
(involved in polyketide synthesis) 

pksI pks similar to Rhodobacter capsulatus enoyl-CoA hydratase 
(involved in polyketide synthesis) 

pksJ (pksK) pks polyketide synthase of type I 
pksL pks polyketide synthase of type I 
pksM pks polyketide synthase 
pksN (pksP) pks polyketide synthase of type I 
pksR pks polyketide synthase 
sspC SPβ small acid-soluble spore protein (alpha/beta-type SASP) 
yosS SPβ similar to deoxyuridine 5’-triphosphate nucleotidohydrolase 
yosP SPβ similar to ribonucleoside-diphosphate reductase (beta-subunit) 
yosO SPβ similar to ribonucleoside-diphosphate reductase (alpha 

subunit) 
yosN SPβ similar to ribonucleoside-diphosphate reductase (alpha 

subunit) 
yosR SPβ similar to thioredoxin 
yosQ SPβ similar to phage-related endodeoxyribonuclease 
mtbp SPβ modification methylase Bsu 
yorL SPβ similar to DNA polymerase III (alpha subunit) 
yorK SPβ similar to single-strand DNA-specific exonuclease 
yorI SPβ similar to putative replicative DNA helicase 
yoqW SPβ similar to general secretion pathway protein 
ligB SPβ DNA ligase 
yoqD SPβ similar to phage-related DNA-binding protein anti-repressor 
yonR SPβ similar to transcriptional regulator (phage related) (Xre family) 
yonN SPβ similar to HU-related DNA-binding protein 
yomS SPβ similar to phage-related lytic exoenzyme 
yomJ SPβ similar to phage-related immunity protein 
yomI SPβ similar to lytic transglycosylase 
blyA SPβ N-acetylmuramoyl-L-alanine amidase 
bhlA SPβ holin-like protein 
bhlB SPβ holin-like protein 
bdbB SPβ thiol-disulfide oxidoreductase 
yolJ SPβ similar to glycosyltransferase 
bdbA SPβ thiol-disulfide oxidoreductase 
sunT SPβ sublancin 168 lantibiotic transporter  
sunA SPβ sublancin 168 lantibiotic antimicrobial precursor peptide 
uvrX SPβ UV-damage repair protein 
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Table 3 continued 
Gene Location Function of corresponding protein 
yokG SPβ similar to delta-endotoxin 
yokF SPβ similar to micrococcal nuclease 
yokD SPβ similar to aminoglycoside N3’-acetyltransferase 
yokA  SPβ similar to DNA recombinase 
arsC skin arsenate reductase 
arsB skin extrusion of arsenite 
arsR skin arsenic resistance operon repressor (arsR-yqcK-arsBC) 
rapE skin response regulator aspartate phosphatase 
phrE skin regulator of the activity of phosphatase RapE 
cwlA skin N-acetylmuramoyl-L-alanine amidase (minor autolysin) 
yqxG skin similar to phage-related lytic exoenzyme 
yqaE skin similar to transcriptional regulator (phage related) (Xre family) 
yqaT skin similar to phage-related terminase large subunit 
yqaS skin similar to phage-related terminase small subunit 
aFunctions of genes belonging to categories 1-4 were obtained from the SubtiList database 
(http://genolist.pasteur.fr/SubtiList/). However, genes that belong to sub-category 4.4 (phage-
related functions) and of which no further information is known were omitted. 

 
It is known that the B. subtilis genome contains many paralogous genes, 
ranging from gene doublets and triplets to large families with up to 77 members 
(Kunst et al., 1997). To assess how many unique genes (singlets) of the B. 
subtilis genome were actually deleted, we investigated the possible presence of 
paralogues for all 332 deleted genes (Table 4). The results show that 68 % 
(227) of the deleted genes encode unique functions. Apparently, none of these 
functions is essential for growth and viability of B. subtilis. Strikingly, SPβ and 
prophages 1 and 3 consist mostly of singlets, whereas PBSX and skin contain 
relatively large numbers of genes that belong to paralogous gene families. 
    

Table 4.  Relative abundance of paralogous genes in the deleted regions of B. subtilis 
∆6a 

 prophage 1 
20 genes 

prophage 3 
10 genes 

PBSX  
42 genes 

SPβ 
185 genes

skin 
61 genes

pks  
14 genes 

total 
332 genes 

Singlets 75 % 100 % 21 % 85 % 43 % 71 % 68 % 
Doublets 5 % 0 % 60 % 9 % 46 % 29 % 23 % 
Triplets 10 % 0 % 10 % 3 % 5 % 0 % 5 % 
Quadruplets 0 % 0 % 7 % 2 % 3 % 0 % 3 % 

aThe BLAST2P algorithm (Altschul et al., 1997) was used for protein comparisons in the SubtiList 
database (http://genolist.pasteur.fr/SubtiList/). To define paralogous genes, the similarity 
(identical residues and conservative replacements) between the corresponding proteins should 
be ≥ 35 % over the entire protein length in reciprocal BLAST2P comparisons. Total numbers of 
annotated genes in each deleted region are indicated. Note that the percentages of singlets, 
doublets, triplets and quadruplets for individual regions do not sum up to 100 % due to the fact 
that some genes belong to larger paralogous gene families. 
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Twenty-six doublets and 2 triplets were completely deleted (58 genes), which 
implies that 255 to 285 different gene functions are absent from B. subtilis ∆6. 
Forty-seven deleted genes are members of paralogous gene families that were 
not completely deleted. The majority of the deleted doublets consists of one 
gene located on PBSX and another on skin, which is consistent with the view 
that these genomic regions share a common ancestor and have diverged 
relatively recently (Médigue et al., 1995; Krogh et al., 1996). 

The AT-content of most of the prophage genes is indicative of a “foreign” 
origin, which may result in transcription levels that differ from those of “native” 
B. subtilis genes. Furthermore, the localization of most prophage genes near 
the terminus of replication of the B. subtilis chromosome suggests that these 
genes may be expressed at lower levels than genes close to the origin of 
replication (Rocha et al., 2000). To visualise the expression of genes of all ten 
prophage and prophage-like regions, the DNA macro-array technique was 
used. Although DNA array analyses are generally not considered to be 
quantitative, the results summarised in Figure 2 provide a qualitative indication 
that, on average, the transcription of prophage genes (black bars) is lower than 
that of the other B. subtilis genes (hatched bars). Moreover, 30 % of the 
prophage genes show a transcription level of less than 0.5 % of the highest 
transcriptional level measured under the conditions tested.  

 
Figure 2. Transcription of genes in prophage(-like) regions  
B. subtilis 168 was grown in TY medium at 37 °C until 3 hours after the end of exponential 
growth. Next, cells were collected and total RNA was extracted for duplicate transcript profiling 
experiments using DNA macro-arrays. The percentage of genes transcribed at a certain level (y-
axis) is plotted against the relative level of gene transcription (x-axis). For this purpose, the 
transcription level of each gene represented on the array was related to the transcription level of 
the most highly expressed gene (100 %). The analysis includes a total number of 462 
prophage(-like) genes and 3653 non-prophage genes (Sigma Genosys array product 
information). Notably, 4 B. subtilis 168 genes were left out of the analysis, because no 
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statistically significant transcription data were obtained for these genes. Black bars represent 
prophage genes; hatched bars represent non-prophage genes. 

Physiology and metabolic flux patterns of B. subtilis ∆6 
As a first approach to investigate possible effects of the six combined deletions 
on cell physiology, we compared the growth of B. subtilis 168 and B. subtilis ∆6 
in a mineral salts medium with glucose. As shown in batch culture experiments, 
the pattern of the growth curves of both strains did not differ significantly. In fact, 
both strains exhibited identical maximum growth rates (µmax) and biomass 
yields. These important diagnostic parameters show that the multiple deletions 
have no major impact on cell physiology (Table 5).  

To elucidate potential effects on intracellular carbon metabolism, B. subtilis 
∆6 and the parental strain 168 were subjected to a metabolic flux 
ratio (METAFoR) analysis, which is based on gas chromatography and mass 
spectrometry (GC-MS). For this purpose, cultures were grown in minimal 
medium supplemented with either 100 % [1-13C]glucose, or a mixture of 20 % 
[U-13C6]glucose and 80 % unlabeled glucose. All cultures exhibited

 
Table 5.  Physiological parameters of B. subtilis ∆6 and the parental strain 168 

   168 ∆6 
µmax 1/h 0.52 ± 0.02 0.52 ± 0.02 

qglucose mmol/g/h 9.0 ± 0.1 9.0 ± 0.1 
qacetate mmol/g/h 2.1 ± 0.2 3.3 ± 0.2 
qacetoin mmol/g/h < 0.2 mM < 0.2 mM 

Biomass yield g/g 0.28 ± 0.02 0.30 ± 0.02 
 

comparable extracellular physiology (Table 5). GC-MS-derived mass 
distributions in proteinogenic amino acids from these cultures were then used to 
calculate intracellular carbon flux ratios (Table 6). Consistent with previous flux 
analyses of fast growing B. subtilis cultures ( Sauer et al., 1997; Dauner et al., 
2001), the gluconeogenic phosphoenolpyruvate [PEP] carboxykinase was 
inactive (PEP from oxaloacetate [OAA]) and the anaplerotic pyruvate 
carboxylase and the tricarboxylic acid [TCA] cycle contributed to similar extents 
to OAA synthesis (OAA through the TCA cycle), irrespective of the deletion of 
the 332 genes. Relative to the glucose uptake rate, the catabolic fluxes through 
the pentose phosphate [PP] pathway were determined at ~30 %, which is 
similar to what was described for glucose-limited chemostat cultures (Dauner et 
al., 2001). Taken together, the comparison of parental and deletion strains 
revealed an almost identical intracellular carbon metabolism. In particular, 
relative in vivo activities of the PP pathway (Serine [SER] through the PP 
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pathway) and the TCA cycle (OAA through the TCA cycle) were identical within 
the resolution limits of this analysis.  

 
Table 6.  METAFoR analysis of B. subtilis ∆6 and parental strain 168a 

Origin of metabolite pool 168 ∆6 
Glycolysis and TCA cycle   

OAA through TCA 0.51 ± 0.02 0.54 ± 0.02 
PEP from OAA 0.01 ± 0.01 0.00 ± 0.04 
PYR from MAL (lower bound) 0.06 ± 0.01 0.09 ± 0.01 
PYR from MAL (upper bound) 0.12 ± 0.03 0.17 ± 0.03 

PP pathway   

SER through PP pathwayb 0.35 ± 0.02 0.33 ± 0.01 
PEP through TK 0.09 ± 0.02 0.08 ± 0.02 
E4P through TK 0.40 ± 0.02 0.39 ± 0.02 

aBatch cultures contained either 100 % [1-13C]glucose, or a 20/80 mixture of [U-13C6] and 
unlabeled glucose. Abbreviations: E4P, erythrose-4-phosphate; MAL, malate; OAA, 
oxaloacetate; PEP, phosphoenolpyruvate; PP, pentose phosphate; PYR, pyruvate; SER, serine; 
TCA, tricarboxylic acid; TK, transketolase. 
bIndicates flux ratios that were determined from [1-13C]glucose experiments. 

B. subtilis ∆6 has a normal competence and sporulation phenotype 
The deleted parts of the chromosome do not encode proteins that are known to 
be involved in transformability of B. subtilis (Table 3). To verify the absence of, 
thus far, unknown competence genes from the deleted regions, the 
transformability of B. subtilis ∆6 cells was analysed. Under the conditions 
tested, the transformation frequency of the ∆6 strain (1.8 x 10-3) was 
comparable with that of the parental strain (1.6 x 10-3). This shows that none of 
the genes absent from B. subtilis ∆6 is required for competence development. 

The skin (for sigK intervening) element is positioned within the sigK gene. It 
is excised at a particular stage of sporulation, leading to the reconstitution of 
sigK by fusion of the spoIIIC and spoIVCB genes. The sigma factor σK, encoded 
by sigK, is required for sporulation (Errington et al., 1988; Kunkel et al., 1988; 
Stragier et al., 1989). In our mutant, the skin element has been deleted from 
arsC to yqaB, leaving the spoIIIC and spoIVCB genes intact. Furthermore, skin 
contains the phrE/rapE genes which, like the phrA/rapA genes from PBSX, are 
involved in the early stages of the sporulation process (Lazazzera et al., 1999; 
Perego 1999). To investigate the effect of the six combined deletions on 
sporulation, we analysed spore formation and germination in B. subtilis ∆6. 
None of these developmental processes was detectably influenced in this strain 
(data not shown). This demonstrates that the combined deletion of known 
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determinants for sporulation encoded by skin and PBSX does not impact on 
sporulation. 

Changes in the extracellular proteome 
To investigate the effects of the large deletions on protein secretion in general, 
the extracellular proteomes of B. subtilis ∆6 and 168 were compared by 
employing two-dimensional (2D) gel electrophoresis and mass spectrometry. A 
representative result is shown in Figure 3A, in which dual channel imaging was 
used to monitor possible changes in extracellular protein composition. 
Specifically, the phage proteins YolA (SPβ), XlyA, XkdG, XkdK, and XkdM 
(PBSX) were shown to be absent from the growth medium of B. subtilis ∆6 (Fig. 
3A, represented as green protein spots). Furthermore, the amounts of the 
lipoproteins MntA (manganese transport) and YfiY (possibly involved in iron(III) 
dicitrate transport) are reproducibly detected at increased levels in the medium 
of the B. subtilis ∆6 strain (red protein spots), whereas the secreted esterase 
LipA was present in strongly decreased amounts (green protein spot). The latter 
observation was remarkable, as the lipA gene is still present in B. subtilis ∆6. To 
verify whether the decrease in the secretion of LipA by B. subtilis ∆6 is 
significant, this strain was transformed with pLip2031. The presence of this 
plasmid results in the overproduction of LipA. Next, LipA secretion was 
monitored both by activity assays and Western blotting. The results showed 
that, under overproducing conditions, the secretion of LipA by B. subtilis ∆6  is 
reduced about 3-fold as compared to the parental strain 168 (data not shown). 

It has to be noted that, in contrast to the MntA, YfiY and LipA spots, the 
relative abundance of certain minor protein spots (labelled in green or red) 
varies in different experiments. Such variations must, therefore, be attributed to 
the natural dynamics in the composition of the extracellular proteome of B. 
subtilis. Consistent with the 2D gel electrophoretic analysis, which suggests that 
protease secretion is not affected in the ∆6 strain, the azocasein degrading 
activity of proteases in the medium of B. subtilis ∆6 was comparable with that of 
proteases secreted by the parental strain 168. Notably, the extracellular 
appearance of 13 intracellular proteins (e.g. RocA, KatA, and GroEL) that lack a 
typical secretion signal (Antelmann et al., 2001) was also unaffected by the six 
deletions. Moreover, no additional cytoplasmic proteins appeared on the 
extracellular proteome of B. subtilis ∆6, which shows that this engineered strain 
is “healthy” and not prone to increased levels of cell lysis.  
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Figure 3.  The extracellular proteome of B. subtilis ∆6  
(A) Comparison of the extracellular proteomes of B. subtilis 168 and ∆6.  
Cells of B. subtilis 168 and B. subtilis ∆6 were grown in TY medium and extracellular proteins 
were harvested 1 hour after entry of the cells into the stationary phase. The extracellular proteins 
were analysed by 2D PAGE, MALDI-TOF MS, and dual channel imaging as indicated in the 
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Experimental Procedures section. Green protein spots are predominantly present in the master 
image of the extracellular proteome of B. subtilis 168; red protein spots are predominantly 
present in the image of the extracellular proteome of the ∆6 strain; and yellow spots are present 
at similar amounts in both proteomes. The picture shown was obtained by dual channel imaging 
of two representative warped 2D gels on which extracellular proteins of the parental and mutant 
strains were separated. The proteins identified by MS are indicated on the image.  
(B) The extracellular proteome of B. subtilis ∆6 under secretion stress conditions. 
B. subtilis ∆6 and B. subtilis ∆6 pKTH10 were grown in TY medium and extracellular proteins 
were harvested 1 hour after entry of the cells into the stationary phase. The extracellular proteins 
were analysed by 2D PAGE and dual channel fluorescence imaging as indicated for panel A. 
Green protein spots are predominantly present in the master image of the extracellular proteome 
of B. subtilis ∆6; red protein spots are predominantly present in the image of the extracellular 
proteome of the B. subtilis ∆6 pKTH10 strain; and yellow spots are present at similar amounts in 
both proteomes. 

High level secretion of active AmyQ by B. subtilis ∆6 
To assess the secretion capacity of the ∆6 strain, we studied the secretion of 
active AmyQ of Bacillus amyloliquefaciens with an α-amylase plate assay. For 
this purpose, the 168 and ∆6 strains were transformed with plasmid pKTH10, 
which results in the high level production and secretion of AmyQ (Palva, 1982). 
The results demonstrated that the deletion strain can still secrete active AmyQ, 
a heterologous protein (data not shown). Importantly, B. subtilis ∆6 pKTH10 did 
not reveal a significant difference in secretion of AmyQ compared to the 
parental strain containing pKTH10. Likewise, the secretion of the endogenous 
α-amylase AmyE by the ∆6 strain was not affected, which is consistent with the 
2D gel analysis (Fig. 3A; yellow AmyE spot). 

Previous studies have shown that the high level production of AmyQ 
imposes a so-called secretion stress on cells of B. subtilis. This stress is sensed 
by the CssRS two-component regulatory system. Activation of the CssRS 
system results in the transcription of the htrA and htrB genes at significantly 
elevated levels (Hyyryläinen et al., 2001; Darmon et al., 2002). Consequently, 
the level of htrA or htrB transcription can be used as an indicator for secretion 
stress. To study the induction of secretion stress by AmyQ in B. subtilis ∆6 
pKTH10, an htrB-lacZ transcriptional gene fusion was introduced in this strain. 
Next, β-galactosidase activities in cells grown in TY medium at 37 °C were 
measured as a function of time. As shown in Figure 4A (closed symbols), the 
transcription of htrB-lacZ was not affected by the ∆6 mutations, demonstrating 
that these mutations do not trigger a secretion stress response. Moreover, B. 
subtilis ∆6 pKTH10 containing the htrB-lacZ fusion displayed an AmyQ-induced 
secretion stress response that is very similar to that of the parental strain 
transformed with pKTH10 (Fig. 4A; open symbols). Consistent with this 
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observation, Western blotting analyses revealed that the AmyQ-producing cells 
of the ∆6 strain and the parental strain 168 contained comparable amounts of 
the precursor and mature forms of this secretory protein (Fig. 4B). Furthermore, 
similar amounts of mature AmyQ protein were detectable in the growth medium, 
which is in accordance with the results of the activity assay that was performed 
(Fig. 4B and data not shown). Proteomics was employed to monitor possible 
effects of AmyQ-induced secretion stress on the composition of the extracellular 
proteome of B. subtilis ∆6. The dual channel analysis of 2D gels (Fig. 3B) 
revealed that the overproduction of AmyQ has only a few significant 
consequences for the composition of the extracellular proteome of the ∆6 strain. 
Firstly, a number of AmyQ spots with a slightly different pI is detectable in the 
medium of B. subtilis ∆6 pKTH10. Furthermore, the extracellular level of HtrA, a 
known indicator of the AmyQ-induced secretion stress response, is significantly 
increased in the ∆6-derived sample. Unexpectedly, the high level production of 
AmyQ in the ∆6 strain also results in the extracellular appearance of the PtsH 
(or HPr) protein, a histidine-containing phosphocarrier protein of the 
phosphotransferase system. Taken together, these observations show that the 
absence of 332 genes from B. subtilis ∆6 has no major impact on protein 
secretion in general, or the high level secretion of the heterologous protein 
AmyQ in particular.  
 
A       B 

 
Figure 4. AmyQ-induced secretion stress response  
(A) To compare the induction of secretion stress responses by high level AmyQ production and 
secretion in B. subtilis ∆6 and the parental strain 168, a transcriptional htrB-lacZ fusion was 
used. Time courses of htrB-lacZ expression were determined by analysing β-galactosidase 
activity (indicated in nmol/min/OD600) in cells grown in TY medium at 37 °C. Samples were 
withdrawn at the times indicated; zero time is defined as the transition point between exponential 
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and post-exponential growth. The strains used for the analyses were: B. subtilis 168 
htrB::pMutin4 (BFA3041; ); B. subtilis ∆6 htrB::pMutin4 ( ); B. subtilis 168 htrB::pMutin4 
pKTH10 ( ); and B. subtilis ∆6 htrB::pMutin4 pKTH10 ( ). The parental strain 168 was used as 
a negative control (data not shown). 
(B) Cells of B. subtilis BFA3041 (marked 168) and ∆6 htrB::pMutin4 (marked ∆6), both 
containing pKTH10 for AmyQ production, were harvested after 2 hours of post-exponential 
growth in the experiment described in panel A. Cells (C) were separated from the growth 
medium (M) by centrifugation. (Pre-)AmyQ was visualised by SDS-PAGE, Western blotting, and 
immunodetection, using AmyQ-specific antibodies. P, pre-AmyQ; M, mature AmyQ. 

The ∆6 strain has a changed motility 
As a final approach to characterise B. subtilis ∆6, the motility of cells of this 
strain was analysed on plates containing different concentrations of agarose. 
While no difference in motility was observed for B. subtilis ∆6 cells and cells of 
the parental strain 168 that were spotted on plates containing 0.75 % agarose, 
clear differences were observed on plates containing lower amounts of agarose 
(Fig. 5). Remarkably, the motility of ∆6 cells is higher than that of 168 cells on 
plates containing 0.5 % agarose. In contrast, the parental strain was shown to 
be more motile than the ∆6 strain when the agarose concentration was lowered 
to 0.27 %, which is typically used in “swimming” assays for B. subtilis. Under 
these conditions a clear zone is visible between the “swimming” cells of both 
strains. This is probably due to the secretion of sublancin 168 by the parental 
strain, which kills the cells of the ∆6 strain. The latter cells are sensitive to 
sublancin 168, because they lack the SPβ-specific immunity against this 
lantibiotic. Notably, none of the proteins encoded by the 332 deleted genes 
shows similarity to known pilus, flagellar or chemotaxis proteins that could 
cause a changed motility (Table 3). This implies that one or more of the deleted 
genes either have a direct role in cell motility, or impact on the function of other 
motility factors.  

Figure 5. Motility of B. subtilis ∆6  
B. subtilis ∆6 or B. subtilis 168 were grown on TY plates containing different agarose 
concentrations (0.75 %, 0.50 %, and 0.27 %) to visualise the motility of the strains. 
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DISCUSSION 

Most estimates on the minimal gene set required for life are based on 
theoretical considerations and indirect evidence from random mutagenesis or 
systematic gene disruption. For B. subtilis, a minimal set of 270 to 500 genes 
was predicted. However, the de facto reduction of the B. subtilis genome by the 
simultaneous deletion of large gene clusters has not been performed so far. In 
the present studies, we demonstrate for the first time that the consecutive 
deletion of large regions from the B. subtilis genome is possible. In total, six 
large regions were deleted, ranging from ~13 kb (prophage 3) to ~134 kb (SPβ). 
This has led to a reduction in genome size of 320 kb (7.7 % of the genome) and 
a loss of 332 protein-encoding genes (8.1 % of the B. subtilis genes). The 
genome reduction has not affected the growth and viability of the resulting ∆6 
strain under laboratory conditions, which indicates that the prophage(-like) 
regions and pks have not evolved into regions encoding very important 
indispensable functions. This view is supported by the observation that neither 
the primary metabolism, nor the essential process of protein secretion are 
detectably affected in B. subtilis ∆6. Furthermore, our data shows that the non-
essential processes of competence development and sporulation have not 
become dependent of prophage-like functions. The latter finding is particularly 
remarkable, because certain genes on skin and PBSX are involved in the 
initiation of sporulation, and because the skin element became inserted into the 
sigK gene. Importantly, the deleted regions and other prophage-like regions 
may encode functions that are beneficial for survival in the soil. For example, 
the pks operon has been implicated in antibiosis (Albertini et al., 1995). 
Moreover, the production of sublancin 168, which requires genes specified by 
SPβ (Dorenbos et al., 2002), may give B. subtilis a competitive advantage in its 
natural habitat. Interestingly, the altered motility of B. subtilis ∆6 may either 
reflect a prophage-facilitated adaptation of B. subtilis to natural conditions, or a 
property that is somehow beneficial to one or more prophages residing in this 
organism. Thus far, we have not been able to link the different motility 
phenotypes to specific prophage genes. Although transcript profiling showed 
that the expression of certain motility genes is affected in B. subtilis ∆6 when 
this strain is grown in batch culture (our unpublished observations), the 
relevance of this observation for growth on plates with different amounts of 
agarose remains to be determined. 

A normal maintenance and replication of the B. subtilis chromosome is 
required for the successful progress through the developmental processes of 
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competence and sporulation (Piggot and Coote, 1976; Ireton and Grossman 
1992; Ireton et al., 1994; Sciochetti et al.,  2001). In view of the fact that these 
processes are not disturbed in B. subtilis ∆6, it can be concluded that the over 
all chromosome “physiology” (i.e. the sum of all processes required for 
chromosome replication and maintenance) is not significantly disturbed by the 
combined deletions. Nevertheless, it remains to be determined whether specific 
processes, such as chromosome condensation, packaging and global 
distribution of transcriptional signals are completely unaffected. On the one 
hand, the apparent lack of effect on chromosome physiology is not surprising, 
because the deletions are almost evenly distributed along the chromosome: 
~141 kb (3.3 %) has been deleted from the 0°-172° replichore and ~180 kb (4.3 
%) from the 172°-360° replichore (Fig. 1). On the other hand, competence 
development was seemingly not affected in the intermediate strains, in which 
the relative sizes of the replichores are more affected (unpublished 
observations). The view that the step-wise deletions created in the present 
studies do not interfere with chromosome physiology would be in line with a 
step-wise invasion of prophage(-like) regions during evolution of the B. subtilis 
chromosome. 

The present transcript profiling experiments with DNA arrays suggest that 
genes in the prophage(-like) regions are expressed at a relatively lower level 
than genes in the non-prophage regions. Although the efficiency of the DNA 
hybridisations in these experiments may be somewhat biased by the fact that 
the prophage genes have a higher AT content than the remaining genes, the 
results are likely to be biologically relevant, because the prophages SPβ and 
PBSX are not induced under standard laboratory conditions. While genes of 
these prophages are most likely repressed, at least two other explanations for 
the low transcription levels of prophage genes and genes in prophage-like 
regions are conceivable. Firstly, the low transcription of most of these genes 
may relate to their presumed foreign origin. For example, promoters of 
prophage(-like) genes may be optimal for other organisms, which can result in a 
poor match with authentic promoter sequences of B. subtilis. Secondly, several 
of these genes belong to the 25 % of B. subtilis genes that are transcribed in 
the opposite direction of replication fork movement (Kunst et al., 1997; Rocha et 
al., 2000). This may interfere with their efficient transcription. It has to be noted 
that, for unknown reasons, the relative transcription levels of prophage 1 and 
prophage 6 genes are comparable with those of the non-prophage genes of B. 
subtilis. 

At present it is not clear to what extent the ∆6 strain represents an improved 
bacterial cell factory. Clearly, the capacity for high level production and 
secretion of a heterologous model protein was neither positively, nor negatively 
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affected by the mutations in this strain. This suggests that no large energy 
resources were redirected towards product formation. Furthermore, only few 
proteins were absent from the extracellular proteome, which indicates that the 
∆6 strain is only marginally improved in terms of the removal of unwanted by-
products. It is presently not clear why the amounts of MntA and YfiY were 
significantly increased in the medium of B. subtilis ∆6, while the extracellular 
accumulation of LipA was reduced. Furthermore, no major changes were 
observed in the cellular proteome of B. subtilis ∆6, which is consistent with the 
fact that no prophage proteins are detectable on the cellular proteome of the 
parental strain (H. Antelmann and M. Hecker; unpublished data). In fact, these 
findings are consistent with the low transcriptional levels of the prophage-like 
genes. Importantly, the analysis of the extracellular proteome of B. subtilis ∆6 
revealed that the sensitivity of this strain to cell lysis is not increased, even 
under conditions of severe secretion stress. The only major changes observed 
under these conditions concerned the presence of increased amounts of HtrA 
and PtsH in the medium. The increased level of extracellular HtrA is consistent 
with the induction of htrA transcription under conditions of secretion stress 
(Hyyryläinen et al., 2001). It is presently not known whether the elevated levels 
of PtsH reflect a physiological response of the ∆6 strain to protein secretion 
stress. 

Thus far, the ∆6 strain seems to be moderately inferior to the parental strain 
168 in only two aspects. Firstly, B. subtilis ∆6 lacks the gene for the thiol-
disulfide oxidoreductase BdbB, which plays a minor role in the heterologous 
secretion of the E. coli PhoA protein by B. subtilis (Bolhuis et al., 1999). 
Probably, BdbB supports its paralogue BdbC (which is present in B. subtilis ∆6) 
in the formation of two disulphide bonds in PhoA. Secondly, together with the 
deletion of the prophages, the respective immunity regions were lost. If 
necessary for production purposes, the bdbB gene as well as the phage 
immunity regions can be re-inserted into the chromosome of B. subtilis ∆6.  

In terms of cell factory engineering, B. subtilis ∆6 has one major advantage 
over conventional B. subtilis production strains: it lacks the BsuM restriction-
modification system. As shown by Ohshima et al., (2002), prophage 3 encodes 
both the genes for BsuM modification (ydiO and ydiP) and BsuM restriction 
(ydiR, ydiS, and ydjA). BsuM restriction has been shown to reduce the 
transformation efficiency of B. subtilis with recombinant plasmids up to 7800-
fold (Haima et al., 1987). Moreover, this system was found to be responsible for 
structural plasmid instability in B. subtilis, which limits the application potential of 
plasmids for high level protein production. With respect to bacterial evolution for 
survival in the soil, it is interesting to speculate that B. subtilis has recruited 
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prophage 3, specifying the BsuM system, in order to protect itself against 
invading foreign DNA. 

Finally, it was recently shown that twelve K-islands could be deleted from 
the E. coli genome, resulting in a 8.1 % reduced genome size (Kolisnychenko et 
al., 2002). Unfortunately, apart from growth experiments, which revealed no 
major differences with the parental strain MG1655, a detailed phenotypical 
analysis was so far not documented for this engineered E. coli strain. In the 
present studies, we have taken the phenotypic characterization of the first B. 
subtilis strain with a reduced genome a few steps further by a combination of 
transcript profiling, metabolic flux analysis, proteomics, and dedicated assays 
for competence development, sporulation, protein secretion, and cell motility. 
We are convinced that such an integrated approach will be of utmost 
importance for the functional genomic characterization of organisms such as E. 
coli and B. subtilis. In particular, a combination of genome reduction, transcript 
profiling, proteomics, and metabolomics seems necessary to attribute 
physiological functions to the large families of paralogous genes in these 
organisms. This will also lead to optimised “next generation cell factories”. The 
deletion of 2 gene families with 3 paralogues, 26 families with 2 paralogues, and 
227 unique genes represents an important step towards achieving these goals 
for B. subtilis.  
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SUMMARY 

Small lipases of Bacillus species, such as LipA from Bacillus subtilis, 
have a high potential for industrial applications. Recent studies showed 
that deletion of six AT-rich islands from the B. subtilis genome results in 
reduced amounts of extracellular LipA. Here we demonstrate that the 
reduced LipA levels are due to the absence of four genes, skfA-D, 
encoded in the prophage 1 region. Intact skfA-D genes are not only 
required for LipA production at wild-type levels by B. subtilis 168, but also 
under conditions of LipA overproduction. Notably, SkfA has bacteriocidal 
activity and, probably, requires the SkfB-D proteins for its production. The 
present results show that LipA is more prone to proteolytic degradation in 
the absence of SkfA, and that high-level LipA production can be improved 
significantly by employing multiple protease-deficient B. subtilis strains. 
In conclusion, our findings imply that SkfA protects LipA, directly or 
indirectly, against proteolytic degradation. Conceivably, SkfA could act as 
a modulator in LipA folding, or as a protease inhibitor. 
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INTRODUCTION 

Lipases are produced by a wide variety of Gram-positive and Gram-negative 
bacterial species (Jaeger et al., 1994; Jaeger et al., 1999). Application areas 
include the organic synthesis of chiral drugs, the production of washing 
detergent additives and baking ingredients, and the enhancement of flavour in 
the dairy industry (Reetz and Jaeger, 1998; Soberon-Chavez and Palmeros, 
1994; Jaeger and Eggert, 2002; Sanchez et al., 2002). Generally, bacterial 
lipases differ in size from about 30-75 kDa (Kawasaki et al., 2002). It is thought 
that many of these lipases act on their substrates at the lipid-water interface. 
This process, the so-called interfacial activation, is most likely enhanced by a 
lid-like polypeptide, which covers the active site of the lipase in the absence of 
lipid-water interfaces. These enzymes are referred to as ‘true lipases’ (Jaeger et 
al., 1994; Arpigny and Jaeger, 1999). Notably, not all lipases show this 
interfacial activation. There are lipase family members that lack the lid that 
covers their active site and, thus, do not show activation at oil-water interfaces. 
This applies to the lipases of Bacillus subtilis and Bacillus pumulis, which are 
actually the smallest lipases known. These small lid-less lipases seem to be 
well-suited for biotechnological applications, the synthesis of chiral drugs in 
particular (Dartois et al., 1992; Lesuisse et al., 1993; Jaeger et al., 1999; 
Schmidt-Dannert, 1999). 

The mature extracellular form of B. subtilis lipase (encoded by the lip1 gene 
has a molecular weight of 19 kDa (Dartois et al., 1992). It is synthesised with a 
signal peptide of 34 amino acids, which is cleaved off during or shortly after 
protein translocation via the Sec pathway (Jongbloed et al., 2002). Lipase A is 
regarded as an alkaliphilic lipase, because it is stable under highly alkaline 
conditions and is optimally active at pH 10. It was classified as a lipase rather 
than an esterase, because the enzyme displays more activity towards long-
chain triacylglycerides (tricaprylyl glycerol) than towards triacetyl glycerol 
(Lesuisse et al., 1993). In addition, B. subtilis contains a second gene, lipB, 
which encodes an extracellular lipolytic protein of 182 amino acid residues 
sharing 74 % amino acid sequence identity with LipA (van Pouderoyen et al., 
2001). LipB lacks activity towards long-chain triacylglyceridsubstrates, but can 
hydrolyse triacylglycerol-esters and p-nitrophenyl-esters of fatty acids with short 
chain lengths of ≤ 10 carbon atoms (Eggert et al., 2000). A common feature of 

                                                      
1Note that LipA is referred to as Lip in the SubtiList database 
(http:://genolist.pasteur.fr/SubtiList/) 
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LipA and LipB is that the active site consists of a Ser-His-Asp catalytic triad, 
which is similar to that of serine proteases, indicating that the reaction 
mechanisms are comparable (Jaeger et al., 1999; van Pouderoyen et al., 2001). 
Notably, LipA and LipB are differentially expressed, depending on the 
composition of the growth medium. Although LipA is produced in rich and 
minimal media, LipB is only produced in rich media. Furthermore, lipB 
transcription is upregulated after addition of hydrophobic components to the 
growth medium, whereas lipA transcription is not (Eggert et al., 2001). Both 
Bacillus lipases share an α-β hydrolase fold for the protein core, but have 
different substrate specificities because their protein surfaces differ. This 
suggests that different physiological functions exist for both enzymes (Eggert et 
al., 2001; van Pouderoyen et al., 2001). 

Whereas the secretion and folding of certain lipases from Gram-negative 
bacteria, especially Pseudomonas species, have been studied in great detail 
(Chihara-Siomi et al., 1992; Frenken et al., 1993; Duong et al., 1994; Ihara et 
al., 1995; Filloux et al., 1998; Gerritse et al., 1998), relatively little is known 
about lipase secretion and folding in Gram-positive bacteria. The folding of 
lipases from Gram-negative bacteria requires specific chaperones, the so-called 
lipase specific foldases (Lif’s). In contrast, no evidence for the presence of 
lipase-specific folding catalysts in Gram-positive bacteria, such as Bacillus 
species, has been documented. This might relate to the different secretion 
mechanism of these lipases. Whereas in Gram-negative bacteria two 
membranes have to be crossed, a secreted lipase of a Gram-positive bacterium 
crosses only one membrane (Tjalsma et al., 2000).  

B. subtilis and related Bacillus species are well known for their high 
secretion potential. Therefore, they are used for the commercial production of a 
great variety of secretory proteins (Godtfredsen, 1990; van Leen et al., 1991; 
Jarnagin and Ferrari, 1992; Ferrari et al., 1993). Nevertheless, further 
improvement of B. subtilis as a cell factory for the environmentally friendly and 
cost-effective production of pharmaceutically and biotechnologically relevant 
proteins is desirable. For this purpose, protease-deficient B. subtilis strains were 
developed (Wu et al., 1991; Wu et al., 2002), different secretion pathways 
(especially the Sec and Tat pathways) were extensively studied (for reviews see 
Tjalsma et al., 2000; van Dijl et al., 2002), and the response of B. subtilis cells 
to stress caused by high-level protein secretion was examined (Hyyryläinen et 
al., 2001; Darmon et al., 2002; Antelmann et al., 2003). Very recently, genome 
engineering was explored as a completely new approach to improve the B. 
subtilis cell factory. Six different regions were removed from the genome, 
including two prophages, three prophage-like regions and the large pks gene 
cluster involved in polyketide synthesis. This deletion of 7.7 % of the genome 
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did neither affect the key physiological and developmental processes of B. 
subtilis, nor its general capacity for protein production and secretion. Strikingly, 
however, one effect of the genome minimization was the significantly decreased 
production of LipA (Westers et al., 2003). The present studies were focused on 
identifying which genes of the deleted regions are required for LipA production. 
Our results show that high-level production of LipA depends on the presence of 
the skfA, skfB, skfC, and skfD gene cluster.  

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and media 
Table 1 lists the plasmids and bacterial strains used. B. subtilis was transformed as described by 
Kunst and Rapoport (1995). LB medium contained Bacto tryptone (1 %), Bacto yeast extract (0.5 %) 
and NaCl (0.5 %). Because B. subtilis cultures did not express LipA when grown on the regular S7 
medium for pulse-chase labelling of B. subtilis proteins (van Dijl et al., 1991), S7-MAM (Methionine 
Assay Medium) medium was used for this purpose. S7-MAM medium was basically prepared as S7 
medium with the difference that the MAM amino acid mixture from Becton Dickinson, which consists 
of all amino acids except Methionine, was used instead of the amino acid mixture normally used to 
supplement S7 medium. Proteins were labelled with TRAN[35S]-LABEL (ICN Biomedicals). 
Antibiotics were used in the following concentrations: chloramphenicol (Cm), 5 µg/ml; erythromycin 
(Em), 2 µg/ml; hygromycin (Hyg), 50 µg/ml; and kanamycin (Km), 20 µg/ml. 
 

Table 1.  Plasmids and strains 
Plasmids Relevant propertiesa Reference 
pLip2031 pMA5 derivative (Dröge et al., 2001); carries the 

B. subtilis lipA gene under control of the HpaII 
promoter; Kmr 

Dartois et al., 1994 

pKTH10 Vector containing the amyQ gene of Bacillus 
amyloliquefaciens; Kmr 

Palva, 1982 

Strains   
Escherichia coli 

MC1061 
 
F− araD139 ∆(ara-leu)7696 ∆(lac)X74 galU galK 
hsdR2 mcrA mcrB1 rspL 

 
Wertman et al., 1986 

B. subtilis 
168 

 
trpC2 

 
Kunst et al., 1997 

∆1 trpC2; ∆prophage 1 Westers et al., 2003 
∆pks trpC2; pks::Cm; Cmr Westers et al., 2003 
TF8A trpC2; ∆SPβ; ∆skin; ∆PBSX Westers et al., 2003 
∆5 trpC2; ∆SPβ; ∆skin; ∆PBSX; ∆prophage 1; 

pks::Cm; Cmr 
Westers et al., 2003 

∆6 trpC2; ∆SPβ; ∆skin; ∆PBSX; ∆prophage 1; 
pks::Cm; ∆prophage 3; Cmr 

Westers et al., 2003 

168 lipB::pMutin2 trpC2; lipB::pMutin2; Emr Kobayashi et al., 2003 
168 ybcC::pMutin2 trpC2; ybcC::pMutin2; Emr Kobayashi et al., 2003 
168 ybcD::pMutin2 trpC2; ybcD::pMutin2; Emr Kobayashi et al., 2003 
168 ybcF::pMutin2 trpC2; ybcF::pMutin2; Emr Kobayashi et al., 2003 
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Table 1 continued 
Strains Relevant propertiesa Reference 

168 ybcH::pMutin1 trpC2; ybcH::pMutin1; Emr Kobayashi et al., 2003 
168 ybcI::pMutin2 trpC2; ybcI::pMutin2; Emr Kobayashi et al., 2003 
168 ybcL::pMutin2 trpC2; ybcL::pMutin2; Emr Kobayashi et al., 2003 
168 ybcM::pMutin2 trpC2; ybcM::pMutin2; Emr Kobayashi et al., 2003 
168 skfA::pMutin1 trpC2; skfA::pMutin1; Emr Kobayashi et al., 2003 
168 skfB::pMutin2 trpC2; skfB::pMutin2; Emr Kobayashi et al., 2003 
168 skfC::pMutin2 trpC2; skfC::pMutin2; Emr Kobayashi et al., 2003 
168 skfD::pMutin1 trpC2; skfD::pMutin1; Emr Kobayashi et al., 2003 
168 skfE::pMutin2 trpC2; skfE::pMutin2; Emr Kobayashi et al., 2003 
168 skfF::pMutin2 trpC2; skfF::pMutin2; Emr Kobayashi et al., 2003 
168 skfG::pMutin2 trpC2; skfG::pMutin2; Emr Kobayashi et al., 2003 
168 skfH::pMutin2 trpC2; skfH::pMutin2; Emr Kobayashi et al., 2003 
TEB1030 DB430 ∆lipA ∆lipB Eggert et al., 2003 
TEB1030 skfA DB430 ∆lipA ∆lipB; skfA::pMutin1; Emr This study 
TEB1030 skfB DB430 ∆lipA ∆lipB; skfB::pMutin2; Emr This study 
TEB1030 skfC DB430 ∆lipA ∆lipB; skfC::pMutin2; Emr This study 
TEB1030 skfD DB430 ∆lipA ∆lipB; skfD::pMutin1; Emr This study 
∆1 lipB trpC2; ∆prophage 1; lipB::pMutin2; Emr This study 
WB800 trpC2; nprE, nprB, aprE, epr; mpr, bpf, vpr; 

wprA; Cmr; Hygr 
Wu et al., 2002 

WB800 skfA WB800; skfA::pMutin1; Cmr; Hygr; Emr This study 
aKmr, kanamycin resistance marker; Apr, ampicillin resistance marker; Cmr, chloramphenicol 
resistance marker; Emr, erythromycin resistance marker; Hygr, hygromycin resistance marker.  

Transcript profiling 
Transcript profiling was performed with B. subtilis Panorama macro-arrays from Sigma-Genosys. 
Duplicate cultures were grown in LB at 37 °C until 3 hours of post-exponential growth, after which 
total RNA from B. subtilis 168 and B. subtilis ∆6 was isolated with the High Pure RNA isolation kit of 
Roche Molecular Biochemicals as described by Hamoen et al. (2002). For simultaneous reverse 
transcriptase reactions on all mRNAs in the RNA sample, 4 µg of total RNA was added to 1 pmol of 
ORF-specific primers (Eurogentec). Reverse transcription was carried out as described by Westers 
et al. (2003). Labelled cDNA was hybridised to Bacillus subtilis Panorama macro-arrays from 
Sigma-Genosys as described by the manufacturer. After hybridisation and washing, Cyclone 
phospho-imager screens (Packard Instrument Company) were exposed for 2 or 3 days. The 
Cyclone readouts were analysed with Array-Pro Analyzer 4.0 (Media Cybernetics). After 
background subtraction, duplicate spots were averaged and the signal was normalised against the 
total signal of all spots. The normalised array data was subjected to a statistical analysis using 
Cyber-T, a program based on a t-test variant combined with a Bayesian statistical framework 
(Schreiber et al., 1998). Cyber-T is available for online use at the genomics website of the University 
of California at Irvine (http://genomics.biochem.uci.edu/genex/cybert). The following parameters 
were used in Cyber-T: the ‘minimum non-zero replicates’ was set to 2, a ‘sliding window’ of 101 was 
used, and the recommended ‘confidence value’ of 10 was chosen. Spots were associated with gene 
names by using the B. subtilis Array information.xls spreadsheet, provided by Sigma-Genosys. 

Proteomics 
B. subtilis strains were grown at 37 °C under vigorous agitation in LB medium. After 1 hour of post-
exponential growth, cells were separated from the growth medium by centrifugation. The secreted 
proteins in the growth medium were collected for two-dimensional (2D) PAGE as previously 
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described (Antelmann et al., 2001). Protein identification by matrix-assisted laser desorption 
ionization time-of-flight (MALDI-TOF) mass spectrometry was performed as described earlier 
(Antelmann et al., 2001; Jongbloed et al., 2002).  

Western blotting and immunodetection 
To detect LipA or AmyQ, B. subtilis cells were separated from the growth medium by centrifugation 
(2 min at 6,400 g, followed by 3 min at 13,000 g at room temperature). Proteins in the growth 
medium were concentrated upon precipitation with 5 % trichloroacetic acid (TCA). Samples for 
SDS-PAGE were prepared as described previously (van Dijl et al., 1991). After separation by SDS-
PAGE, proteins were transferred to a Protran nitrocellulose transfer membrane (Schleicher and 
Schuell) as described by Kyhse-Andersen (1984). LipA and AmyQ were visualised with specific 
antibodies and horseradish peroxidase-anti-rabbit IgG conjugates (Biosource International).  

Pulse-chase protein labelling, immunoprecipitation, SDS-PAGE, 
and autoradiography 

Pulse-chase labelling of B. subtilis cells grown in S7-MAM medium, immunoprecipitation, SDS-
PAGE, and autoradiography were performed essentially as described previously (van Dijl et al., 
1991). Immunoprecipitations were performed with specific antibodies against LipA. 

Enzyme activity assays 
To determine lipase activity, the colorimetric assay as described by Lesuisse et al. (1993) was 
applied with some modifications. In short, a semi-automated analysis was performed, using a 
MultiPROBEIIex Robotic Liquid Handling System (Packard), in which 180 µl of reaction buffer (0.1 
M potassium phosphate buffer (pH 8.0), 0.1 % Arabic gum, 0.36 % Triton X-100) was supplemented 
with 10 µl of the substrate 4-nitrophenyl caprylate (10 mM in methanol). The reaction was started by 
the addition of 10 µl of culture supernatant. Lipase activity was determined by measuring the 
increase in absorbance at 405 nm per min of incubation at room temperature, per OD600 nm of the 
culture at the time of sampling. Experiments were performed with growth medium fractions of four 
different pLip2031 transformants per tested strain. The lipase activity in each growth medium 
fraction was determined in triplicate. Suspect lipase activity measurements (i.e. lipase activity values 
that seemed to differ significantly from the other three obtained values) were assessed for 
significance by performing a Dixon’s Q-test for outliers.  

Spent LB media of B. subtilis 168, 168 skfA::pMutin1, 168 skfB::pMutin2, 168 skfC::pMutin2 or 
168 skfD::pMutin1, which were used to monitor the possible degradation of purified LipA, were 
obtained from overnight cultures. For this purpose, cells were separated from the growth medium by 
centrifugation (2 min at 6,400 g, followed by 3 min at 13,000 g at room temperature). Purified LipA, 
produced in B. subtilis 168, was added to the medium up to a final concentration of 1.1 µg/ml. As a 
control, LipA was added to fresh LB medium. Lipase activity measurements were performed 
immediately after addition of purified LipA to spent media, after 1 hour of incubation in spent media, 
and upon overnight incubation in spent media (37 °C). 

α-Amylase activity was tested using a halo-assay. Cells were grown overnight and, 
subsequently, separated from the growth medium by centrifugation (5 min at 13,000 g at room 
temperature). The medium fractions were spotted on Durapore membrane filters (Millipore) that 
were placed on LB-agar plates containing 1 % starch (Merck). The amounts of medium spotted on 
the filters were corrected for the OD600 nm of each culture. After overnight incubation at 37 °C, the 
plates were analysed for starch degradation after staining with iodine vapour. Diameters of the 
resulting halos were measured.  
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Proteolytic activity was assayed with the resorufin-labelled casein substrate from Roche 
Molecular Biochemicals. Cells were grown overnight and subsequently separated from the growth 
medium by centrifugation (2 min at 5,000 g followed by 2 min at 16,000 g at room temperature). 
Next, 100 µl of supernatant was incubated for 1 hour at 37 °C in the presence of 0.4 % resorufin-
labelled casein in 200 mM Tris-HCl (pH 7.8), 2 mM CaCl2 buffer. Undigested substrate was 
removed by precipitation with 5 % TCA and subsequent centrifugation. Finally, the release of 
resorufin-labelled peptides in the supernatant fractions was measured spectrophotometrically at 574 
nm after addition of the assay buffer (500 mM Tris, pH 8.8).  

RESULTS 

Secretion of LipA 
Previously, the effects of deleting six large genomic regions (i.e. the prophages 
PBSX and SPβ, the prophage-like regions skin, prophage 1 and prophage 3, 
and the pks operon) on the composition of the extracellular proteome of B. 
subtilis were studied by 2D gel electrophoresis and mass spectrometry. A 
remarkable observation was that the secreted lipase LipA was absent from the 
growth medium of the six-fold deletion strain B. subtilis ∆6 (Fig. 1A), despite the 
fact that the lipA gene itself was not deleted. In contrast, the secretory protein of 
unknown function YolA was absent from the medium of B. subtilis ∆6, because 
the corresponding gene that is located in the SPβ region had been removed 
(Fig. 1; Westers et al., 2003). In these earlier studies it was not verified whether 
the ∆6 strain was still able to produce and secrete LipA when the lipA gene was 
expressed from a plasmid. In the present work, this question was addressed by 
a 2D gel electrophoretic analysis with post-exponentially growing cells 
containing plasmid pLip2031 for high-level lipA expression. As shown in Figure 
1B, B. subtilis ∆6 pLip2031 is still able to secrete LipA into the growth medium. 
Furthermore, the composition of the total extracellular proteome remained 
unaffected as compared to the parental strain 168 transformed with pLip2031 
(Fig. 1B and data not shown). Because the 2D gel analysis, as performed in the 
present studies, is only semi-quantitative, the amounts of LipA secreted by B. 
subtilis ∆6 and the parental strain were compared using a LipA activity assay 
and Western blotting.  

The data shown in Figure 2 demonstrates that the extracellular levels of 
LipA produced by B. subtilis ∆6 are ~70 % lower than those of B. subtilis 168. 
Notably, in independent experiments performed on different days, this level of 
reduction varied between ~70 and ~50 %. These observations indicate that the 
capacity of the ∆6 strain for LipA production is significantly reduced due to the
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Figure 1.  The extracellular proteomes of B. subtilis 168 and B. subtilis ∆6  
(A) Cells of B. subtilis 168 or B. subtilis ∆6 were grown in LB medium and extracellular proteins 
were harvested 1 hour after entry of the cells into the post-exponential growth phase. The 
extracellular proteins were separated by 2D PAGE and stained with silver nitrate. Protein spots 
identified by MALDI-TOF mass spectrometry are indicated. Circles indicate the positions on the 
gel of spots lacking from the extracellular proteome of B. subtilis ∆6.  
(B) B. subtilis 168 or B. subtilis ∆6, both containing the plasmid pLip2031 for high-level 
production of LipA, were grown in LB medium. Secreted proteins were analysed as described in 
the legend for panel A. 

 

absence of one or more genes that are present in the parental strain 168. 
Because the results of the lipase activity assays correlate well with those of the 
Western blotting analyses (Fig. 2, compare panels A and B), only the results of 
the lipase activity assays are shown in the following sections. Importantly, the 
presence or absence of an intact lipB gene did not detectably impact on the 
extracellular lipase activity when LipA was overproduced with the help of 
pLip2031 (data not shown). Therefore, indirect effects of LipB production on the 
extracellular levels of overproduced LipA, as assayed in the present studies, 
can be ruled out. 
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Figure 2.  Identification of prophage 1-specific genes involved in LipA production  
(A) LipA activities in the growth media of B. subtilis 168, ∆6, ∆1, skfD, and ∆1 albA containing 
pLip2031 for the overproduction of LipA. Cells were grown overnight in LB medium at 37 °C and 
separated from the growth medium by centrifugation. Growth medium fractions were used for 
lipase activity determinations as described in the Experimental procedures section. The numbers 
represent average values obtained for four independent cultures. LipA activity was calculated as 
the increase in the absorbance at 405 nm⋅min-1⋅OD-1, and presented as the percentage of the 
lipase activity in the growth medium of the parental strain 168 (100 %). Double-ended lines 
indicate the standard deviations.  
(B) LipA production and secretion. Cells from B. subtilis 168, ∆6, ∆1, skfD, and ∆1 albA 
containing pLip2031 for the overproduction of LipA were grown overnight in LB medium at 37 °C 
and separated from the growth medium by centrifugation. Proteins in the growth medium were 
concentrated by precipitation with TCA, and samples for SDS-PAGE and Western blotting were 
prepared. LipA was visualised by using LipA-specific antibodies.  

 
The possibility that the reduced amount of LipA in the growth medium of the 

∆6 strain is due to a regulatory effect on the transcription of the lipA gene was 
verified by using the DNA macro-array technique. For this purpose, total RNA 
was isolated from cultures of B. subtilis ∆6 and the 168 strain that were grown 
until 3 hours after the transition between exponential and post-exponential 
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growth. Although the expression levels of lipA are relatively low, the results in 
Figure 3 suggest that the transcription of the lipA gene was not influenced by 
the combined deletions of the ∆6 strain, at least during the post-exponential 
growth phase (t3) of the cells. These findings imply that the ∆6 strain has a post-
transcriptional LipA production defect.  

 
Figure 3.  Transcript profiling analysis for lipA expression in the minimised B. subtilis 
strain ∆6 
Duplicate cultures of B. subtilis 168 and B. subtilis ∆6 were grown in LB medium at 37 °C until 3 
hours after the end of the exponential growth. Next, cells were collected and total RNA was 
extracted for (duplicate) transcript profiling experiments using DNA macro-arrays. The spots 
belonging to lipA in the close-ups of macro-arrays probed with cDNA from the parental strain 
(left) and cDNA from the B. subtilis ∆6 strain (right) are boxed. 

Four prophage 1 genes are required for high-level LipA production 
As a first approach to determine which genes within the six deleted regions are 
required for high-level LipA production, the strains ∆5, TF8a, ∆pks, and ∆1 
(Table 1), which lack different prophages, prophage-like regions and/or the pks 
operon, were transformed with plasmid pLip2031. As shown by Western blotting 
and activity assays, the production of LipA by the TF8a and ∆pks strains was 
not reduced (data not shown). In contrast, LipA production by the ∆5 (data not 
shown) and ∆1 strains was significantly decreased. Since the ∆5 strain contains 
the combined mutations of the TF8a, ∆pks, and ∆1 strains, these findings 
indicated that one or more genes of prophage 1 are involved in LipA production 
by B. subtilis (Fig. 2). To verify whether genes in the prophage 1 region impact 
on the high-level production of secretory proteins other than LipA, the 
production of the α-amylase AmyQ of B. amyloliquefaciens by the B. subtilis ∆1 
strain was studied by Western blotting and a plate activity assay. As shown in 
Figure 4, the prophage 1 region is not involved in the secretion and extracellular 
accumulation of active AmyQ. Together with the proteomics data described 
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above, our observations show that one or more genes in the prophage 1 region 
are specifically involved in LipA production.  
 
A     B      
    
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Secretion of AmyQ by B. subtilis cells lacking prophage 1 
(A) AmyQ production and secretion. B. subtilis 168 and B. subtilis ∆1 were transformed with the 
pKTH10 plasmid directing overproduction of AmyQ. Cells were grown overnight in LB medium at 
37 °C and separated from the growth medium by centrifugation. Proteins in the growth medium 
were concentrated by precipitation with TCA, and samples for SDS-PAGE and Western blotting 
were prepared. AmyQ was visualised with specific antibodies. Note that several degradation 
products (D) of AmyQ are detectable (M, mature AmyQ).  
(B) AmyQ plate assay. B. subtilis 168 and B. subtilis ∆1 containing pKTH10 for AmyQ 
overproduction were grown overnight in LB medium at 37 °C. Fractions of the growth medium 
were collected and spotted on filters, which were placed on starch-containing LB-agar plates. 
The size of halos observed upon iodine staining of the plates is indicative of the secretion of 
active AmyQ. 

 

Prophage 1 contains 20 genes, some of which have a known function (Fig. 
5A). For example, the alkA, adaA, and adaB genes encode proteins involved in 
DNA restriction/modification and repair, while ndhF encodes subunit 5 of an 
NADH dehydrogenase. In contrast, the function of the 15 prophage 1 genes 
downstream of ndhF was unknown at the time we started our investigations. 
Therefore, we addressed the question which of these 15 genes might affect 
LipA production. To address this question, mutants constructed in the context of 
the Bacillus subtilis Systematic gene Function Analysis (BSFA) programme 
(Table 1; Kobayashi et al., 2003) were transformed with pLip2031. Notably, the 
mutations in these genes involved either disruptions or deletions created with 
the pMutin system that is based on a chromosomal integration plasmid (Fig. 
5B). The advantage of the use of this system is that genes located downstream 
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of a disrupted/deleted gene are transcribed from the IPTG-inducible Pspac 
promoter present on the integrated pMutin plasmid.  

 
A 

 
B 

 
Figure 5. Schematic representations of the prophage 1 region and the pMutin 
mutagenesis system 
(A) Genes encoded by the B. subtilis prophage 1 region.  
(B) Disruption or deletion of chromosomal genes of B. subtilis with pMutin plasmids as described 
by Vagner et al. (1998). To disrupt a certain gene (orfX), an internal fragment of orfX is amplified 
by PCR and cloned into pMutin. Transformation of B. subtilis with the pMutin plasmid containing 
the cloned fragment of orfX will result in the chromosomal integration of this plasmid by single 
cross-over recombination (SCO) into orfX. As a consequence of this integration, orfX is disrupted 
and the genes downstream of orfX (depicted as orfY) are placed under the control of the IPTG-
inducible Pspac promoter of the integrated pMutin plasmid. To delete orfX, the flanking regions 
of orfX are amplified by PCR and cloned into pMutin in the same relative orientation, but 
opposite order, as they have on the chromosome. Transformation of B. subtilis with the resulting 
pMutin plasmid will result in the chromosomal integration of this plasmid by double cross-over 
recombination (DCO). Consequently, orfX is replaced by the integrated pMutin plasmid, while the 
genes downstream of orfX (depicted as orfY) are placed under the control of the IPTG-inducible 
Pspac promoter. PorfX, promoter of orfX; X’, 3’ truncated orfX; ‘X, 5’ truncated orfX. 
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As shown by Western blotting and activity assays, the four genes originally 
annotated as ybcO, ybcP-Q, ybcS, and ybcT affect LipA production to similar 
extents. These genes were recently renamed skfA, skfB, skfC, and skfD, 
respectively, because they are required for the synthesis of the sporulation 
killing factor SkfA (Gonzalez-Pastor et al., 2003). Only the results obtained for 
the skfD (ybcT) mutant are documented in Figure 2. In contrast, the 11 
remaining prophage 1 genes downstream of ndhF are not involved in LipA 
production (Table 2, only the results for mutations in the region downstream of 
ybcL are listed). This conclusion is supported by experiments in which mutant 
strains, created with the pMutin system, were grown in the presence of IPTG to 
promote the transcription of genes located downstream of integrated pMutin 
plasmids.  

Earlier studies by Zuber and coworkers on the synthesis of the bacteriocin 
subtilosin (Sbo) by B. subtilis 168 revealed that one of the proteins involved in 
Sbo synthesis, known as AlbA (antilisterial bacteriocin production), displays 
significant amino acid sequence similarity with SkfB (Zheng et al., 2000; Zuber, 
2001). To verify whether AlbA contributes to LipA production, an albA single 
mutant and an albA prophage 1 double mutant were transformed with pLip2031. 
Next, the production of LipA by the resulting strains was assessed. As shown in 
Figure 2 for the double mutant, the absence of AlbA from cells lacking prophage 
1 did not result in a further reduction of LipA production.  

To test whether SkfA, SkfB, SkfC and/or SkfD are important for the 
processing of LipA precursors by signal peptidase, the processing kinetics was 
studied by pulse-chase labeling experiments using cells grown on S7-MAM 
medium. As a control, the parental strain transformed with pLip2031 was used. 
The results showed that processing of pre-LipA and the secretion of mature 
LipA into the medium were not affected in the different skf mutants (data not 
shown). Thus, the skfA-D genes are dispensable for LipA processing and 
secretion. However, when the skfA, skfB, skfC, or skfD mutant strains 
containing pLip2031 were grown in S7-MAM medium, the LipA production 
levels were indistinguishable from those of the parental strain 168 containing 
pLip2031. Thus it seems that the involvement of the skfA-D gene products in 
LipA production is growth medium-dependent.  

Skf proteins protect LipA from proteolytic degradation 
Previous studies showed that the degradation of secretory proteins by 
extracellular proteases of B. subtilis is significantly reduced when cells are 
grown in minimal media (Smith et al., 1987). As a first approach to investigate a 
possible involvement of the skfA-D gene products in the extracellular
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Table 2.  Involvement of prophage 1 genes in LipA production by B. subtilis  
To determine which prophage 1 genes are involved in LipA production, cells of different B. 
subtilis mutant strains, transformed with plasmid pLip2031, were grown overnight in the absence 
(-) or presence (+) of 1 mM IPTG. Cells and growth media were separated by centrifugation and 
10 µl of culture supernatant was used for lipase activity determinations as described in the 
Experimental Procedures section. LipA activities are indicated as the increase in the absorbance 
at 405 nm⋅min-1⋅OD-1. 

Strain Lipase activity x 1000 
168 pLip2031 - 6.8 ± 0.8 
168 pLip2031 + 7.3 ± 0.9 
168 ybcM::pMutin2 pLip2031 - 9.1 ± 0.4 
168 ybcM::pMutin2 pLip2031 + 5.6 ± 2.7 
168 skfA::pMutin1 pLip2031 - 1.3 ± 0.1 
168 skfA::pMutin1 pLip2031 + 1.3 ± 0.1 
168 skfB::pMutin2 pLip2031 - 1.4 ± 0.2 
168 skfB::pMutin2 pLip2031 + 1.5 ± 0.3 
168 skfC::pMutin2 pLip2031 - 3.2 ± 0.9 
168 skfC::pMutin2 pLip2031 + 2.7 ± 0.5 
168 skfD::pMutin1 pLip2031 - 1.8 ± 0.6 
168 skfD::pMutin1 pLip2031 + 1.6 ± 0.8 
168 skfE::pMutin2 pLip2031 - 7.3 ± 0.9 
168 skfE::pMutin2 pLip2031 + 8.2 ± 2.4 
168 skfF::pMutin2 pLip2031 - 6.5 ± 0.3 
168 skfF::pMutin2 pLip2031 + 6.8 ± 1.4 
168 skfG::pMutin2 pLip2031 - 6.0 ± 1.5 
168 skfG::pMutin2 pLip2031 + 5.9 ± 0.6 
168 skfH::pMutin2 pLip2031 - 4.1 ± 0.4 
168 skfH::pMutin2 pLip2031 + 2.9 ± 1.6 

 
degradation of LipA, purified LipA was added to spent LB media of different skf 
mutant strains. Upon incubation for different periods of time at 37 °C, lipase 
activity assays were performed. However, the levels of activity of the purified 
LipA added to spent media derived from cultures of skf mutant cells were 
comparable to the activity of purified LipA added to spent medium of a culture of 
the parental strain 168 (data not shown). These observations show that the 
skfA-D gene products do not impact on the stability or activity of correctly folded 
LipA in the growth medium. 

To test whether the extracellular proteolytic activity of the B. subtilis ∆1 
strain transformed with pLip2031 differed significantly from that of the parental 
strain 168 transformed with pLip2031, the degradation of resorufin-labelled 
casein by (LB) growth medium fractions from overnight cultures of both strains 
was assayed. These experiments showed that the extracellular proteolytic 
activity of B. subtilis ∆1 and B. subtilis 168 did not differ significantly (data not 
shown). This suggested that the LipA produced by the ∆1 strain could be more 
prone to proteolytic degradation during its synthesis or secretion than the LipA 
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produced by the parental strain 168. To verify this idea, the skfA, skfB, skfC, or 
skfD mutations were introduced into the protease mutant strain TEB1030 
(containing pLip2031) by transformation with chromosomal DNA from the 
respective single mutant strains. B. subtilis TEB1030 lacks the cytoplasmic 
protease IspA and the extracellular proteases AprE, NprE, and Bpf. In addition, 
the TEB1030 strain lacks the lipB gene. Interestingly, the presence of skfA, 
skfB, skfC, and skfD mutations in the TEB1030 strain resulted in a less severe 
decrease in LipA production than the presence of these mutations in the 
parental strain 168. Specifically, skfA-D mutations resulted in a reduction of 
LipA activity of about 25 % in the TEB1030 strain, and a reduction of about 50 
% in the 168 strain (Fig. 6A; only the results for skfA mutant cells grown in LB  
medium are shown). These observations indicated that the skf gene products 
can protect LipA from proteolytic degradation. 

An intriguing question that remained to be answered was to what extent the 
reduced LipA production of the B. subtilis skfA-D mutant strains could be 
suppressed by the absence of additional proteases. To address this question, 
the skfA mutation was introduced into the B. subtilis WB800 strain. This strain 
lacks the seven extracellular proteases NprE, NprB, AprE, Epr, Mpr, Bpf and 
Vpr, as well as the cell wall-associated protease WprA. Strikingly, the levels of 
LipA production in B. subtilis WB800 (containing pLip2031) were increased 
three-fold as compared to the parental strain 168 (containing pLip2031), 
irrespective of the presence or absence of a skfA mutation (Fig. 6B). These 
findings show that the LipA overproduced in B. subtilis is prone to proteolytic 
degradation and that this degradation is substantially reduced by the absence of 
eight proteases from strain WB800. Moreover, the present studies show for the 
first time that the skfA-D gene products protect LipA against extracytoplasmic 
proteolysis.  

DISCUSSION 
Previously we have shown that the deletion of six large regions from the B. 
subtilis chromosome results in a severely reduced production of the 
extracellular lipase LipA. This was remarkable, because the lipA gene is not 
located in the deleted regions. The results of our present studies show that four 
genes from prophage 1, which is one of the previously deleted genomic regions, 
impact on the production of LipA at a post-transcriptional level. Remarkably, 
these four prophage 1 genes are skfA, skfB, skfC and skfD, which have been 
implicated in the production of the bacteriocin SkfA (Lin et al., 2001; Gonzalez-
Pastor et al., 2003). Specifically, our unprecedented observations show that the 
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presence of skfA-D is required to protect LipA against degradation by 
extracytoplasmic proteases of B. subtilis. 

 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 6. LipA production in protease-deficient strains 
To determine the influence of different proteases of B. subtilis on the extracellular accumulation 
of LipA, protease-deficient strains were transformed with pLip2031 for high-level expression of 
lipA. Cells were grown overnight in LB medium at 37 °C and separated from the growth medium 
by centrifugation. Growth medium fractions were used for lipase activity determinations as 
described in the Experimental Procedures section. The numbers represent average values 
obtained for four independent cultures. LipA activity was calculated as the increase in the 
absorbance at 405 nm⋅min-1⋅OD-1, and presented as the percentage of the lipase activity in the 
growth medium of the parental strain 168 (100 %). Double-ended lines indicate the standard 
deviations.  
(A) Relative LipA activities in the growth media of B. subtilis strains 168, TEB1030, skfA, and 
TEB1030 skfA.  
(B) Relative LipA activities in the growth media of B. subtilis strains 168, WB800, and WB800 
skfA.  
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SkfA is a peptide of 55 amino acids and, possibly, has an N-terminal leader 
peptide. It contains a double-glycine motif, which is a typical cleavage site in so-
called type AII lantibiotics. After their modification, these lantibiotics are 
normally processed and transported by dual-function ABC transporters, which 
cleave the leader sequence immediately behind the double-glycine motif (Guder 
et al., 2000). A first involvement of the skfA, skfB, and skfC genes in bacteriocin 
production was demonstrated in B. subtilis SO113, which protects rice against 
infection by Xanthomonas oryzae (Lin et al., 2001). More recently, the skfA-H 
operon of B. subtilis 168 was implicated in sporulation. In fact, the name skf 
stands for sporulation killing factor, because the SkfA produced by sporulating 
cells was shown to act as a killing factor that blocks the sporulation of non-
sporulating sister cells and causes their lysis (Gonzalez-Pastor et al., 2003). 
While the entire skfA-H operon is required for this sibling killing effect, only the 
skfA-D genes are involved in LipA production. Thus, it seems that the SkfE-H 
proteins have a specific role in sibling killing, whereas the killing factor SkfA and 
the SkfB-D proteins have dual functions in sibling killing and LipA production. 
Taken together, the observations of Gonzalez-Pastor et al. (2003) concerning 
SkfA production by B. subtilis and our present findings imply that the bacteriocin 
SkfA is involved in LipA production. Accordingly, SkfB-D could be required for 
SkfA synthesis and export from the cytoplasm. This view is supported by the 
fact that SkfB shows amino acid sequence similarity with the AlbA protein, 
which is involved in the production of the antimicrobial peptide subtilosin (Sbo) 
of B. subtilis 168. AlbA is a member of the MoaA/NifB/PqqE protein family and 
is thought to be critical for modification of the pre-subtilosin peptide (Zheng et 
al., 2000). Furthermore, sequence analyses indicate that SkfD is an integral 
membrane protein that belongs to the CAAX family of N-terminal proteases. 
These proteases have been implicated in bacteriocin production by 
Lactobacillus plantarum (Pei and Grishin, 2001) and, presumably, they confer 
immunity to bacteriocins (Diep et al., 1996). Although SkfC shows no similarity 
with other known proteins, its predicted membrane attachment via one 
transmembrane segment makes it conceivable that this protein is involved in 
SkfA production or immunity. The precise role of SkfE-H in SkfA production and 
sibling killing is presently not known. 

Our present observations show that LipA is sensitive for degradation by 
extracytoplasmic proteases of B. subtilis. This is most clearly seen when the 
genes for eight of these proteases are mutated. Under these conditions, 
mutations in skfA-D do no longer affect LipA production, indicating that the 
SkfA-D proteins are required to protect LipA against degradation. This 
protection must occur after LipA export from the cytoplasm, since the proteases 
that are responsible for LipA degradation are either located in the cell wall (i.e. 
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WprA), or in the growth medium. Notably, the results of our experiments in 
which purified LipA was incubated in spent medium of B. subtilis 168 show that 
the activity and stability of correctly folded LipA are not affected by extracellular 
proteases. These observations imply that LipA degradation occurs after 
membrane translocation, but prior to its folding into a stable and active 
conformation. As SkfA appears to be the only exported protein of the four SkfA-
D gene products, it seems most likely that SkfA is the factor that protects LipA 
against degradation. 

Studies of Jongbloed et al. (2002) demonstrated that LipA is translocated 
via the Sec-machinery, which can only transport proteins in an unfolded state 
(Tjalsma et al., 2000; van Wely et al., 2001). This implies that LipA has to fold 
post-translocationally at the membrane-cell wall interface. Consequently, at 
least two possible mechanisms for SkfA-mediated LipA protection are 
conceivable. Firstly, SkfA could act as an extracytoplasmic folding catalyst of 
LipA. If so, SkfA would interact transiently with LipA, because no SkfA was 
detectable upon nanoLC-ESI-QTof mass spectrometry of trypsin- or LysC-
digested samples of purified LipA. However, it can neither be ruled out that SkfA 
was lost during the purification procedure, nor that SkfA is a modulator of the 
activity of an as yet unknown folding catalyst of LipA. Secondly, SkfA could act 
like a protease inhibitor. Although mutation of skfA-D does not impact on the 
overall proteolytic activity in the growth medium, SkfA may specifically inhibit 
proteases at the membrane-cell wall interface, like HtrA, HtrB, or WprA. In this 
respect, it is noteworthy that the branched cyclic dodecylpeptide antibiotic 
bacitracin is known as a protease inhibitor that can even be used for the affinity 
purification of certain proteases (Zaya et al., 2002). This bacteriocin produced 
by Bacillus licheniformis and some strains of B. subtilis, but not B. subtilis 168 
(Azevedo et al., 1993; Ishihara et al., 2002), inhibits the biosynthesis of 
peptidoglycan by binding to the lipid carrier undecaprenyl pyrophosphate, which 
is required for the translocation of cell envelope building blocks (Stone and 
Stroming, 1971; Storm and Stroming, 1973). By analogy to bacitracin, SkfA of 
B. subtilis might be both a bacteriocin and a protease inhibitor.  

In conclusion, the present studies show that genes involved in the 
production of the sibling killing factor SkfA are required for optimal production of 
extracellular LipA. Whether SkfA acts as a folding catalyst or a protease 
inhibitor remains to be determined. This will involve in vitro LipA unfolding-
refolding experiments in which the effects of the presence or absence of SkfA 
and proteases of B. subtilis are monitored. Studies of this type will impact on 
our understanding of the mechanisms involved in bacterial sibling killing. 
Moreover, they will provide valuable leads to further improve B. subtilis as a cell 
factory, certainly for the production of lipases. 
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SUMMARY 

The accumulation of malfolded proteins in the cell envelope of the Gram-
positive eubacterium Bacillus subtilis was previously shown to provoke a 
so-called secretion stress response. In the present studies, proteomic 
approaches were employed to identify changes in the extracellular 
proteome of B. subtilis in response to secretion stress. The data shows 
that, irrespective of the way in which secretion stress is imposed on the 
cells, the levels of only two extracellular proteins, HtrA and YqxI, display 
major variations in a parallel manner. While the extracellular level of the 
HtrA protease is determined through transcriptional regulation, the level 
of YqxI in the growth medium is determined post-transcriptionally in an 
HtrA-dependent manner. In absence of secretion stress, the extracellular 
levels of HtrA and YqxI are low due to extracytoplasmic proteolysis. 
Finally, the protease active site of HtrA is dispensable for post-
transcriptional YqxI regulation. It is known that Escherichia coli HtrA has 
combined protease and chaperone-like activities. As this protein shares a 
high degree of similarity with B. subtilis HtrA, it can be hypothesised that 
both activities are conserved in B. subtilis HtrA. Thus, a chaperone-like 
activity of B. subtilis HtrA could be involved in the appearance of YqxI on 
the extracellular proteome.  
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INTRODUCTION    

Proteins must be correctly folded in order to perform their biological function. 
Consequently, unfolded or malfolded proteins are generally useless or even 
detrimental for the cell. The misfolding of proteins can be due to events that 
affect either the folding process per se, or the conformation of fully folded 
proteins. Subsequently, misfolded proteins can be completely degraded or 
repaired (Wickner et al., 1999). This involves two types of cellular strategies: 
proteases can degrade the malfolded proteins (Gottesman, 1996), whereas 
chaperones can refold them and prevent their aggregation (Wickner et al., 
1999). Notably, degradation and refolding can be carried out by the same 
catalysts (Gottesman et al., 1997; Suzuki et al., 1997). In the Gram-negative 
eubacterium Escherichia coli, the HtrA (High-temperature requirement A or 
DegP) serine protease combats the stress caused by malfolded proteins in the 
periplasm employing its molecular chaperone or proteolytic activities as a 
function of the temperature (Spiess et al., 1999). At low temperature, HtrA is 
able to refold chemically denatured substrates, like a chaperone. In contrast, 
HtrA is predominantly acting as a protease at high temperature.  

In the Gram-positive eubacterium Bacillus subtilis, three genes encoding 
HtrA-like proteases have been identified: htrA (or ykdA), htrB (or yvtA) and yyxA 
(or yycK; Kunst et al., 1997; Tjalsma et al., 2000; Darmon et al., 2002). Each 
HtrA-like protease of B. subtilis has an N-terminal domain with a predicted 
membrane-spanning segment (Nin-Cout orientation), a catalytic protease domain, 
and a unique C-terminal PDZ domain (post synaptic density protein, disk large, 
zona occludens). In contrast, HtrA of E. coli has two PDZ domains. The latter 
two PDZ domains form the mobile sidewalls of a central cavity in HtrA 
hexamers in which the proteolytic sites and potential docking sites for unfolded 
proteins are located (Krojer et al., 2002). Interestingly, the known human HtrA 
orthologues have only one PDZ domain (Clausen et al., 2002). In contrast to 
HtrA of E. coli, the human HtrA2/Omi protein appears to be active as a 
homotrimer (Li et al., 2002; Maurizi, 2002). The structure of HtrA-like proteases 
in B. subtilis is presently not known. Another difference between HtrA-like 
proteins of E. coli and B. subtilis concerns the localisation of these proteins. 
While HtrA of E. coli is a soluble periplasmic protein, HtrA, HtrB and YyxA of B. 
subtilis are predicted to be membrane-bound proteins (Noone et al., 2000; 
Tjalsma et al., 2000). Interestingly, htrA, htrB or yyxA single mutant strains of B. 
subtilis display a normal growth phenotype, whereas the growth of an htrA htrB 
double mutant is significantly reduced (Noone et al., 2001). Colonies of this 



 

 

82 

Genome engineering and protein secretion stress in the BACELL factory 

double mutant are round and have a mucoid appearance. Moreover, the htrA 
htrB mutant cells accumulate suppressor mutations very rapidly (Noone et al., 
2001). Remarkably, a strain lacking HtrB and mutated in the protease active site 
of HtrA displays the same growth phenotype as the htrA htrB double mutant, but 
does not seem to accumulate suppressor mutations (Noone et al., 2001). These 
observations, while demonstrating the importance of the protease activity for 
HtrA biological function, also suggest that this protein has an additional activity. 
By analogy with HtrA of E. coli, this could be a chaperone-like activity.  

Previous work has shown that the HtrA and HtrB proteins are more similar 
to each other than either is to YyxA (Noone et al., 2001). Furthermore, the 
transcription of htrA and htrB is inducible by both heat and the high-level 
production of secretory proteins, whereas yyxA transcription is insensitive to 
these stimuli. Finally, the transcription of htrA and htrB is negatively auto- and 
cross-regulated (Noone et al., 2000; Noone et al., 2001). All these 
transcriptional responses of htrA and htrB are modulated by the CssRS two-
component system (Control secretion stress; Hyyryläinen et al., 2001; 
Kobayashi et al., 2001; Darmon et al., 2002). This system consists of a sensor 
histidine kinase, CssS, and a cognate response regulator, CssR. CssS has two 
potential membrane spanning domains with an Nin and Cin orientation and is 
proposed to sense secretion and heat stress by the detection of malfolded 
protein accumulation at the membrane-cell wall interface (Hyyryläinen et al., 
2001). Similar to other two-component systems (Parkinson and Kofoid, 1992; 
Stock et al., 1989), information is most likely transferred from CssS to CssR 
through autophosphorylation of CssS and subsequent phosphotransfer to 
CssR. When CssR is phosphorylated, it regulates the transcription of specific 
genes thereby provoking an appropriate cellular response to the original stimuli. 
Interestingly, not only the htrA and htrB genes, but also the cssR and cssS 
genes seem to be members of the CssRS regulon (Kobayashi et al., 2001; 
Darmon et al., 2002). These findings support the view that HtrA, HtrB and 
CssRS play important roles in the combat against misfolded proteins resulting 
from both heat stress and the high-level production of secretory proteins (Noone 
et al., 2001). In this respect, it is important to note that most secretory proteins 
of B. subtilis appear to be exported from the cytoplasm in an unfolded state via 
the Sec translocon. Upon their translocation across the membrane, the folding 
of these proteins is facilitated by a variety of catalysts, which may become 
limiting when secretory proteins are overproduced (Tjalsma et al., 2000; van Dijl 
et al., 2001). 

The present studies were aimed at determining the effects of protein 
secretion stress on the composition of the extracellular proteome of B. subtilis. 
The analysis of this type of stress by proteomics is, so far, unprecedented. By 
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definition, secretion stress in B. subtilis includes all stimuli that trigger a CssRS-
dependent cellular response. Thus, secretion stress was induced either by 
removing proteins, which are required to combat secretion stress (HtrA or HtrB), 
or by high-level production of the α-amylase AmyQ of Bacillus 
amyloliquefaciens. Strikingly, the levels of only two extracellular proteins, HtrA 
and YqxI, were significantly affected by secretion stress, irrespective of the way 
in which this stress was induced. Changes in the extracellular HtrA level can be 
attributed to the effects of secretion stress on htrA transcription. In contrast, 
variation in the extracellular YqxI level is determined by post-transcriptional 
events. The present proteomic studies show that the level of YqxI in the growth 
medium is modulated through extracytoplasmic proteases, possibly involving a 
conserved chaperone-like activity of HtrA.  

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and growth conditions 
The bacterial strains and plasmids used are listed in Table 1. Strains were grown with agitation at 
37 °C in LB (Luria Bertani, Difco BRL) or TY (1 % Tryptone, 0.5 % Yeast extract, and 1.0 % NaCl) 
media. Antibiotics were used in the following concentrations: ampicillin (Ap), 50 µg/ml; 
chloramphenicol (Cm), 5 µg/ml; erythromycin (Em), 1 µg/ml; kanamycin (Km), 10 µg/ml; 
spectinomycin (Sp), 100 µg/ml. To visualise α-amylase activity, TY plates were supplemented with 1 
% starch. 
 

Table 1.  Plasmids, strains, and primers 
Plasmids Relevant propertiesa References 

pDN500 pTYB1 derivative encoding an HtrAecd-intein fusion; Apr This work 
pKTH10L pKTH10 derivative; Kmr Hyyryläinen et al., 

2001 
pMutin2 pBR322-based integration vector for B. subtilis; containing 

a multiple cloning site downstream of the Pspac promoter, 
and a promoter-less lacZ gene preceded by the RBS of the 
spoVG gene; Apr; Emr 

Vagner et al., 
1998 

pTYB1 Vector for cloning and expression of proteins with a C-
terminal intein fusion in E. coli; Apr  

IMPACT-CNTM 
System 
Chong et al., 1997 

pX Vector for the xylose-inducible transcription of cloned genes 
by the xylA promoter; carries the xylR gene; Apr, Cmr 

Kim et al., 1996 

pX(his)6-htrA pX derivative carrying the his-htrA gene downstream of the 
xylA promoter; Apr, Cmr 

This work 

Strains   
E. coli   

ER2566 F− λ− fhuA2[lon] ompT lacZ::T7 genel gal 5sulA11 (mcrC-
mrr)114::IS10 R(mcr-73::miniTn10)2 R(zgb-210::Tn10)1
(TetS) endA1 [dcm] 

IMPACT-CNTM 
System Chong et 
al., 1997 
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Table 1 continued 
Strains Relevant propertiesa References 

MC1061 F− araD139 ∆(ara-leu)7696 ∆(lac)X74 galU galK hsdR2 
mcrA mcrB1 rspL 

Wertman et al., 
1986 

B. subtilis 
168 

 
trpC2 

 
Kunst et al., 1997 

BV2001 trpC2; cssS::Sp; Spr Hyyryläinen et al., 
2001 

BV2026 trpC2; htrA∆439 amyE::X(his)6-htrA; Cmr This work 
BV2028 trpC2; yqxI::pMutin2; Emr This work 
BV2029 trpC2; cssS::Sp yqxI::pMutin2; Emr, Spr This work 
DN26 trpC2; htrA∆439 Noone et al., 2000 
DN111 trpC2; htrB::Km; Kmr Noone et al., 2000 
DN115 trpC2; htrA∆439 htrB::Km (suppressed) Noone et al., 2001 
DN200 trpC2; htrA1[N289H S290M] htrB::Km amyE::PhtrA-bgaB; 

Cmr, Emr, Kmr 
Noone et al., 2001 

WB700 trpC2; nprE; nprB; aprE; epr; mpr; bpf; vpr; Emr Ye et al., 1999 
WB700 cssS trpC2; nprE; nprB; aprE; epr; mpr; bpf; vpr; cssS::Sp; Emr, 

Spr 
This work 

Primers  5´- 3´   
HTRA-AbF GGTGGTGCTAGCACACCGCTTGGTAACCATG This work 
HTRA-AbR GGTGGTTGCTCTTCCGCACGAATGTTTCTCTTCTTTTTG This work 
HtrAvor GGCGGCAGTCTTGCTCTTG This work 
HtrArev CTAATACGACTCACTATAGGGAGAGAACAGGCCGAGT

GTGCCT 
This work 

N-HH1 GACTAGTGAGAAACGGAGTGACACTGATGCATCACCA
TCACCATCACGACTATCGTGATGAAAACAG 

This work 

N-HH2 GAAGATCTTTACGAAGTTTTCTCTTCTTTTTGATCC This work 
YqxIvor ATTACTTTTAGCAACATCTGC This work 
YqxIrev CTAATACGACTCACTATAGGGAGAGCTGTAGAAGATTT

TACACC 
This work 

yqxI7 CCCAAGCTTGGGGCAATGAAGGCAACAGC This work 
yqxI8 CGGGATCCCGTCCACAACGTCACCTCG This work 
aApr, ampicillin resistance marker; Kmr, kanamycin resistance marker; Emr, erythromycin 
resistance marker; Cmr, chloramphenicol resistance marker; Spr, spectinomycin resistance 
marker. 

DNA techniques 
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli cells were carried out as described in Sambrook et al. (1989). B. 
subtilis was transformed as described by Leskelä et al. (1996). Enzymes were from Roche 
Molecular Biochemicals. PCR was carried out with the Taq or Pwo DNA polymerases, using 
chromosomal DNA of B. subtilis 168 as a template (van Dijl et al., 1995). The nucleotide sequences 
of primers used for PCR are listed in Table 1; restriction sites used for cloning are underlined and 
the sequence encoding a His-tag is indicated in bold. Constructs were first made in E. coli MC1061 
or ER2566 and then, if required, introduced into B. subtilis.  

To construct the yqxI::pMutin2 mutation (Fig. 1A) and the transcriptional yqxI-lacZ fusion, an 
internal fragment (173 nucleotides) of the yqxI gene was amplified by PCR with the oligonucleotides 
yqxI7 and yqxI8 (Table 1). This fragment was cloned into plasmid pMutin2, using the HindIII and 
BamHI sites. The B. subtilis 168 yqxI::pMutin2 (BV2028) strain was obtained by Campbell-type 
integration (single cross-over) of the resulting plasmid into the chromosome of B. subtilis 168. The 
correct integration was verified by PCR. The B. subtilis 168 cssS::Sp yqxI::pMutin2 (BV2029) strain 
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was constructed by transformation of B. subtilis 168 yqxI::pMutin2 with chromosomal DNA of B. 
subtilis 168 cssS::Sp (BV2001) and selection for spectinomycin resistance.  

To construct a B. subtilis strain with an inducible (his)6-htrA gene (BV2026; Fig. 1B), the htrA 
gene was amplified by PCR with primers N-HH1 (specifying a hexa-histidine tag) and N-HH2 (See 
Table 1). The amplified fragment (1400 nucleotides) was cloned into plasmid pX, using the SpeI and 
BglII sites, resulting in pX(his)6-htrA. B. subtilis 168 htrA∆439 amyE::X(his)6-htrA (BV2026) was 
obtained by a double cross-over recombination event between the flanking regions of amyE located 
on pX(his)6-htrA and the chromosomal amyE gene of B. subtilis 168 htrA∆439 (DN26). Correct 
mutants were chloramphenicol resistant and showed no α-amylase activity on plates containing 
starch.  

The B. subtilis WB700 cssS strain was constructed by transformation of B. subtilis WB700 with 
chromosomal DNA of B. subtilis 168 cssS::Sp (BV2001) and selection for spectinomycin resistance. 
 
A      B 

 
Figure 1. Construction of mutant strains  
(A) Schematic representation of the yqxI::pMutin2 mutation. The yqxI gene was disrupted with 
pMutin2 by a single cross-over event (Campbell-type integration). Simultaneously, the spoVG-
lacZ reporter gene of pMutin2 was placed under the transcriptional control of the yqxI promoter 
region (PyqxI). LacI, E. coli lacI gene; ori pBR322, replication functions of pBR322; Apr, 
ampicillin resistance marker; Emr, erythromycin resistance marker; T1T2, transcriptional 
terminators on pMutin2; Pspac, IPTG-dependent promoter; yqxI’, 3’ truncated yqxI gene; ‘yqxI, 5’ 
truncated yqxI gene. 
(B) Schematic representation of the chromosomal amyE region of the strain containing the 
amyE::X(his)6-htrA mutation (BV2026). The amyE gene was disrupted via a double cross-over 
recombination event with a pX(his)6-htrA-derived cassette (X(his)6-htrA). This cassette encodes 
an N-terminally his-tagged HtrA protein. The transcription of the corresponding gene is controlled 
by a xylose-inducible promoter (PxylA). Cmr, chloramphenicol resistance marker; xylR, gene 
specifying the XylR repressor protein; amyE’, 3’ truncated amyE gene; ‘amyE, 5’ truncated amyE 
gene. 

Expression of the extracytoplasmic domain of HtrA  
The extracytoplasmic domain of the HtrA protein (HtrAecd) was purified using the IMPACT-CNTM 
System (New England Biolabs) (Chong et al., 1997). A fragment encoding HtrAecd was amplified by 
PCR with primers HTRA-AbF and HTRA-AbR. Upon cleavage with NheI-SapI, this fragment was 
cloned into the vector pTYB1. Thus a C-terminal protein fusion of HtrAecd (from amino acid Thr67 
until the C-terminal Ser449) to the intein domain and chitin binding tag of pTYB1 was created. The 
resulting plasmid pDN500, was used to transform E. coli ER2566. Production of the fusion protein 
was induced by the addition of 0.5 mM IPTG (isopropyl-β-D-thiogalactopyranoside) and subsequent 
growth for 4 hours at 30 °C. The fusion protein was purified and HtrAecd was cleaved from the 
intein tag according to the IMPACT-CNTM System manual. The N-terminal sequence of the purified 
HtrAecd protein was determined by N-terminal amino acid sequencing. In accordance with the 
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cloning strategy, HtrAecd was shown to start with Ala and Ser, directly followed by the HtrA protein 
sequence starting with Thr67. 

Production of an HtrA-specific antibody  
An HtrA-specific antibody was prepared by injection of 100 µg HtrAecd, emulsified in Freunds 
complete adjuvant, into New Zealand white rabbits. The initial injection was followed by boosts at 14 
and 28 days and a final injection at 49 days. Bleeds were taken before the first injection 
(preimmune) and 14 days after the final injection. The anti-HtrAecd activity of pre- and post-immune 
sera was checked by Western blotting using HtrAecd and B. subtilis total cell protein. Anti-HtrAecd 
antibody was purified by immuno-affinity chromatography on a column of HtrAecd covalently bound 
to CNBr-activated Sepharose 4B Fast Flow (Amersham Pharmacia Biotech, Uppsala, Sweden) 
following the manufacturer’s instructions. The anti-HtrAecd antibody used in this analysis was eluted 
using 0.2 M glycine pH 2.2 into tubes containing 2 M Tris pH 8.8.  

Western blotting 
Total protein from B. subtilis was prepared by resuspending cell pellets in Z-buffer excluding β-
mercaptoethanol (Miller, 1982) containing lysozyme and DNase (10 µg/ml each) and incubation at 
37 °C for 20 min. Protoplasting (10 min incubation with 1 mg/ml lysozyme) and protease 
accessibility studies were performed as described by Bolhuis et al. (1998). Proteins from the growth 
medium were collected by precipitation with TCA (trichloroacetic acid) at a final concentration of 10 
% w/v. The precipitate was washed with acetone and resuspended in Z-buffer. Protein amounts 
were determined using the BioRad Protein Assay. Protein samples were separated with 12.5 % 
SDS-polyacrylamide gels according to Laemmli (1970) on a BioRad Protean 3 mini-system and 
transferred to PVDF (polyvinylidene difluoride) membranes using the BioRad trans-blot system 
following the manufacturer’s instructions. Membranes were blocked with 2 % w/v nonfat milk powder 
in TBST (10 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5 % Tween 20) and incubated with anti-
HtrAecd antibody (1 to 10,000 dilution) for 90 min in the same solution. HtrAecd-antibody 
complexes were detected by incubation for 60 min with horseradish peroxidase conjugated to goat 
anti-rabbit secondary antibody (1 to 30,000 dilution) and visualised by chemiluminescence (Roche 
Molecular Biochemicals). 

Preparation of extracellular protein fractions for two-dimensional 
(2D) gel electrophoresis  

B. subtilis cells were grown in 500 ml LB and samples of 250 ml were collected at the transition 
point between the exponential and the stationary growth phases (t0), and one hour after the 
beginning of the stationary phase (t1). Cells were removed from the growth medium by 
centrifugation for 20 min at 4 °C and 10,000 rpm. Then, proteins in the medium were precipitated 
with ice-cold 10 % TCA (w/v), and collected by centrifugation (40,000 g, 45 min, 4 °C). The resulting 
protein pellet was scraped from the wall of the centrifuge tube with a spatula, washed 3 times with 
96 % ethanol (v/v) and dried.  

2D polyacrylamide gel electrophoresis 
The dried protein pellets were resolved in a solution containing 2 M thiourea and 8 M urea. 
Subsequently, insoluble material was removed by centrifugation. The protein concentration of the 
resulting extracellular protein sample was determined according to Bradford (1976), and the volume 
of an equivalent of 80 µg of this sample was adjusted to 360 µl with the thiourea/urea solution. Next, 
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40 µl of a 10-fold concentrated reswelling solution was added containing 2 M thiourea, 8 M urea, 10 
% Nonidet P-40, 200 mM DTT (dithiotreitol) and 5 % Pharmalyte. This sample containing reswelling 
solution was used for the rehydration of IPG (immobilised pH gradient) strips in the pH range of 3 to 
10. Isoelectric focusing was performed using the Multiphor II unit (Amersham Pharmacia Biotech) 
and SDS-PAGE in the second dimension was carried out using the Investigator 2D electrophoresis 
system (Genomic Solutions, Chelmsford) as described previously (Buttner et al., 2001). Finally, the 
resulting 2D gels were stained with silver nitrate according to Blum et al. (1987). All gels were made 
available in the Sub2D proteome database (http://microbio2.biologie.uni-greifswald.de:8880/). 

Protein identification 
Protein identification by MALDI-TOF mass spectrometry was performed using a Voyager DE-STR 
mass spectrometer (Applied Biosystems, Foster City) as described previously (Antelmann et al., 
2001). Peptide mass fingerprints were analysed using the “MS-Fit” software as provided by Baker 
and Clausner through http://prospector.ucsf.edu/. 

Northern blotting 
Total RNA of B. subtilis was isolated from cells grown in LB at different time points using the acidic 
phenol method of Majumdar et al. (1991). Northern blotting was performed as described previously 
(Wetzstein et al., 1992). Briefly, internal fragments of the yqxI and htrA genes, respectively, were 
first amplified with the YqxIvor-YqxIrev and HtrAvor-HtrArev primer pairs (Table 1). Note that the 3’ 
primer for each of the amplified genes contains a T7 promoter sequence. Next, the amplified 
fragments were used for the T7 RNA polymerase-directed in vitro synthesis of digoxigenin-labelled 
gene-specific RNA probes.  

β-galactosidase activity assay 
To assay β-galactosidase activities, overnight cultures were diluted in fresh TY medium and grown 
at 37 °C. Samples were taken at different intervals for OD readings at 600 nm and β-galactosidase 
activity determinations. For strains containing a transcriptional lacZ fusion, the β-galactosidase 
assay and the calculation of β-galactosidase units (Miller units: nmol/min/OD600) were performed as 
described by Hyyryläinen et al. (2001). Experiments were repeated at least twice, starting with 
independently obtained transformants. In all experiments, the relevant controls were performed in 
parallel. Although some differences were observed in the absolute β-galactosidase activities, the 
ratios between these activities in the various strains tested were largely constant. A ratio of about 
1.5 was generally reproducible. 

RESULTS 

Dual localisation of HtrA 
In order to investigate whether the HtrA and HtrB proteases influence the 
composition of the extracellular proteome of B. subtilis during the stationary 
growth phase, the proteins in the growth media of htrA and htrB single and 
double mutants were studied by two-dimensional (2D) gel electrophoresis (Fig. 
2). Surprisingly, the subsequent mass spectrometric analysis revealed that one 
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of the proteins that disappeared from the medium of the htrA mutant was the 
HtrA protein itself (Fig. 2, panels a and b). The presence of HtrA in the medium 
of the parental strain 168 was unexpected since this protein was predicted to be 
membrane-bound with an N-terminal membrane anchor (Nin-Cout orientation). As 
demonstrated by N-terminal sequencing, the extracellular HtrA starts with 
Ser97, showing that the predicted transmembrane region is cleaved off. Thus, 
the soluble HtrA has a calculated molecular mass of about 37 kDa and starts 
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with a stretch of serine residues, a feature absent from HtrB and YyxA (data not 
shown). 

To determine whether HtrA also exists in a cell-associated form, Western 
blotting experiments were performed. As shown in Figure 3, a cell-associated 
form of HtrA, with an apparent molecular mass of 62 kDa, was present in B. 
subtilis 168 (C). In addition, a second cell-associated form of HtrA (apparent 
molecular mass of 47.5 kDa) was detectable, which comigrated with the HtrA in 
the growth medium (M). Both immunoreactive bands are HtrA-specific as they 
were absent from the sample of the htrA mutant (DN26). Two additional 
immunoreactive bands were detectable in cell extracts of B. subtilis 168 (C), but 
these bands are not related to HtrA as they were also detectable in the cell 
extracts of the ∆htrA strain. The immunostained protein profiles of strain 168 (C 
and M) and the htrB mutant strain (DN111; C and M) were very similar 
demonstrating that the HtrA antibody does not cross-react with HtrB.  

Protoplasts of B. subtilis 168 were prepared and examined for the presence 
of HtrA. It is noticeable that the 62 kDa form of HtrA predominated in the 
protoplast-associated fraction (Fig. 3, lane P). This form disappeared when 
protoplasts were treated with trypsin (Fig. 3, lane PT), indicating that it is 
exposed on the protoplast surface. Thus it seems that the large cellular form of 
HtrA represents the protein with its membrane anchor, which is exposed at the 
extracytoplasmic side of the membrane. The smaller cellular form may 
represent the cleaved HtrA before its release from the membrane and secretion 
into the medium.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Localisation of HtrA  
Cells of B. subtilis 168, ∆htrA (DN26) and ∆htrB (DN111) were grown in LB medium until an OD 
at 550 nm of about 1. Next, cells (C) of all three strains were separated from the growth medium 
(M) and samples for SDS-PAGE were prepared using 20 µg of total cell protein and 300 µl of 
medium, respectively. Furthermore, 20 µg of protoplasts were prepared of B. subtilis 168, which 
were incubated for 10 min in the absence (P) or presence (PT) of 1 mg/ml trypsin. As a positive 
control, 20 ng of pure HtrAecd was loaded. Immunodetection after Western blotting was 
performed with antibodies raised against HtrAecd. 
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Absence of YqxI from the medium of the ∆htrA mutant strain 
The comparison of the extracellular proteomes of the parental strain 168 and 
the htrA mutant (DN26; Fig. 2, panels a and b) displayed a second major 
difference: the YqxI protein was absent from the medium of the htrA mutant. 
Interestingly, the yqxI gene (also known as yqdE) is located on the skin 
prophage (map position at 227.5° on the chromosome of B. subtilis 168). It 
encodes a non-essential protein of 159 amino acids with a predicted molecular 
mass of 17 kD and a calculated isoelectric point of 5.44. So far, the function of 
YqxI is unknown and it shows no significant amino acid sequence similarity to 
any other protein. Consistent with its extracellular localisation, YqxI contains a 
potential signal peptide with a signal peptidase I cleavage site between amino 
acids 28 and 29 (AKA-QE; Tjalsma et al., 2000; van Dijl et al., 2001). 

Response of HtrA and YqxI to secretion stress 
To further investigate the effects of secretion stress on the extracellular 
proteome, plasmid pKTH10L, which directs the overproduction of the α-amylase 
AmyQ of B. amyloliquefaciens, was introduced in B. subtilis 168. Next, the 
protein composition of the growth medium of this strain was determined by 
proteomics. As expected, AmyQ was the most abundant extracellular protein of 
B. subtilis 168 containing pKTH10L (Fig. 4, panel b). Notably, the levels of the 
HtrA and YqxI proteins were increased in response to the high-level production 
of AmyQ (Fig. 4, panels a and b).  

Previous studies have shown that AmyQ-induced secretion stress results in  
the transcription of htrA at elevated levels (Noone et al., 2000; Hyyryläinen et 
al., 2001). The present observations indicate that the extracellular levels of the 
HtrA protein can be correlated with the transcriptional levels of the 
corresponding gene. To determine whether the increase of the extracellular 
amount of YqxI in response to AmyQ overproduction is also effected at the 
transcriptional level, the transcription of htrA and yqxI in strains with and without 
pKTH10L was studied by Northern blotting. The transcription of htrA was 
increased due to the overexpression of AmyQ, especially during the mid-
exponential growth phase (Fig. 5A and data not shown). The level of yqxI 
transcription in the absence of AmyQ production was highest around the 
transition point between the exponential and stationary growth phases. 
Surprisingly, the level of yqxI transcription did not increase when AmyQ was 
overexpressed (Fig. 5B; for unknown reasons, two yqxI-specific transcripts of 
~850 and ~750-800 nucleotides, respectively, are detectable). The transcription 
of yqxI was also studied as a function of growth using a transcriptional yqxI-lacZ 
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fusion (BV2028; Fig. 1A). As shown by the β-galactosidase activities, the level 
of yqxI-lacZ transcription did not increase in response to AmyQ-induced 
secretion stress in the strain containing pKTH10L (Fig. 5C). All together, these 
data demonstrate that the increase of the amounts of extracellular HtrA upon 
the high-level production of AmyQ is determined at the transcriptional level, 
whereas the increase of the extracellular amounts of YqxI under the same 
conditions is determined post-transcriptionally. 

 
Figure 4. The extracellular proteome in response to secretion stress  
The extracellular proteomes of B. subtilis 168 (a), B. subtilis 168 containing pKTH10L (b), and 
the derivative ∆cssS + pKTH10L (BV2001; c) were analysed by 2D gel electrophoresis. Cells 
were grown in LB until one hour after entry into the stationary growth phase. Only the acidic pH 
range (pH 3 to 6) is shown. Protein spots identified by mass spectrometry and/or N-terminal 
sequencing are indicated. The HtrA and YqxI protein spots are highlighted with a circle. 

Response of HtrA and YqxI to the absence of the sensor CssS 
The CssRS two-component system mediates the appropriate cellular response 
to combat secretion stress (Hyyryläinen et al., 2001; Darmon et al., 2002). To 
identify possible changes in the extracellular proteome of cssS mutant cells 
subject to secretion stress, the protein composition of the medium of the B. 
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subtilis 168 cssS::Sp (BV2001) strain containing pKTH10L was investigated by 
proteomics (Fig. 4, panel c). The only two major changes in the extracellular 
proteome resulting from the absence of CssS were a decreased HtrA level and 
a disappearance of YqxI (Fig. 4, panels b and c). 
 

 
Figure 5. Transcriptional responses of htrA and yqxI to secretion stress  
(A) Northern blot experiments with an htrA-specific probe using RNA extracted from B. subtilis 
168 strains without or with pKTH10L. The cells were grown in LB medium and total RNA was 
isolated every 30 min during the growth, starting from an OD at 540 nm of 0.4 (time points 1 to 
7). Samples of 10 µg of total RNA were applied in each lane.  
(B) Northern blot experiments with an yqxI-specific probe using RNA extracted from B. subtilis 
168 strains without or with pKTH10L. The cells were grown in LB medium and total RNA was 
isolated every 30 min during the growth, starting from an OD at 540 nm of 0.4 (time points 1 to 
7). Samples of 10 µg of total RNA were applied in each lane.  
(C) A transcriptional yqxI-lacZ gene fusion was used to determine the time course of yqxI 
expression in cells grown at 37 °C in TY medium. The strains used for the analyses were: B. 
subtilis 168 yqxI::pMutin2 (BV2028; closed rectangles) and B. subtilis 168 yqxI::pMutin2 
pKTH10L (open rectangles). The parental strain 168 was used as a negative control (data not 
shown). β-galactosidase activities are indicated in nmol/min/OD600. Zero time (t=0) indicates the 
transition point between the exponential and post-exponential growth phases. 

 
To investigate the cause of these effects, the transcription of htrA and yqxI 

were studied by Northern blotting using RNA extracted from cells that were 
grown under the same conditions (Fig. 6). The htrA transcription decreased 
dramatically in cssS mutant cells, even when secretion stress was imposed on 
these cells (Fig. 6A). In contrast, the transcription of yqxI did not change in the 
absence of CssS (Fig. 6B). The yqxI level of transcription was also studied 
using a transcriptional yqxI-lacZ fusion (Fig. 1A) in strains with either an intact 
or a mutated cssS gene (strains BV2028 and BV2029, respectively). As shown 
in Figure 6C, the disruption of cssS did not result in a change in yqxI-lacZ 
expression as a function of growth, which confirms the results obtained by 
Northern blotting. These observations show that the absence of CssS leads to a 
reduction of htrA transcription, and this is reflected by the lower HtrA protein 
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level on the extracellular proteome. In contrast, the disappearance of YqxI 
under the same conditions is not correlated with the transcription of the yqxI 
gene. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Transcriptional responses of htrA and yqxI to the absence of CssS 
(A) Northern blot experiments with an htrA-specific probe using RNA extracted from B. subtilis 
168 and B. subtilis 168 cssS::Sp (BV2001) both containing pKTH10L. The cells were grown in 
LB medium and total RNA was isolated every 30 min during the growth, starting from an OD at 
540 nm of 0.4 (time points 1 to 7). Samples of 10 µg of total RNA were applied in each lane.  
(B) Northern blot experiments with an yqxI-specific probe using RNA extracted from B. subtilis 
168 and B. subtilis 168 cssS::Sp (BV2001) both containing pKTH10L. The cells were grown in 
LB medium and total RNA was isolated every 30 min during the growth, starting from an OD at 
540 nm of 0.4 (time points 1 to 7). Samples of 10 µg of total RNA were applied in each lane.  
(C) A transcriptional yqxI-lacZ gene fusion was used to determine the time course of yqxI 
expression in cells grown at 37 °C in TY medium. The strains used for the analyses were: B. 
subtilis 168 yqxI::pMutin2 (BV2028; closed rectangles) and B. subtilis 168 cssS::Sp 
yqxI::pMutin2 (BV2029; open rectangles). The parental strain 168 was used as a negative 
control (data not shown). β-galactosidase activities are indicated in nmol/min/OD600. Zero time 
(t=0) indicates the transition point between the exponential and post-exponential growth phases.  

Responses of HtrA and YqxI to the absence of HtrB 
HtrA and HtrB act together to combat secretion stress and mutation of either 
htrA or htrB affects expression of both genes (Noone et al., 2001). To 
investigate how HtrB contributes to the composition of the extracellular 
proteome and, in particular, to the levels of HtrA and YqxI, the proteins in the 
growth medium of B. subtilis 168 htrB::Km strain (DN111) were analysed by 
proteomics (Fig. 2, panel c). The only major changes in the extracellular 
proteome of the htrB mutant were the increased amounts of the HtrA and YqxI 
proteins. To assess whether these changes occurred at the transcriptional level, 
Northern blotting experiments were performed using htrA- or yqxI-specific 
probes and RNA extracted from strains with an intact or disrupted htrB gene 
(Fig. 7). The level of htrA transcription rose significantly upon disruption of the 
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htrB gene (Fig. 7A). In contrast, transcription of yqxI was not increased by the 
mutation in htrB (Fig. 7B). This result was confirmed by β-galactosidase 
measurements in an htrB mutant strain containing a transcriptional yqxI-lacZ 
fusion (data not shown). Thus, the increase in the amount of extracellular HtrA, 
caused by an htrB mutation, can be explained by an effect at the transcriptional 
level. On the other hand, the similar behaviour of the YqxI protein is apparently 
caused by a post-transcriptional event.  

 
A 
 

 
 
 

 
B 

 
 
 
Figure 7. Transcriptional responses of htrA and yqxI to the absence of HtrB  
Northern blot experiments were performed with htrA- or yqxI-specific probes (panels A and B, 
respectively) using RNA extracted from B. subtilis 168 and B. subtilis 168 ∆htrB (DN111). The 
cells were grown in LB medium and total RNA was isolated every 30 min during the growth, 
starting from an OD at 540 nm of 0.4 (time points 1 to 7). Samples of 10 µg of total RNA were 
applied in each lane.  

Response of YqxI to HtrA overexpression 
The data presented above suggest that the YqxI protein is subject to a post-
transcriptional regulation in a manner that correlates with extracellular HtrA 
levels. To further investigate whether the presence of HtrA influences the level 
of YqxI, a xylose-inducible (his)6-htrA gene was introduced in the amyE locus of 
a strain lacking a major part of the htrA gene (DN26). This resulted in B. subtilis 
168 htrA∆439 amyE::X(his)6-htrA (BV2026; Fig. 1B). Importantly, the (His)6-HtrA 
fusion protein complemented the htrA null mutation (data not shown). The 
extracellular proteome of the (His)6-HtrA inducible strain, grown in the absence 
or presence of 1 % xylose, was studied by 2D gel electrophoresis (Fig. 8A). 
Because HtrA is processed at the N-terminus during secretion from the cell, the 
presence of the His-tag did not affect the electrophoretic properties of the 
extracellular form of HtrA. As shown in Figure 8A (panel b), cells grown in the 
presence of xylose produced a significant quantity of HtrA. Strikingly, a 
concomitant increase in the level of YqxI was observed. To assess the effect of 
(His)6-HtrA induction with xylose on the transcription of yqxI, a transcriptional 
yqxI-lacZ fusion was introduced into this strain (BV2026). The expression 
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profiles show that the transcription of yqxI-lacZ remains unaffected by xylose 
addition. A similar yqxI-lacZ transcription profile was observed in a control strain 
containing the native htrA gene (data not shown). Furthermore, parallel 
experiments with a xylose-inducible (His)6-HtrB fusion instead of the (His)6-HtrA 
fusion demonstrated that induction of (His)6-HtrB did not lead to an increase of 
the extracellular YqxI level (data not shown). These observations imply that the 
amount of YqxI on the extracellular proteome is determined post-
transcriptionally by the level of HtrA. In fact, the observed correlation between 
the extracellular levels of HtrA and YqxI suggests that HtrA promotes, directly or 
indirectly, the folding of YqxI into a protease-resistant conformation after YqxI 
translocation across the membrane. This effect is specific for HtrA since the 
overexpression of HtrB, a paralogue of HtrA, does not have any effect on YqxI 
levels.  

Stabilisation of HtrA and YqxI in the absence of extracellular 
proteases 

To investigate the possible involvement of extracellular proteases in the 
turnover of HtrA and YqxI, the protein composition of the growth medium of B. 
subtilis WB700 was investigated. This strain lacks the extracellular serine 
proteases AprE (subtilisin), Bpr, Epr, Mpr, and Vpr, as well as the 
metalloproteases NprB and NprE (Ye et al., 1999). Interestingly, both HtrA and 
YqxI were present at significantly increased levels in the medium of strain 
WB700 (Fig. 8B, panels a and b). In addition, elevated amounts of specific 
degradation products of the wall protein WapA and an undegraded form of the 
YvcE protein were detectable, which is in accord with previously documented 
observations (Antelmann et al., 2002). As shown by Northern blotting, the htrA 
and yqxI-specific mRNA levels in strain WB700 were comparable to those in the 
parental strain 168 (data not shown). This indicates that the absence of seven 
extracellular proteases does not trigger a secretion stress response. The latter 
view was confirmed by the analysis of the extracellular proteome of strain 
WB700 cssS, which contained high levels of HtrA and YqxI (Fig. 8B, panel c). 
Importantly, these levels were comparable to the HtrA and YqxI levels on the 
extracellular proteome of strain WB700. Taken together, these observations 
show that both HtrA and YqxI are subject to extracytoplasmic degradation by 
one or more extracellular proteases of B. subtilis. 

Extracellular appearance of YqxI does not require protease activity 
of HtrA 

The HtrA protein of B. subtilis could have both protease and chaperone-like
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Figure 8. The extracellular proteome in response to overexpression of (his)6-htrA or 
removal of extracellular proteases 
(A) The extracellular proteomes of B. subtilis 168 ∆htrA amyE::X(his)6-htrA (BV2026) in the 
absence (a) or presence (b) of 1 % xylose were analysed by 2D gel electrophoresis. Cells were 
grown in LB until one hour after entry into the stationary growth phase. Only the acidic pH range 
(pH 3 to 6) is shown. Protein spots identified by mass spectrometry and/or N-terminal 
sequencing are indicated. The HtrA and YqxI protein spots are highlighted with a circle. 
(B) The extracellular proteomes of B. subtilis 168 (a), B. subtilis WB700 (b), and B. subtilis 
WB700 cssS (c) were analysed by 2D gel electrophoresis. Cells were grown in LB until one hour 
after entry into the stationary growth phase. Only the acidic pH range (pH 3 to 6) is shown. 
Protein spots identified by mass spectrometry and/or N-terminal sequencing are indicated. The 
HtrA and YqxI protein spots are highlighted with a circle. 

 
functions as shown for its ortholog in E. coli. In order to investigate whether the 
protease activity of HtrA is involved in determining the YqxI level, the 
extracellular proteome of an htrA1 htrB double mutant strain (DN200) was 
studied by proteomics. Importantly, the htrA1 mutation results in the synthesis 
of a mutant HtrA protein lacking the protease active site serine residue at 
position 290. As a control, the extracellular proteome of an htrA htrB double 
mutant strain (DN115), which contains an uncharacterised suppressor mutation, 
was studied. Neither HtrA nor YqxI were present on the extracellular proteome 
of the suppressed cells inactivated for htrA and htrB (Fig. 2, panel d). In 
contrast, HtrA and YqxI levels were significantly increased in the medium of the 
strain lacking HtrB and producing the HtrA protein with a mutation in its 
protease active site (Fig. 2, panel e). These results show that the protease 
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activity of HtrA is not essential for the extracellular appearance of YqxI. The 
transcription of htrA and yqxI was analysed by Northern blotting using RNA from 
the htrA1 htrB double mutant strain (DN200; Fig. 9). Consistent with the 
absence of HtrB, the level of htrA transcription increased in the htrA1 htrB 
double mutant strain, but to a higher extent than in the htrB mutant alone 
(compare Figs. 7A and 9A). However, the transcription levels of yqxI in the 
htrA1 htrB double mutant strain and the parental strain 168 were comparable 
(Fig. 9B).  

In conclusion, these data suggest that HtrA has an activity that, directly or 
indirectly, determines the level of YqxI on the extracellular proteome of B. 
subtilis by preventing the proteolysis of this protein either at the membrane-cell 
wall interface and/or in the growth medium. This post-transcriptional activity 
does not involve the protease active site of HtrA. It is tempting to suggest by 
analogy with HtrA of E. coli that this is a chaperone-like activity.  

 
 
 

 
 
 
 

 
 

 
 
 
Figure 9. Transcriptional responses of htrA and yqxI to the absence of HtrB and the 
protease active site of HtrA  
Northern blot experiments were performed with htrA- or yqxI-specific probes (panels A and B, 
respectively) using RNA extracted from B. subtilis 168 and B. subtilis 168 htrA1 ∆htrB (DN200). 
The cells were grown in LB medium and total RNA was isolated every 30 min during the growth, 
starting from an OD at 540 nm of 0.4 (time points 1 to 7). Samples of 10 µg of total RNA were 
applied in each lane.  

DISCUSSION 

Previous work has shown that 2D gel electrophoresis and mass spectrometry 
are powerful tools to visualise changes in the extracellular proteome of B. 
subtilis caused by mutations in the protein secretion machinery (Antelmann et 
al., 2001; Antelmann et al., 2002). Moreover, these proteomic techniques have 
been elementary in the description of stress responses in the B. subtilis cell 
(Hecker and Engelmann, 2000). Therefore, proteomics was employed in the 

A 
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present studies to characterise the effects of protein secretion stress on the 
composition of the extracellular proteome of B. subtilis. Such stress conditions 
were induced by (combinations of) overproduction of the α-amylase AmyQ of B. 
amyloliquefaciens, or absence of HtrA or HtrB. Several noteworthy observations 
were made. Firstly, the HtrA protein can exist both in membrane-associated and 
extracellular forms. In this respect, HtrA of B. subtilis seems to resemble the 
human HtrA2/Omi protein, which is first imported into mitochondria as a full-
length membrane protein and, subsequently, processed to an active soluble 
form that is released into the intermembrane space (Clausen et al., 2002). 
Secondly, the levels of only two extracellular proteins, HtrA and YqxI, varied 
significantly in response to secretion stress, suggesting that similar stimuli were 
generated under all secretion stress-inducing conditions tested. Thirdly, unlike 
the changes in the amounts of extracellular HtrA, the changes in the amounts of 
YqxI were not determined at the transcriptional level. Instead, the presence of 
YqxI in the medium was correlated with the presence of extracellular HtrA under 
all conditions tested. Finally, the protease activity of HtrA was dispensable for 
the appearance of YqxI in the medium. In principle, these findings could be 
explained with a chaperone-like activity of HtrA that would facilitate the folding 
of YqxI. By doing so, membrane-bound and/or extracellular HtrA would protect 
YqxI against extracytoplasmic degradation by proteases, such as AprE, Bpr, 
Epr, Mpr, NprB, NprE and/or Vpr. In fact, HtrA itself seems to be subject to 
degradation by one or more of these proteases. Even though this is an 
attractive hypothesis, it is presently not possible to exclude indirect effects of 
HtrA on YqxI since chemical cross-linking provided no evidence for direct 
interactions between these two proteins, neither in whole cells nor medium 
fractions (data not shown). 

The idea that the combined proteolytic and chaperone activities of E. coli 
HtrA are conserved in HtrA of B. subtilis has an interesting implication for the 
role of PDZ domains in HtrA function. As shown by crystallography, the PDZ 
domains form flexible sidewalls of a central cavity in E. coli HtrA hexamers. 
Protein folding or degradation seems to take place in this cavity. It has been 
proposed that the PDZ domains are required for substrate binding and entry 
into the central cavity (Krojer et al., 2002). The fact that only one of the two PDZ 
domains of E. coli HtrA (i.e. PDZ1) is conserved in B. subtilis HtrA, indicates 
that the presence of this unique PDZ domain is sufficient for the proteolytic 
function of HtrA and, if conserved, the chaperone function of this protein. In this 
respect, it is important to note that studies on HtrA of Thermotoga maritima 
indicate that PDZ domains are dispensable both for proteolytic and chaperone-
like functions of this protein (Kim et al., 2002).  
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Under all tested conditions of protein secretion stress, the amount of the 
extracellular HtrA protein follows the transcription of its gene. Furthermore, the 
Northern blotting experiments using an htrA-specific probe are consistent with 
the previously reported negative auto- and cross-regulation of htrA and htrB 
(Noone et al., 2000; Noone et al., 2001) and the CssS-dependence of htrA 
transcription (Hyyryläinen et al., 2001). This implies that the amount of 
extracellular HtrA is primarily determined at the transcriptional level. On the 
other hand, the level of YqxI on the extracellular proteome shows variations that 
are independent of the transcription of the yqxI gene. Interestingly, the largest of 
the two yqxI-specific mRNA molecules detected by Northern blotting has a size 
(~850 nucleotides) that corresponds to the yqxI gene plus the downstream gene 
yqxJ, encoding a protein with an unknown function (data not shown). This is 
consistent with the operon-like organisation of these two genes within the skin 
prophage. In contrast to YqxI, YqxJ has a predicted cytoplasmic localisation. 
Thus, the post-transcriptional regulation of extracellular YqxI via HtrA may give 
the cell, or the skin prophage itself, the possibility to modulate the YqxI level 
independently of the YqxJ level despite the co-transcription of the 
corresponding genes. 

In contrast to HtrA, the paralogous HtrB protein has, so far, not been 
detected on the extracellular proteome of B. subtilis. It is presently not clear 
whether this is due to the technical limitations of the 2D gel electrophoresis-
based proteomics approach, whether the extracellular protein levels of HtrB are 
too low to be detectable, or whether HtrB is not secreted into the growth 
medium at all. Similar explanations can be proposed to explain why merely two 
significant changes in the composition of the extracellular proteome can be 
observed under conditions of secretion stress. In view of the fact that 
substantial amounts of HtrA are localised at the membrane-cell wall interface 
and that secretion stress is sensed by CssS at the same sub-cellular location 
(Hyyryläinen et al., 2001), it is conceivable that secretion stress conditions have 
a stronger impact on those proteins that are localised close to the 
extracytoplasmic membrane surface of B. subtilis than on the proteins secreted 
into the growth medium. In this respect, it is relevant to note that protein 
secretion stress does not provoke detectable changes in the composition of the 
cytoplasmic proteome (H. Antelmann, unpublished observations). 

In conclusion, the present observations show that HtrA of B. subtilis is a 
protein with a dual localisation and, possibly, a dual function. Although a direct 
interaction between HtrA and YqxI has not been demonstrated yet, it seems as 
if HtrA promotes, directly or indirectly, the folding of YqxI into a protease-
resistant conformation after its translocation across the membrane and/or 
secretion into the medium. By doing so, HtrA would protect YqxI from 
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degradation by the proteases that reside in the cell envelope and growth 
medium of B. subtilis (Tjalsma et al., 2000). For a complete understanding of 
the function of HtrA of B. subtilis, it will be essential to characterise the 
(putative) chaperone-like and protease activities of the membrane-bound and 
extracellular forms of this protein in vitro. Furthermore, it will be important to 
examine the role of HtrA in the biogenesis of membrane and cell wall-
associated proteins of B. subtilis.  
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SUMMARY 

Upon overproduction of certain secretory proteins, Bacillus subtilis 
displays a specific secretion stress response involving the CssRS two-
component system. This system controls the expression of two 
housekeeping proteases, HtrA and HtrB. Secretion stress caused by 
overproduction of the α-amylase AmyQ is sensed by the CssS sensor. 
Previously, the B. subtilis TepA protein was implicated in high-level AmyQ 
secretion. The present studies were primarily aimed at investigating a 
possible role of TepA in secretion stress management, and characterising 
the intensity of the secretion stress response in relation to the levels of 
AmyQ production. For this purpose, the expression of a transcriptional 
htrB-lacZ gene fusion, and the cellular and secreted levels of AmyQ were 
monitored simultaneously using a collection of tepA mutant strains. The 
results show that TepA is dispensable for secretion stress management. 
Importantly, however, the levels of htrB-lacZ expression were shown to be 
correlated with the levels of AmyQ production. In conclusion, our 
observations show that the secretion stress response can serve as an 
indicator for AmyQ production levels. Conceivably, this stress response 
can be employed to monitor the biotechnological production of a variety 
of secretory proteins by the Bacillus cell factory. 
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INTRODUCTION 

Bacillus species, such as Bacillus subtilis, are important commercial producers 
of enzymes and biopharmaceuticals, because of their capacity to secrete large 
quantities of proteins directly into their culture medium. Even though B. subtilis 
is efficient at secreting native proteins, it often exhibits a much lower efficiency 
for the secretion of heterologous proteins, such as human-Interleukin-3 (Bolhuis 
et al., 1999c). Upon translocation across the cytoplasmic membrane, most 
secretory proteins fold into their native, protease-resistant, conformation at the 
membrane-cell wall interface, after which they pass through the cell wall into the 
culture medium. However, in some cases, the translocated proteins do not fold 
effectively and are rapidly degraded by the various proteases (Tjalsma et al., 
2000). In some cases, they may be rescued by folding catalysts that prevent 
their aggregation and/or degradation (Gottesman, 1996; Wickner et al., 1999; 
Antelmann et al., 2003).  

The clearing of unfolded or malfolded translocated proteins is important 
because their extracytoplasmic accumulation can seriously harm the bacterial 
host cell (Hyyryläinen et al., 2001). Consequently, bacteria have evolved 
specific mechanisms to withstand the extracytoplasmic protein folding stress, 
resulting from the inefficient folding of translocated proteins or exposure to heat. 
Whereas Escherichia coli uses two partially overlapping signal transduction 
pathways, the Cpx two-component regulatory system and the σE-mediated 
stress response pathway (Connolly et al., 1997; Danese and Silhavy, 1997; 
Pogliano et al., 1997), B. subtilis employs the CssR-CssS two-component 
regulatory system (Control secretion stress Regulator and Sensor) to sense this 
type of stress and combat its detrimental effects (Hyyryläinen et al., 2001; 
Darmon et al., 2002).  

Secretion stress in B. subtilis has been defined as any kind of stress that 
activates the CssR-CssS two-component system (Antelmann et al., 2003), one 
of them being the overproduction of certain secretory proteins, such as the α-
amylase AmyQ from Bacillus amyloliquefaciens. It is thought that the presence 
of malfolded or aggregated proteins at the membrane-cell wall interface of B. 
subtilis is sensed with the help of the membrane protein CssS (Hyyryläinen et 
al., 2001). This sensor is also involved in the cellular response to heat stress 
(Noone et al., 2000; Darmon et al., 2002). Upon high-level production of a 
secretory protein, or a temperature upshift, CssS activates the response 
regulator CssR by phosphorylation. This in turn triggers increased transcription 
of htrA and htrB (Darmon et al., 2002) encoding, respectively, putative 
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membrane-bound proteases, HtrA and HtrB. Interestingly, HtrA has a dual 
localisation, being detectable both in membrane-associated and soluble 
extracellular forms (Antelmann et al., 2003). By analogy to HtrA of E. coli 
(Spiess et al., 1999), both HtrA and HtrB of B. subtilis are thought to have a 
“cleaning function” by degrading or refolding malfolded proteins at the 
membrane-cell wall interface (Antelmann et al., 2003; Tjalsma et al., 2000).  

The cytoplasmic TepA (Translocation enhancing protein A) has been 
implicated in protein secretion in B. subtilis. Membrane translocation and 
processing of pre-AmyQ was shown to be retarded in a B. subtilis TepA-
depleted strain (ItepA). TepA shows sequence similarities with a signal peptide 
degrading enzyme of E. coli (i.e. SppA) as well as the cytoplasmic ClpP 
protease. On the basis of these observations, three possible roles of TepA in 
protein translocation were proposed. TepA could be involved in the regulation of 
the secretion process, the cytosolic degradation of signal peptide fragments that 
are inhibitory to protein translocation, or act as a secretion-specific chaperone 
(Bolhuis et al., 1999a). Each of these proposed activities of TepA could impact 
on the management of the secretion stress response by cells of B. subtilis, 
irrespective of the precise function of TepA in the secretion process. 

The aim of the present studies was to investigate whether TepA has a role 
in protein secretion stress management in B. subtilis and, if so, to what extent 
the AmyQ translocation defect in tepA mutant strains would impact on the 
intensity of this response. Unexpectedly, the secretion of AmyQ by a tepA 
deletion strain was not affected, suggesting either that TepA is not important in 
AmyQ secretion, or that a suppressor mutation was selected upon tepA 
deletion. Importantly however, these studies resulted in a collection of strains 
expressing AmyQ at different levels that served as models for low-producing 
strains that are encountered in daily practice. Analysis of these strains shows 
that the intensity of the CssRS-dependent secretion stress response in B. 
subtilis is correlated to the level of AmyQ production.  

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and media 
Table 1 lists the plasmids and bacterial strains used. LB medium contained Bacto tryptone (1 %), 
Bacto yeast extract (0.5 %) and NaCl (0.5 %). TY medium contained Bacto tryptone (1 %), Bacto 
yeast extract (0.5 %) and NaCl (1 %). Minimal medium was prepared as described by Leskelä et al. 
(1996). Antibiotics were used in the following concentrations: ampicillin (Ap), 100 µg/ml; 
chloramphenicol (Cm), 5 µg/ml; erythromycin (Em), 100 µg/ml (E. coli) or 5 µg/ml (B. subtilis); and 
kanamycin (Km), 20 µg/ml. When required, media for B. subtilis were supplemented with 1 % (w/v) 
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xylose. To visualise α-amylase activity of AmyE from B. subtilis or AmyQ from B. amyloliquefaciens, 
LB plates were supplemented with 1 % starch and stained with iodine vapor. 
 

Table 1.  Plasmids and strains  

aApr, ampicillin resistance marker; Emr, erythromycin resistance marker; Cmr, chloramphenicol 
resistance marker; Kmr, kanamycin resistance marker. 

DNA techniques 
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis and transformation 
of competent E. coli cells were carried out as described by Sambrook et al. (1989). Enzymes were 

Plasmids  Relevant propertiesa Reference 
pUC19 Plasmid based on ColE1, Φ80dlacZ, lac promoter; Apr Norrander et al., 

1983 
pORI280 Vector for chromosomal integration and excision 

allowing construction of markerless deletions; lacZ, 
ori+ of pWV01, replicates only in strains providing 
repA in trans; Emr 

Leenhouts et al., 
1996 

pORI∆tepA Vector based on pORI280 and pUC19 for 
chromosomal integration and excision allowing 
construction of a markerless tepA deletion; Emr 

This work 

pX Vector for the xylose-inducible transcription of cloned 
genes by the xylA promoter; carries the xylR gene; 
Apr; Cmr 

Kim et al., 1996 

pX-tepA pX derivative; carries tepA downstream of the xylA 
promoter; Apr; Cmr 

This work 

pX(his)6-htrA pX derivative carrying the his6-htrA gene downstream 
of the xylA promoter; Apr, Cmr 

Antelmann et al., 
2003 

pX(his)6-htrB pX derivative carrying the his6-htrB gene downstream 
of the xylA promoter; Apr, Cmr 

This work 

pKTH10 Contains the amyQ gene of B. amyloliquefaciens; Kmr Palva, 1982 
pKTH10L pKTH10 derivative; Kmr Hyyrylainen et al., 

2001 
Strains   
E. coli 

DH5α 
 
F- φdlacZ∆M15 endA1 recA1 gyrA96 thi-1 hsdR17(rK

- 
mK

+) supE44 relA1 deoR ∆(lacZYA-argF) U169 

 
Invitrogen Life 
Technologies 

B. subtilis 
168 

 
trpC2 

 
Kunst et al., 1997 

ItepA trpC2; tepA::pMutin2; Emr Bolhuis et al., 1999a 
tepA trpC2; ∆tepA  This work 
htrB  also known as BFA3041; trpC2; htrB::pMutin4; Emr Darmon et al., 2002 

htrB tepA  also known as BV2070; trpC2; ∆tepA; htrB::pMutin4; 
Emr 

This work 

168 X trpC2; amyE::X; Cmr This work 
168 X-htrA  also known as BV2043; trpC2; amyE::X(his)6-htrA; 

Cmr 
This work 

168 X-htrB  also known as BV2044; trpC2; amyE::X(his)6-htrB; 
Cmr 

This work 

htrB tepA X trpC2; ∆tepA; htrB::pMutin4; amyE::X; Emr; Cmr This work 
htrB tepA X-tepA trpC2; ∆tepA; htrB::pMutin4; amyE::XtepA; Emr; Cmr This work 
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obtained from Invitrogen Life Technologies. B. subtilis was transformed as described by Kunst and 
Rapoport (1995) or Leskelä et al. (1996). The nucleotide sequences of primers used for PCR are 
described below; nucleotides identical to genomic template DNA are printed in capital letters, 
restriction sites used for cloning are underlined, and nucleotides used for PCR-mediated coupling 
are in bold letters. 

To construct a B. subtilis tepA deletion strain, two amplified fragments flanking the tepA gene 
were ligated into pUC19 after PCR-mediated splicing (Horton et al., 1989). This construct was fused 
with the chromosomal integration and excision plasmid pORI280. The upstream fragment tepAfront 
of 653 nucleotides was amplified with the primers ∆tepAfront.1 (5’GGC GAC GTC GTT GAA TTC 
CGC GGC CAA AAC GTA AAA ATT GGG G 3’) and ∆tepAfront.2 (5’ttg aat cat ccg tcc ttc GCG 
GAA GCG TCG TTT CAC CAA GCT GCT GTc tag tca gct aAA TGC TGT CCT TCG CAT C 3’). 
The downstream fragment tepAback of 1387 bp was amplified with the primers ∆tepAback.1 (5’tag 
ctg act aga cag cag ctt ggt gaa acg acg ctt ccg cGA AGG ACG GAT GAT TCA ATG ATT CTT 
TAT ACC GTG ATG CCT TAG G 3’) and ∆tepAback.2 (5’GGC CGG TAT GCT TCG GAT CTG CCA 
GCA AAT CCA GTG ACG GC 3’). The final construct pORI∆tepA was inserted into the 
chromosome of B. subtilis 168 by a Campbell-type integration. Upon growth in the absence of 
erythromycin, B. subtilis tepA was obtained due to spontaneous excision of the pORI plasmid from 
the chromosome together with the tepA gene. This deletion strategy leaves the tepA promoter 
region intact. Correct excision of tepA was verified by Southern hybridization.  

To construct the B. subtilis htrB tepA (BV2070) double mutant, the B. subtilis tepA strain was 
transformed with chromosomal DNA isolated from B. subtilis htrB (BFA3041) encoding a 
transcriptional htrB-lacZ gene fusion.  

To construct plasmid pX-tepA, the entire tepA gene was amplified by PCR with the primers 
ABp4a (5’ aat cta gaC ACA GAA GAA GAG CGT CC 3’) and TepApX.2 (5’ CAC Ggg atc c AG AAT 
CAT TG A ATC ATC CGT CC 3’). The resulting PCR product was ligated into plasmid pX, resulting 
in pX-tepA, which contains the tepA gene under the transcriptional control of the xylose-inducible 
xylA promoter (PxylA). Sequence verification of the tepA gene in three independently obtained 
constructs revealed three differences with the tepA sequence as deposited in the SubtiList database 
after genome sequencing (http://genolist.pasteur.fr/SubtiList/). This implies that the chromosomal 
tepA sequence in the region of the differences reads 355-ACA GCA ACG ATG-366, which would 
translate into the TepA residues: 119-TATM-122 (instead of TSTV). The xylose-inducible TepA-
producing strain htrB tepA X-tepA was obtained by a double cross-over recombination event that 
resulted in the introduction of the PxylA tepA cassette (X-tepA) into the chromosomally-located 
amyE gene of B. subtilis 168. Chloramphenicol resistant transformants were screened for an AmyE-
negative phenotype on starch-containing plates. 

B. subtilis 168 X-htrA (BV2043) was obtained by a double cross-over recombination event 
between the flanking regions of amyE located on pX(his)6-htrA and the chromosomal amyE gene of 
B. subtilis 168. Correct transformants carrying the PxylA-(his)6-htrA cassette (X-htrA) in amyE were 
chloramphenicol resistant and showed no α-amylase activity on plates containing starch.  

To construct a B. subtilis strain with a xylose-inducible (his)6-htrB gene (BV2044), the htrB 
gene was amplified by PCR with primers N-YH1 (5’ gct cta gaC GTT AAA GGA GTG TAA GAA 
CAT Gca tca cca tca cca tca cGA TTA TCG ACG TGA TGG CCA AAA CG 3’), specifying a hexa-
histidine tag (sequence represented in bold) and hisyvtA02 (5’ cgg gat ccT TAG CTT GAA CTG 
CTT TCT GTC 3’). The amplified fragment was cloned into plasmid pX, resulting in pX(his)6-htrB. B. 
subtilis 168 X-htrB (BV2044) carrying the PxylA-(his)6-htrB cassette (X-htrB) in amyE was obtained 
as described above for BV2043. The control strain B. subtilis 168 X was obtained by integration of 
the empty PxylA cassette of plasmid pX into the amyE gene of the parental strain 168.  



 

 

107 

CHAPTER 5 

β-galactosidase activity assay 
The β-galactosidase assay and the calculation of β-galactosidase units (Miller units: 
nmol/min/OD600) were performed as described by Hyyryläinen et al. (2001). Experiments were 
repeated at least twice, starting with independently obtained transformants, with relevant controls 
performed in parallel. Although some differences were observed in the absolute β-galactosidase 
activities, the ratios between these activities in the various strains tested were largely constant. A 
ratio of about 1.5 was generally reproducible. 

Western blotting and immunodetection 
Western blotting was performed as described by Kyhse-Andersen (1984). After separation by SDS-
PAGE, proteins were transferred to a Protran nitrocellulose transfer membrane (Schleicher and 
Schuell). To assay the presence of the precursor and mature forms of AmyQ in B. subtilis, cells 
were separated from the growth medium by centrifugation. If required, proteins in the growth 
medium were concentrated 8-fold upon precipitation with 5 % trichloroacetic acid (TCA). AmyQ was 
visualised with specific antibodies and horseradish peroxidase-anti-rabbit IgG conjugates or alkaline 
phosphatase-anti-rabbit IgG conjugates (Biosource International).  

RESULTS 

Deletion of tepA has no effect on AmyQ secretion 
Previous studies with B. subtilis ItepA, in which the expression of tepA is 
controlled by the IPTG-dependent Pspac promoter, indicated that TepA is 
required for efficient translocation of the α-amylase AmyQ (Bolhuis et al., 
1999a). To further characterise the function of TepA, the tepA gene was 
completely removed from the chromosome, using a plasmid-based 
chromosomal integration/excision system (Westers et al., 2003). To study the 
translocation and processing of pre-AmyQ in cells lacking TepA, two 
independently obtained isolates of B. subtilis tepA were transformed with 
plasmid pKTH10, which directs the high-level production of AmyQ (Palva, 
1982). Western blotting and pulse-chase experiments, in which B. subtilis 168 
and B. subtilis ItepA (both containing pKTH10) were used as parental and 
TepA-depleted control strains respectively, demonstrated that pre-AmyQ 
processing was not affected in the B. subtilis tepA deletion strain (unpublished 
observations). This unexpected finding suggests that TepA is either not 
important for pre-AmyQ translocation and subsequent processing, or that an 
unidentified tepA suppressor mutation was selected during the construction or 
subsequent cultivation of the tepA deletion strain in at least two independent 
cases.  
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Interestingly, pKTH10 was found to be genetically unstable upon prolonged 
cultivation of the tepA deletion and TepA depletion strains. Thus, derivatives of 
this pKTH10-transformed strain were obtained, which displayed varying levels 
of AmyQ production. Previous studies using strains containing pKTH10 
suggested that variants of this plasmid, directing low-level or no synthesis of 
AmyQ, were rapidly selected when the cells were unable to respond to the 
secretion stress caused by high level production of this secretory protein 
(Hyyrylainen et al., 2001). To investigate the role of TepA in the management of 
secretion stress, this was induced with high-level AmyQ production in a tepA 
deletion strain. An htrB-lacZ transcriptional gene fusion was introduced in the 
tepA mutant to monitor the secretion stress response via β-galactosidase 
activity. Notably, the activity of the htrB promoter in response to secretion stress 
is greatly enhanced, but not altered, by the disruption of the htrB gene in the 
reporter strain (Darmon et al., 2002, Noone et al., 2000, Noone et al., 2001). 
Moreover, the htrB-lacZ reporter gene fusion is more sensitive to secretion 
stress than a transcriptional htrA-lacZ reporter gene fusion (Hyyrylainen et al., 
2001, Darmon et al., 2002). The resulting htrB tepA strain was transformed with 
plasmid pKTH10. The expression of htrB-lacZ was also investigated in a 
pKTH10-containing htrB tepA strain in which tepA was ectopically expressed 
with a xylose-inducible promoter (X-tepA). Overnight cultures of cells that had 
been freshly transformed with pKTH10 were diluted in fresh medium and grown 
until 3 hours after the transition between exponential and post-exponential 
phase. β-galactosidase activity was used to monitor the transcription of htrB, 
while AmyQ production was analysed by Western blotting. As shown in Figure 
1A, neither AmyQ production nor secretion were affected by the deletion of 
tepA, irrespective of the xylose-induced ectopic expression of tepA. 
Accordingly, the intensity of the secretion stress response was similar in the 
tepA deletion strain and its ectopically complemented derivative (Fig. 1B; , , 
and ). Notably, some variation in cellular or extracellular AmyQ levels can be 
observed for certain strains at the different time points. Nevertheless, the lack of 
effect of the tepA deletion on the secretion of AmyQ and the induction of the 
secretion stress response was reproducibly observed when cells, freshly 
transformed with pKTH10, were used. Taken together, these observations show 
that the deletion of tepA has no impact on the production and secretion of 
AmyQ. Furthermore, the tepA deletion strain displays an AmyQ-induced 
secretion stress response that is indistinguishable from that of the parental 
strain.  
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Figure 1. Deletion of tepA affects neither AmyQ secretion nor the AmyQ-induced 
secretion stress response  
(A) AmyQ production and secretion. B. subtilis htrB, htrB tepA, htrB tepA X-tepA - xylose, and 
htrB tepA X-tepA + xylose, all containing pKTH10 for AmyQ production, were grown overnight in 
TY medium at 37 °C. Subsequently, the cultures were diluted to an OD600 nm of 0.05 in fresh TY 
medium with or without xylose and incubated at 37 °C. Cells were harvested after overnight 
growth (ON), 2 hours before the transition between exponential and post-exponential growth (t-2), 
and after 3 hours of post-exponential growth (t3). The parental strains B. subtilis 168 and B. 
subtilis htrB were used as negative controls (data not shown). Cells (C) were separated from the 
growth medium (M) by centrifugation. (Pre-)AmyQ was visualised by SDS-PAGE, Western 
blotting, and immunodetection, using AmyQ-specific antibodies. The positions of pre-AmyQ and 
mature AmyQ are indicated; note that several degradation products of AmyQ are detectable.  
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(B) Cellular response to secretion stress. A transcriptional htrB-lacZ gene fusion was used to 
determine the time courses of htrB expression in the cells used for the experiment described in 
panel A. The strains included in the analyses were: B. subtilis htrB pKTH10 ( ), htrB tepA 
pKTH10 ( ), htrB tepA X-tepA pKTH10 - xylose ( ), and htrB tepA X-tepA pKTH10 + xylose 
( ). The parental strains B. subtilis 168 ( ) and B. subtilis htrB ( ) were used as negative 
controls. Samples for the determination of β-galactosidase activities (indicated in 
nmol/min/OD600) were withdrawn at the times indicated. Zero time (t = 0) indicates the transition 
point between the exponential and post-exponential growth phases.  

Correlation between AmyQ production levels and intensity of the 
secretion stress response  

Prolonged cultivation of B. subtilis tepA strains containing pKTH10 resulted in 
the emergence of variants producing reduced levels of AmyQ compared to 
strains freshly transformed with this plasmid. In all cases, this reduced AmyQ 
production could be attributed to the instability of pKTH10. Notably, plasmid 
instability is a frequently observed cause of reduced production levels of 
secretory proteins (Cordes et al., 1996). Thus, the ∆tepA strains with reduced 
AmyQ productivity are, to some extent, reminiscent of the genetically undefined 
low-producing variants of production strains in biotechnological applications. 
This prompted us to investigate whether the intensity of the B. subtilis secretion 
stress response was correlated with the level of AmyQ production. To this end, 
the secretion stress response and AmyQ production were measured in strains 
with different cultivation histories (i.e. strains that were kept on agar plates for 
different periods of time and strains that were kept frozen at -80 °C). Overnight 
cultures were diluted in fresh medium and grown until 3 hour after the transition 
between exponential and post-exponential growth (Fig. 2). A B. subtilis htrB 
strain, freshly transformed with pKTH10 and producing high levels of AmyQ, 
was used as a positive control (Fig. 2A; htrB control, x). A B. subtilis htrB strain 
that had been kept on an agar plate for 15 days showed a lower secretion 
stress response (i.e. htrB-lacZ expression) than the htrB control strain (Fig. 2A; 
compare  and x). The lower secretion stress response correlated with a 
reduced production level of AmyQ by the htrB strain (Fig. 2B). The reduced 
AmyQ production was reflected both by reduced cellular and extracellular levels 
of (pre-)AmyQ. Similarly, the very mild secretion stress response in the htrB 
tepA1 double mutant (Fig. 2A; ) was correlated with very low AmyQ 
production levels (Fig. 2B). In contrast, a strain with the same genotype 
producing high AmyQ levels (htrB tepA2), displayed a high secretion stress 
response (Fig. 2A; ) that was comparable with the secretion stress response 
in the htrB control strain (Fig. 2A; x). Consistently, strains containing the X-tepA 
cassette that displayed strong secretion stress responses produced AmyQ at 
high levels (Fig. 2A;  and ), whereas the one strain of this type that 
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displayed a very mild secretion stress response produced AmyQ at a low level 
(Fig. 2A; ). Significantly, the intensity of the secretion stress response seems 
to correlate better to the cellular levels than to the secreted levels of  
 
A 
 
 
 
 
 
 
 
 
 
 
 
 
B 

 
 
 
 
 

Figure 2. Correlation between AmyQ production levels and the intensity of the 
secretion stress response  
(A) Cellular response to secretion stress. A transcriptional htrB-lacZ gene fusion was used to 
determine the time courses of htrB expression in cells producing AmyQ directed by pKTH10. 
Freshly constructed pKTH10 transformants were kept on plates for 15 days at room temperature. 
All strains were grown overnight at 37 °C in TY medium with or without xylose. Subsequently, the 
cultures were diluted to an OD600 nm of 0.05 in fresh TY medium with or without xylose and 
incubated at 37 °C. Strains included in the analyses were: B. subtilis htrB pKTH10 ( ), htrB 
tepA1 pKTH10 and htrB tepA2 pKTH10 (  and , respectively) from two independent 
experiments, htrB tepA X-tepA pKTH10 - xylose ( ), htrB tepA X-tepA pKTH10 + xylose ( ), 
and htrB tepA X-tepA pKTH10 ++ xylose ( ) (++ xylose indicates that the strain was kept on 
plates supplemented with 1 % xylose and grown in the presence of 1 % xylose). The parental 
strains B. subtilis 168 ( ) and B. subtilis htrB ( ) were used as negative controls. A B. subtilis 
htrB strain, freshly transformed with pKTH10, was used as a positive control (htrB control, x). 
Samples for the determination of β-galactosidase activities (indicated in nmol/min/OD600) were 
withdrawn at the times indicated. Zero time (t = 0) indicates the transition point between the 
exponential and post-exponential growth phases.  
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(B) AmyQ production and secretion. Cells of B. subtilis htrB, htrB tepA1 and htrB tepA2 (two 
independent experiments), htrB tepA X-tepA - xylose, htrB tepA X-tepA + xylose, htrB tepA X-
tepA ++ xylose, all containing pKTH10 for AmyQ production, were harvested after 3 hours of 
post-exponential growth (t3) in the experiment described in panel A. The parental strain B. 
subtilis 168 and B. subtilis htrB were used as negative controls (data not shown), and the B. 
subtilis htrB strain freshly transformed with pKTH10, was used as a positive control (htrB 
control). Cells (C) were separated from the growth medium (M) by centrifugation. (Pre-)AmyQ 
was visualised by SDS-PAGE, Western blotting, and immunodetection, using AmyQ-specific 
antibodies. The positions of pre-AmyQ and mature AmyQ are indicated; note that several 
degradation products of AmyQ are detectable. 

 
AmyQ. In conclusion, these findings show that, irrespective of the presence or 
absence of TepA, the intensity of the secretion stress response in cells of a 
particular AmyQ producing strain is indicative for the level of AmyQ production 
by this strain.  

Overexpression of htrA or htrB has no effect on AmyQ production  
It was previously shown that the induction of the secretion stress response in 
cells producing high amounts of AmyQ results in the synthesis of HtrA and, 
most likely, HtrB at significantly elevated levels (Antelmann et al., 2003). The 
induced expression of htrA and htrB was interpreted as a consequence of the 
triggering of the CssRS system by misfolded AmyQ (Darmon et al., 2002, 
Hyyrylainen et al., 2001). Although this is the most likely explanation, the 
possibility that increased levels of HtrA and HtrB synthesis are required to 
produce high levels of AmyQ could not be ruled out. To test this possibility, 
experiments were performed to determine the influence of HtrA or HtrB 
overexpression on the production of AmyQ. For this purpose, B. subtilis 168 X, 
B. subtilis X-htrA (BV2043), and B. subtilis X-htrB (BV2044) were transformed 
with the plasmid pKTH10L. The latter plasmid was used instead of pKTH10, 
because it is more stably maintained, which is probably due to the fact that it 
directs AmyQ production at moderate levels (Hyyrylainen et al., 2001). 
Overnight cultures were diluted in fresh medium with and without xylose, and 
growth was continued for 8 hours. The proteins in the medium fractions were 
precipitated with TCA, and AmyQ production and secretion was visualised by 
Western blotting. The results show that overexpression of neither htrA nor htrB 
affects the levels of produced and secreted AmyQ (Fig. 3). These observations 
imply that elevated levels of HtrA or HtrB are a consequence of, rather than a 
prerequisite for, high level AmyQ production. Thus, the expression levels of htrA 
and, as documented in this paper, htrB can be regarded as genuine indicators 
for the AmyQ production levels.  
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Figure 3. No influence of overproduced HtrA or HtrB on AmyQ production  
Cells of B. subtilis 168 X, 168 X-htrA, and 168 X-htrB, all containing pKTH10L for AmyQ 
production, were grown in LB medium at 37 °C in the absence (-) or presence (+) of 1 % xylose 
for the induction of the xylA promoter. Cells (C) were harvested after 2 hours of post-exponential 
growth, and separated from the growth medium (M) by centrifugation. Proteins in the growth 
medium were concentrated 8-fold upon precipitation with 5 % trichloroacetic acid (TCA). AmyQ 
was visualised by SDS-PAGE, Western blotting, and immunodetection, using AmyQ-specific 
antibodies. The AmyQ-specific band is indicated; note that several degradation products of 
AmyQ are detectable.  

DISCUSSION 

The focus of the present studies was to investigate the extent to which the 
secretion stress response is correlated with α-amylase AmyQ production in B. 
subtilis in relation to the function of the TepA protein. The results indicate that 
the intensity of the secretion stress response reflects the AmyQ production 
level. The analysis of TepA function was hampered by two factors: firstly, the 
tepA deletion strain displayed a phenotype different from that of the original 
TepA depletion strain (Bolhuis et al., 1999a); and secondly, the genetic 
instability of plasmid pKTH10 that was used for overproduction of AmyQ. The 
latter phenomenon was, however, successfully exploited as a tool to monitor the 
relationship between the intensity of the secretion stress response and the level 
of AmyQ production. The resulting data have important biotechnological 
implications in relation to the discrimination between low- and high-level 
producing strains. 

The reason why tepA deletion strains fail to display an AmyQ secretion 
defect is currently not clear. Notably, a great deal of effort was required to 
obtain two independent isolates of B. subtilis tepA, both of which lacked the 
TepA depletion phenotype of B. subtilis ItepA, as described by Bolhuis et al. 
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(1999a). This suggests that a suppressor mutation could be required to obtain 
viable tepA deletion strains. An alternative explanation would be that 
downstream sequences of the tepA gene are somehow involved in the AmyQ 
secretion defect that is observed upon repressed tepA transcription in B. subtilis 
ItepA. Irrespective of the precise function of TepA, our present data indicate that 
this protein is dispensable for protein secretion stress management. 

Plasmid pKTH10, which was used for high-level AmyQ production in B. 
subtilis, was found to be structurally unstable. This was reflected by the 
spontaneous emergence of variants that directed AmyQ production at lower 
levels, irrespective of the presence or absence of an intact tepA gene. 
Apparently, cells producing AmyQ at a reduced level have a selective growth 
advantage compared to cells containing the authentic pKTH10. In a population 
of cells, this will lead to a rapid replacement of the latter plasmid by mutant 
variants directing AmyQ production at lower levels. Moreover, the presence of 
pKTH10 was shown to have a negative impact on sporulation (unpublished 
observations). Consequently, a negative selection for the authentic pKTH10 will 
occur upon sporulation. This may provide an additional explanation for our 
observation that strains with a long history of cultivation display reduced levels 
of AmyQ production. Importantly, variants of pKTH10 that direct low-level 
production of AmyQ provoke a secretion stress response of limited intensity, 
which is in line with the view that production of high levels of AmyQ is stressful 
for B. subtilis cells. 

Finally, the observation that the intensity of the CssRS-dependent secretion 
stress response can be correlated to the level of AmyQ production opens up the 
attractive possibility to use this stress response as an indicator for the 
production of secretory proteins by the Bacillus cell factory. Thus, B. subtilis 
strains with htrA-lacZ or htrB-lacZ transcriptional gene fusions can serve as 
highly useful tools for the rapid prediction of protein production levels, especially 
in those cases that involve secretory proteins for which no convenient assays 
are available. Importantly, this would also allow the identification and elimination 
of strains that display reduced production levels for secretory proteins. To 
further explore the application potential of htrA and htrB expression-based 
indicator strains, it will be important to define the range of proteins that can 
trigger the CssRS-dependent secretion stress response upon export from the 
cytoplasm.  
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SUMMARY  

Bacillus species are valuable producers of industrial enzymes and 
biopharmaceuticals, because they can secrete large quantities of high-
quality proteins directly into the growth medium. This requires the 
concerted action of quality control factors, such as folding catalysts and 
“cleaning proteases”. The expression of two important cleaning 
proteases, HtrA and HtrB, of Bacillus subtilis is controlled by the CssRS 
two-component regulatory system. The induced CssRS-dependent 
expression of htrA and htrB has been defined as a protein secretion 
stress response, because it can be triggered by the overproduction of 
secreted α-amylases. To date, it was not known, however, whether 
translocation of these α-amylases across the membrane is required to 
trigger a secretion stress response and whether other secretory proteins 
can also activate this response. Our present studies show that the CssRS-
dependent response is a general secretion stress response that can be 
triggered both by homologous and heterologous secretory proteins. As 
demonstrated by high-level production of a non-translocated variant of 
the α-amylase AmyQ, membrane translocation of secretory proteins is 
required to elicit this general protein secretion stress response. Studies 
with two other secretory reporter proteins, the lipase A of B. subtilis and 
human Interleukin-3, show that the intensity of the protein secretion 
stress response reflects the production levels of the respective proteins 
only partly. Importantly, degradation of human Interleukin-3 by 
extracellular proteases has a major impact on the production level, but 
only a minor impact on the intensity of the secretion stress response.  
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INTRODUCTION 

Bacillus subtilis is a Gram-positive, non-pathogenic organism that is widely used 
for the production of industrially important enzymes. A major advantage of this 
organism is that proteins can be secreted directly into the growth medium, 
which facilitates the subsequent product purification. In general, the quality of 
proteins exported into the growth medium is high, which can be attributed to the 
quality control systems of B. subtilis. These consist of foldases and proteases 
that are involved in the correct folding of proteins and/or the removal of 
incompletely synthesised, damaged or malfolded proteins in the different 
compartments of the cell (Jensen et al., 2000; Kruger et al., 2000; Hyyrryläinen 
et al., 2001; Westers et al., 2004b). By studying the quality control systems of B. 
subtilis in more detail, various key players in the complex protein secretion and 
extracytoplasmic protein folding machinery have been identified (Tjalsma et al., 
2000, Sarvas et al., 2004, Westers et al., 2004b).  

While the secretion of homologous proteins by B. subtilis is generally very 
efficient, various yield-limiting bottlenecks for efficient secretion of proteins from 
especially Gram-negative eubacterial or eukaryotic origin were identified 
(Bolhuis et al., 1999c). Firstly, heterologous proteins may form insoluble 
aggregates in the cytoplasm (Wu et al., 1998); secondly, they may be poorly 
targeted to or rejected by the pre-protein translocase in the membrane (Tjalsma 
et al., 2000). Thirdly, after the translocation process, they may be degraded by 
membrane-bound, cell wall-associated or secreted proteases of B. subtilis. This 
degradation may relate either to slow or incorrect post-translocational folding, or 
the presence of exposed protease recognition sequences in the folded protein 
(Simonen and Palva, 1993; Sarvas et al., 2004).  

The Sec machinery seems to be responsible for the export of most proteins 
from the cytoplasm of B. subtilis (Tjalsma et al., 2004). As documented for the 
Escherichia coli Sec translocase, this machinery can only handle proteins in an 
unfolded state (de Keyzer et al., 2003). Since unfolded proteins are particularly 
susceptible to proteolysis, the translocated proteins that emerge from the Sec 
translocation channel must fold efficiently into their native conformation at the 
membrane-cell wall interface. Thereafter, they can pass the cell wall in order to 
be released into the growth medium. During these post-translocational stages in 
protein secretion, prominent roles are played by the folding catalyst PrsA 
(Kontinen et al., 1991), various thiol-disulphide oxidoreductases (Bolhuis et al., 
1999b), and negatively charged cell wall polymers (Stephenson and Harwood, 
1998; Hyrryläinen et al., 2000). The PrsA protein, which is anchored to the 
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membrane via a lipid-modification, was shown to be particularly important for 
the folding and stability of many exported proteins at the membrane-cell wall 
interface (Jacobs et al., 1993; Leskelä et al., 1999; Hyyryläinen et al., 2000, 
2001; Vitikainen et al., 2001). Despite the presence of effective folding catalysts 
at this subcellular location, protein misfolding and/or aggregation cannot always 
be prevented by the cell. These misfolded or aggregated proteins are removed 
by membrane- and cell wall-associated “cleaning proteases” (Meens et al., 
1997; Bolhuis et al., 1999d, Hyyryläinen et al., 2001; Stephenson et al., 2002), 
such as the membrane-associated HtrA and HtrB proteases of B. subtilis 
(Antelmann et al., 2003; D. Noone and K. Devine, unpublished observations). 
Notably, HtrA has a dual localisation, because it can also be detected in the 
growth medium.  

The expression of the htrA and htrB genes is regulated by the two-
component system CssRS (Control secretion stress Regulator and Sensor). 
CssS is involved in the degradation of misfolded proteins at the membrane cell-
wall interface as clearly illustrated by overproduction of the α-amylase AmyQ of 
Bacillus amyloliquefaciens in a prsA-cssS double mutant strain (Hyyryläinen et 
al., 2001). High-level production of this α-amylase, or the related α-amylase 
AmyL from B. licheniformis, is somehow sensed by CssS whereafter this protein 
most likely phosphorylates itself. The phosphate group is subsequently 
transferred to the cognate response regulator CssR that, in its activated form, 
positively regulates the expression of htrA, htrB, and the cssRS operon 
(Darmon et al., 2002). Notably, induced high-level production of AmyQ in the 
prsA-cssS double mutant strain resulted in a severe growth retardation and 
subsequent cell lysis, a phenomenon that was not observed upon AmyQ 
overproduction in the respective single mutant strains (Hyyryläinen et al., 2001). 
These findings showed that the stress imposed on the cell under conditions of 
high-level AmyQ production is highly detrimental if an adequate CssRS-
mediated response involving the induction of the HtrA and HtrB proteases is 
precluded. The stimuli that trigger the CssRS-mediated htrA and htrB 
expression at elevated levels have, collectively, been termed “secretion stress”. 
Notably, a secretion stress response is not only provoked by the overproduction 
of α-amylases, but also by mutation of htrA or htrB, or by the exposure of B. 
subtilis to heat. From the currently available data, it seems most likely that 
unfolded proteins represent, directly or indirectly, the stimuli for the Bacillus 
secretion stress response (Noone et al., 2000, 2001; Darmon et al., 2002; 
Antelmann et al., 2003).  

Thus far, the only secretory proteins that have been documented to trigger 
a secretion stress response upon high-level production were the α-amylases 
AmyQ and AmyL (Hyyryläinen et al., 2001; Darmon et al., 2002). It remained 
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unclear, however, whether a secretion stress response was exclusively elicited 
by translocated α-amylases, or also by α-amylase precursors prior to their 
translocation across the membrane. Furthermore, it was not clear whether α-
amylases are the only secretory proteins that trigger a secretion stress 
response that results in the induction of htrA and htrB, or whether this would 
also be the case for other secretory proteins produced at high levels. Our 
present studies were aimed at answering these questions. The results show 
that non-translocated α-amylase precursors do not trigger a secretion stress 
response, and that the CssRS-dependent response is a general secretion 
stress response. Remarkably, the extracellular proteases of B. subtilis seem to 
have an important role in maintaining a low basal level of htrA and htrB 
expression. 

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and media 
Table 1 lists the plasmids and bacterial strains used. Luria Bertani (LB) medium contained Bacto 
tryptone (1 %), Bacto yeast extract (0.5 %), and NaCl (0.5 %). If required, the medium was 
supplemented with the protease inhibitor cocktail Complete® (Roche Diagnostics). The medium that 
was used for overexpression of lipase (Lesuisse et al., 1993), in this work referred to as 1x MXR 
(medium extra rich), contained Bacto yeast extract (2.4 %), casein hydrolysate (1.2 %), arabic gum 
(0.4 %), glycerol (0.4 %), 0.17 M KH2PO4, and 0.72 M K2HPO4. The 1x MSR (medium super rich) 
that was used for human Interleukin-3 production contained Bacto yeast extract (2.5 %), Bacto 
tryptone (1.5 %), K2HPO4 (0.3 %), xylose (1.0 %), and glucose (0.1 %). Trace elements were added 
from a 1000x stock solution (2 M MgCl2, 0.7 M CaCl2, 50 mM MnCl2, 5 mM FeCl3, 1 mM ZnCl2, and 
2 mM thiamine). Antibiotics were used in the following concentrations: chloramphenicol (Cm), 5 
µg/ml; erythromycin (Em), 2 µg/ml; kanamycin (Km), 30 µg/ml; and spectinomycin (Sp), 100 µg/ml. 
The presence of the htrA::pMutin2 or htrB::pMutin4 mutations was checked by plating on LB agar 
supplemented with X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, 160 µg/ml). 
Transformants containing these mutations were blue and Emr. 

Strain construction  
B. subtilis was transformed as described by Kunst and Rapoport (1995). The B. subtilis 168 
derivates, LH168AS (htrA::pMutin2 cssS::Sp) and LH168BS (htrB::pMutin4 cssS::Sp), were 
constructed by transformation of B. subtilis BV2003 (htrA::pMutin2) and BFA3041 (htrB::pMutin4), 
respectively, with chromosomal DNA of B. subtilis BV2001 (cssS::Sp) and selection for 
spectinomycin resistance. The B. subtilis strains LH800A (WB800 htrA::pMutin2) and LH800B 
(WB800 htrB::pMutin4) were constructed by transformation of B. subtilis WB800 with chromosomal 
DNA of, respectively, B. subtilis BV2003 (htrA::pMutin2) or B. subtilis BFA3041 (htrB::pMutin4). 
Correct transformants were blue and Emr. The obtained strains were transformed with chromosomal 
DNA of B. subtilis BV2001 (cssS::Sp) and selected for spectinomycin resistance to obtain the B. 
subtilis strains LH800AS (WB800 htrA::pMutin2 cssS::Sp) and LH800BS (WB800 htrB::pMutin4 
cssS::Sp). All strains are listed in Table 1. 
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Table 1.  Plasmids and strains 
Plasmids Relevant propertiesa Reference 
pLip2031 pUB110 derivative; carries the B. subtilis lipA 

gene under the control of the HpaII promoter; Kmr
Dartois et al., 
1994 

pKTH10L pUB110 derivative containing the amyQ gene of 
B. amyloliquefaciens; Kmr 

Hyyrryläinen et 
al., 2001 

pKTHM101 pUB110 derivative containing the amyQ gene of 
B. amyloliquefaciens, encoding for AmyQ with an 
artificial leucine-rich signal peptide; Kmr 

Zanen et al., in 
preparation 

pKTHM102 pUB110 derivative containing the amyQ gene of 
B. amyloliquefaciens, encoding for AmyQ with an 
artificial alanine-rich signal peptide; Kmr 

Zanen et al., in 
preparation 

pP43LatIL3 pMA5 derivative, containing the human 
Interleukin-3 gene with the amyL signal 
sequence, downstream of the HpaII and P43 
promoters; Kmr 

Westers et al., in 
preparation 

Strains   
B. subtilis 

168 
 
trpC2 

 
Kunst et al., 1997 

168 cssS also known as BV2001; trpC2; cssS::Sp; Spr Hyyrryläinen et 
al., 2001 

168 htrA-lacZ also known as BV2003; trpC2; htrA::pMutin2; Emr Hyyrryläinen et 
al., 2001 

168 htrB-lacZ also known as BFA3041; trpC2; htrB::pMutin4; 
Emr 

Darmon et al., 
2002 

168 htrA-lacZ cssS also referred to as LH168AS; trpC2; 
htrA::pMutin2; cssS::Sp; Emr; Spr 

This work 

168 htrB-lacZ cssS also referred to as LH168BS; trpC2; 
htrB::pMutin4; cssS::Sp; Emr; Spr 

This work 

WB800 trpC2; nprE; nprB; aprE; epr; mpr; bpf; vpr; wprA; 
Cmr; Hygr 

Wu et al., 2002 

WB800 htrA-lacZ also referred to as LH800A; trpC2; nprE; nprB; 
aprE; epr; mpr; bpf; vpr; wprA; htrA::pMutin2; 
Cmr; Hygr; Emr 

This work 

WB800 htrB-lacZ also referred to as LH800B; trpC2; nprE; nprB; 
aprE; epr; mpr; bpf; vpr; wprA; htrB::pMutin4; 
Cmr; Hygr; Emr 

This work 

WB800 htrA-lacZ cssS also referred to as LH800AS; trpC2; nprE; nprB; 
aprE; epr; mpr; bpf; vpr; wprA; htrA::pMutin2; 
cssS::Sp; Cmr; Hygr; Emr; Spr 

This work 

WB800 htrB-lacZ cssS also referred to as LH800BS; trpC2; nprE; nprB; 
aprE; epr; mpr; bpf; vpr; wprA; htrB::pMutin4; 
cssS::Sp; Cmr; Hygr; Emr; Spr 

This work 

aKmr, kanamycin resistance marker; Spr, spectinomycin resistance marker;  Emr, erythromycin 
resistance marker; Cmr, chloramphenicol resistance marker; Hygr, hygromycin resistance 
marker. 

Proteomics 
The B. subtilis strains 168 and WB800 were grown at 37 °C under vigorous agitation in LB medium 
with or without the protease inhibitor cocktail Complete®. The Complete® was added to cultures 
with an OD600 nm of ~1. After 1 hour of post-exponential growth, cells were separated from the growth 
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medium by centrifugation. The secreted proteins in the growth medium were collected for two-
dimensional (2D) polyacrylamide gel electrophoresis (PAGE) as described previously (Antelmann et 
al., 2001). The resulting 2D gels were stained with SYPRO Ruby protein gel stain (Molecular probes 
Inc.). Protein identification by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 
mass spectrometry was performed as described previously (Antelmann et al., 2001; Jongbloed et 
al., 2002).  

SDS-PAGE, staining, Western blotting and immunodetection 
To detect overproduced and secreted LipA, hIL-3, or AmyQ, B. subtilis cells were separated from 
the growth medium by centrifugation (2 min at 5,000 g, followed by 2 min at 13,000 g at room 
temperature). Samples for SDS-PAGE were prepared as described previously (van Dijl et al., 1991). 
After separation by SDS-PAGE, proteins were stained with Coomassie Brilliant Blue (Neuhoff et al., 
1988) or transferred to a Protran nitrocellulose transfer membrane (Schleicher and Schuell) as 
described by Kyhse-Andersen (1984). AmyQ was detected with specific antibodies and anti-rabbit 
IgG conjugates (Biosource International). The alkaline phosphatase conjugate was detected using a 
standard NBT-BCIP reaction (Nitro Blue Tetrazolium (Duchefa); 5-Bromo-4-Chloro-3-Indolyl-
Phosphate (Duchefa) (Sambrook et al., 1989). HtrA was detected with specific antibodies as 
previously described (Antelmann et al., 2003). Densitometric analyses of stained gels were 
performed using the GeneTools software of the ChemiGenius2 XE (Syngene) image acquisition 
system. 

Enzyme activity assays 
For strains containing a transcriptional lacZ fusion, the β-galactosidase assay and the calculation of 
β-galactosidase units (Miller units: nmol/min/OD600) were performed based on the protocol used by 
Hyyryläinen et al. (2001). Overnight cultures were diluted in fresh medium and samples were taken 
at different intervals for OD readings at 600 nm and β-galactosidase activity determinations. To 
assay β-galactosidase activities, a semi-automated method was developed, using a 
MultiPROBEIIex Robotic Liquid Handling System (Packard). From the samples, treated with lysis 
buffer as decribed by Hyyryläinen (2001), an aliquot of 25 µl was transferred to a flat bottom 96-
wells plate (Greiner) in triplo. The reaction was started by the addition of 100 µl Z-buffer with DTT (1 
mM final concentration) and ONPG (1 mg/ml final concentration) at 28 °C. After 15, 30 and 60 min 
the reaction was stopped by adding 62.5 µl 1 M Na2CO3. β-galactosidase activity was determined by 
measuring the increase in absorbance at 420 nm. The measurements stopped after 60 min were 
used for further analyses, unless the absorbance at 420 nm was too high and therefore not reliable. 
Experiments were performed starting with independently obtained transformants. In all experiments, 
the relevant controls were performed in parallel. The transition point between the exponential and 
postexponential growth phases (t=0) of every culture was determined individually, after which the 
corresponding LacZ activities were plotted in relation to t=0. Although some differences were 
observed in the absolute β-galactosidase activities, the ratios between these activities in the various 
strains tested were largely constant. As a positive control the pKTH10L plasmid directing AmyQ 
expression was introduced in all indicator strains and AmyQ was shown to induce a CssRS-
dependent secretion stress response. Points in the growth curves with an OD600 nm lower than 0.1 
were omitted from the final data sets.  

To determine lipase activity, the colorimetric assay as described by Lesuisse et al. (1993) was 
applied with some modifications. In short, a semi-automated analysis was performed, using a 
MultiPROBEIIex Robotic Liquid Handling System (Packard), in which 180 µl of reaction buffer (0.1 
M potassium phosphate buffer pH 8.0, 0.1 % Arabic gum, 0.36 % Triton X-100) was supplemented 
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with 10 µl of the substrate 4-nitrophenyl caprylate (10 mM in methanol). The reaction was started by 
the addition of 10 µl of culture supernatant. Lipase activity was determined by measuring the 
increase in absorbance at 405 nm per min of incubation at room temperature, per OD600 nm of the 
culture at the time of sampling. Experiments were performed with growth medium fractions of at 
least two different pLip2031 transformants per tested strain. The lipase activity in each growth 
medium fraction was determined in triplicate (Chapter 3; Westers et al., accepted). 

RESULTS  

Non-translocated pre-AmyQ does not provoke a secretion stress 
response 

Previous studies with AmyQ and AmyL as model proteins have shown that 
overproduction of these proteins in B. subtilis 168 provokes a CssRS-
dependent secretion stress response (Hyyryläinen et al., 2001; Darmon et al., 
2002). To investigate whether this secretion stress response is triggered by 
translocated or non-translocated α-amylase, the authentic pre-AmyQ and two 
derivatives of this pre-protein with mutated signal peptides were used. As 
depicted in Figure 1A, the two mutated signal peptides of AmyQ that were used 
contain either a stretch of leucines or a stretch of alanines, resulting in more 
hydrophobic (AmyQ-Leu) or less hydrophobic (AmyQ-Ala) signal peptides. As 
shown by Western blotting, most wild-type AmyQ and AmyQ-Leu is secreted 
into the growth medium, while no mature AmyQ-Ala is secreted (Fig. 1B). In 
fact, all AmyQ-Ala that is detectable in the cells is present in the precursor form 
and localised in the cytoplasm (G. Zanen, unpublished observations). Notably, 
compared to wild-type AmyQ, lower amounts of AmyQ-Leu are produced and 
secreted. Cells from B. subtilis 168 htrB-lacZ, or 168 htrB-lacZ cssS strains 
overexpressing wild-type AmyQ, AmyQ-Leu, or AmyQ-Ala were used to 
determine whether these proteins induce a secretion stress response. The htrB-
lacZ reporter gene fusion was used in this case, because it is more sensitive to 
secretion stress than a transcriptional htrA-lacZ reporter gene fusion 
(Hyyryläinen et al. 2001; Darmon et al. 2002). In this respect, it is important to 
note that, due to the way in which the htrB-lacZ reporter gene fusion is 
constructed, the htrB gene is disrupted. Whereas the production of (pre-)AmyQ 
with the authentic signal peptide triggers a CssRS-dependent secretion stress 
response in B. subtilis cells (Fig. 1C, ), the production of AmyQ-Ala does not 
provoke such a response (Fig. 1C, ). Production of AmyQ-Leu does trigger a 
secretion stress response (Fig. 1C, ) although the intensity of this response is 
lower than that provoked by overproduction of wild-type AmyQ. Importantly, the 
AmyQ-Leu-induced secretion stress response is completely CssRS-dependent 
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(not shown), like the secretion stress response provoked by wild-type AmyQ 
(Fig. 1C, ). Taken together, these observations show that the non-
translocated pre-AmyQ-Ala does not trigger a secretion stress response, while 
translocated AmyQ elicits a secretion stress response. The intensity of the 
secretion stress response provoked by translocated AmyQ seems to depend on 
the production level of this protein.  

 
Figure 1. AmyQ-induced secretion stress response  
(A) Amino acid sequences of the different signal peptides fused to AmyQ. AmyQ wt: authentic 
signal peptide; AmyQ-Leu: artificial leucine-rich signal peptide; AmyQ-Ala: artifical alanine-rich 
signal peptide.  
(B) The levels of overproduced (pre-)AmyQ were analysed by Western blotting, using cellular (C) 
and/or growth medium (M) fractions of B. subtilis 168 pKTH10L (encodes AmyQ wt), B. subtilis 
168 pKTHM101 (encodes AmyQ-Leu), and B. subtilis 168 pKTHM102 (encodes AmyQ-Ala). 
Samples for SDS-PAGE were corrected for the OD600 nm of the cultures. AmyQ was visualised 
with specific antibodies. p: precursor; m: mature. 
(C) To compare the induction of secretion stress responses in B. subtilis 168 overexpressing 
AmyQ-wt, AmyQ-Leu or AmyQ-Ala, a transcriptional htrB-lacZ fusion was used. Time courses of 
htrB-lacZ expression were determined by analysing β-galactosidase activity (indicated in 
nmol/min/OD600) in cells grown in LB medium at 37 °C. Samples were withdrawn at the times 
indicated; zero time is defined as the transition point between exponential and post-exponential 
growth. The strains used for the analyses were: B. subtilis 168 htrB-lacZ pKTH10L ( ); B. 
subtilis 168 htrB-lacZ cssS pKTH10L ( ); B. subtilis 168 htrB-lacZ pKTHM101 ( ); B. subtilis 

168 htrB-lacZ pKTHM102 ( ). 
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Extracellular protease inhibition triggers a secretion stress 
response in B. subtilis 

To study the influence of high-level production of, especially, heterologous 
proteins on the secretion stress response, protease-sensitive secretory proteins 
need to be protected against degradation by the proteases that are secreted 
into the growth medium. In principle, this can either be achieved by the addition 
of the protease inhibitor cocktail Complete® to the growth medium, or by using 
the protease-deficient strain WB800, which lacks eight extracellular proteases 
(AprE, Bpr, Epr, Mpr, NprB, NprE, Vpr, and WprA) (Wu et al., 2002). Notably, 
the processing product of WprA that has proteolytic activity, generally known as 
CWBP52, is also abundantly present on the cell wall proteome of B. subtilis 
(Margot and Karamata, 1996; Antelmann et al., 2002). As a first approach to 
verify the influence of extracellular proteases on the secretion stress response, 
B. subtilis strains with the htrA-lacZ or htrB-lacZ reporter gene fusions were 
grown in the presence of Complete®. Subsequently, the transcription of htrA or 
htrB was analysed by β-galactosidase activity determinations as a function of 
time (only the results obtained with the htrB-lacZ gene fusions are 
documented). Remarkably, the addition of Complete® triggered a strong 
secretion stress response (Fig. 2A; compare the + and – curves). The CssRS-
dependency of the increased htrA and htrB expression levels in the presence of 
Complete® was verified by growing B. subtilis htrA-lacZ cssS or B. subtilis htrB-
lacZ cssS in the presence of Complete®. As documented for htrB expression in 
Figure 2A, the cssS mutant strains showed no secretion stress response, 
despite the presence of Complete® (X curve). These observations demonstrate 
that the inhibition of extracellular proteases with Complete® can trigger a 
genuine CssRS-dependent secretion stress response in B. subtilis. To 
investigate whether the absence of eight extracellular proteases causes a 
similar response, the htrA-lacZ and htrB-lacZ transcriptional fusions were 
introduced into B. subtilis WB800. In contrast to the effect of Complete®, the 
absence of eight extracellular proteases did not result in significantly increased 
levels of htrA-lacZ or htrB-lacZ expression (data not shown), indicating that the 
deletion of the eight extracellular proteases in B. subtilis WB800 does not cause 
a typical secretion stress response.  

The effects of adding Complete® to B. subtilis cultures were further 
analysed by 2D gel electrophoretic analyses. These were performed with post-
exponentially growing B. subtilis 168 cells in the presence or absence of 
Complete®. Whereas the composition of the cytoplasmic proteome remained 
unaffected by the addition of Complete® to the growth medium of the parental 
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Figure 2. Impact of extracellular protease activity on the B. subtilis secretion stress 
response and composition of the extracellular proteome  
(A) Protease-inhibition stress. To study the effects of the inhibition of proteases by addition of 
Complete® or the absence of several proteases on the secretion stress response, the 
transcriptional htrB-lacZ fusion was used. Time courses of htrB-lacZ expression were determined 
by analysing β-galactosidase activity (indicated in nmol/min/OD600) in cells grown in LB medium 
with or without Complete® at 37 °C. Samples were withdrawn at the times indicated; zero time is 
defined as the transition point between exponential and post-exponential growth. The strains 
used for the analyses were: B. subtilis 168 htrB-lacZ (-); B. subtilis 168 htrB-lacZ + Complete® 
(+); B. subtilis 168 htrB-lacZ cssS + Complete® (X); B. subtilis WB800 htrB-lacZ ( ); B. subtilis 
WB800 htrB-lacZ cssS ( ).  
(B) The extracellular proteomes of B. subtilis 168 grown in the absence or presence of 
Complete® and of B. subtilis WB800. Cells of B. subtilis 168 were grown in LB medium with or 
without Complete®. Cells of B. subtilis WB800 were grown in LB medium. Extracellular proteins 
were harvested 1 hour after entry of the cells into the post-exponential growth phase. The 
extracellular proteins were separated by 2D PAGE and stained with SYPRO Ruby protein gel 
stain. Protein spots identified by MALDI-TOF mass spectrometry are indicated.  
(C) Cytoplasmic and extracellular amounts of HtrA. Effects of the addition of Complete® to the 
growth medium of B. subtilis 168 on the intra- and extracellular levels of HtrA were studied by 
Western Blotting. The cultures were grown in LB medium until OD550 nm of 0.5, 1, 2, and 4. Next, 
cells (C) were separated from the growth medium (M). Proteins in the growth medium were 
concentrated by precipitation with TCA and samples for SDS-PAGE were prepared. As a 
positive control, 20 ng of pure HtrAecd (the extracellular domain of HtrA) was loaded as 
previously described (Antelmann et al., 2003). Immunodetection after Western blotting was 
performed with antibodies raised against HtrAecd. 

 
strain 168 (not shown), the composition of the exoproteome was changed upon 
the addition of Complete®. Specifically, the relative abundance of certain 
processing products of two cell wall proteins, YvcE and WapA, was increased in
the presence of Complete® (Fig. 2B) compared to cells grown without 
Complete® (Fig. 2B). Notably, the level of extracellular HtrA was not increased 
upon addition of Complete® to the cultures. The latter observation was 
remarkable, because the extracellular HtrA levels of cells displaying, for 
example, an AmyQ-induced secretion stress response are significantly 
increased (Antelmann et al., 2003). To investigate why the extracellular HtrA 
levels are not increased in the presence of Complete®, despite the fact that this 
mix of protease inhibitors elicits a secretion stress response (Fig. 2A), Western 
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blotting experiments to detect the presence of HtrA in cellular and growth 
medium fractions were performed. Interestingly, the cellular amounts of HtrA 
were slightly increased upon addition of Complete®, especially in the post-
exponential growth phase (Fig. 2C; upper panel, OD550 nm ~4), whereas the 
extracellular amounts of HtrA were significantly decreased (Fig. 2C, lower 
panel). Overall, the addition of Complete® appears to have a rather modest 
effect on the total amount of HtrA protein produced by the cells. These findings 
indicate that Complete® inhibits the extracellular degradation of YvcE and 
WapA, as well as the processing of HtrA, which is required to release HtrA from 
the membrane into the growth medium. 

To investigate whether the mutation of eight extracellular B. subtilis 
proteases would have similar effects on the extracellular proteome of this 
organism as the inhibition of proteases by Complete®, a 2D gel electrophoretic 
analyses with post-exponentially growing B. subtilis WB800 cells was 
performed. The results depicted in Figure 2B (lower panel) show that the 
extracellular levels of processing products of the cell wall proteins YvcE and 
WapA are significantly elevated, similar to what was shown for B. subtilis 168 
cells treated with Complete®. In addition, however, the extracellular proteome 
of the WB800 strain contained many other proteins at significantly increased 
levels, including proteins synthesised with predicted signal peptides (e.g. YjcM, 
YocH, YqxI, YxaL, and YybN), the membrane and extracellular protein HtrA, a 
variety of flagellar proteins, as well as typical cytoplasmic proteins (e.g. Tig and 
YbdO). Increased extracellular levels of HtrA and YqxI have been reported 
previously for a strain lacking seven extracellular proteases which, like the 
WB800 strain, displayed no secretion stress response (Antelmann et al., 2003). 
The presence of elevated levels of these two proteins (i.e. HtrA and YqxI) in the 
growth medium of multiple protease mutant strains must therefore be attributed 
to reduced proteolysis. Importantly, the present data indicates that the 
protease(s) responsible for HtrA processing and release into the growth 
medium is (are) not affected in the WB800 strain. Taken together, these 
observations imply that the use of B. subtilis WB800 is a better way to prevent 
product degradation than the use of the Complete® protease inhibitors, 
because the WB800 cells appear not to be “secretion stressed”, and the 
medium of the WB800 cells seems to be less proteolytic.  

High-level LipA production in B. subtilis provokes a secretion 
stress response 

To investigate whether the secretion stress response is amylase-specific or is 
also provoked by the secretion of other proteins, the possible induction of a 
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secretion stress response by high-level expression of the B. subtilis protein LipA 
(lipase A) was investigated. The plasmid pLip2031 directing the production of 
the endogenous protein LipA was introduced into B. subtilis 168 htrB-lacZ. The 
transformed strain, when grown on LB medium, showed a normal growth 
pattern (Fig. 3A). Interestingly, the production of LipA had no significant effect 
on htrB-lacZ transcription as determined by β-galactosidase measurements 
(Fig. 3B). Accordingly, 2D gel electrophoretic analyses of the extracellular 
proteome under conditions of LipA overproduction showed no increased levels 
of extracellular HtrA (unpublished observations). Notably, experiments aimed at 
determining the production level of mature LipA in the growth medium of B. 
subtilis 168 upon overnight growth in LB medium revealed that the LipA 
concentration was about 0.5 mg/l or even lower (data not shown). This could 
imply that the LipA production at these levels is simply too low to provoke a 
detectable secretion stress response. To verify this idea, plasmid pLip2031 was 
introduced into the B. subtilis WB800 htrB-lacZ strain, because earlier studies 
have demonstrated that LipA is produced at 2.5- to 3-fold higher levels by B. 
subtilis WB800 as compared to the parental strain 168 (chapter 3; Westers et 
al., accepted). Next, the transcription of htrB-lacZ was analysed by β-
galactosidase activity determinations as a function of time. The different strains 
were grown on LB medium and showed a normal growth pattern, although the 
B. subtilis WB800 htrB-lacZ pLip2031 cells reached a lower maximum OD600 nm 
(Fig. 3A). As shown in Figure 3C, WB800 cells producing LipA did not 
transcribe htrB-lacZ at significantly elevated levels compared to the WB800 
control strain, although the data suggests that the htrB-lacZ expression levels in 
the cells producing LipA were slightly increased (Fig. 3C). To verify whether the 
production of LipA at even higher levels would result in a significant secretion 
stress response, B. subtilis 168 htrB-lacZ pLip2031 and WB800 htrB-lacZ 
pLip2031 cells were grown in MXR medium that has been shown to be an 
optimal medium for LipA production (Lesuisse et al., 1993). Notably, when cells 
of B. subtilis 168 or WB800 are cultured in this medium, they grow at a much 
slower rate and display an extended exponential growth phase as compared to 
growth in LB medium. As shown by β-galactosidase activity determinations, 
only a mild secretion stress response is induced in LipA-producing cells of B. 
subtilis 168 htrB-lacZ (Fig 3E; ). In contrast, LipA-producing cells of B. subtilis 
WB800 htrB-lacZ (Fig. 3F;  and ) display a clear secretion stress response 
when grown in MXR medium. Note that in Figure 3F the curve with closed 
diamonds represents the average of three data sets while the curve with closed 
squares represents one single outlier data set. Interestingly, the basal level of 
htrB-lacZ expression in B. subtilis 168 or WB800 grown in MXR medium is
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Figure 3. The LipA-induced secretion stress response in B. subtilis  
A transcriptional htrB-lacZ gene fusion was used to determine the time courses of htrB 
expression in B. subtilis 168 and WB800 derivatives producing the endogenous LipA directed by 
the plasmid pLip2031. Cells were grown at 37 °C in LB medium (A-C) or in the lipase 
overexpression medium MXR (D-F). Growth curves in LB medium (A) or MXR medium (D) were 
determined by OD600 nm readings. Time courses of htrB-lacZ expression were determined by 
analysing β-galactosidase activity (indicated in nmol/min/OD600) in cells grown in LB medium (B 
and C) or in MXR medium (E and F). Samples were withdrawn at the times indicated; zero time 
is defined as the transition point between exponential and post-exponential growth. The strains 
used were B. subtilis 168 htrB-lacZ (-), 168 htrB-lacZ pLip2031 ( ), WB800 htrB-lacZ (X), 

WB800 htrB-lacZ pLip2031 (  and ), WB800 htrB-lacZ cssS ( ), and WB800 htrB-lacZ cssS 
pLip2031 (+). Please note that the y-axis (LacZ specific activity) scales are different in panels B, 
C, E, and F. 
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higher than when these strains are grown in LB medium (Fig. 3; compare 
panels B and E, or panels C and F). Importantly, as shown with a WB800 htrB-
lacZ cssS mutant strain, the htrB-lacZ expression at elevated levels in LipA-
producing WB800 cells grown on MXR medium was CssS-dependent (Fig. 3F; 
+ curve), showing that LipA production provokes a genuine secretion stress 
response under these conditions. Interestingly, the measurement of LipA 
activity in growth medium samples withdrawn at t=3 from the four parallel MXR 
cultures of LipA-producing WB800 htrB-lacZ cells revealed that the outlier 
culture with the highest htrB-lacZ expression level produced about 1.5-fold more 
LipA than the three other cultures. This indicates that the intensity of the LipA-
induced secretion stress response parallels the LipA production levels. Based 
on SDS-PAGE, using a calibration curve of purified LipA, the average 
concentration of LipA in the growth medium of overnight cultures of B. subtilis 
WB800 htrB-lacZ pLip2031 grown in MXR medium was estimated to amount 
~11 mg/l, while the LipA production by B. subtilis 168 htrB-lacZ under these 
conditions was about 2-fold lower (data not shown). For comparison, the level of 
AmyQ production as directed by plasmid pKTH10L in B. subtilis WB800 is 
estimated to be about 30 mg/l when cells are grown overnight in LB broth (Fig. 
4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Production levels of AmyQ, LipA and hIL-3 in B. subtilis WB800 
To visualise the production levels of AmyQ, LipA and hIL-3 in B. subtilis WB800 cells grown in 
LB medium, SDS-PAGE was performed with undiluted growth medium fractions of overnight 
cultures. For this purpose, B. subtilis WB800 was transformed with pKTH10L, pLip2031 or 
pP43LatIL3, respectively. The amounts of AmyQ, LipA, or hIL-3 present in the medium fractions 
were analysed by densitometric analyses of stained gels. As a reference different amounts of 
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purified AmyL (400 ng), LipA (25 ng and 50 ng) and hIL-3 (15 ng) were loaded on the gel. Note 
that the commercial reference sample for hIL-3 (Sigma-Aldrich) contains large amounts of BSA 
for the stabilisation of hIL-3. 

hIL-3 production provokes a mild secretion stress response in B. 
subtilis 168 

To further study the specificity of the B. subtilis secretion stress response, the 
heterologous protein human Interleukin-3 (hIL-3) was produced in B. subtilis. 
The pP43LatIL3 expression system was used for this purpose, because it has 
been shown to direct secretion of hIL-3 in protease-deficient B. subtilis strains 
grown in LB broth to about 11 mg/l (Fig. 4; L. Westers, manuscript in 
preparation). In contrast, the production of hIL-3 by the parental strain 168 is 
about 10-fold lower due to proteolysis of the secreted hIL-3 (data not shown). 
To monitor a possible secretion stress response, the plasmid pP43LatIL3 was 
introduced into the B. subtilis strains 168 htrB-lacZ and WB800 htrB-lacZ, 
respectively. Next, the expression of the htrB-lacZ gene fusions in these strains 
was analysed by β-galactosidase activity determinations at hourly intervals. 
Interestingly, the htrB-lacZ transcription was mildly increased in the 168 strain 
producing hIL-3 (Fig. 5B; ), even though the actual yield of hIL-3 in this strain 
is very low. The expression of htrB-lacZ in the WB800 strain was more 
significantly increased when hIL-3 was produced (Fig. 5C; ), which supports 
the view that also a protein of eukaryotic origin can provoke a secretion stress 
response in B. subtilis. These increased levels of htrB transcription were CssS-
dependent (data not shown).  

To verify whether the production of hIL-3 in B. subtilis cells at even higher 
levels would increase the intensity of the secretion stress response, cells of B. 
subtilis 168 htrB-lacZ pP43LatIL3 or WB800 htrB-lacZ pP43LatIL3 were grown 
in MSR medium that has been shown to be optimal for hIL-3 production (L. 
Westers, manuscript in preparation). The results presented in Figures 5A and 
5D show that, compared to growth in LB medium, significantly higher OD600 nm 
values were obtained if the strains were grown in MSR medium. Importantly, the 
concentrations of hIL-3 produced upon overnight growth of B. subtilis 168 htrB-
lacZ pP43LatIL3 or WB800 htrB-lacZ pP43LatIL3 in MSR were estimated to 
amount ~2 mg/l or ~27 mg/l, respectively (data not shown). Since the 
production of hIL-3 by the 168 cells grown in MSR medium remained relatively 
low, only the htrB-lacZ expression in hIL-3-producing WB800 cells was 
measured. The results show that, compared to cells grown in LB medium (Fig. 
5C), the basal level of htrB expression is increased when B. subtilis cultures are 
grown in MSR medium (Fig. 5E). Importantly, WB800 htrB-lacZ cells producing 
hIL-3 showed increased levels of htrB expression (Fig. 5E; closed triangles), 
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indicating that the production of hIL-3 can elicit a secretion stress response in B. 
subtilis.  

 
 
Figure 5. Human Interleukin-3-induced secretion stress response in B. subtilis 
A transcriptional htrB-lacZ gene fusion was used to determine the time courses of htrB 
expression in B. subtilis 168 and WB800 derivatives producing hIL-3 directed by the plasmid 
pP43LatIL3. Cells were grown at 37 °C in LB medium (A-C) or in the hIL-3 overexpression 
medium MSR (D-E). Growth curves in LB medium (A) or MSR medium (D) were determined by 
OD600 nm readings. Time courses of htrB-lacZ expression were determined by analysing β-
galactosidase activity (indicated in nmol/min/OD600) in cells grown in LB medium (B and C) or in 
MSR medium (E). Samples were withdrawn at the times indicated; zero time is defined as the 
transition point between exponential and post-exponential growth. The strains used were B. 
subtilis 168 htrB-lacZ (-), 168 htrB-lacZ pP43LatIL3 ( ), WB800 htrB-lacZ (X), and WB800 htrB-
lacZ pP43LatIL3 ( ). Please note that the y-axis (LacZ specific activity) scales are different in 
panels B, C, and E. 
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DISCUSSION 

The present studies, which build on our previous work concerning the α-
amylase-induced CssRS-dependent protein secretion stress response in B. 
subtilis, were aimed at answering two important questions: (1) is α-amylase 
translocation across the membrane required to trigger this response, and (2) is 
the CssRS-dependent response a general protein secretion stress response? 
Briefly, our observations show that α-amylase translocation is required to trigger 
a CssS-dependent response, and that the production of other proteins than α-
amylases can also provoke this protein secretion stress response in B. subtilis. 
We, therefore, conclude that the CssRS-dependent response can be regarded 
as a general secretion stress response. 

The conclusion that non-translocated AmyQ does not provoke a protein 
secretion stress response is based on the use of the AmyQ-Ala precursor, 
which contains an artificial alanine-rich signal peptide. This artificial signal 
peptide is functional in AmyQ translocation in E. coli, but not in B. subtilis (G. 
Zanen, manuscript in preparation). The observation that non-translocated 
AmyQ-Ala does not trigger a secretion stress response is consistent with 
computer-assisted predictions, which indicate that the CssS sensor domain is 
located at the extracytoplasmic side of the membrane. This suggests that an 
extracytoplasmic stimulus is sensed by CssS (Hyyryläinen et al., 2001). 
Interestingly, B. subtilis cells overexpressing AmyQ-Leu, which contains a 
leucine-rich signal peptide, displayed a less intense secretion stress response 
than cells overproducing the wild-type AmyQ. This observation can be attributed 
to the fact that AmyQ-Leu is produced at lower levels than wild-type AmyQ, 
since it was previously shown that the intensity of the secretion stress response 
correlates with the AmyQ production level (chapter 5; Westers et al., 2004a). In 
this respect, it is noteworthy that no secretion stress response was triggered by 
AmyQ-Ala, despite the fact that this protein accumulated in the cells at 
significantly higher levels than AmyQ-Leu, or the wild-type AmyQ. This 
underscores our view that non-translocated AmyQ does neither directly nor 
indirectly represent a stimulus of the CssS sensor protein. Importantly, the 
same is true for mature α-amylase added to the growth medium of B. subtilis, 
as shown by the addition of pure AmyL to cells of B. subtilis 168 with the htrA-
lacZ or htrB-lacZ reporter gene fusions (E. Darmon, unpublished observations). 
Thus, it can be concluded that only translocated forms of α-amylase that have 
not yet been released into the growth medium represent the primary stimuli for 
the α-amylase-induced CssRS-dependent secretion stress response. Most 
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likely, these cell-associated forms of α-amylase are not (yet) folded, or 
malfolded. The latter conclusion can be derived from the fact that mutations in 
prsA, which interfere with effective folding of AmyQ, result in a more intense 
secretion stress response (Hyyryläinen et al., 2001). 

Although the degradation of misfolded, or translocated proteins that are 
folded too slowly, appears to be an important function for the cell, this process 
also represents one of the major limiting factors in the industrial production of 
heterologous proteins (Wahlström et al., 2003). For this reason, strains lacking 
multiple extracellular proteases (e.g. DB104, WB600, WB700, and WB800) 
have been developed (Wu et al., 1993; Wu et al., 1998; Ye et al., 1999). As 
exemplified with a variety of proteins, such as single-chain antibodies and the 
staphylokinase of Staphylococcus aureus, the deletion of protease genes can 
result in clearly improved yields of secreted heterologous proteins. An 
alternative strategy would be the use of specific protease inhibitors, such as the 
protease inhibitor cocktail Complete®. Our present studies clearly show that the 
use of strains lacking multiple extracellular proteases should be the preferred 
approach. Compared to the use of Complete®, the use of B. subtilis WB800, 
which lacks eight extracellular proteases, results in a less proteolytic growth 
medium and does not elicit a secretion stress response in the cells. It is 
presently not clear why the addition of Complete® triggers a protein secretion 
stress response, but at least two explanations are conceivable. Firstly, 
Complete® might inhibit proteases such as HtrA and/or HtrB. This would be 
sufficient to induce a secretion stress response, since it was previously shown 
that mutations in the corresponding genes induce such a response (Noone et 
al., 2000, 2001; Darmon et al., 2002). Presumably, this is due to the fact that in 
absence of HtrA or HtrB, the stimuli that are sensed by CssS are not effectively 
quenched. In this respect, it is interesting to note that the cleavage reaction that 
is required to release HtrA from the membrane into the growth medium is 
inhibited by Complete®, although it is presently not clear how this impacts on 
HtrA activity. A second possible explanation for the induction of a secretion 
stress response by Complete® would be that the respective protease inhibitors 
might result in the accumulation of one or more malfolded or aggregated 
proteases, or other proteins that are no substrates for HtrA or HtrB. In turn, 
these accumulating proteins might trigger a secretion stress response. In fact, 
these two possible explanations are not mutually exclusive. Clearly, the present 
data show that the eight proteases that are absent from B. subtilis WB800 have 
no important role in the quenching of the protein secretion stress response. 

The intensity of the secretion stress response induced upon LipA production 
was found to correlate with the LipA production levels, similar to what was 
previously shown for AmyQ (Chapter 5; Westers et al., 2004a). This became 
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particularly evident upon cultivation of LipA-producing WB800 cells in the MXR 
medium, a growth medium optimised for LipA production. This suggests that 
upon increased LipA production, the stimulus that triggers the CssRS-
dependent response is also enhanced. Interestingly, a different effect was 
observed upon hIL-3 production. Even though hIL-3 is barely detectable when 
produced in B. subtilis 168, the expression of the hIL-3 gene from plasmid 
pP43LatIL3 is sufficient to provoke a mild secretion stress response. This 
response is increased, but not dramatically, upon a 10-fold increased 
production of hIL-3 in the WB800 strain. These findings suggest that the 
stimulus that triggers a secretion stress response upon hIL-3 production is not 
increased in parallel with the improved hIL-3 production due to the absence of 
eight extracellular proteases from the WB800 strain. A possible explanation for 
this phenomenon could be that the secretion stress response is triggered by 
slowly folding or malfolded hIL-3, while both the unfolded and folded hIL-3 are 
substrates for the extracellular proteases. Thus, removal of the extracellular 
proteases would impact only mildly on the hIL-3 derived secretion stress 
stimulus, but heavily on the final yield of hIL-3. 

In conclusion, our present observations show that the CssRS-dependent 
stress response is a general protein secretion stress response that can be 
triggered both by homologous and heterologous proteins. The intensity of this 
response can, to some extent, be correlated to the production level of the 
secreted protein. Nevertheless, other parameters, such as the dependence of 
secretory proteins on certain extracytoplasmic folding catalysts or their 
susceptibility to extracellular proteases, will most likely determine to what extent 
the production levels of these secretory proteins and the intensity of the 
secretion stress response can be correlated. This is an important consideration 
for future attempts to apply the secretion stress response as an indicator for the 
optimised production and quality of biotechnologically relevant secretory 
proteins in Bacillus species. 
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SUMMARY 

Covalent cell wall anchoring by the transpeptidase sortase is an important 
mechanism for the cellular retention of proteins that have been exported 
from the cytoplasm of Gram-positive cocci, such as Staphylococcus 
aureus. Interestingly, sortase-like proteins and their substrates are 
conserved in almost all Gram-positive bacteria, a single Gram-negative 
bacterium and an archaeon. The Bacillus subtilis genome encodes two 
sortase-like proteins, YwpE and YhcS. The yhcS gene is located 
downstream of the yhcR gene encoding a potential sortase substrate. The 
gene for a second possible sortase substrate, the phosphodiesterase 
YfkN, is not genetically linked to a sortase-encoding gene. Our present 
studies were aimed at investigating possible roles of YhcS and YwpE in 
protein export and cell retention in the rod-shaped B. subtilis cell. The 
results show that YwpE is a typical cytoplasmic protein with no apparent 
function in protein export and retention. In contrast, YhcS appears to be 
involved in the cellular retention of YhcR and YfkN, the only two B. 
subtilis proteins with potential sortase recognition and cleavage sites of 
the LPXTG type. Remarkably, however, these two proteins are present at 
elevated levels in the growth medium of yhcS mutant strains. A model for 
the role of YhcS in the cellular retention of YhcR and YfkN is presented. 
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INTRODUCTION 

The cell envelope of Gram-positive bacteria is composed of a cytoplasmic 
membrane that is surrounded by a relatively thick cell wall consisting of 
peptidoglycan and anionic polymers, such as teichoic, lipoteichoic and 
teichuronic acids (Foster and Popham, 2002). Proteins can be attached to this 
thick layer, either non-covalently to teichoic and lipoteichoic acids, or covalently 
to certain cell wall pentaglycine cross-bridges (Barnett and Scott, 2002). The 
non-covalently linked proteins are retained in the cell wall with the help of 
specific cell wall-binding domains (CWB) and/or electrostatic interactions. In 
contrast, the covalently linked proteins remain cell wall anchored through a 
transpeptidation reaction that is catalysed by the enzyme sortase, as 
exemplified for the S. aureus protein A (Antelmann et al., 2002; Mazmanian et 
al., 1999, 2001; Ton-That et al., 1999, 2000). 

Sortase of S. aureus (surface protein sorting A, SrtA) cleaves its substrate 
proteins at the C-terminus and covalently links them to pentaglycine cross-
bridges in peptidoglycan (Navarre and Schneewind, 1999). SrtA is an enzyme 
of 206 amino-acids with a putative N-terminal membrane-spanning domain and 
a C-terminal catalytic TLXTC domain. SrtA-like proteins can be found in almost 
all Gram-positive bacteria, in one Gram-negative bacterium (i.e. Shewanella 
putrefasciens), and in the archaeon Methanobacterium thermoautotrophicum 
(Pallen et al., 2001). Strikingly, all Gram-positive bacteria encode two or more 
SrtA homologues, which suggests that sortases can display different substrate 
specificities (Pallen et al., 2001; Ton-That et al., 2001). B. subtilis, which has 
become the paradigm for research on Gram-positive bacteria, was found to 
encode two sortase homologues, YwpE and YhcS (Fig. 1), which have a 
predicted cytoplasmic and transmembrane localization, respectively. The typical 
substrate proteins of sortase are synthesised with an N-terminal signal peptide 
and a C-terminal cell wall sorting signal consisting of a conserved LPXTG motif, 
followed by a hydrophobic stretch of residues and a small, positively charged 
tail (Fischetti et al., 1990; Scheewind et al., 1993, 1995).  

During export via the Sec machinery, the sorted proteins are retained within 
the cytoplasmic membrane due to their C-terminal hydrophobic region and the 
charged tail. Sortase cleaves its substrate between the Thr and Gly residues of 
the conserved LPXTG motif, after which the carboxyl group of the Thr residue is 
linked to the free amino group of the pentaglycine cross-bridge via a two-step 
transpeptidation reaction (Navarre and Schneewind, 1994; Ton-That and 
Schneewind, 1999). A second and structurally related C-terminal cell wall
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Figure 1. Alignment of the B. subtilis sortase homologues with known sortases of 
different Gram-positive bacteria  
The alignment includes the following proteins: YwpE and YhcS of B. subtilis, SrtA of 
Streptococcus gordonii and Streptococcus suis, and SrtA and SrtB of S. aureus and L. 
monocytogenes. Identical amino acids (*), conserved substitutions (:), or semi-conserved 
substitutions (.) are marked. Transmembrane segments as predicted by the TMHMM Server 
from the Center for Biological Sequence analysis are indicated in grey shading. The multiple 
sequence alignment was performed by using the T-COFFEE program (Notredame et al., 2000). 

 

SrtA Staph. aureus            ----------MKKWTNRLMTIAGVV-LILVAAYLFAKPHIDNYLHDKDKDE------KIE 
SrtA Strep. gordonii          MARGSRRAKKKRSRRNIILNILSVI-LLLVALALIFNSSIRNMIMVWHTNKYQVSKVSKK 
YwpE B. subtilis              ------------------------------------------------------------ 
YhcS B. subtilis              -----------------MKKVIPLF---IIAAGLVIAGYGGFKLI--------DTNTKTE 
SrtA Strep. suis              ---MSKREKKKKRKGSFWRNFLTVV-LILISLALIFNTSIRNFIIGWNTNKYQISNVTTE 
SrtA List. monocytogenes      ----------------MLKKTIAII-ILIIGLLLIFSPFIKNGIVKYMSGHETIEQYKAS 
SrtB List. monocytogenes      ---------------MKIKSFLGKSL-TLVVLGVFLFSGWKIGMELYENKH-------NQ 
SrtB Staph. aureus            ---------------MRMKRFLTIVQILLVVIIIIFGYKIVQTYIEDKQERANY------ 
                                                                                            
 
SrtA Staph. aureus            QYDKNVKEQASKDKKQQAK--P--------QIPKDKSKVAGYIEIPDADIKEPVYPGPAT 
SrtA Strep. gordonii          EIEKNKASKGSFNFEKVEP--LSTEAVLNAQWKAQQLPVIGGIAIPELSLNLPIFNG-LE 
YwpE B. subtilis              ------------------------------------------------------------ 
YhcS B. subtilis              QTLKEAKLAAKKPQEASGTKNSTDQAKNKASFKPETGQASGILEIPKINAELPIVEG-TD 
SrtA Strep. suis              DIEKNKQAETTFDFEQVQS--ISTEAILAAQWDAQRLPVIGGIAVPELGINLPIFKG-VF 
SrtA List. monocytogenes      DIKKNNEKDATFDFESVQL--PSMTSVIKGAANYDKDAVVGSIAVPSVDVNLLVFKG-TN 
SrtB List. monocytogenes      TILDDAKAVYTK--DAATTNVNGEVRDELRDLQKLNKDMVGWLTIIDTEIDYPILQS-KD 
SrtB Staph. aureus            -------EKLQQKFQMLMSKHQAHVRPQFESLEKINKDIVGWIKLSGTSLNYPVLQG-KT 
                                                                                             
 
SrtA Staph. aureus            PEQLN----------RGVSFA--EENESLDD-QNISIAGHTFID---RPNYQ---FTNLK 
SrtA Strep. gordonii          NAGLY----------YGAGTM--KETQEMGK-GNYALASHHVFGITGANEML---FSPLD 
YwpE B. subtilis              --------------------M--RRDQKMGE-GNYPLAGHHL----KQKNLL---FGPLE 
YhcS B. subtilis              ADDLE----------KGVGHY--KDSYYPDENGQIVLSGHR--------DTV---FRRTG 
SrtA Strep. suis              NTSLM----------YGAGTM--KENQEMGK-GNYALASHHIFGVTGAADVL---FSPLD 
SrtA List. monocytogenes      TANLL----------AGATTM--RSDQVMGK-GNYPLAGHHM----RDESML---FGPIM 
SrtB List. monocytogenes      NDYYLHHNYKNEKARAGSIFKDYRNTNEFLD-KNTIIYGHNM----KDGSMFADLRKYLD 
SrtB Staph. aureus            NHDYLNLDFEREHRRKGSIFMDFRNELKNLN-HNTILYGHHV----GDNTMFDVLEDYLK 
                                                     .      .  :  : .*                     
 
SrtA Staph. aureus            A---------------------------AKKGSMVYFKVGNETRKYK-----MTSIRDVK 
SrtA Strep. gordonii          R---------------------------AKAGMKIYLTDKEKVYTYS-----ITSVENVE 
YwpE B. subtilis              N---------------------------IKTGAQIVITDFKKDYIYS-----VTSKDIIS 
YhcS B. subtilis              E---------------------------LEKGDQLRLLLSYGEFTYE-----IVKTKIVD 
SrtA Strep. suis              R---------------------------AKNGMKIYITDKTNVYTYV-----IDSVEIVS 
SrtA List. monocytogenes      K---------------------------VKKGDKIYLTDLENLYEYT-----VTETKTID 
SrtB List. monocytogenes      KDFLVAHPTFSYESGLTNYEVEIFAVYETTTDFYYIETEFPETTDFEDYLQKVKQQSVYT 
SrtB Staph. aureus            QSFYEKHKIIEFDNKYGKYQLQVFSAYKTTTKDNYIRTDFENDQDYQQF---LDETKRKS 
                                                                           :      : .      
 
SrtA Staph. aureus            PTDVGVLDEQKGKDKQLTLITCDDY-NEKTGVWEKRKIFVATEVK--------------- 
SrtA Strep. gordonii          PERVDVVDDAADGTAEVTLVTCEDA-AATS-----RTIVKGVLESETPYKETPKKILNYF 
YwpE B. subtilis              EMDADVVEETN--KKEITLITCDKA-VKTE----GRLVVKGELVDS---FGHTN------ 
YhcS B. subtilis              KDDTSIITLQHE-KEELILTTCYPF-S-YVGNAPKRYIIYGKRVT--------------- 
SrtA Strep. suis              PESVYVIDDVEG-RTEVTLVTCTDY-YATQ-----RIVVKGVLESTTPYNETAKDILDSF 
SrtA List. monocytogenes      ETEVSVIDDTK--DARITLITCDKP-TETT----KRFVAVGELEKT---EKLTKELENKY 
SrtB List. monocytogenes      ---SNVKVSG--KDRIITLSTCDTEK-DYE---KGRMVIQGKLVTK-------------- 
SrtB Staph. aureus            VINSDVNVTV--KDRIMTLSTCEDAYSETT----KRIVVVAKIIKVS------------- 
                                   :          : * **             * :  .                    
 
SrtA Staph. aureus            ----------- 
SrtA Strep. gordonii          NKSYNQMQL-- 
YwpE B. subtilis              ----------- 
YhcS B. subtilis              ----------- 
SrtA Strep. suis              NKSYNQYDYGQ 
SrtA List. monocytogenes      FPSK------- 
SrtB List. monocytogenes      ----------- 
SrtB Staph. aureus            ----------- 
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sorting signal in S. aureus contains the NPQTN motif that is, most likely,  
cleaved between the Thr and Asn residues by sortase B (SrtB), a paralogue of 
SrtA (Mazmanian et al., 2001, 2002; Pallen et al., 2001). The srtB gene is 
located within the isd (iron-responsive surface determinant) operon of which the 
first gene, isdC, encodes a polypeptide with an NPQTN sorting signal. The isd 
operon is conserved in Bacillus halodurans and Bacillus anthracis, encoding 
NPQTG and NPKTG sequences, respectively, within the IsdC homologues 
(Mazmanian et al., 2002). Very recently, a SrtB homologue was identified in 
Listeria monocytogenes that recognizes an NXXTN sequence (Bierne et al., 
2002, 2004). Notably, YwpE and YhcS of B. subtilis align well with SrtA, but lack 
two domains that are conserved in SrtB, suggesting that these two sortase 
homologues of B. subtilis function like SrtA rather than SrtB (Fig. 1). 
Nevertheless, none of the putative exported B. subtilis proteins contains a C-
terminal retention signal for covalent attachment to the cell wall with an LPXTG 
or NXXTN consensus motif (Tjalsma et al., 2000, 2004). 

So far, the sortase-dependent cell wall sorting of proteins has only been 
demonstrated in bacterial cocci, but not in rod-shaped bacteria of the genus 
Bacillus. Although the presence of ywpE and yhcS suggests that sortase-
dependent cell wall sorting of surface proteins does occur in B. subtilis, the 
absence of exported proteins with LPXTG or NXXTN motifs might indicate that 
B. subtilis does not make use of this cell wall retention mechanism, or that YhcS 
and YwpE recognize a cell wall sorting signal with a different amino acid 
sequence. Notably, two proteins with an LPXTG-like motif, YfkN and YhcR, 
have a predicted N-terminal signal peptide and a potential C-terminal 
transmembrane segment that is followed by a charged tail, characteristics 
shared by the different known sortase substrates (Table 1). Instead of the 
LPXTG motif, YfkN contains the sequence LPDTA and YhcR the sequence 
LPDTS. Both YfkN and YhcR were previously detected on the extracellular 
proteome of B. subtilis (Antelmann et al., 2001). It was proposed that these B. 
subtilis proteins were cleaved by unidentified signal peptidases and/or 
proteases that are active at the membrane-cell wall interface, resulting in their 
release into the growth medium. YfkN exhibits 2’,3’ cyclic nucleotide 
phosphodiesterase and 2’ (or 3’) nucleotidase and 5’ nucleotidase activities 
(Chambert et al., 2003). The precise function of YhcR remains to be determined 
but, like YfkN and various other known proteins with a C-terminal LPXTG motif, 
it is homologous to members of the 5’-nucleotidase protein family (Pallen et al., 
2001). Therefore, YfkN and YhcR could, in principle, be sorted to the cell wall by 
the B. subtilis sortase homologues YwpE and/or YhcS. The present studies 
were aimed at investigating possible roles of the latter two sortase homologues 
in the export of YfkN and YhcR. Although no cell wall anchoring of YfkN or 
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YhcR has been demonstrated, our results show that the release of YfkN and 
YhcR into the growth medium is increased upon mutation of yhcS. In contrast, 
mutation of ypwE has no effect on the release of these two proteins. 

 
Table 1.  C-terminal sorting signals 
Organism Protein Sequence of C-terminal sorting signala 
Listeria 
monocytogenes 

Internalin A LPTTGDSDNALYLLLGLLAVGTAMALTKKARASK 

Staphylococcus 
aureus 

IgG binding 
protein A 

LPETGEENPFIGTTVFGGLSLALGAALLAGRRREL 

Streptococcus 
equi 

Fibronectin-
binding protein 

LPQTSDMKQLTLSIIGAMSMLLVLCLSLFKRPSKKD 
 

Bacillus subtilis YhcR LPDTSAGYYNFMVIGAAVTLSGTYLYVRRKRSASRT 
Bacillus subtilis YfkN LPDTATSMYSILLAGFLISALGTAMYLHQRRKQNRANQA 
aThe LPXTG motifs representing possible sortase cleavage sites are indicated in italics. 
Hydrophobic stretches as determined by the algorithms of Kyte and Doolittle (1982) are indicated 
in grey shading. The positively charged residues that constitute the charged C-terminal tail are 
underlined. Transmembrane segments as predicted by the TMHMM Server from the Center for 
Biological Sequence analysis are indicated in bold. 

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, and media 
Table 2 lists the plasmids and bacterial strains used. LB medium contained Bacto tryptone (1 %), 
Bacto yeast extract (0.5 %), and NaCl (0.5 %). Low phosphate defined medium (LPDM) was 
prepared as described by Müller et al. (1997). Minimal medium was prepared as described by 
Chambert and Petit-Glatron (1984). Antibiotics were used in the following concentrations: ampicillin 
(Ap), 100 µg/ml; chloramphenicol (Cm), 5µg/ml; erythromycin (Em), 2 µg/ml; and kanamycin (Km), 
20 µg/ml. 

DNA techniques 
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent Escherichia coli cells were carried out as described by Sambrook et al. 
(1989). Enzymes were obtained from Invitrogen Life Technologies. B. subtilis was transformed as 
described by Kunst and Rapoport (1995). The nucleotide sequences of primers used for PCR are 
listed below; nucleotides identical to genomic template DNA are printed in capital letters and 
restriction sites used for cloning are underlined. 

To verify the DNA sequence of the ywpE gene, the overlapping PCR-amplified fragments 
ywpEfront and ywpEback, which comprise the entire ywpE gene and its flanking regions, were 
ligated into pUC18. The ywpEfront fragment was amplified with primers ywpEfront.1 (5’ TGA TTT 
Gaa ttc TGT TTC ATC ATT ATC AGG 3’) and ywpEfront.2 (5’ TTA AAA gga tcc ATG ACA ATT 
TGG GCA CCT G 3’). The ywpEback fragment was amplified with primers ywpEback.1 (5’ CCA 
GTC gca TGc AGA ACG TCG AAA GCA CG 3’) and ywpEback.2 (5’ CAG GGC Aag ctt ACC ATT 
CTC GAG TCC CTT G 3’).  
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Table 2.  Plasmids and strains 
Plasmids Relevant propertiesa Reference 
pDG1726 pMTL23 derivative; contains the spectinomycin resistance 

marker from Enterococcus faecalis; Apr; Spr 
Guérout-Fleury et 
al., 1995 

pKTH1601 pJH101 derivative; contains the amyQ gene and a 0.9 kb 
fragment of the ywlG region of the B. subtilis chromosome; 
Apr; Cmr; Tetr 

Kallio et al., 1987 

Strains  Reference 
E. coli 

DH5α 
 
F- Φ80dlacZ∆M15 endA1 recA1 gyrA96 thi-1 hsdR17 (rK

- 

mK
+) supE44 relA1 deoR ∆(lacZYA-argF) U169 

 
Invitrogen Life 
Technologies 

B. subtilis 
168 

 
trpC2 

 
Kunst et al., 1997 

yhcS Originally referred to as BFS1614; trpC2; yhcS::pMutin2; 
contains a transcriptional yhcS-lacZ fusion; Emr 

Kobayashi et al., 
2003 

ywpE Originally referred to as BFS1331; trpC2; ywpE::pMutin4; 
contains a transcriptional ywpE-lacZ fusion; Emr 

Kobayashi et al., 
2003 

ywpESp Like ywpE; integrated pDG1726 plasmid within the 
pMutin4 sequence; Emr; Spr 

This paper 

yhcS ywpESp trpC2; yhcS::pMutin2; ywpE::pMutin4; integrated 
pDG1726 plasmid within the pMutin4 sequence; Emr; Spr 

This paper 

aApr, ampicillin resistance marker; Spr, spectinomycin resistance marker; Cmr, chloramphenicol 
resistance marker; Tetr, tetracycline resistance marker; Emr, erythromycin resistance marker. 

 
To construct a B. subtilis yhcS ywpE double mutant strain (B. subtilis yhcS ywpESp), B. subtilis 

ywpE (BFS1331) was transformed with plasmid pDG1726, which resulted in a chromosomal 
integration (single cross-over) of the pDG1726 plasmid within the chromosomal pMutin sequences. 
B. subtilis ywpESp was obtained by selecting spectinomycin resistant transformants. Subsequently, 
B. subtilis yhcS (BFS1614) was transformed with chromosomal DNA from B. subtilis ywpESp to 
obtain the B. subtilis yhcS ywpESp strain by screening the transformants for spectinomycin 
resistance.  

Lysozyme plate assay 
To assay changes in the cell wall structure, the susceptibility of different B. subtilis strains to 
lysozyme was assayed. B. subtilis strains were grown overnight in LB. After 20-fold dilution in fresh 
LB medium and growth for 3 hours at 37 °C, 100 µl of culture was mixed with 3 ml of LB soft agar 
(0.7 %). The mixtures were used to overlay LB agar (1.5 %). After 1 hour, 10 µl of a dilution series 
of lysozyme (100, 50, 25, 12, 6, 3 or 1 µg/µl) were placed onto the surface of the overlaid agar 
plates. After overnight incubation at 37 °C, the size of halos formed due to lysozyme activity was 
determined and compared to the size of halos formed upon lysozyme addition to plates with a 
control strain. 

Proteomics 
B. subtilis strains were grown at 37 °C under vigorous agitation in LB medium (Antelmann et al., 
2001), or in low phosphate defined medium (LPDM) to induce a phosphate starvation response 
(Müller et al., 1997). After 1 hour of post-exponential growth, cells were separated from the growth 
medium by centrifugation. The secreted proteins in the growth medium were collected for two-
dimensional (2D) SDS-PAGE as previously described (Antelmann et al., 2001). The resulting 2D 
gels were stained with SYPRO Ruby protein gel stain (Molecular Probes Inc.). Protein identification 
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by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) 
was performed as described previously (Antelmann et al., 2001; Jongbloed et al., 2002).  

Identification of extracellular proteins displaying affinity to 
hydroxyapatite  

The mutant strains were grown in minimal medium supplemented with tryptophan (5 mM final 
concentration) and 1 % glucose as carbon source. One litre of culture was grown until an OD600 nm of 
2, which represents the exponential growth phase of the cultures. Cells were separated from the 
culture supernatant by centrifugation. The extracellular proteins in the growth medium fraction were 
adsorbed on hydroxyapatite in batch (Gorbunoff, 1985). The column preparation was performed as 
described by Chambert et al. (2003). Proteins displaying affinity for hydroxyapatite were eluted at 
room temperature with a sodium phosphate gradient from 0.1 to 0.8 M, pH 7. 50 µl of the eluted 
proteins in each fraction was subjected to SDS-PAGE. 

RESULTS 

ywpE encodes a protein of 102 residues 
SrtA is a 206 amino acid polypeptide with a potential N-terminal membrane-
spanning domain and a presumed C-terminal catalytic domain that is exposed 
on the surface of S. aureus (Mazmanian et al., 1999). Whereas B. subtilis YhcS 
is a putative exported protein of 198 amino acids with one predicted 
transmembrane domain, B. subtilis YwpE is a predicted cytoplasmic protein of 
only 102 amino acids. The latter protein has 23 % sequence identity with the C-
terminal domain of SrtA (Fig. 1; Tjalsma et al., 2000). To verify the ywpE 
sequence as deposited in the SubtiList database after genome sequencing 
(http://genolist.pasteur.fr/SubtiList/), the ywpE gene and its flanking regions 
were cloned into pUC18 after which the DNA sequence was determined. The 
DNA sequence analysis revealed no mistakes in the publicly available 
sequence and thus it seems that ywpE encodes a cytoplasmic sortase-like 
protein of half the size of SrtA.  

Lysozyme sensitivity 
A lysozyme sensitivity assay was performed to study whether the cell wall 
structure of the ywpE or yhcS single or the double mutants was changed in 
such a way that more cell lysis could be observed. The cleared zones on plates 
containing the single or double mutant strains were comparable with those 
observed on plates containing the parental strain 168 at all different lysozyme 
concentrations tested. Thus, mutation of the genes for sortase-like proteins 
does apparently not affect the cell wall structure of B. subtilis. 
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168 yhcS ywpESp

Growth medium fractions of B. subtilis yhcS ywpESp contain 
increased YfkN and YhcR levels 

The effects of deletion of yhcS and/or ywpE on the composition of the 
extracellular proteome of B. subtilis 168 cells grown in LB medium were studied 
by 2D gel electrophoresis and mass spectrometry. Samples from cell cultures in 
the post-exponential growth phase were used for this analysis. The composition 
of the extracellular proteome of the ywpE single mutant remained completely 
unaffected compared to that of B. subtilis 168 (data not shown). In contrast, the 
analysis of the extracellular proteomes of the yhcS single mutant and the yhcS 
ywpESp double mutant indicated that the levels of YfkN and YhcR were 
increased compared to their levels on the extracellular proteome of B. subtilis  
 
 
A 
 

 

 
 
B 
 
 

 
 
 
 
 
 
Figure 2. Extracellular levels of YhcR and YfkN  
(A) Cells of B. subtilis 168 or B. subtilis yhcS were grown in LB medium and extracellular 
proteins were harvested 1 hour after entry of the cells into the post-exponential growth phase. 
The extracellular proteins were separated by 2D PAGE and stained with SYPRO Ruby protein 
gel stain. Protein spots of YfkN and YhcR identified by MALDI-TOF mass spectrometry are 
indicated.  
(B) B. subtilis 168 or B. subtilis yhcS ywpESp were grown under conditions of phosphate 
starvation. Secreted proteins were analysed as described in the legend for panel A. 

 
168 (Fig. 2A). This appeared to be a specific effect for YfkN and YhcR since the 
relative levels of other extracellular proteins were neither affected by the yhcS 
single mutation nor the yhcS ywpESp double mutation. Likewise, the high-level 
secretion of the α-amylase AmyQ of B. amyloliquefaciens encoded by the 

168 yhcS
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chromosomally-integrated pKTH1601 plasmid remained unaffected by these 
mutations (data not shown). Notably, earlier studies had shown that the 
extracellular levels of the 2’,3’-cyclic-nucleotide 2’-phosphodiesterase YfkN 
were significantly increased after phosphate starvation (Antelmann et al., 2000). 
Therefore, the extracellular proteomes of B. subtilis yhcS ywpESp and B. subtilis 
168 were compared upon phosphate starvation. As shown in Figure 2B, 
significantly higher amounts of YfkN were present in the growth medium of 
phosphate-starved cells of the yhcS ywpE double mutant than in the growth 
medium of phosphate-starved cells of the parental strain 168. The extracellular 
levels of other proteins secreted under conditions of phosphate starvation were 
not affected by the yhcS ywpE double mutation (data not shown).  

The effect of the deletion of yhcS and/or ywpE on the extracellular levels of 
YfkN was verified by using a hydroxyapatite-binding assay that allows the rapid 
detection of YfkN in growth medium fractions of B. subtilis by subsequent SDS-
PAGE. As shown in Figure 3, YfkN (~145 kD) is barely detectable in growth 
medium fractions of the ywpE single mutant or the parental strain 168. In 
contrast, significantly increased amounts of YfkN are detectable in the growth 
medium fractions of the yhcS single mutant and the yhcS ywpESp double mutant 
(Fig. 3). Taken together, our present observations show that disruption of yhcS 
results in increased extracellular levels of YhcR and YfkN, while disruption of 
ywpE has no effect on the extracellular levels of these two proteins. This 
suggests that YhcR and YfkN are less effectively retained by cells of B. subtilis 
if they lack the YhcS protein.  

DISCUSSION 
In the present studies, we have analysed for the first time the possible roles of 
the two sortase homologues YhcS and YwpE of B. subtilis in the release of 
exported proteins into the growth medium. Our results show that YhcS, but not 
YwpE, impacts specifically on the extracellular accumulation of the YhcR and 
YfkN proteins. Importantly, the latter two proteins are the only exported proteins 
of B. subtilis that have a predicted C-terminal sortase recognition domain, 
consisting of an LPXTG motif (LPDTS and LPDTA, respectively) and a 
transmembrane segment. The secretion of other proteins that lack such a 
sortase recognition domain, such as the heterologous α-amylase AmyQ, 
remained completely unaffected by mutations in yhcS and/or ywpE. The lack of 
effect of an ywpE mutation on the extracellular levels of YhcR and YfkN is in 
accordance with the predicted cytoplasmic localization of the YwpE protein. 
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Figure 3.  Identification of YfkN in growth medium fractions of the yhcS and ywpE 
single mutants and the double mutant by a hydroxyapatite binding assay 
Cells of B. subtilis 168, B. subtilis yhcS, B. subtilis ywpE, or B. subtilis yhcS ywpESp were grown 
in minimal medium supplemented with tryptophane and glucose. The proteins in the growth 
medium fraction were adsorbed to hydroxyapatite in batch and eluted with sodium phosphate. 
The different eluted fractions were analysed by SDS-PAGE. The size of the protein bands of the 
molecular weight standard are indicated at the left and the position of three proteins displaying 
affinity to hydroxyapatite, YfkN, WapA and Csn are indicated at the right. 

 
The gene organization of yhcS and yhcR that encode a sortase homologue 

and a protein with the characteristics of a sortase substrate, respectively, 
resembles that of many sortase-encoding genes and the genes for their 
substrates (Pallen et al., 2001). Interestingly, the extracellular amounts of YhcR 
were only mildly increased in the growth medium fraction of the yhcS mutant 
strain and YhcS was shown to have a much stronger impact on the extracellular 
levels of the phosphodiesterase YfkN. Recent studies with YfkN (143.5 kDa) 
isolated from the growth medium of B. subtilis revealed that pre-YfkN (159.7 
kDa) is not only processed N-terminally by signal peptidase-catalysed removal 
of the signal peptide (35 residues), but also C-terminally (~120 residues) during 
its export (Chambert et al., 2003). Notably, however, cleavage within the 
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LPDTA sorting motif would only remove 35 residues from the C-terminus of 
YfkN.  

Although it is presently not known for certain whether YhcR and YfkN are 
genuine sortase substrates that are C-terminally processed by YhcS, our 
present observations are consistent with a model in which YhcS mediates the 
cellular retention of these two proteins upon export from the cytoplasm. The fact 
that larger amounts of YhcR and YfkN are released into the medium of an yhcS 
mutant strain suggests that their cellular retention is reduced in the absence of 
YhcS. On the other hand, if YhcS does indeed act as a sortase, this raises the 
question why YhcR and YfkN are not more strongly retained at the cytoplasmic 
membrane of an yhcS mutant by the uncleaved sortase recognition domain that 
typically includes a membrane-spanning segment. Apparently, the latter 
membrane-spanning domain is insufficient to retain YhcR and YfkN in the 
membrane in such a way that these proteins are not subject to C-terminal 
cleavage by proteases residing at the membrane-cell wall interface. In fact, 
YhcR and YfkN seem to be more prone to “shaving” by these proteases in the 
absence of YhcS, which would suggest that YhcS-mediated sorting of YhcR 
and YfkN protects these proteins from cell release by shaving (schematically 
represented in Fig. 4). If so, YhcS competes with one or more proteases at the 
membrane-cell wall interface for C-terminal cleavage of YhcR and YfkN. 

Notably, there are at least two conceptual problems concerning sortase 
functioning in B. subtilis. The first problem concerns the biogenesis of the cell 
wall, which is continuously turned over during cell growth and division (Foster 
and Popham, 2002; Sarvas et al., 2004). Cell wall biogenesis takes place at the 
membrane surface and, continuously during growth, layers of peptidoglycan 
move from the membrane side of the wall to the outside. Eventually, the outer 
layers of the wall are shed into the environment, which makes it virtually 
impossible to retain proteins in the cell by covalent anchoring to peptidoglycan. 
This is apparently no problem in cocci, such as S. aureus, which conserve one 
half of their wall together with the covalently attached proteins during cell 
division. Thus, cell wall anchoring is an effective strategy to retain exported 
proteins in cocci. The second potential problem is that individual glycan strands 
of B. subtilis are interconnected by L-alanyl-D-glutamyl-meso-diaminopimelyl-D-
alanyl-D-alanine amide linkages between stem peptides. In contrast, the stem 
peptides of S. aureus are cross-linked with the pentaglycine bridges that are 
required for the covalent attachment of wall proteins (Archibald et al., 1993; 
Foster and Popham, 2002; Mazmanian and Scheewind, 2002; Schleifer and 
Kandler, 1972). Since B. subtilis lacks these pentaglycine bridges, it is not clear 
to which molecules the substrates of YhcS can be/are coupled. Importantly, 
such molecules do not necessarily have to be cell wall components. For 
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example, it is conceivable that YhcS acts as a transpeptidase that cross-links its 
substrates to free amino groups in other proteins. In fact, this would represent 
an effective mechanism for cell retention in bacilli if these other proteins were 
membrane-bound proteins.  

 

 
 

Figure 4.  Model for the “release” of YfkN 
The YfkN protein is N-terminally processed by a type I signal peptidase (SPase I). C-terminal 
cleavage can be catalysed both by the sortase homologue YhcS and (an) as yet unidentified 
protease(s) at the membrane-cell wall interface (adapted from Antelmann et al., 2001). 
Processing by YhcS results in cell retention of YfkN, whereas alternative processing by (an)other 
protease(s) results in release of YfkN from the cell into the growth medium. If YhcS competes 
with (an)other protease(s) at the membrane-cell wall interface for C-terminal cleavage of YfkN, 
the absence of YhcS will result in the alternative cleavage of more YfkN molecules by (an)other 
protease(s). Accordingly, more YfkN molecules will be released into the medium. N, N-terminus; 
C, C-terminus; CKA, signal peptidase recognition site of pre-YfkN; LPDTA, sortase cleavage site 
of YfkN. 

 
In view of the afore-mentioned fundamental scientific questions concerning 

sortase function in B. subtilis, the elucidation of the precise role of YhcS will be 
extremely interesting. Additionally, studies on YhcS may also be relevant from 
an applied point of view. Many proteins that are covalently attached to the cell 
walls of dangerous pathogens, such as S. aureus and L. monocytogenes, are 
known to function as surface adhesins that can interact with specific ligands of 
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human host cells (Cabanes et al., 2002; Patti et al., 1994). Thus, it has been 
proposed that sortase should be considered as a potential target for novel 
therapeutic agents against pathogenic Gram-positive bacteria (Cossart and 
Jonquieres, 2000; Mazmanian et al., 2000; Weiss et al., 2004). An improved 
understanding of sortase function in B. subtilis may help to evaluate the general 
relevance of sortase as a future target for anti-infective agents. 
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SUMMARY 

Bacillus subtilis is a soil bacterium that produces and secretes numerous 
enzymes, which hydrolyse a variety of polymeric substrates into degradation 
products. Such degradation products are subsequently taken up by B. subtilis 
as nutrients. This, together with the ability to produce robust endospores in 
response to harmful environmental conditions, makes that this bacterium is 
perfectly suited to survive in a complex and continuously changing environment. 
At present, B. subtilis is the best-characterised and genetically most amenable 
Gram-positive bacterium. The ability of B. subtilis to secrete large quantities of 
proteins directly into the growth medium, the ease with which it can be grown 
and its well-proven safety, makes B. subtilis a prime candidate for the 
production of heterologous proteins. Although B. subtilis and closely related 
Bacillus species are widely used in the biotechnological, pharmaceutical, 
detergents and food industries, their use as “Cell Factories” is often limited to 
the production of proteins of bacilli and other Gram-positive bacteria. The 
efficiency of the production and secretion of modified or heterologous proteins is 
generally lower.  

The research described in this thesis focused on the further optimisation of 
the B. subtilis cell (BACELL) factory for the production of diverse high-value 
protein products. Different model proteins (α-amylase, lipase, and human 
Interleukin-3) were used to investigate whether the production levels of a variety 
of proteins could be increased. Furthermore, studies were performed to 
characterise the secretion stress response of B. subtilis and to investigate its 
potential use as an indicator for the optimisation of protein production levels. A 
functional analysis of the sortase homologues of B. subtilis was performed to 
identify the possible role in the proteolytic release of membrane proteins into the 
extracellular medium.  
 

In chapter 2, the genome engineering of B. subtilis by removing large AT-rich 
regions and prophages from the genome is described. This removal may direct 
the consumption of substrates more towards the synthesis of both essential and 
desired gene products and significantly reduce the amount of by-products 
during protein purification. Step-wise deletion of 2 prophages (SPβ, PBSX), 3 
prophage-like regions, and the pks operon of B. subtilis resulted in a genome 
reduction of 7.7 % (332 genes). The genome reduction did not affect the growth 
and viability of the resulting ∆6 strain under laboratory conditions, which 
indicates that the deleted regions have not evolved into regions encoding 
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important indispensable functions. Furthermore, the primary metabolism, the 
essential process of protein secretion, competence development, and 
sporulation were not influenced by the large deletions. The capacity for high 
level production and secretion of AmyQ was not changed, suggesting that no 
large energy resources were redirected towards product formation. 
Furthermore, only few proteins were absent from the extracellular proteome, 
which indicates that the ∆6 strain is only marginally improved in terms of the 
removal of unwanted by-products. Importantly, however, it was shown that 
genome engineering is a feasible strategy for the functional analysis of large 
gene clusters, and that removal of dispensable genomic regions may pave the 
way towards an optimised Bacillus cell factory.  
 

The finding that genes involved in the production of the sibling killing factor SkfA 
are required for optimal production of extracellular LipA is documented in 
chapter 3. From the genome engineering studies described in chapter 2 it 
became apparent that deletion of five AT-rich islands and the pks operon from 
the B. subtilis genome resulted in reduced amounts of extracellular LipA. In this 
chapter the question was addressed which genes of the deleted regions are 
responsible for lowering the LipA production. It was shown that four genes from 
prophage 1 impact on the production of LipA at a post-transcriptional level. 
Remarkably, these four prophage 1 genes are skfA, skfB, skfC and skfD, which 
have been implicated in the production of the bacteriocin SkfA. It was observed 
that LipA is sensitive for degradation by extracytoplasmic proteases of B. 
subtilis. Importantly, the absence of eight proteases from B. subtilis resulted in 
at least three-fold higher extracellular LipA levels. The presence of skfA-D was 
required to protect LipA against this proteolytic degradation. As SkfA appears to 
be the only exported protein of the four SkfA-D gene products, it seems most 
likely that SkfA is the factor that protects LipA against degradation. Whether 
SkfA acts as a folding catalyst or a protease inhibitor remains to be determined.  
 

The accumulation of malfolded α-amylase AmyQ in the cell envelope of B. 
subtilis is known to provoke a so-called secretion stress response that is 
regulated by the CssRS two-component system. This system controls the 
expression of two housekeeping proteases, HtrA and HtrB. By definition, 
secretion stress in B. subtilis includes all stimuli that trigger a CssRS-dependent 
cellular response. In the work described in chapter 4 two-dimensional gel 
electrophoretic analyses were employed to study changes in the extracellular 
proteome of B. subtilis in response to secretion stress. Strikingly, the levels of 
only two proteins in the extracellular proteome, HtrA and YqxI, were significantly 
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upregulated by secretion stress. It was shown that the extracellular proteins 
HtrA and YqxI are prone to extracytoplasmic proteolysis, which results in low 
extracellular levels of these proteins in the absence of secretion stress. Notably, 
HtrA was detected as a membrane protein as well as an extracellular protein. 
The increased extracellular level of the HtrA protease under secretion stress 
conditions was shown to be controlled through transcriptional regulation, 
whereas that of YqxI turned out to be determined post-transcriptionally in an 
HtrA-dependent manner. In conclusion, it seems that HtrA promotes, directly or 
indirectly, the folding of YqxI into a protease-resistant conformation after its 
translocation across the membrane and/or secretion into the medium. 
 

The studies described in chapter 5 were aimed at determining the possible role 
of TepA in secretion stress management. Previously, the B. subtilis TepA 
protein was implicated in supporting high-level AmyQ secretion. A B. subtilis 
strain was constructed that lacks the entire tepA gene. Unexpectedly, the 
secretion of AmyQ by this tepA deletion strain was not affected. The expression 
of a transcriptional htrB-lacZ gene fusion and the cellular and secreted levels of 
AmyQ were monitored simultaneously using a collection of tepA mutant strains. 
It was demonstrated that TepA was dispensable for secretion stress 
management. In addition it was observed that the levels of AmyQ varied within 
the tepA mutant strains due to the genetic instability of plasmid pKTH10 that 
was used for overproduction of AmyQ. This phenomenon was successfully 
exploited as a tool to monitor the relationship between the intensity of the 
secretion stress response and the level of AmyQ production. The analysis of the 
htrB-lacZ expression levels in these strains revealed that the intensity of the 
CssRS-dependent secretion stress response in B. subtilis is correlated to the 
level of AmyQ production. Based on these observations, it is proposed that the 
secretion stress response can be employed to monitor the biotechnological 
production of a variety of secretory proteins by the Bacillus cell factory. 
 

In chapter 6 studies are presented that were aimed at answering two important 
questions. Firstly, whether α-amylase translocation across the membrane is 
required to trigger a secretion stress response, and secondly, whether the 
CssRS-dependent response is a general protein secretion stress response. 
Experiments with an α-amylase variant that is not translocated across the 
membrane, revealed that non-translocated AmyQ does not provoke a protein 
secretion stress response. By using human Interleukin-3 and lipase as model 
proteins, it was demonstrated that the CssRS-dependent response is a general 
secretion stress response that can be triggered both by homologous and 
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heterologous secretory proteins. However, the intensity of the protein secretion 
stress response reflected the production levels of the respective proteins only 
partly. Importantly, degradation of human Interleukin-3 by extracellular 
proteases has a major impact on the production level, but only a minor impact 
on the intensity of the secretion stress response. 
  

Sortases are known to covalently link proteins to the cell wall of Gram-positive 
bacteria. A C-terminal LPXTG motif followed by a hydrophobic stretch of 
residues and a positively charged tail is common in substrates of sortases. The 
work described in chapter 7 was aimed at the functional analysis of the two 
sortase homologues that are encoded in the genome of B. subtilis, YhcS and 
YwpE. The gene encoding yhcS is adjacent to a gene encoding its likely 
substrate, YhcR. Another possible substrate is the phosphodiesterase YfkN. 
YhcR has a C-terminal LPDTS sequence, whereas YfkN has a C-terminal 
LPDTA sequence, both followed by a hydrophobic stretch and a positively 
charged tail. These studies indicate that, unlike YwpE, the sortase-like protein 
YhcS has a role in the sorting of YfkN and YhcR to the cell wall of B. subtilis. 
Notably, despite their putative proteolytic activity, YwpE and YhcS do not impact 
on the capacity of B. subtilis to secrete proteins at high levels into the growth 
medium.  

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

As described in chapter 1, the fact that B. subtilis is amenable to molecular 
genetics for functional analyses made the identification and characterisation of 
the components that are involved in the protein translocation process possible 
(reviewed in Tjalsma et al., 2000). One of the latest interesting results was the 
identification of the Tat pathway of B. subtilis, involved in the export of folded 
proteins, by searching for homologues of the Tat proteins of Escherichia coli in 
the genome sequence of B. subtilis (Jongbloed et al., 2000).  Furthermore, very 
recently methods were used to fuse the components of the Sec machinery with 
the Green Fluorescent Protein (GFP) to determine the cellular distribution of the 
fusion proteins (Campo et al., 2004). Much of this work has been performed 
within European research consortia belonging to the BACELL (Bacillus Cell 
Factory) organisation that focuses on the promulgation of Bacillus-oriented 
research, in particular on enhancing the exploitation potential of the Bacillus 
Cell Factory for biotechnological applications. These studies also revealed that 
cellular quality control systems are involved in the efficient removal of misfolded 
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or incompletely synthesized proteins. Paradoxically, these systems are major 
bottlenecks for high-level production of commercially interesting proteins and 
actually relate to different stages in the secretion process. Importantly, the 
limiting factors seem to differ for each individual heterologous protein produced 
by B. subtilis (Bolhuis et al., 1999). Different bottlenecks that were identified 
sofar are translocation rate-limiting signal peptidase activities (van Dijl et al., 
1992; Tjalsma et al., 1997), PrsA-dependent protein folding (Kontinen and 
Sarvas, 1993), and both cell wall-associated proteolysis (Stephenson and 
Harwood, 1998) and extracellular proteolytic activity (Simonen and Palva, 1993; 
Ye et al., 1999). Taken the data of the studies together, it seems that the 
engineering of B. subtilis cell factories requires a protein-specific approach, 
which might limit the general applicability of present and future optimisations to 
some extent (Bolhuis et al., 1999). The concept of a single uniform expression 
host cell will probably be replaced by a toolbox of special-purpose Bacillus 
strains equipped with different desired functions. A nice example of such a 
specific phenomenon that affects the production levels of a certain protein is 
presented in chapter 3. Here, it is shown that the production levels of LipA 
depend on the presence of four skf genes in B. subtilis. Most probably, the 
production of LipA or engineered derivatives of this protein with novel catalytic 
properties can be optimised by a further characterisation of the function of the 
Skf proteins in the protection of LipA against degradation by extracytoplasmic 
proteases of B. subtilis. 
 
The Bacillus Minimal Genome Group attempted to generally improve B. subtilis 
as a production host for (heterologous) proteins through minimising the 
functional genome. In an unprecedented genome engineering effort, described 
in chapter 2, it was shown that about 8 % of the B. subtilis genome can be 
deleted without affecting essential cell functions. Moreover, the cells containing 
these deletions were capable of maintaining full protein production and 
metabolic capabilities as demonstrated by flux analysis. Because all the ten AT-
rich islands of the B. subtilis genome and the three clusters involved in the non-
ribosomal synthesis of peptide-antibiotics could be removed individually, a 
further reduction up to 12 % of the genome is feasible. Most probably, further 
minimisation will be necessary to observe significant increases in the production 
level of recombinant proteins but, clearly, the elimination of contaminating by-
products is evident from every additional deletion. Many of the genes on 
prophage(-like) regions were predicted to be obtained by Horizontal Gene 
Transfer (HGT) (Garcia-Vallvé et al., 2000; Table at 
http://www.fut.es/~debb/HGT/bsub.d/HGTList.html). The table with proposed 
horizontally transferred genes for B. subtilis contains many other genes that are 
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clustered and form possible targets for a further minimisation of the genome. 
Moreover, genetic regions that are found to be not or only lowly expressed in 
macro- and micro-array experiments seem very good additional targets for 
deletion. Whereas only 270 genes were found to be indispensable for growth 
under standard laboratory conditions (Kobayashi et al., 2003), it has to be taken 
into account that B. subtilis has a high number of paralogous genes, which 
could take over the role of each other. Large deletions in the B. subtilis genome 
will greatly facilitate the discovery of essential gene functions, which have not 
been found with the single knock-out approach. In a non-redundant background 
of the minimised genome the functional analysis of these essential genes will be 
easier.  
 

In this thesis the secretion stress of B. subtilis has been extensively described 
and an industrial application for this response was proposed. As stated in 
chapter 5, the secretion stress response can be used to monitor AmyQ 
production levels. However, in chapter 6 it is shown that the correlation 
between the amounts of produced human Interleukin-3 and the intensity of the 
secretion stress response is biased by the proteolytic degradation of this 
protein. It would be very interesting to know whether the translocated precursor 
form of a protein or the mature form triggers the secretion stress response. 
Another challenge is to study whether the CssRS system can be bypassed by 
fusing a Tat-specific signal peptide to the protein of interest. If accumulation of 
malfolded protein is considered to provoke secretion stress, high-level 
production of proteins that are translocated in a folded conformation by the Tat-
pathway will not trigger a secretion stress response.  
 

Although much is known about the working mechanism of the CpxRA system in 
E. coli (Raivio and Silhavy, 1999), the precise activation and response 
mechanisms of the homologous CssRS two-component system of B. subtilis 
remain to be elucidated. The Cpx pathway has been shown to sense and 
respond to diverse stresses (Snyder et al., 1995; Danese and Silhavy, 1998; 
Otto and Silhavy, 2002) and in this way it plays a major role in surface sensing 
and adhesion (Otto and Silhavy, 2002). The CssRS two-component system has 
only been shown to be involved in the heat-shock response and the clearance 
of high-levels of misfolded proteins (Darmon et al., 2002). A further in-depth 
characterisation of the CssRS two-component system of B. subtilis may reveal 
other functions similar to or completely distinct from those of the CpxRA-
system. It has to be noted that, while some functions of the CssRS system 
could be of minor importance for B. subtilis under laboratory conditions of 



 

 

160 

Genome engineering and protein secretion stress in the BACELL factory 

growth, they could be of major importance for survival in the natural 
environments of B. subtilis, such as the plant rhizosphere. Furthermore, an 
appropriate CssRS-mediated stress response could be of major relevance in 
other members of the Bacillus family, like the pathogens Bacillus anthracis and 
Bacillus cereus, which have to protect themselves against the various defence 
systems of the host organism. 
 

In conclusion, the observations described in this thesis provide novel insights 
into the optimisation of B. subtilis as a cell factory. It has been shown that the 
secretion stress response is also triggered by proteins other than α-amylases 
and the possibilities for industrial application of this response have been 
studied. With the currently described techniques, which are widely used in the 
genomics and proteomics areas, the road is paved to further optimise the B. 
subtilis production strains that already exist. Although methods like genome 
minimisation aim at a general improvement of B. subtilis as a cell factory, still, 
every recombinant protein is unique and may therefore need special 
adaptations to the production system. By employing the current knowledge 
about promoters, plasmids, fermentations, signal peptides, secretion 
machineries, proteases and chaperones, and a large collection of mutant 
strains, it has become possible to rationally choose and design an optimal 
production system. Using all advantages of B. subtilis, in a few years it should 
be feasible to bring an FDA approved pharmaceutical protein that is produced in 
Bacillus to the market (Westers et al., 2004b). 
 

 



   

 

REFERENCES 



 

 

162 

Genome engineering and protein secretion stress in the BACELL factory 

Ades, S. E., L. E. Connolly, B. M. Alba, and C. A. Gross. 1999. The Escherichia coli sigma(E)-
dependent extracytoplasmic stress response is controlled by the regulated proteolysis of an anti-
sigma factor. Genes Dev. 13: 2449-2461. 

Alba, B. M., H. J. Zhong, J. C. Pelayo, and C. A. Gross. 2001. degS (hhoB) is an essential 
Escherichia coli gene whose indispensable function is to provide sigma(E) activity. Mol. 
Microbiol. 40: 1323-1333. 

Alba, B. M., J. A. Leeds, C. Onufryk, C. Z. Lu, and C. A. Gross. 2002. DegS and YaeL participate 
sequentially in the cleavage of RseA to activate the sigma(E)-dependent extracytoplasmic stress 
response. Genes Dev. 16: 2156-2168. 

Alba, B. M. and C. A. Gross. 2004. Regulation of the Escherichia coli sigma(E)-dependent 
envelope stress response. Mol. Microbiol. 52: 613-619. 

Albertini, A. M., T. Caramori, F. Scoffone, C. Scotti, and A. Galizzi. 1995. Sequence around the 
159 degree region of the Bacillus subtilis genome: the pksX locus spans 33.6 kb. Microbiology 
141: 299-309. 

Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and D. J. Lipman. 
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. 
Nucleic Acids Res. 25: 3389-3402. 

Antelmann, H., C. Scharf, and M. Hecker. 2000. Phosphate starvation-inducible proteins of 
Bacillus subtilis: proteomics and transcriptional analysis. J. Bacteriol. 182: 4478-4490. 

Antelmann, H., H. Tjalsma, B. Voigt, S. Ohlmeier, S. Bron, J. M. van Dijl, and M. Hecker. 2001. 
A proteomic view on genome-based signal peptide predictions. Genome Res. 11: 1484-1502. 

Antelmann, H., H. Yamamoto, J. Sekiguchi, and M. Hecker. 2002. Stabilization of cell wall 
proteins in Bacillus subtilis: a proteomic approach. Proteomics 2: 591-602. 

Antelmann, H., E. Darmon, D. Noone, J. W. Veening, H. Westers, S. Bron, O. P. Kuipers, K. M. 
Devine, M. Hecker, and J. M. van Dijl. 2003. The extracellular proteome of Bacillus subtilis 
under secretion stress conditions. Mol. Microbiol. 49: 143-156. 

Archibald, A. R., I. C. Hancock, and C. R. Harwood. 1993. Cell wall structure, synthesis, and 
turnover, p. 381-410. In Sonenshein A.L., J. A. Hoch, and R. Losick (eds.), Bacillus subtilis and 
other Gram-positive bacteria. American Society for Microbiology, Washington. 

Arpigny, J. L. and K. E. Jaeger. 1999. Bacterial lipolytic enzymes: classification and properties. 
Biochem. J. 343: 177-183. 

Azevedo, E. C., E. M. Rios, K. Fukushima, and G. M. Campostakaki. 1993. Bacitracin production 
by a new strain of Bacillus subtilis - Extraction, purification, and characterization. Appl. Biochem. 
Biotechnol. 42: 1-9. 

Baba, T. and O. Schneewind. 1996. Target cell specificity of a bacteriocin molecule: a C-terminal 
signal directs lysostaphin to the cell wall of Staphylococcus aureus. EMBO J. 15: 4789-4797. 

Baba, T. and O. Schneewind. 1998. Targeting of muralytic enzymes to the cell division site of 
Gram-positive bacteria: repeat domains direct autolysin to the equatorial surface ring of 
Staphylococcus aureus. EMBO J. 17: 4639-4646. 

Babe, L. M. and B. Schmidt. 1998. Purification and biochemical analysis of WprA, a 52-kDa serine 
protease secreted by Bacillus subtilis as an active complex with its 23-kDa propeptide. Biochim. 
Biophys. Acta. 1386: 211-219. 

Baranova, N. and H. Nikaido. 2002. The baeSR two-component regulatory system activates 
transcription of the yegMNOB (mdtABCD) transporter gene cluster in Escherichia coli and 
increases its resistance to novobiocin and deoxycholate. J. Bacteriol. 184: 4168-4176. 

Barnett, T. C. and J. R. Scott. 2002. Differential recognition of surface proteins in Streptococcus 
pyogenes by two sortase gene homologs. J. Bacteriol. 184: 2181-2191. 

Bengtsson, J., H. Tjalsma, C. Rivolta, and L. Hederstedt. 1999. Subunit II of Bacillus subtilis 
cytochrome c oxidase is a lipoprotein. J. Bacteriol. 181: 685-688. 



 

 

163 

REFERENCES 

Benson, A. K. and W. G. Haldenwang. 1993. The sigmaB-dependent promoter of the Bacillus 
subtilis sigB operon is induced by heat shock. J. Bacteriol. 175: 1929-1935. 

Berka, R. M., J. Hahn, M. Albano, I. Draskovic, M. Persuh, X. Cui, A. Sloma, W. Widner, and D. 
Dubnau. 2002. Microarray analysis of the Bacillus subtilis K-state: genome-wide expression 
changes dependent on ComK. Mol. Microbiol. 43: 1331-1345. 

Bernhardt, J., K. Buttner, C. Scharf, and M. Hecker. 1999. Dual channel imaging of two-
dimensional electropherograms in Bacillus subtilis. Electrophoresis 20: 2225-2240. 

Bierne, H., S. K. Mazmanian, M. Trost, M. G. Pucciarelli, G. Liu, P. Dehoux, L. Jansch, F. 
Garcia-del Portillo, O. Schneewind, and P. Cossart. 2002. Inactivation of the srtA gene in 
Listeria monocytogenes inhibits anchoring of surface proteins and affects virulence. Mol. 
Microbiol. 43: 869-881. 

Bierne, H., C. Garandeau, M. G. Pucciarelli, C. Sabet, S. Newton, F. Garcia-del Portillo, P. 
Cossart, and A. Charbit. 2004. Sortase B, a new class of sortase in Listeria monocytogenes. J. 
Bacteriol. 186: 1972-1982. 

Biswas, I., A. Gruss, S. D. Ehrlich, and E. Maguin. 1993. High-efficiency gene inactivation and 
replacement system for Gram-positive bacteria. J. Bacteriol. 175: 3628-3635. 

Blackman, S. A., T. J. Smith, and S. J. Foster. 1998. The role of autolysins during vegetative 
growth of Bacillus subtilis 168. Microbiol. 144: 73-82. 

Blum, H., H. Beier, and H. J. Gross. 1987. Improved silver staining of plant-proteins, RNA and 
DNA polyacrylamide gels. Electrophoresis 8: 93-99. 

Bolhuis, A., C. P. Broekhuizen, A. Sorokin, M. L. van Roosmalen, G. Venema, S. Bron, W. J. 
Quax, and J. M. van Dijl. 1998. SecDF of Bacillus subtilis, a molecular Siamese twin required 
for the efficient secretion of proteins. J. Biol. Chem. 273: 21217-21224. 

Bolhuis, A., A. Matzen, H. L. Hyyrylaïnen, V. P. Kontinen, R. Meima, J. Chapuis, G. Venema, S. 
Bron, R. Freudl, and J. M. van Dijl. 1999a. Signal peptide peptidase- and ClpP-like proteins of 
Bacillus subtilis are required for efficient translocation and processing of secretory proteins. J. 
Biol. Chem. 274: 24585-24592.  

Bolhuis, A., G. Venema, W. J. Quax, S. Bron, R., and J. M. van Dijl. 1999b. Functional analysis 
of paralogous thiol-disulfide oxidoreductases in Bacillus subtilis. J. Biol. Chem. 274: 24531-
24538. 

Bolhuis, A., H. Tjalsma, H. E. Smith, A. de Jong, R. Meima, G. Venema, S. Bron, and J. M. van 
Dijl. 1999c. Evaluation of bottlenecks in the late stages of protein secretion in Bacillus subtilis. 
Appl. Environ. Microbiol. 65: 2934-2941. 

Bolhuis, A., H. Tjalsma, K. Stephenson, C. R. Harwood, G. Venema, S. Bron, and J. M. van 
Dijl. 1999d. Different mechanisms for thermal inactivation of Bacillus subtilis signal peptidase 
mutants. J. Biol. Chem. 274: 15865-15868. 

Braaz, R., S. L. Wong, and D. Jendrossek. 2002. Production of PHA depolymerase A (PhaZ5) 
from Paucimonas lemoignei in Bacillus subtilis. FEMS Microbiol. Lett. 209: 237-241. 

Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem. 72: 248-254. 

Braun, P., G. Gerritse, J. M. van Dijl, and W. J. Quax. 1999. Improving protein secretion by 
engineering components of the bacterial translocation machinery. Curr. Opin. Biotechnol. 10: 
376-381. 

Bredmose, L., S. M. Madsen, A. Vrang, P. Ravn, M. G. Johnsen, J. Glenting, J. Arnau, and H. 
Israelsen. 2001. Development of a heterologous gene expression system for use in Lactococcus 
lactis, p. 269-275. In O. W. Merten, D. Mattanovich, C. Lang, G. Larsson, P. Neubauer, D. Porro, 
P. Postma, J. Teixeira de Mattos, and J. A. Cole (eds.), Recombinant protein production with 
prokaryotic and eukaryotic cells. Kluwer Academic Publishers. 



 

 

164 

Genome engineering and protein secretion stress in the BACELL factory 

Bron, S. and G. Venema. 1972. Ultraviolet inactivation and excision-repair in Bacillus subtilis. I. 
Construction and characterization of a transformable eightfold auxotrophic strain and two 
ultraviolet-sensitive derivatives. Mutat. Res. 15: 1-10. 

Bron, S., R. Meima, J. M. van Dijl, A. Wipat, and C. R. Harwood. 1999. Molecular biology and 
genetics of Bacillus spp. p. 392-416. In A. L. Demain and J. E. Davies (eds.), Manual of industrial 
microbiology and biotechnology. ASM Press, Washington D.C. 

Buttner, K., J. Bernhardt, C. Scharf, R. Schmid, U. Mader, C. Eymann, H. Antelmann, A. 
Volker, U. Volker, and M. Hecker. 2001. A comprehensive two-dimensional map of cytosolic 
proteins of Bacillus subtilis. Electrophoresis 22: 2908-2935. 

Cabanes, D., P. Dehoux, O. Dussurget, L. Frangeul, and P. Cossart. 2002. Surface proteins and 
the pathogenic potential of Listeria monocytogenes. Trends Microbiol. 10: 238-245. 

Campo, N., H. Tjalsma, G. Buist, D. Stepniak, M. Meijer, M. Veenhuis, M. Westermann, J. P. 
Müller, S. Bron, J. Kok, O. P. Kuipers, and J. D. H. Jongbloed. 2004. Subcellular sites for 
bacterial protein export. Mol. Microbiol. 53: 1583-1599. 

Chambert, R. and M. F. Petit-Glatron. 1984. Hyperproduction of exocellular levansucrase by 
Bacillus subtilis - Examination of the phenotype of a sacUh strain. J. Gen. Microbiol. 130: 3143-
3152. 

Chambert, R., Y. Pereira, and M. F. Petit-Glatron. 2003. Purification and characterization of YfkN, 
a trifunctional nucleotide phosphoesterase secreted by Bacillus subtilis. J. Biochem. 134: 655-
660. 

Chihara-Siomi, M., K. Yoshikawa, N. Oshima-Hirayama, K. Yamamoto, Y. Sogabe, T. Nakatani, 
T. Nishioka, and J. Oda. 1992. Purification, molecular cloning, and expression of lipase from 
Pseudomonas aeruginosa. Arch. Biochem. Biophys. 296: 505-513. 

Chong, S., F. B. Mersha, D. G. Comb, M. E. Scott, D. Landry, L. M. Vence, F. B. Perler, J. 
Benner, R. B. Kucera, C. A. Hirvonen, et al. 1997. Single-column purification of free 
recombinant proteins using a self-cleavable affinity tag derived from a protein splicing element. 
Gene 192: 271-281. 

Clausen, T., C. Southan, and M. Ehrmann. 2002. The HtrA family of proteases: implications for 
protein composition cell fate. Mol. Cell. 10: 443-455. 

Connolly, L., A. De Las-Peñas, B. M. Alba, and C. A. Gross. 1997. The response to 
extracytoplasmic stress in Escherichia coli is controlled by partially overlapping pathways. Genes 
Dev. 11: 2012-2021. 

Cordes, C., R. Meima, B. Twiest, B. Kazemier, G. Venema, J. M. van Dijl, and S. Bron. 1996. 
The expression of a plasmid-specified exported protein causes structural plasmid instability in 
Bacillus subtilis. J. Bacteriol. 178: 5235-5242. 

Cossart, P. and R. Jonquieres. 2000. Sortase, a universal target for therapeutic agents against 
Gram-positive bacteria? Proc. Natl. Acad. Sci. USA 97: 5013-5015. 

Danese, P. N. and T. J. Silhavy. 1997. The sigma(E) and the Cpx signal transduction systems 
control the synthesis of periplasmic protein-folding enzymes in Escherichia coli. Genes Dev. 11: 
1183-1193. 

Danese, P. N. and T. J. Silhavy. 1998. CpxP, a stress-combative member of the Cpx regulon. J. 
Bacteriol. 180: 831-839. 

Danese, P. N., G. R. Oliver, K. Barr, G. D. Bowman, P. D. Rick, and T. J. Silhavy. 1998. 
Accumulation of the enterobacterial common antigen lipid II biosynthetic intermediate stimulates 
degP transcription in Escherichia coli. J. Bacteriol. 180: 5875-5884. 

Darmon, E., D. Noone, A. Masson, S. Bron, O. P. Kuipers, K. M. Devine, and J. M. van Dijl. 
2002. A novel class of heat and secretion stress-responsive genes is controlled by the 
autoregulated CssRS two-component system of Bacillus subtilis. J. Bacteriol. 184: 5661-5671. 



 

 

165 

REFERENCES 

Dartigalongue, C. and S. Raina. 1998. A new heat-shock gene, ppiD, encodes a peptidyl-prolyl 
isomerase required for folding of outer membrane proteins in Escherichia coli. EMBO J. 17: 
3968-3980. 

Dartigalongue, C., D. Missiakas, and S. Raina. 2001. Characterization of the Escherichia coli 
sigmaE regulon. J. Biol. Chem. 276: 20866-20875. 

Dartois, V., A. Baulard, K. Schanck, and C. Colson. 1992. Cloning, nucleotide sequence and 
expression in Escherichia coli of a lipase gene from Bacillus subtilis 168. Biochim. Biophys. Acta 
1131: 253-260. 

Dartois, V., J. Y. Coppee, C. Colson, and A. Baulard. 1994. Genetic analysis and overexpression 
of lipolytic activity in Bacillus subtilis. Appl. Environ. Microbiol. 60: 1670-1673. 

Dauner, M. and U. Sauer. 2000. GC-MS analysis of amino acids rapidly provides rich information 
for isotopomer balancing. Biotechnol. Prog. 16: 642-649. 

Dauner, M., T. Storni, and U. Sauer. 2001. Bacillus subtilis metabolism and energetics in carbon-
limited and excess-carbon chemostat culture. J. Bacteriol. 183: 7308-7317. 

de Keyzer, J., C. van der Does, and A. J. Driessen. 2003. The bacterial translocase: a dynamic 
protein channel complex. Cell. Mol. Life Sci. 60: 2034-2052. 

De Las-Peñas, A., L. Connolly, and C. A. Gross. 1997. The sigmaE-mediated response to 
extracytoplasmic stress in Escherichia coli is transduced by RseA and RseB, two negative 
regulators of sigmaE. Mol. Microbiol. 24: 373-385. 

de Wulf, P., O. Kwon, and E. C. Lin. 1999. The CpxRA signal transduction system of Escherichia 
coli: growth-related autoactivation and control of unanticipated target operons. J. Bacteriol. 181: 
6772-6778. 

de Wulf, P., A. M. McGuire, X. Liu, and E. C. C. Lin. 2002. Genome-wide profiling of promoter 
recognition by the two-component response regulator CpxR-P in Escherichia coli. J. Biol. Chem. 
277: 26652-26661. 

Diep, D. B., L. S. Havarstein, and I. F. Nes. 1996. Characterization of the locus responsible for the 
bacteriocin production in Lactobacillus plantarum C11. J. Bacteriol. 178: 4472-4483. 

Dong, J., S. Iuchi, H. S. Kwan, Z. Lu, and E. C. Lin. 1993. The deduced amino-acid sequence of 
the cloned cpxR gene suggests the protein is the cognate regulator for the membrane sensor, 
CpxA, in a two-component signal transduction system of Escherichia coli. Gene 136: 227-230. 

Dorel, C., O. Vidal, C. Prigent-Combaret, I. Vallet, and P. Lejeune. 1999. Involvement of the Cpx 
signal transduction pathway of E. coli in biofilm formation. FEMS Microbiol. Lett. 178: 169-175. 

Dorenbos, R., T. Stein, J. Kabel, C. Bruand, A. Bolhuis, S. Bron, W. J. Quax, and J. M. van 
Dijl. 2002. Thiol-disulfide oxidoreductases are essential for the production of the lantibiotic 
sublancin 168. J. Biol. Chem. 277: 16682-16688. 

Dröge, M. J., R. Bos, and W. J. Quax. 2001. Paralogous gene analysis reveals a highly 
enantioselective 1,2-O-isopropylideneglycerol caprylate esterase of Bacillus subtilis. Eur. J. 
Biochem. 268: 3332-3338. 

Dubnau, D. 1991. Genetic competence in Bacillus subtilis. Microbiol. Rev. 55: 395-424. 
Dubnau D. 1993. Genetic exchange and homologous recombination, p. 555-584. In A. L. 

Sonenshein, J. A. Hoch, and R. Losick (eds.), Bacillus subtilis and other Gram-positive bacteria. 
American Society for Microbiology, Washington, DC. 

Dubnau, D. 1997. Binding and transport of transforming DNA by Bacillus subtilis: the role of type-IV 
pilin-like proteins-a review. Gene 192: 191-198. 

Duitman, E. H., L. W. Hamoen, M. Rembold, G. Venema, H. Seitz, W. Saenger, F. Bernhard, R. 
Reinhardt, M. Schmidt, C. Ullrich, T. Stein, F. Leenders, and J. Vater. 1999. The 
mycosubtilin synthetase of Bacillus subtilis ATCC6633: a multifunctional hybrid between a 
peptide synthetase, an amino transferase, and a fatty acid synthase. Proc. Natl. Acad. Sci. USA 
96: 13294-13299. 



 

 

166 

Genome engineering and protein secretion stress in the BACELL factory 

Duong, F., C. Soscia, A. Lazdunski, and M. Murgier. 1994. The Pseudomonas fluorescens lipase 
has a C-terminal secretion signal and is secreted by a three-component bacterial ABC-exporter 
system. Mol. Microbiol. 11: 1117-1126. 

Economou, A. 1998. Bacterial pre-protein translocase: mechanism and conformational dynamics of 
a processive enzyme. Mol. Microbiol. 27: 511-518. 

Eggert, T., G. Pencreac'h, I. Douchet, R. Verger, and K. E. Jaeger. 2000. A novel extracellular 
esterase from Bacillus subtilis and its conversion to a monoacylglycerol hydrolase. Eur. J. 
Biochem. 267: 6459-6469. 

Eggert, T., G. van Pouderoyen, B. W. Dijkstra, and K. E. Jaeger. 2001. Lipolytic enzymes LipA 
and LipB from Bacillus subtilis differ in regulation of gene expression, biochemical properties, 
and three-dimensional structure. FEBS Lett. 502: 89-92. 

Eggert, T., U. Brockmeier, M. J. Dröge, W. J. Quax, and K. E. Jaeger. 2003. Extracellular lipases 
from Bacillus subtilis: regulation of gene expression and enzyme activity by amino acid supply 
and external pH. FEMS Microbiol. Lett. 225: 319-324. 

Erickson, J. W., V. Vaughn, W. A. Walter, F. C. Neidhardt, and C. A. Gross. 1987. Regulation of 
the promoters and transcripts of rpoH, the Escherichia coli heat shock regulatory gene. Genes 
Dev. 1: 419-432. 

Erickson, J. W. and C. A. Gross. 1989. Identification of the sigmaE subunit of Escherichia coli 
RNA polymerase: a second alternate sigma factor involved in high-temperature gene expression. 
Genes Dev. 3: 1462-1471. 

Errington, J., S. Rong, M. S. Rosenkrantz, and A. L. Sonenshein. 1988. Transcriptional 
regulation and structure of the Bacillus subtilis sporulation locus spoIIIC. J. Bacteriol. 170: 1162-
1167. 

Fahnestock, S. R. and K. E. Fisher. 1986. Expression of the Staphylococcal Protein-A gene in 
Bacillus subtilis by gene fusions utilizing the promoter from a Bacillus amyloliquefaciens alpha-
amylase gene. J. Bacteriol. 165: 796-804. 

Ferrari, E., A. S. Jarnagin, and B. F. Schmidt. 1993. Commercial production of extracellular 
enzymes, p. 917-937. In A. L. Sonenshein, J. A. Hoch, and R. Losick (eds.), Bacillus subtilis and 
other Gram-positive bacteria. American Society for Microbiology, Washington. 

Filloux, A., G. Michel, and M. Bally. 1998. GSP-dependent protein secretion in Gram-negative 
bacteria: the Xcp system of Pseudomonas aeruginosa. FEMS Microbiol. Rev. 22: 177-198. 

Fischer, E., and U. Sauer. 2003. Metabolic flux profiling of Escherichia coli mutants in central 
carbon metabolism using GC-MS. Eur. J. Biochem. 270: 880-891. 

Fischetti, V. A., V. Pancholi, and O. Schneewind. 1990. Conservation of a hexapeptide sequence 
in the anchor region of surface-proteins from Gram-positive cocci. Mol. Microbiol. 4: 1603-1605. 

Foster, S. J. 1993. Molecular analysis of three major wall-associated proteins of Bacillus subtilis 
168: evidence for processing of the product of a gene encoding a 258 kDa precursor two-domain 
ligand-binding protein. Mol. Microbiol. 8: 299-310. 

Foster, S. J. and D. L. Popham. 2002. Structure and synthesis of cell wall, spore cortex, teichoic 
acids, S-layers, and capsules, p. 21-41. In Sonenshein A.L., J. A. Hoch, and R. Losick (eds.), 
Bacillus subtilis and its closest relatives. ASM Press, Washington. 

Fraser, C. M., J. D. Gocayne, O. White, M. D. Adams, R. A. Clayton, R. D. Fleischmann, C. J. 
Bult, A. R. Kerlavage, G. Sutton, J. M. Kelley, et al. 1995. The minimal gene complement of 
Mycoplasma genitalium. Science 270: 397-403. 

Frenken, L. G., J. W. Bos, C. Visser, W. Muller, J. Tommassen, and C. T. Verrips. 1993. An 
accessory gene, lipB, required for the production of active Pseudomonas glumae lipase. Mol. 
Microbiol. 9: 579-589. 

Garcia-Vallvé, S., A. Romeu, and J. Palau. 2000. Horizontal gene transfer in bacterial and 
archaeal complete genomes. Genome Res. 10: 1719-1725. 



 

 

167 

REFERENCES 

Gerritse, G., R. Ure, F. Bizoullier, and W. J. Quax. 1998. The phenotype enhancement method 
identifies the Xcp outer membrane secretion machinery from Pseudomonas alcaligenes as a 
bottleneck for lipase production. J. Biotechnol. 64: 23-38. 

Ghuysen, J. M., J. Lamotte-Brasseur, B. Joris, and G. D. Shockman. 1994. Binding site-shaped 
repeated sequences of bacterial wall peptidoglycan hydrolases. FEBS Lett. 342: 23-28. 

Godtfredsen, A. E. 1990. Microbial lipases, p. 255-274. In W. M. Fogarty and K. T. Kelly (eds.), 
Microbial Enzymes and Biotechnology. Elsevier Applied Science, London. 

Gonzalez-Pastor, J. E., E. C. Hobbs, and R. Losick. 2003. Cannibalism by sporulating bacteria. 
Science 301: 510-513. 

Gorbunoff, M. J. 1985. Protein chromatography on hydroxyapatite columns. Methods Enzymol. 
117: 370-380. 

Gottesman, S. 1996. Proteases and their targets in Escherichia coli. Annu. Rev. Genet. 30: 465-
506. 

Gottesman, S., S. Wickner, and M. R. Maurizi. 1997. Protein quality control: triage by chaperones 
and proteases. Genes Dev. 11: 815-823. 

Grossman, A. D. 1995. Genetic networks controlling the initiation of sporulation and the 
development of genetic competence in Bacillus subtilis. Annu. Rev. Genet. 29: 477-508. 

Guder, A., I. Wiedemann, and H. G. Sahl. 2000. Posttranslationally modified bacteriocins - The 
lantibiotics. Biopolymers 55: 62-73. 

Guérout-Fleury, A. M., K. Shazand, N. Frandsen, and P. Stragier. 1995. Antibiotic-resistance 
cassettes for Bacillus subtilis. Gene 167: 335-336. 

Gupta, R., Q. K. Beg, S. Khan, and B. Chauhan. 2002. An overview on fermentation, downstream 
processing and properties of microbial alkaline proteases. Appl. Microbiol. Biotechnol. 60: 381-
395. 

Haima, P., S. Bron, and G. Venema. 1987. The effect of restriction on shotgun cloning and plasmid 
stability in Bacillus subtilis Marburg. Mol. Gen. Genet. 209: 335-342. 

Hamoen, L. W., W. K. Smits, A. de Jong, S. Holsappel, and O. P. Kuipers. 2002. Improving the 
predictive value of the competence transcription factor (ComK) binding site in Bacillus subtilis 
using a genomic approach. Nucleic Acids Res. 30: 5517-5528. 

Harwood, C., and A. Archibald. 1990. Growth, maintenance and general techniques. p. 1-26. In C. 
R. Harwood and S. M. Cutting (eds.). Molecular biological methods for Bacillus. John Wiley & 
Sons, Chichester, England. 

He, Q., H. Chen, A. Kuspa, Y. Cheng, D. Kaiser, and L. J. Shimkets. 1994. A physical map of the 
Myxococcus xanthus chromosome. Proc. Natl. Acad. Sci. USA 91: 9584-9587. 

Hecker, M., W. Schumann, and U. Volker. 1996. Heat-shock and general stress response in 
Bacillus subtilis. Mol. Microbiol. 19: 417-428. 

Hecker, M., and S. Engelmann. 2000. Proteomics, DNA arrays and the analysis of still unknown 
regulons and unknown proteins of Bacillus subtilis and pathogenic Gram-positive bacteria. Int. J. 
Med. Microbiol. 290: 123-134. 

Helmann, J. D., M. F. Wu, P. A. Kobel, F. J. Gamo, M. Wilson, M. M. Morshedi, M. Navre, and 
C. Paddon. 2001. Global transcriptional response of Bacillus subtilis to heat shock. J. Bacteriol. 
183: 7318-7328. 

Hirose, I., K. Sano, I. Shioda, M. Kumano, K. Nakamura, and K. Yamane. 2000. Proteome 
analysis of Bacillus subtilis extracellular proteins: a two-dimensional protein electrophoretic 
study. Microbiology-Uk 146: 65-75. 

Horton, R. M., H. D. Hunt, S. N. Ho, J. K. Pullen, and L. R. Pease. 1989. Engineering hybrid 
genes without the use of restriction enzymes: gene splicing by overlap extension. Gene 77: 61-
68. 



 

 

168 

Genome engineering and protein secretion stress in the BACELL factory 

Hutchison, C. A., S. N. Peterson, S. R. Gill, R. T. Cline, O. White, C. M. Fraser, H. O. Smith, 
and J. C. Venter. 1999. Global transposon mutagenesis and a minimal Mycoplasma genome. 
Science 286: 2165-2169. 

Hyyryläinen, H. L., M. Vitikainen, J. Thwaite, H. Wu, M. Sarvas, C. R. Harwood, V. P. Kontinen, 
and K. Stephenson. 2000. D-Alanine substitution of teichoic acids as a modulator of protein 
folding and stability at the cytoplasmic membrane/cell wall interface of Bacillus subtilis. J. Biol. 
Chem. 275: 26696-26703. 

Hyyryläinen, H. K., A. Bolhuis, E. Darmon, L. Muukkonen, P. Koski, M. Vitikainen, M. Sarvas, 
Z. Prágai, S. Bron, J. M. van Dijl, and V. P. Kontinen. 2001. A novel two-component regulatory 
system of Bacillus subtilis for the survival of severe secretion stress. Mol. Microbiol. 41: 1159-
1172. 

Ihara, F., I. Okamoto, K. Akao, T. Nihira, and Y. Yamada. 1995. Lipase modulator protein (LimL) 
of Pseudomonas sp. strain 109. J. Bacteriol. 177: 1254-1258. 

Ireton, K. and A. D. Grossman. 1992. Coupling between gene expression and DNA synthesis 
early during development in Bacillus subtilis. Proc. Natl. Acad. Sci. USA 89: 8808-8812. 

Ireton, K., N. W. Gunther IV, and A. D. Grossman. 1994. SpoOJ is required for normal 
chromosome segregation as well as the initiation of sporulation in Bacillus subtilis. J. Bacteriol. 
176: 5320-5329. 

Ishihara, H., M. Takoh, R. Nishibayashi, and A. Sato. 2002. Distribution and variation of 
bacitracin synthetase gene sequences in laboratory stock strains of Bacillus licheniformis. Curr. 
Microbiol. 45: 18-23. 

Itaya, M. 1995. An estimation of minimal genome size required for life. FEBS Lett. 362: 257-260. 
Ivanova, N., A. Sorokin, I. Anderson, N. Galleron, B. Candelon, V. Kapatral, A. Bhattacharyya, 

G. Reznik, N. Mikhailova, A. Lapidus, et al. 2003. Genome sequence of Bacillus cereus and 
comparative analysis with Bacillus anthracis. Nature 423: 87-91. 

Jacobs, M., J. B. Andersen, V. Kontinen, and M. Sarvas. 1993. Bacillus subtilis PrsA is required 
in vivo as an extracytoplasmic chaperone for secretion of active enzymes synthesized either with 
or without pro-sequences. Mol. Microbiol. 8: 957-966. 

Jaeger, K. E., S. Ransac, B. W. Dijkstra, C. Colson, M. van Heuvel, and O. Misset. 1994. 
Bacterial lipases. FEMS Microbiol. Rev. 15: 29-63. 

Jaeger, K. E., B. W. Dijkstra, and M. T. Reetz. 1999. Bacterial biocatalysts: molecular biology, 
three-dimensional structures, and biotechnological applications of lipases. Annu. Rev. Microbiol. 
53: 315-351. 

Jaeger, K. E. and T. Eggert. 2002. Lipases for biotechnology. Curr. Opin. Biotechnol. 13: 390-397. 
Jarnagin, A. S. and E. Ferrari. 1992. Extracellular enzymes: gene regulation and structure function 

relationship studies, p. 191-219. In R. Doi and M. Mc-Gloughlin (eds.), Biology of Bacilli: 
applications to industry. Butterworth-Heinemann, Boston. 

Jensen, C. L., K. Stephenson, S. T. Jorgensen, and C. Harwood. 2000. Cell-associated 
degradation affects the yield of secreted engineered and heterologous proteins in the Bacillus 
subtilis expression system. Microbiology 146: 2583-2594. 

Jones, B., and W. J. Quax. 1998. Alzheimer tau test and detergent cellulose made by genetic 
engineering (No. 9 in a series of articles to promote a better understanding of the use of genetic 
engineering). J. Biotechnol. 66: 229-233. 

Jongbloed, J. D. H., U. Martin, H. Antelmann, M. Hecker, H. Tjalsma, G. Venema, S. Bron, J. M. 
van Dijl, and J. Müller. 2000. TatC is a specificity determinant for protein secretion via the twin-
arginine translocation pathway. J. Biol. Chem. 275: 41350-41357. 

Jongbloed, J. D. H., H. Antelmann, M. Hecker, R. Nijland, S. Bron, U. Airaksinen, F. Pries, W. 
J. Quax, J. M. van Dijl, and P. G. Braun. 2002. Selective contribution of the twin-arginine 
translocation pathway to protein secretion in Bacillus subtilis. J. Biol. Chem. 277: 44068-44078. 



 

 

169 

REFERENCES 

Jungblut, P. R., U. E. Schaible, H. J. Mollenkopf, U. Zimny-Arndt, B. Raupach, J. Mattow, P. 
Halada, S. Lamer, K. Hagens, and S. H. Kaufmann. 1999. Comparative proteome analysis of 
Mycobacterium bovis BCG strains: towards functional genomics of microbial pathogens. Mol. 
Microbiol.  33: 1103-1117. 

Kallio, P., A. Palva, and I. Palva. 1987. Enhancement of α-amylase production by integration and 
amplifying the α-amylases gene of Bacillus amyloliquefaciens in the genome of Bacillus subtilis. 
Appl. Microbiol. Biotechnol. 27: 64-71. 

Kawamura, F., and R. H. Doi. 1984. Construction of a Bacillus subtilis double mutant deficient in 
extracellular alkaline and neutral proteases. J. Bacteriol. 160: 442-444. 

Kawasaki, K., H. Kondo, M. Suzuki, S. Ohgiya, and S. Tsuda. 2002. Alternate conformations 
observed in catalytic serine of Bacillus subtilis lipase determined at 1.3 Å resolution. Acta 
Crystallogr. D. Biol. Crystallogr. 58: 1168-1174. 

Kim, D. Y., D. R. Kim, S. C. Ha, N. K. Lokanath, C. J. Lee, H. Y. Hwang, K. K. Kim. 2002. Crystal 
structure of the protease domain of a heat-shock protein HtrA from Thermotoga maritime. J. Biol. 
Chem. 278: 6543-6551.  

Kim, L., A. Mogk, and W. Schumann. 1996. A xylose-inducible Bacillus subtilis integration vector 
and its application. Gene 181: 71-76. 

Kobayashi, K., M. Ogura, H. Yamaguchi, K. Yoshida, N. Ogasawara, T. Tanaka, and Y. Fujita. 
2001. Comprehensive DNA microarray analysis of Bacillus subtilis two-component regulatory 
systems. J. Bacteriol. 183: 7365-7370. 

Kobayashi, K., S. D. Ehrlich, A. Albertini, G. Amati, K.K. Andersen, M. Arnaud, K. Asai, S. 
Ashikaga, S. Aymerich, P. Bessieres, et al. 2003. Essential Bacillus subtilis genes. Proc. Natl. 
Acad. Sci. USA 100: 4678-4683. 

Kolisnychenko, V., G. Plunkett III, C. D. Herring, T. Feher, J. Posfai, F. R. Blattner, and G. 
Posfai. 2002. Engineering a reduced Escherichia coli genome. Genome Res. 12: 640-647. 

Kontinen, V. P., P. Saris, and M. Sarvas. 1991. A gene (prsA) of Bacillus subtilis involved in a 
novel, late stage of protein export. Mol. Microbiol. 5: 1273-1283. 

Kontinen V. P. and M. Sarvas. 1993. The PrsA lipoprotein is essential for protein secretion in 
Bacillus subtilis and sets a limit for high-level secretion. Mol. Microbiol. 8: 727-737. 

Krogh, S., M. O'Reilly, N. Nolan, and K. M. Devine. 1996. The phage-like element PBSX and part 
of the skin element, which are resident at different locations on the Bacillus subtilis chromosome, 
are highly homologous. Microbiology 142: 2031-2040. 

Krojer, T., M. Garrido-Franco, R. Huber, M. Ehrmann, and T. Clausen. 2002. Crystal structure of 
DegP (HtrA) reveals a new protease-chaperone machine. Nature 416: 455-459. 

Kruger, E., E. Witt, S. Ohlmeier, R. Hanschke, and M. Hecker. 2000. The Clp proteases of 
Bacillus subtilis are directly involved in degradation of misfolded proteins. J. Bacteriol. 182: 3259-
3265. 

Kunkel, B., K. Sandman, S. Panzer, P. Youngman, and R. Losick. 1988. The promoter for a 
sporulation gene in the spoIVC locus of Bacillus subtilis and its use in studies of temporal and 
spatial control of gene expression. J. Bacteriol. 170: 3513-3522. 

Kunst, F. and G. Rapoport. 1995. Salt stress is an environmental signal affecting degradative 
enzyme synthesis in Bacillus subtilis. J. Bacteriol. 177: 2403-2407. 

Kunst, F., N. Ogasawara, I. Moszer, A. M. Albertini, G. Alloni, V. Azevedo, M. G. Bertero, P. 
Bessieres, A. Bolotin, S. Borchert, et al. 1997. The complete genome sequence of the Gram-
positive bacterium Bacillus subtilis. Nature 390: 249-256. 

Kyhse-Andersen, J. 1984. Electroblotting of multiple gels: a simple apparatus without buffer tank 
for rapid transfer of proteins from polyacrylamide to nitrocellulose. J. Biochem. Biophys. Methods 
10: 203-209. 



 

 

170 

Genome engineering and protein secretion stress in the BACELL factory 

Kyte, J. and Doolittle, R. F. 1982. A simple method for displaying the hydropathic character of a 
protein. J. Mol. Biol. 157: 105-132. 

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227: 680-685. 

Lam, K. H., K. C. Chow, and W. K. Wong. 1998. Construction of an efficient Bacillus subtilis 
system for extracellular production of heterologous proteins. J. Biotechnol. 63: 167-177. 

Lazazzera, B., T. Palmer, J. Quiusel, and A. D. Grossman. 1999. Cell density control of gene 
expression and development in Bacillus subtilis. p. 27-46. In G. M. Dunny and S. C. Winans 
(eds.), Cell-cell signaling in bacteria. ASM Press, Washington. 

Leenhouts, K., G. Buist, A. Bolhuis, A. ten Berge, J. Kiel, I. Mierau, M. Dabrowska, G. 
Venema, and J. Kok. 1996. A general system for generating unlabelled gene replacements in 
bacterial chromosomes. Mol. Gen. Genet. 253: 217-224. 

Lei, B., S. Mackie, S. Lukomski, and J. M. Musser. 2000. Identification and immunogenicity of 
group A Streptococcus culture supernatant proteins. Infect. Immun. 68: 6807-6818. 

Leskelä, S., V. P. Kontinen, and M. Sarvas. 1996. Molecular analysis of an operon in Bacillus 
subtilis encoding a novel ABC transporter with a role in exoprotein production, sporulation and 
competence. Microbiology 142: 71-77. 

Leskelä, S., E. Wahlström, V. P. Kontinen, and M. Sarvas. 1999. Lipid modification of 
prelipoproteins is dispensable for growth but essential for efficient protein secretion in Bacillus 
subtilis: characterization of the lgt gene. Mol. Microbiol. 31: 1075-1085. 

Lesuisse, E., K. Schanck, and C. Colson. 1993. Purification and preliminary characterization of 
the extracellular lipase of Bacillus subtilis 168, an extremely basic pH-tolerant enzyme. Eur. J. 
Biochem. 216: 155-160. 

Li, W., S. M. Srinivasula, J. Chai, P. Li, J. W. Wu, Z. Zhang, E. S. Alnemri, and Y. Shi. 2002. 
Structural insights into the pro-apoptotic function of mitochondrial serine protease HtrA2/Omi. 
Nature Struct. Biol. 9: 436-441. 

Lin, D., L. J. Qu, H. Gu, and Z. Chen. 2001. A 3.1-kb genomic fragment of Bacillus subtilis 
encodes the protein inhibiting growth of Xanthomonas oryzae pv. oryzae. J. Appl. Microbiol. 91: 
1044-1050. 

Lory, S. 1994. Leader peptidase of type IV prepilins and related proteins. p. 17-29. In G. von Heijne 
(ed.), Signal Peptidases. R. G. Landes Company, Austin. 

Majumdar, D., Y. J. Avissar, and J. H. Wyche. 1991. Simultaneous and rapid isolation of bacterial 
and eukaryotic DNA and RNA: a new approach for isolating DNA. Biotechniques 11: 94-101. 

Margot, P. and D. Karamata. 1996. The wprA gene of Bacillus subtilis 168, expressed during 
exponential growth, encodes a cell-wall-associated protease. Microbiol. 142: 3437-3444. 

Margot, P., M. Wahlen, A. Gholamhoseinian, P. Piggot, and D. Karamata. 1998. The lytE gene 
of Bacillus subtilis 168 encodes a cell wall hydrolase. J. Bacteriol. 180: 749-572. 

Maurizi, M. R. 2002. Love it or cleave it: tough choices in protein quality control. Nature Struct. Biol. 
9: 410-412. 

Mazmanian, S. K., G. Liu, T. T. Hung, and O. Schneewind. 1999. Staphylococcus aureus sortase, 
an enzyme that anchors surface proteins to the cell wall. Science 285: 760-763. 

Mazmanian, S. K., G. Liu, E. R. Jensen, E. Lenoy, and O. Schneewind. 2000. Staphylococcus 
aureus sortase mutants defective in the display of surface proteins and in the pathogenesis of 
animal infections. Proc. Natl. Acad. Sci. USA 97: 5510-5515. 

Mazmanian, S. K., I. T. Hung, and O. Schneewind. 2001. Sortase-catalysed anchoring of surface 
proteins to the cell wall of Staphylococcus aureus. Mol. Microbiol. 40: 1049-1057. 

Mazmanian, S. K. and O. Schneewind. 2002. Cell wall-anchored surface proteins and lipoproteins 
of Gram-positive bacteria, p. 57-70. In Sonenshein A.L., J. A. Hoch, and R. Losick (eds.), 
Bacillus subtilis and its closest relatives. ASM Press, Washington. 



 

 

171 

REFERENCES 

Mazmanian, S. K., H. Ton-That, K. Su, and O. Schneewind. 2002. An iron-regulated sortase 
anchors a class of surface protein during Staphylococcus aureus pathogenesis. Proc. Natl. 
Acad. Sci. USA 99: 2293-2298. 

Mecsas, J., P. E. Rouviere, J. W. Erickson, T. J. Donohue, and C. A. Gross. 1993. The activity 
of sigmaE, an Escherichia coli heat-inducible sigma-factor, is modulated by expression of outer 
membrane proteins. Genes Dev. 7: 2618-2628. 

Médigue, C., I. Moszer, A. Viari, and A. Danchin. 1995. Analysis of a Bacillus subtilis genome 
fragment using a co-operative computer system prototype. Gene 165: GC37-GC51. 

Meens, J., M. Herbort, M. Klein, and R. Freudl. 1997. Use of the pre-pro part of Staphylococcus 
hyicus lipase as a carrier for secretion of Escherichia coli outer membrane protein A (OmpA) 
prevents proteolytic degradation of OmpA by cell-associated protease(s) in two different Gram-
positive bacteria. Appl. Environ. Microbiol. 63: 2814-2820. 

Meima, R., C. Eschevins, S. Fillinger, A. Bolhuis, L. W. Hamoen, R. Dorenbos, W. J. Quax, J. 
M. van Dijl, R. Provvedi, I. Chen, D. Dubnau, and S. Bron. 2002. The bdbDC operon of 
Bacillus subtilis encodes thiol-disulphide oxidoreductases required for competence development. 
J. Biol. Chem. 277: 6994-7001. 

Merchante, R., H. M. Pooley, and D. Karamata. 1995. A periplasm in Bacillus subtilis. J. Bacteriol. 
177: 6176-6183.  

Mileykovskaya, E. and W. Dowhan. 1997. The Cpx two-component signal transduction pathway is 
activated in Escherichia coli mutant strains lacking phosphatidylethanolamine. J. Bacteriol. 179: 
1029-1034. 

Miller, J. H. 1982. Experiments in Molecular Genetics, Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor Laboratory Press, New York. 

Missiakas, D., J. M. Betton, and S. Raina. 1996. New components of protein folding in 
extracytoplasmic compartments of Escherichia coli SurA, FkpA and Skp/OmpH. Mol. Microbiol. 
21: 871-884. 

Missiakas, D., M. P. Mayer, M. Lemaire, C. Georgopoulos, and S. Raina. 1997. Modulation of 
the Escherichia coli sigmaE (RpoE) heat-shock transcription-factor activity by the RseA, RseB 
and RseC proteins. Mol. Microbiol. 24: 355-371. 

Missiakas, D. and S. Raina. 1998. The extracytoplasmic function sigma factors: role and 
regulation. Mol. Microbiol. 28: 1059-1066. 

Moir, A., E. H. Kemp, C. Robinson, and B. M. Corfe. 1994. The genetic analysis of bacterial spore 
germination. J. Appl. Bacteriol. 77: S9-S16. 

Moks, T., L. Abrahmsen, E. Holmgren, M. Bilich, A. Olsson, M. Uhlen, G. Pohl, C. Sterky, H. 
Hultberg, S. Josephson, et al. 1987. Expression of human insulin-like growth factor I in 
bacteria: use of optimized gene fusion vectors to facilitate protein purification. Biochemistry 26: 
5239-5244. 

Moszer, I. 1998. The complete genome of Bacillus subtilis: from sequence annotation to data 
management and analysis. FEBS Lett. 430: 28-36.  

Moszer, I., E. P. Rocha, and A. Danchin. 1999. Codon usage and lateral gene transfer in Bacillus 
subtilis. Curr. Opin. Microbiol. 2: 524-528. 

Msadek, T., F. Kunst, and G. Rapoport. 1993. Two-component regulatory systems, p. 729-745. In 
A. L. Sonenshein, J. A. Hoch, and R. Losick (eds.), Bacillus subtilis and other Gram-positive 
bacteria. American Society for Microbiology, Washington. 

Müller, J. P., Z. D. An, T. Merad, I. C. Hancock, and C. R. Harwood. 1997. Influence of Bacillus 
subtilis phoR on cell wall anionic polymers. Microbiology-UK 143: 947-956. 

Müller, J., S. Bron, G. Venema, and J. M. van Dijl. 2000a. Chaperone-like activities of the CsaA 
protein of Bacillus subtilis. Microbiol. 146: 77-88.  



 

 

172 

Genome engineering and protein secretion stress in the BACELL factory 

Müller, J., J. Ozegowski, S. Vettermann, J. Swaving, K. H. van Wely, and A. J. M. Driessen. 
2000b. Interaction of Bacillus subtilis CsaA with SecA and precursor proteins. Biochem. J. 348: 
367-373. 

Murashima, K., C. L. Chen, A. Kosugi, Y. Tamaru, R. H. Doi, and S. L. Wong. 2002. 
Heterologous production of Clostridium cellulovorans engB, using protease-deficient Bacillus 
subtilis, and preparation of active recombinant cellulosomes. J. Bacteriol. 184: 76-81. 

Murray, T., D. L. Popham, and P. Setlow. 1997. Identification and characterization of pbpA 
encoding Bacillus subtilis penicillin-binding protein 2A. J. Bacteriol. 179: 3021-3029. 

Nagakubo, S., K. Nishino, T. Hirata, and A. Yamaguchi. 2002. The putative response regulator 
BaeR stimulates multidrug resistance of Escherichia coli via a novel multidrug exporter system, 
MdtABC. J. Bacteriol. 184: 4161-4167. 

Nakano, M. M. and P. Zuber. 1990. Molecular biology of antibiotic production in Bacillus. Crit. Rev. 
Biotechnol. 10: 223-240.  

Navarre, W. W. and O. Schneewind. 1994. Proteolytic cleavage and cell wall anchoring at the 
LPXTG motif of surface proteins in Gram-positive bacteria. Mol. Microbiol. 14: 115-121.  

Navarre, W. W., S. Daefler, and O. Schneewind. 1996. Cell wall sorting of lipoproteins in 
Staphylococcus aureus. J. Bacteriol. 178: 441-446. 

Navarre, W. W. and O. Schneewind. 1999. Surface proteins of Gram-positive bacteria and 
mechanisms of their targeting to the cell wall envelope. Microbiol. Mol. Biol. Rev. 63: 174-229. 

Neuhoff, V., N. Arold, D. Taube, and W. Ehrhardt. 1988. Improved staining of proteins in 
polyacrylamide gels including isoelectric focusing gels with clear background at nanogram 
sensitivity using Coomassie Brilliant Blue G-250 and R-250. Electrophoresis 9: 255-262. 

Nicolas, P., L. Bize, F. Muri, M. Hoebeke, F. Rodolphe, S. D. Ehrlich, B. Prum, and P. 
Bessieres. 2002. Mining Bacillus subtilis chromosome heterogeneities using hidden Markov 
models. Nucleic Acids Res. 30: 1418-1426. 

Noone, D., A. Howell, and K. M. Devine. 2000. Expression of ykdA, encoding a Bacillus subtilis 
homologue of HtrA, is heat shock inducible and negatively autoregulated. J. Bacteriol. 182: 
1592-1599. 

Noone, D., A. Howell, R. Collery, and K. M. Devine. 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. J. Bacteriol. 183: 654-663. 

Norrander, J., T. Kempe, and J. Messing. 1983. Construction of improved M13 vectors using 
oligodeoxynucleotide-directed mutagenesis. Gene 26: 101-106. 

Notredame, C., D. G. Higgins, and J. Heringa. 2000. T-Coffee: A novel method for fast and 
accurate multiple sequence alignment. J. Mol. Biol. 302: 205-217. 

Ohshima, H., S. Matsuoka, K. Asai, and Y. Sadaie. 2002. Molecular organization of intrinsic 
restriction and modification genes BsuM of Bacillus subtilis Marburg. J. Bacteriol. 184: 381-389. 

Olmos-Soto, J. and R. Contreras-Flores. 2003. Genetic system constructed to overproduce and 
secrete proinsulin in Bacillus subtilis. Appl. Microbiol. Biotechnol. 62: 369-373. 

Otto, K. and T. J. Silhavy. 2002. Surface sensing and adhesion of Escherichia coli controlled by 
the Cpx-signaling pathway. Proc. Natl. Acad. Sci. USA 99: 2287-2292. 

Outtrup, H. and B. E. Norman. 1984. Properties and application of a thermostable maltogenic 
amylase produced by a strain of Bacillus modified by recombinant-DNA techniques. Starch 
Stärke 36: 405-411. 

Paik, S. H., A. Chakicherla, and J. N. Hansen. 1998. Identification and characterization of the 
structural and transporter genes for, and the chemical and biological properties of, sublancin 
168, a novel lantibiotic produced by Bacillus subtilis 168. J. Biol. Chem. 273: 23134-23142. 

Pallen, M. J. and B. W. Wren. 1997. The HtrA family of serine proteases. Mol. Microbiol. 26: 209-
221. 



 

 

173 

REFERENCES 

Pallen, M. J., A. C. Lam, M. Antonio, and K. Dunbar. 2001. An embarrassment of sortases - a 
richness of substrates? Trends Microbiol. 9: 97-101. 

Palva, I. 1982. Molecular cloning of alpha-amylase gene from Bacillus amyloliquefaciens and its 
expression in B. subtilis. Gene 19: 81-87. 

Palva, I., P. Lehtovaara, L. Kaariainen, M. Sibakov, K. Cantell, C. H. Schein, K. Kashiwagi, and 
C. Weissmann. 1983. Secretion of interferon by Bacillus subtilis. Gene 22: 229-235. 

Parkinson, J. S., E. C. Kofoid. 1992. Communication modules in bacterial signaling proteins. 
Annu. Rev. Genet. 26: 71-112. 

Patti, J. M., B. L. Allen, M. J. Mcgavin, and M. Hook. 1994. MSCRAMM-mediated adherence of 
microorganisms to host tissues. Annu. Rev. Microbiol. 48: 585-617. 

Pei, J. M. and N. V. Grishin. 2001. Type II CAAX prenyl endopeptidases belong to a novel 
superfamily of putative membrane-bound metalloproteases. Trends Biochem. Sci. 26: 275-277. 

Perego, M. 1993. Integrational vectors for genetic manipulation in Bacillus subtilis. p. 615-624. In A. 
L. Sonenshein, J. A. Hoch, and R. Losick (eds.). Bacillus subtilis and other Gram-positive 
bacteria. ASM Press, Washington. 

Perego, M. 1999. Self-signaling by Phr peptides modulates Bacillus subtilis development. p. 243-
258. In G. M. Dunny and S. C. Winans (eds.). Cell-cell signaling in bacteria. ASM Press, 
Washington. 

Petsch, D. and F. B. Anspach. 2000. Endotoxin removal from protein solutions. J. Biotechnol. 76: 
97-119. 

Pierce, J. A., C. R. Robertson, and T. J. Leighton. 1992. Physiological and genetic strategies for 
enhanced subtilisin production by Bacillus subtilis. Biotechnol. Prog. 8: 211-218. 

Piggot, P. J. and J. G. Coote. 1976. Genetic aspects of bacterial endospore formation. Bacteriol. 
Rev. 40: 908-962. 

Piggot, P. J. and R. Losick. 2002. Sporulation genes and intercompartmental regulation, p. 483-
517. In Sonenshein A.L., J. A. Hoch, and R. Losick (eds.), Bacillus subtilis and its closest 
relatives. ASM Press, Washington. 

Pogliano, J., A. S. Lynch, D. Belin, E. C. Lin, and J. Beckwith. 1997. Regulation of Escherichia 
coli cell envelope proteins involved in protein folding and degradation by the Cpx two-component 
system. Genes Dev. 11: 1169-1182. 

Pohlschröder, M., W. A. Prinz, E. Hartmann, and J. Beckwith. 1997. Protein translocation in the 
three domains of life: variations on a theme. Cell 91: 563-566. 

Pooley, H. M., R. Merchante, and D. Karamata. 1996. Overall protein content and induced 
enzyme components of the periplasm of Bacillus subtilis. Microb. Drug Resist. 2: 9-15. 

Popham, D. L., J. Helin, C. E. Costello, and P. Setlow. 1996. Analysis of the peptidoglycan 
structure of Bacillus subtilis endospores. J. Bacteriol. 178: 6451-6458.  

Price, C. W. 2000. Protective function and regulation of the general stress response in Bacillus 
subtilis and related gram-positive bacteria.  p. 179-198. In G. Stortz and R. Hengge-Aronis 
(eds.), Bacterial stress responses. American Society for Microbiology, Washington. 

Priest, F. G. 1977. Extracellular enzyme synthesis in genus Bacillus. Bacteriol. Rev. 41: 711-753. 
Pugsley, A. P. 1993. The complete general secretory pathway in Gram-negative bacteria. 

Microbiol. Rev. 57: 50-108. 
Quax, W. J. 2003. Bacterial Enzymes In M. Dworkin (ed.), The prokaryotes: an evolving electronic 

resource for the microbiological community. Springer-Verlag, New York. 
Raffa, R. G. and T. L. Raivio. 2002. A third envelope stress signal transduction pathway in 

Escherichia coli. Mol. Microbiol. 45: 1599-1611. 
Raina, S., D. Missiakas, and C. Georgopoulos. 1995. The rpoE gene encoding the sigmaE 

(sigma 24) heat shock sigma factor of Escherichia coli. EMBO J. 14: 1043-1055. 
Raivio, T. L. and T. J. Silhavy. 1997. Transduction of envelope stress in Escherichia coli by the 

Cpx two-component system. J. Bacteriol. 179: 7724-7733. 



 

 

174 

Genome engineering and protein secretion stress in the BACELL factory 

Raivio, T. L., D. L. Popkin, and T. J. Silhavy. 1999. The Cpx envelope stress response is 
controlled by amplification and feedback inhibition. J. Bacteriol. 181: 5263-5272. 

Raivio, T. L. and T. J. Silhavy. 1999. The sigmaE and Cpx regulatory pathways: overlapping but 
distinct envelope stress responses. Curr. Opin. Microbiol. 2: 159-165.  

Raivio, T. L., M. W. Laird, J. C. Joly, and T. J. Silhavy. 2000. Tethering of CpxP to the inner 
membrane prevents spheroplast induction of the Cpx envelope stress response. Mol. Microbiol. 
37: 1186-1197. 

Raivio, T. L. and T. J. Silhavy. 2001. Periplasmic stress and ECF sigma factors. Annu. Rev. 
Microbiol. 55: 591-624. 

Rashid, M. H., M. Mori, and J. Sekiguchi. 1995. Glucosaminidase of Bacillus subtilis: cloning, 
regulation, primary structure and biochemical characterization. Microbiol. 141: 2391-2404. 

Read, T. D., S. N. Peterson, N. Tourasse, L. W. Baillie, I. T. Paulsen, K. E. Nelson, H. Tettelin, 
D. E. Fouts, J. A. Eisen, S. R. Gill, et al. 2003. The genome sequence of Bacillus anthracis 
Ames and comparison to closely related bacteria. Nature 423: 81-86. 

Reetz, M. T. and K. E. Jaeger. 1998. Overexpression, immobilization and biotechnological 
application of Pseudomonas lipases. Chem. Phys. Lipids 93: 3-14. 

Reichert, J. M. and C. Paquette. 2003. Clinical development of therapeutic recombinant proteins. 
Biotechniques 35: 176-5. 

Riezman, H. 1997. The ins and outs of protein translocation. Science 278: 1728-1729. 
Rizzitello, A. E., J. R. Harper, and T. J. Silhavy. 2001. Genetic evidence for parallel pathways of 

chaperone activity in the periplasm of Escherichia coli. J. Bacteriol. 183: 6794-6800. 
Rocha, E. P., P. Guerdoux-Jamet, I. Moszer, A. Viari, and A. Danchin. 2000. Implication of gene 

distribution in the bacterial chromosome for the bacterial cell factory. J. Biotechnol. 78: 209-219. 
Rosenkrands, I., K. Weldingh, S. Jacobsen, C. V. Hansen, W. Florio, I. Gianetri, and P. 

Andersen. 2000. Mapping and identification of Mycobacterium tuberculosis proteins by two-
dimensional gel electrophoresis, microsequencing and immunodetection. Electrophoresis 21: 
935-948. 

Rosenow, C., P. Ryan, J. N. Weiser, S. Johnson, P. Fontan, A. Ortqvist, and H. R. Masure. 
1997. Contribution of novel choline-binding proteins to adherence, colonization and 
immunogenicity of Streptococcus pneumoniae. Mol. Microbiol. 25: 819-829. 

Rouviere, P. E., A. De Las-Peñas, J. Mecsas, C. Z. Lu, K. E. Rudd, and C. A. Gross. 1995. rpoE, 
the gene encoding the second heat-shock sigma factor, sigmaE, in Escherichia coli. EMBO J. 
14: 1032-1042. 

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A Laboratory Manual. Cold 
Spring Harbor Laboratories, Cold Spring Harbor, NY. 

Sanchez, M., N. Prim, F. Randez-Gil, F. I. Pastor, and P. Diaz. 2002. Engineering of baker's 
yeasts, E. coli and Bacillus hosts for the production of Bacillus subtilis Lipase A. Biotechnol. 
Bioeng. 78: 339-345. 

Sánchez-Puelles, J. M., C. Ronda, J. L. García, R. Lopez, and E. García. 1986. Searching for 
autolysin functions: characterization of a pneumococcal mutant deleted in the lytA gene. Eur. J. 
Biochem. 158: 289-293.  

Sánchez-Puelles, J. M., J. M. Sanz, J. L. García, and E. García. 1990. Cloning and expression of 
gene fragments encoding the choline-binding domain of pneumococcal murein hydrolases. Gene 
89: 69-75.  

Sarvas, M., C. R. Harwood, S. Bron, and J. M. van Dijl. 2004. Post-translocational folding of 
secretory proteins in Gram-positive bacteria. Biochim. Biophys. Acta. In press. 

Sauer, U., V. Hatzimanikatis, H. P. Hohmann, M. Manneberg, A. P. van Loon, and J. E. Bailey. 
1996. Physiology and metabolic fluxes of wild-type and riboflavin-producing Bacillus subtilis. 
Appl. Environ. Microbiol. 62: 3687-3696. 



 

 

175 

REFERENCES 

Sauer, U., V. Hatzimanikatis, J. E. Bailey, M. Hochuli, T. Szyperski, and K. Wuthrich. 1997. 
Metabolic fluxes in riboflavin-producing Bacillus subtilis. Nat. Biotechnol. 15: 448-452. 

Schatz, G. and B. Dobberstein. 1996. Common principles of protein translocation across 
membranes. Science 271: 1519-1526. 

Schleifer, K. H. and O. Kandler. 1972. Peptidoglycan types of bacterial cell walls and their 
taxonomic implications. Bacteriol. Rev. 36: 407-477. 

Schmidt-Dannert, C. 1999. Recombinant microbial lipases for biotechnological applications. 
Bioorg. Med. Chem. 7: 2123-2130. 

Schneewind, O., P. Model, and V. A. Fischetti. 1992. Sorting of protein A to the staphylococcal 
cell wall. Cell 70: 267-281.  

Schneewind, O., D. Mihaylova-Petkov, and P. Model. 1993. Cell wall sorting signals in surface 
proteins of Gram-positive bacteria. EMBO J. 12: 4803-4811.  

Schneewind, O., A. Fowler, and K. F. Faull. 1995. Structure of the cell wall anchor of surface 
proteins in Staphylococcus aureus. Science 268: 103-106. 

Schöbel, S., S. Zellmeier, W. Schumann, and T. Wiegert. 2004. The Bacillus subtilis σW anti-
sigma factor RsiW is degraded by intramembrane proteolysis through YluC. Mol. Microbiol. 52: 
1091-1105. 

Schreiber, J., J. Enderich, and M. Wegner. 1998. Structural requirements for DNA binding of 
GCM proteins. Nucleic Acids Res. 26: 2337-2343. 

Schumann, W. 2003. The Bacillus subtilis heat shock stimulon. Cell Stress Chaperones 8: 207-217. 
Schweder, T. and B. Jurgen. 2001. Monitoring of genes that respond to overproduction of 

insoluble recombinant proteins in Escherichia coli and Bacillus subtilis, p. 359-369. In O.-W. 
Merten, D. Mattanovich, C. Lang, G. Larsson, P. Neubauer, D. Porro, P. Postma, J. Teixeira de 
Mattos, and J. A. Cole (eds.), Recombinant protein production with prokaryotic and eukaryotic 
cells. Kluwer Academic Publishers. 

Sciochetti, S. A., P. J. Piggot, and G. W. Blakely. 2001. Identification and characterization of the 
dif site from Bacillus subtilis. J. Bacteriol. 183: 1058-1068. 

Simonen, M. and I. Palva. 1993. Protein secretion in Bacillus species. Microbiol. Rev. 57: 109-137. 
Sloma, A., G. A. Rufo, Jr., K. A. Theriault, M. Dwyer, S. W. Wilson, and J. Pero. 1991. Cloning 

and characterization of the gene for an additional extracellular serine protease of Bacillus 
subtilis. J. Bacteriol. 173: 6889-6895. 

Smith, H., S. Bron, J. Vanee, and G. Venema. 1987. Construction and use of signal sequence 
selection vectors in Escherichia coli and Bacillus subtilis. J. Bacteriol. 169: 3321-3328. 

Snyder, W. B., L. J. Davis, P. N. Danese, C. L. Cosma, and T. J. Silhavy. 1995. Overproduction 
of NlpE, a new outer membrane lipoprotein, suppresses the toxicity of periplasmic LacZ by 
activation of the Cpx signal transduction pathway. J. Bacteriol. 177: 4216-4223. 

Soberon-Chavez, G. and B. Palmeros. 1994. Pseudomonas lipases: molecular genetics and 
potential industrial applications. Crit. Rev. Microbiol. 20: 95-105. 

Spiess, C., A. Beil, and M. Ehrmann. 1999. A temperature-dependent switch from chaperone to 
protease in a widely conserved heat shock protein. Cell. 97: 339-347. 

Stephenson, K. and C. R. Harwood. 1998. Influence of a cell-wall-associated protease on 
production of alpha-amylase by Bacillus subtilis. Appl. Environ. Microbiol. 64: 2875-2881. 

Stephenson, K., S. Bron, and C. R. Harwood. 1999. Cellular lysis in Bacillus subtilis: the effect of 
multiple extracellular protease deficiencies. Lett. Appl. Microbiol.  29: 141-145. 

Stephenson, K., C. L. Jensen, S. T. Jorgensen, and C. R. Harwood. 2002. Simultaneous 
inactivation of the wprA and dltB genes of Bacillus subtilis reduces the yield of alpha-amylase. 
Lett. Appl. Microbiol. 34: 394-397. 

Stock, J. B., A. J. Ninfa, and A. M. Stock. 1989. Protein phosphorylation and regulation of 
adaptive responses in bacteria. Microbiol. Rev. 53: 450-490. 



 

 

176 

Genome engineering and protein secretion stress in the BACELL factory 

Stone, K. J. and J. L. Strominger. 1971. Mechanism of action of bacitracin - complexation with 
metal ion and C55-isoprenyl pyrophosphate. Proc. Natl. Acad. Sci. USA 68: 3223-3227. 

Storm, D. R. and J. L. Strominger. 1973. Complex-formation between bacitracin peptides and 
isoprenyl pyrophosphates - Specificity of lipid-peptide interactions. J. Biol. Chem. 248: 3940-
3945. 

Stragier, P., B. Kunkel, L. Kroos, and R. Losick. 1989. Chromosomal rearrangement generating 
a composite gene for a developmental transcription factor. Science 243: 507-512. 

Stragier, P. and R. Losick. 1996. Molecular genetics of sporulation in Bacillus subtilis. Annu. Rev. 
Genet. 30: 297-41. 

Suzuki, C. K., M. Rep, J. M. van Dijl, K. Suda, L. A. Grivell, and G. Schatz. 1997. ATP-
dependent proteases that also chaperone protein biogenesis. Trends Biochem. Sci. 22: 118-123. 

Swinfield, T.J., J. D. Oultram, D. E. Thompson, J. K. Brehm, and N. P. Minton. 1990. Physical 
characterization of the replication region of the Streptococcus faecalis plasmid pAM beta 1. 
Gene 87: 79-90. 

Takami, H., K. Nakasone, Y. Takaki, G. Maeno, R. Sasaki, N. Masui, F. Fuji, C. Hirama, Y. 
Nakamura, N. Ogasawara, S. Kuhara, and K. Horikoshi. 2000. Complete genome sequence 
of the alkaliphilic bacterium Bacillus halodurans and genomic sequence comparison with Bacillus 
subtilis. Nucleic Acids Res. 28: 4317-4331. 

Takemaru, K., M. Mizuno, T. Sato, M. Takeuchi, and Y. Kobayashi. 1995. Complete nucleotide 
sequence of a skin element excised by DNA rearrangement during sporulation in Bacillus 
subtilis. Microbiology 141: 323-327. 

Tjalsma, H., M. A. Noback, S. Bron, G. Venema, K. Yamane, and J. M. van Dijl. 1997. Bacillus 
subtilis contains four closely related Type I signal peptidases with overlapping substrate 
specificities: constitutive and temporally controlled expression of different sip genes. J. Biol. 
Chem. 272: 25983–25992. 

Tjalsma, H., A. Bolhuis, M. L. van Roosmalen, T. Wiegert, W. Schumann, C. P. Broekhuizen, 
W. J. Quax, G. Venema, S. Bron, and J. M. van Dijl. 1998. Functional analysis of the secretory 
precursor processing machinery of Bacillus subtilis: identification of a eubacterial homolog of 
archaeal and eukaryotic signal peptidases. Genes Dev. 12: 2318-2331. 

Tjalsma, H., V.P. Kontinen, Z. Prágai, H. Wu, R. Meima, G. Venema, S. Bron, M. Sarvas, and J. 
M. van Dijl. 1999. The role of lipoprotein processing by signal peptidase II in the Gram-positive 
eubacterium Bacillus subtilis: signal peptidase II is required for the efficient secretion of α-
amylase, a non-lipoprotein. J. Biol. Chem. 274: 1698-1707. 

Tjalsma, H., A. Bolhuis, J. D. H. Jongbloed, S. Bron, and J. M. van Dijl. 2000. Signal peptide-
dependent protein transport in Bacillus subtilis: a genome-based survey of the secretome. 
Microbiol. Mol. Biol. Rev. 64: 515--47. 

Tjalsma, H., G. Zanen, S. Bron, and J. M. van Dijl. 2001. The eubacterial lipoprotein-specific (type 
II) signal peptidase. p. 3-23. In R.E. Dalbey and D.S. Sigman (eds.), The Enzymes Volume XXII, 
Co- and post translational proteolysis of proteins. Academic Press, San Diego. 

Tjalsma, H., S. Bron, S., and J. M. van Dijl. 2003. Complementary impact of paralogous Oxa1-like 
proteins of Bacillus subtilis on post-translocational stages in protein secretion. J. Biol. Chem. 
278: 15622-15632. 

Tjalsma, H., H. Antelmann, J. D. H. Jongbloed, P. G. Braun, E. Darmon, R. Dorenbos, J. Y. 
Dubois, H. Westers, G. Zanen, W. J. Quax, O. P. Kuipers, S. Bron, M. Hecker, and J. M. van 
Dijl. 2004. Proteomics of protein secretion by Bacillus subtilis: separating the "secrets" of the 
secretome. Microbiol. Mol. Biol. Rev. 68: 207-233. 

Ton-That, H., K. F. Faull, and O. Schneewind. 1997. Anchor structure of staphylococcal surface 
proteins. A branched peptide that links the carboxyl terminus of proteins to the cell wall. J. Biol. 
Chem. 272: 22285-22292.  



 

 

177 

REFERENCES 

Ton-That, H., G. Liu, S. K. Mazmanian, K. F. Faull, and O. Schneewind. 1999. Purification and 
characterization of sortase, the transpeptidase that cleaves surface proteins of Staphylococcus 
aureus at the LPXTG motif. Proc. Natl. Acad. Sci. USA 96: 12424-12429. 

Ton-That, H. and O. Schneewind. 1999. Anchor structure of staphylococcal surface proteins IV. 
Inhibitors of the cell wall sorting reaction. J. Biol. Chem. 274: 24316-24320. 

Ton-That, H., S. K. Mazmanian, K. F. Faull, and O. Schneewind. 2000. Anchoring of surface 
proteins to the cell wall of Staphylococcus aureus - Sortase catalyzed in vitro transpeptidation 
reaction using LPXTG peptide and NH2-Gly(3) substrates. J. Biol. Chem. 275: 9876-9881. 

Ton-That, H., S. K. Mazmanian, and O. Schneewind. 2001. An embarrassment of sortases - a 
richness of substrates? Response in Trends Microbiol. 9: 101-102. 

Tosato, V. and C. V. Bruschi. 2004. Knowledge of the Bacillus subtilis genome: impacts on 
fundamental science and biotechnology. Appl. Microbiol. Biotechnol. 64: 1-6. 

Vagner, V., E. Dervyn, and S. D. Ehrlich. 1998. A vector for systematic gene inactivation in 
Bacillus subtilis. Microbiology 144: 3097-3104. 

van Dijl, J. M., A. de Jong, H. Smith, S. Bron, and G. Venema. 1991. Non-functional expression 
of Escherichia coli signal peptidase I in Bacillus subtilis. J. Gen. Microbiol. 137: 2073-2083. 

van Dijl, J. M., A. de Jong, J. Vehmaanpera, G. Venema, and S. Bron. 1992. Signal peptidase-I 
of Bacillus subtilis: patterns of conserved amino acids in prokaryotic and eukaryotic Type-I signal 
peptidases. EMBO J.  11: 2819–2828.   

van Dijl, J. M., A. de Jong, G. Venema, and S. Bron. 1995. Identification of the potential active 
site of the signal peptidase SipS of Bacillus subtilis. Structural and functional similarities with 
LexA-like proteases. J. Biol. Chem. 270: 3611-3618. 

van Dijl., J. M., A. Bolhuis, H. Tjalsma, J. D. H. Jongbloed, A. de Jong, and S. Bron. 2001. 
Protein transport pathways in Bacillus subtilis: a genome-based road map. p. 337-355. A.L. 
Sonenshein, J. A. Hoch, and R. Losick (eds.), In Bacillus subtilis and its closest relatives. ASM 
Press, Washington. 

van Dijl, J. M., P. G. Braun, C. Robinson, W. J. Quax, H. Antelmann, M. Hecker, J. Muller, H. 
Tjalsma, S. Bron, and J. D. H. Jongbloed. 2002. Functional genomic analysis of the Bacillus 
subtilis Tat pathway for protein secretion. J. Biotechnol. 98: 243-254. 

van Leen, R. W., J. G. Bakhuis, R. F. van Beckhoven, H. Burger, L. C. Dorssers, R. W. 
Hommes, P. J. Lemson, B. Noordam, N. L. Persoon, and G. Wagemaker. 1991. Production 
of human interleukin-3 using industrial microorganisms. Biotechnology (N. Y.) 9: 47-52. 

van Pouderoyen, G., T. Eggert, K. E. Jaeger, and B. W. Dijkstra. 2001. The crystal structure of 
Bacillus subtilis lipase: a minimal alpha/beta hydrolase fold enzyme. J. Mol. Biol. 309: 215-226. 

van Wely, K. H., J. Swaving, R. Freudl, and A. J. M. Driessen. 2001. Translocation of proteins 
across the cell envelope of Gram-positive bacteria. FEMS Microbiol. Rev. 25: 437-454. 

Vitikainen, M., T. Pummi, U. Airaksinen, E. Wahlstrom, H. Wu, M. Sarvas, and V. P. Kontinen. 
2001. Quantitation of the capacity of the secretion apparatus and requirement for PrsA in growth 
and secretion of alpha-amylase in Bacillus subtilis. J. Bacteriol. 183: 1881-1890. 

von Heijne, G. 1998. Life and death of a signal peptide. Nature 396: 111, 113. 
Wahlström, E., M. Vitikainen, V. P. Kontinen, and M. Sarvas. 2003. The extracytoplasmic folding 

factor PrsA is required for protein secretion only in the presence of the cell wall in Bacillus 
subtilis. Microbiology 149: 569-577. 

Wang, D., X. Ding, and P. N. Rather. 2001. Indole can act as an extracellular signal in Escherichia 
coli. J. Bacteriol. 183: 4210-4216. 

Weber, R. F. and P. M. Silverman. 1988. The Cpx proteins of Escherichia coli K12. Structure of the 
CpxA polypeptide as an inner membrane component. J. Mol. Biol. 203: 467-478. 

Weisblum, B., M. Y. Graham, T. Gryczan, and D. Dubnau. 1979. Plasmid copy number control: 
isolation and characterization of high-copy-number mutants of plasmid pE194. J. Bacteriol. 137: 
635-643. 



 

 

178 

Genome engineering and protein secretion stress in the BACELL factory 

Weiss, W. J., E. Lenoy, T. Murphy, L. Tardio, P. Burgio, S. J. Projan, O. Schneewind, and L. 
Alksne. 2004. Effect of srtA and srtB gene expression on the virulence of Staphylococcus 
aureus in animal models of infection. J. Antimicrob. Chemother. 53: 480-486. 

Wertman, K. F., A. R. Wyman, and D. Botstein. 1986. Host/vector interactions which affect the 
viability of recombinant phage lambda clones. Gene 49: 253-262. 

Westers, H., R. Dorenbos, J. M. van Dijl, J. Kabel, T. Flanagan, K. M. Devine, F. Jude, S. J. 
Séror, A. C. Beekman, E. Darmon, et al. 2003. Genome engineering reveals large dispensable 
regions in Bacillus subtilis. Mol. Biol. Evol. 20: 2076-2090. 

Westers, H., E. Darmon, G. Zanen, J. W. Veening, O. P. Kuipers, S. Bron, W. J. Quax, and J. 
M. van Dijl. 2004a. The Bacillus secretion stress response is an indicator for alpha-amylase 
production levels. Lett. Appl. Microbiol. 39: 65-73. 

Westers, L., H. Westers, and W. J. Quax. 2004b. Bacillus subtilis as a cell factory for 
pharmaceutical proteins: a biotechnological approach to optimise the host organism. Biochim. 
Biophys. Acta. In press. 

Wetzstein, M., U. Volker, J. Dedio, S. Lobau, U. Zuber, M. Schiesswohl, C. Herget, M. Hecker, 
and W. Schumann. 1992. Cloning, sequencing, and molecular analysis of the dnaK locus from 
Bacillus subtilis. J. Bacteriol. 174: 3300-3310. 

Wickner, S., M. R. Maurizi, and S. Gottesman. 1999. Posttranslational quality control: folding, 
refolding, and degrading proteins. Science 286: 1888-1893. 

Wong, S. L., R. Ye, and S. Nathoo. 1994. Engineering and production of streptokinase in a Bacillus 
subtilis expression-secretion system. Appl. Environ. Microbiol. 60: 517-523. 

Wood, H. E., M. T. Dawson, K. M. Devine, and D. J. McConnell. 1990. Characterization of PBSX, 
a defective prophage of Bacillus subtilis. J. Bacteriol. 172: 2667-2674. 

Wu, S. C., R. Ye, X. C. Wu, S. C. Ng, and S. L. Wong. 1998. Enhanced secretory production of a 
single-chain antibody fragment from Bacillus subtilis by coproduction of molecular chaperones. J. 
Bacteriol. 180: 2830-2835. 

Wu, S. C., J. C. Yeung, Y. Duan, R. Ye, S. J. Szarka, H. R. Habibi, and S. L. Wong. 2002. 
Functional production and characterization of a fibrin-specific single-chain antibody fragment 
from Bacillus subtilis: effects of molecular chaperones and a wall-bound protease on antibody 
fragment production. Appl. Environ. Microbiol. 68: 3261-3269. 

Wu, S. C. and S. L. Wong. 2002. Engineering of a Bacillus subtilis strain with adjustable levels of 
intracellular biotin for secretory production of functional streptavidin. 
Appl. Environ. Microbiol. 68: 1102-1108. 

Wu, X. C., W. Lee, L. Tran, and S. L. Wong. 1991. Engineering a Bacillus subtilis expression-
secretion system with a strain deficient in six extracellular proteases. J. Bacteriol. 173: 4952-
4958. 

Wu, X. C., S. C. Ng, R. I. Near, and S. L. Wong. 1993. Efficient production of a functional single-
chain antidigoxin antibody via an engineered Bacillus subtilis expression-secretion system. 
Biotechnology (NY) 11: 71-76. 

Yang, M. Y., E. Ferrari, and D. J. Henner. 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. J. 
Bacteriol. 160: 15-21. 

Ye, R., J. H. Kim, B. G. Kim, S. Szarka, E. Sihota, and S. L. Wong. 1999. High-level secretory 
production of intact, biologically active staphylokinase from Bacillus subtilis. Biotechnol. Bioeng. 
62: 87-96. 

Yura, T. and K. Nakahigashi. 1999. Regulation of the heat-shock response. Curr. Opin. Microbiol. 
2: 153-158. 

Zahler, S. A., R. Z. Korman, R. Rosenthal, and H. E. Hemphill. 1977. Bacillus subtilis 
bacteriophage SPbeta: localization of the prophage attachment site, and specialized 
transduction. J. Bacteriol. 129: 556-558. 



 

 

179 

REFERENCES 

Zaya, N. E., E. E. Vaughan, S. K. Shah, and D. Castignetti. 2002. Bacitracin: substantiation and 
elimination of contaminating proteolytic activity and use as an affinity chromatography ligand to 
purify a siderophore-degrading enzyme. Curr. Microbiol. 44: 71-74. 

Zheng, G. L., Z. Yan, J. C. Vederas, and P. Zuber. 1999. Genes of the sbo-alb locus of Bacillus 
subtilis are required for production of the antilisterial bacteriocin subtilosin. J. Bacteriol. 181: 
7346-7355. 

Zheng, G. L., R. Hehn, and P. Zuber. 2000. Mutational analysis of the sbo-alb locus of Bacillus 
subtilis: identification of genes required for subtilosin production and immunity. J. Bacteriol. 182: 
3266-3273. 

Zuber, P. 2001. A peptide profile of the Bacillus subtilis genome. Peptides 22: 1555-1577. 



   

180 



   

 

Nederlandse samenvatting 

 



 

 

182 

Genome engineering and protein secretion stress in the BACELL factory 

Medicijnen zijn duur 
Uit de eigen dagelijkse praktijk weet iedereen dat medicatie duur is. Dit levert 
vooral problemen op in derdewereldlanden, waar men bijvoorbeeld medicatie 
tegen AIDS niet kan betalen. Vaak heeft de hoge prijs te maken met de dure 
chemische reacties die nodig zijn om de juiste, werkende bestanddelen te 
verkrijgen of ze te scheiden van vervuilende bestanddelen, die wellicht 
schadelijk kunnen zijn voor de menselijke gezondheid. Daarnaast moeten 
nieuwe medicijnen getest worden op mens en dier, waardoor de uitvinding, de 
testen in de kliniek en de productie van een nieuw medicijn veel tijd en geld 
kosten. De uiteindelijke prijs van medicijnen is simpelweg vrij hoog, omdat de 
farmaceutische industrieën het geld dat in de ontwikkeling geïnvesteerd is, op 
enigerlei wijze, weer terug moeten verdienen. 

Goedkopere medicijnproductie met behulp van bacteriën 
Bijna iedereen heeft wel eens iets over bacteriën gehoord, voornamelijk over 
bacteriën als ziekteverwekkers. Bacteriën worden echter ook volop op een 
nuttige manier toegepast, bijvoorbeeld in de levensmiddelentechnologie waarin 
bacteriën worden toegevoegd voor de bereiding van kaas, zuurkool en yoghurt. 
Daarnaast komen wij in ons dagelijkse leven onbewust met veel enzymen 
verkregen uit bacteriën in aanraking. Enzymen zijn eiwitten die een bepaalde 
stof (een substraat) afbreken of omzetten door het uitvoeren van een 
chemische reactie. Te denken valt aan: (1) de proteases die toegevoegd 
worden aan onze wasmiddelen en zorgen voor de verwijdering van vlekken 
door eiwitten af te breken; (2) amylases die gebruikt worden in de 
textielindustrie om de zetmeel-coating van de katoenvezels te verwijderen vlak 
voor het verven of bleken van katoen en in de zetmeelindustrie voor het maken 
van fructose (een suiker) en glucose siropen; (3) lipases die het deeg steviger 
maken, zodat de bereiding van brood makkelijker wordt. Sommige eiwitten, die 
mogelijk gebruikt gaan worden als geneesmiddel, kunnen ook op een 
alternatieve, goedkopere, manier gemaakt worden door bacteriën.  

Met de huidige veelvuldig toegepaste moleculair-biologische technieken is 
het relatief eenvoudig een stuk genetisch materiaal (DNA), dat codeert voor een 
eiwit van bijvoorbeeld menselijke origine, in bacteriën te brengen. Insuline, een 
eiwit dat vrijwel iedereen kent als medicatie voor diabetici, is hier een goed 
voorbeeld van. Vroeger werd insuline gewonnen uit slachtmateriaal van varkens 
en koeien, terwijl het humane insuline tegenwoordig vrij goedkoop wordt 
geproduceerd door de bacterie Escherichia coli of de gist Saccharomyces 
cerevisiae. Het genetische materiaal (DNA) dat een code bevat, zodat de 
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bacterie het insuline-eiwit gaat maken, is in deze micro-organismen ingebracht. 
Deze organismen worden in grote vaten (fermentoren genoemd) gekweekt en 
op deze manier wordt voldoende menselijk insuline gemaakt en gezuiverd om, 
wereldwijd, diabitici te behandelen.  

Eiwitsecretie door Bacillus subtilis 
De bacterie waaraan het onderzoek beschreven in dit proefschrift is verricht, is 
Bacillus subtilis, een staafvormige bodembacterie uit de Bacillus familie. De 
bekendste bacterie van deze familie is wellicht Bacillus anthracis, de 
veroorzaker van miltvuur. Bacillus subtilis is een staafvormige bacterie van ca. 2 
micrometer (1 micrometer = 0,001 mm) lang die, in tegenstelling to Bacillus 
anthracis, in het geheel niet schadelijk is voor de gezondheid van mens of dier. 
Bacillus subtilis is een bodembacterie en komt dus gewoon voor in de grond, 
maar is bijvoorbeeld ook geïsoleerd uit hooi. Deze bacterie staat bij 
wetenschappers in het moleculair-biologische veld bekend als een bacterie die 
grote hoeveelheden eiwit kan produceren en in zijn omgeving uit kan scheiden 
(eiwitsecretie). Dit laatste is een groot voordeel, omdat de zuivering van een 
eiwit veel makkelijker is als het uitgescheiden wordt. De bacterie scheidt het 
gewenste eiwit immers uit in de voedingsstoffen-vloeistof (het medium) waarin 
de bacteriën opgekweekt worden, zodat de bacteriecellen niet eerst 
opengebroken hoeven te worden om het gewenste eiwit te kunnen zuiveren. De 
eiwitsecretie verloopt via specifieke poortjes in de membraan van Bacillus 
subtilis. De membraan sluit Bacillus subtilis samen met  de celwand af van de 
buitenwereld (Fig. 1).  

Figuur 1. Schematische weergave van een Bacillus subtilis cel 
Het cytoplasma van de bacterie is gevuld met onder andere eiwitten, zouten, suikers, vetten en 
het genoom (DNA) van de bacterie. De bacterie heeft pili en een flagel (zwemstaart) om zich in 
het natuurlijk milieu te kunnen voortbewegen. De cytoplasmamembraan en de celwand sluiten 
de inhoud van de cel af van de omgeving. De verschillende eiwitsecretiekanalen zijn 
aangegeven met grijze pijlen. 
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Na het inbrengen van het DNA dat codeert voor het gewenste eiwit, stuit men 
echter vaak op problemen bij de productie van het gewenste eiwit. In het geval 
van Bacillus subtilis vormt met name de secretie van “niet-eigen” (heterologe) 
eiwitten één van de grootste problemen. Ten eerste wordt het adreslabel 
(signaalpeptide) aan het eiwit, dat aangeeft dat het eiwit niet binnenin de cel in 
het cytoplasma (de vloeistof in de cel met onder andere het DNA, eiwitten, 
vetten, zouten en suikers) moet blijven, maar uitgescheiden moet worden soms 
niet herkend en dientengevolge wordt het eiwit niet uitgescheiden. Ten tweede 
wordt dit signaalpeptide soms niet goed van het eiwit afgeknipt, zodat het eiwit 
niet vrijkomt in de omgeving. Ten derde vouwt het eiwit vaak niet op de juiste 
manier als het wel buiten de cel is gekomen, zodat het eiwit niet actief is. Ten 
vierde wordt het eiwit herkend als een vreemd eiwit, zodat het wordt afgebroken 
door de proteases die Bacillus subtilis van nature secreteert. Proteases worden 
normaal gesproken door Bacillus subtilis uitgescheiden in zijn leefomgeving om 
eiwitten af te breken tot brokstukken die opgenomen kunnen worden als 
voedingsstof. Ze spelen echter ook een belangrijke rol bij de afbraak van 
beschadigde of verkeerd gevouwen eiwitten van de bacterie zelf. Deze vier 
genoemde factoren belemmeren het gebruik van Bacillus subtilis op grote 
schaal voor de productie van humane en andere heterologe eiwitten.   

Onderzoek aan Bacillus subtilis 
Gedurende de laatste decennia is er uitgebreid onderzoek gedaan naar de 
verschillende factoren die een rol spelen bij de productie en secretie van 
heterologe eiwitten in Bacillus subtilis. De meeste componenten die een rol 
spelen bij de secretie zijn gekarakteriseerd, zoals de eiwitten die de 
verschillende kanalen vormen waardoor eiwitten uitgescheiden worden, de 
eiwitten die helpen bij de eiwitvouwing en de proteases. De vergaarde kennis 
over het uitscheidingsmechanisme voor de eigen eiwitten is gebruikt om 
Bacillus subtilis te verbeteren als celfabriekje voor de productie van onder 
andere humane eiwitten. Een voorbeeld hiervan vormen de Bacillus subtilis 
stammen waarin het DNA dusdanig is veranderd dat ze minder proteases 
uitscheiden, zodat de door de industrie gewenste eiwitten niet meer afgebroken 
worden. Van deze stammen is ook gebruik gemaakt in de hoofdstukken 3, 4 
en 6 van dit proefschrift. Het onderzoek dat in dit proefschrift beschreven staat, 
was er deels op gericht om Bacillus subtilis direct te verbeteren als celfabriek, 
maar er is ook fundamenteel onderzoek verricht naar componenten en 
processen die betrokken zijn bij de export van eiwitten, zodat deze processen in 
de toekomst geoptimaliseerd kunnen worden. 
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Samenvatting van het proefschrift 
In hoofdstuk 2 van dit proefschrift staat een algemene methode beschreven 
om Bacillus subtilis als celfabriek te optimaliseren. De rationale achter het 
onderzoek is dat een groot gedeelte van het genetische materiaal (het genoom) 
van de bacterie weggehaald kan worden, omdat de bacterie zonder de eiwitten 
waarvoor het weggehaalde DNA codeert gewoon kan overleven onder de 
ideale groeicondities in het laboratorium. Dit betekent dat de energie die 
normaal gestoken wordt in de verdubbeling van het hele genoom gedurende de 
celdeling, nu deels gestoken kan worden in de productie van het gewenste 
eiwit. Daarnaast maakt de bacterie in totaal minder eigen eiwitten (omdat de 
codering hiervoor is verwijderd), wat de zuivering van het gewenste eiwit 
eenvoudiger maakt. In onze studies is ca. 8 % van het genoom verwijderd. 
Hoewel er niet direct bewijs is gevonden dat de geminimaliseerde stam meer 
gewenst eiwit produceert, lijkt deze methode wel zeer bruikbaar voor het verder 
optimaliseren van Bacillus subtilis voor eiwitproductie. In elk geval zijn de 
eiwitten gecodeerd door de verwijderde 8 % van het genoom niet meer als 
verontreiniging aanwezig. Eén van de opmerkelijke resultaten die de studie 
opleverde was dat de geminimaliseerde stam veel minder lipase eiwit 
produceerde. Het onderzoek dat is beschreven in hoofdstuk 3 bewijst dat de 
hoeveelheid lipase die wordt uitgescheiden door Bacillus subtilis afhankelijk is 
van de aanwezigheid van vier andere eiwitten. De vier laatstgenoemde eiwitten 
zijn zeer waarschijnlijk betrokken bij de bescherming van het enzym lipase 
tegen afbraak door proteases. Dit onderzoek laat zien dat het soms nodig is om 
Bacillus subtilis te optimaliseren voor de productie van één specifiek eiwit, 
lipase in dit geval. 
 
In de hoofdstukken 4, 5 en 6 ligt de nadruk op de bestudering van de secretie-
stressrespons van Bacillus subtilis. Eerder onderzoek had aangetoond dat 
Bacillus subtilis reageert op de productie en secretie van grote hoeveelheden 
amylase door zelf de productie van twee proteases op te schroeven. De 
proteases moeten de stress wegnemen door het amylase af te breken. Deze 
proteases worden HtrA en HtrB genoemd. De productie van deze proteases 
wordt gecoördineerd door twee andere eiwitten, CssS en CssR die 
verantwoordelijk zijn voor de controle van de secretie-stressrespons. CssS is 
zeer waarschijnlijk betrokken bij het waarnemen (S=Sensor) van de hoge 
amylase productieniveaus, terwijl CssR hierop reageert (R=Regulator) door een 
seintje te geven aan de cel dat de productie van de twee proteases (HtrA en 
HtrB) opgevoerd moet worden. Deze proteases breken het verkeerd gevouwen 
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amylase eiwit af (Fig. 2). Dit systeem is verder bestudeerd om te onderzoeken 
of het uiteindelijk dusdanig gemanipuleerd kan worden, dat de productieniveaus 
van de gewenste eiwitten opgekrikt worden. De resultaten beschreven in 
hoofdstuk 4 geven meer inzicht in de functie van HtrA in de cel. HtrA blijkt 
buiten de cel (extracellulair) voor te komen, maar ook in de membraan die de 
cel afsluit van de omgeving. Verder speelt HtrA een rol in de vouwing van het 
extracellulaire eiwit YqxI waarvan de functie tot op heden onbekend is. In 
hoofdstuk 5 wordt een mogelijke industriële toepassing van de secretie-
stressrespons beschreven, omdat deze studie aantoont dat de intensiteit van de 
secretie-stressrespons correleert met de hoeveelheden α-amylase die worden 
gesecreteerd. Simpel gezegd: hoe meer eiwit er wordt gemaakt, des te hoger 
de stressrespons. Het gebruik van de secretie-stressrespons als indicator voor 
de productie van een gewenst eiwit zou vooral zeer informatief zijn als er geen 
andere methoden beschikbaar zijn om de hoeveelheden van het gewenste eiwit 
te bepalen. Om de toepasbaarheid van deze strategie te bepalen, werd in 
hoofdstuk 6 geverifiëerd of de productie van andere eiwitten dan amylase in 
Bacillus subtilis ook een secretie-stressrespons kan veroorzaken. Twee 
eiwitten, lipase en humaan Interleukine-3 (een eiwit dat naast andere medicatie 
gebruikt wordt bij chemotherapie), zijn in Bacillus subtilis geproduceerd en 
gesecreteerd tot niveaus van respectievelijk ~15 mg/l en ~25 mg/l. De productie 
van deze eiwitten leidde net als de productie van amylase tot een secretie-
stressrespons. De intensiteit van de secretie-stressrespons was ook voor de 
productie van lipase en humaan Interleukine-3 overeenkomstig met de 
eiwitproductieniveaus. Daarnaast is echter gebleken dat productie van humaan  
Interleukine-3 ook leidt tot een secretie-stressrespons, terwijl het eiwit volledig 
werd afgebroken door proteases en er dus geen opbrengst van dit eiwit was. 
Voor de industriële toepassing van de secretie-stressrespons als een indicator 
voor eiwitproductieniveaus zal het daarom noodzakelijk zijn om de eerder 
genoemde stammen te gebruiken waaruit verscheidene proteases zijn 
verwijderd. 
 
In hoofdstuk 7 staat de functionele analyse beschreven van de twee mogelijke 
sortases uit Bacillus subtilis. Sortases zijn betrokken zijn bij de binding van 
andere eiwitten (hun substraten) aan de celwand. Bacillus subtilis heeft slechts 
twee mogelijke substraten, dat wil zeggen, eiwitten die de specifieke kenmerken 
bezitten van de sortase-substraten die tot nu toe bekend zijn. In de literatuur is 
van sortases bekend dat ze bij bepaalde ziekteverwekkende bacteriën een 
belangrijke rol spelen bij het binden van eiwitten aan de celwand. Deze eiwitten 
zijn met name van belang gebleken voor de aanhechting van
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Figuur 2. Schematische weergave van de secretie-stressrespons 
In de bovenste situatie krijgt de sensor CssS, op het grensvlak van de cytoplasmamembraan en 
de celwand, waarschijnlijk een signaal door vanuit de celwand dat er veel eiwit (sterren en 
misvormde sterren) gesecreteerd wordt. In de onderste situatie geeft CssS dit signaal door aan 
de regulator CssR, zodat CssR een signaal binnenin de cel afgeeft dat er meer proteases (HtrA 
en HtrB) geproduceerd moeten worden. Deze proteases breken het fout gevouwen eiwit (de 
misvormde sterren) af.  
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ziekteverwekkende bacteriën aan bijvoorbeeld menselijke cellen en ze zijn 
dientengevolge medeverantwoordelijk voor de eerste stappen van 
ziekteverwekking. Sortases worden dan ook algemeen beschouwd als 
mogelijke aangrijpingspunten voor nieuw te ontwikkelen medicatie tegen 
bacteriën, bijvoorbeeld als vervanging voor antibiotica waar steeds meer 
bacteriële resistentie tegen ontstaat. De sortases waren tot op heden alleen 
bestudeerd in bólvormige bacteriën, zogenaamde coccen. De analyse van deze 
eiwitten in Bacillus subtilis zou nieuwe inzichten kunnen geven in hun werking in 
staafvormige bacteriën. Slechts één van de eiwitten, YhcS, bleek een invloed te 
hebben op de twee substraten. Hoewel er tot op heden geen direct bewijs 
gevonden is voor de sortase-afhankelijke binding van de substraten aan de 
celwand, is wel aangetoond dat het weghalen van YhcS leidt tot een grotere 
hoeveelheid van de extracellulaire vormen van de substraten. Geen van de 
beide sortase-achtige eiwitten van Bacillus subtilis bleek van belang voor het 
vermogen van deze bacterie om eiwitten, zoals amylase, in grote hoeveelheden 
te secreteren. 
 

Het onderzoek dat hierboven is samengevat draagt slechts een klein steentje bij 
aan de kennis over Bacillus subtilis en de verbetering van deze bacterie als 
celfabriek. Het lijkt echter wel waarschijnlijk dat binnen een periode van een 
aantal jaren het eerste door de “FDA” (US food and drug administration) 
goedgekeurde farmaceutische eiwit dat met behulp van Bacillus subtilis is 
geproduceerd op de markt wordt gebracht. Daarnaast wordt Bacillus subtilis 
steeds meer gebruikt als een modelorganisme om ons een beter inzicht te 
verschaffen in de processen die er bijvoorbeeld plaatsvinden in zijn pathogene 
(ziekteverwekkende) broertjes en zusjes.  
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Hier is het dan, het stuk tekst dat door de meeste lezers van dit proefschrift als 
eerste gelezen wordt, terwijl het door mij bijna als laatste geschreven is. In 
september van 1998 dacht ik het in mijn laatste studiejaar superrustig aan te 
kunnen doen, totdat Lidia mij wees op een advertentie in de UK waar een AIO-
baan in beschreven stond die precies bij mij paste. Na contact te hebben gehad 
met Jan Maarten van Dijl en een tijdje later een goed sollicitatiegesprek te 
hebben gevoerd met de duo’s Wim Quax-Niesko Pras en Raymond Verhaert-
Jan Maarten, kwam er van dat rustige jaartje niets terecht. Ineens moest ik snel 
afstuderen en een paar dagen na het doen van mijn colloquium stond ik op 1 
februari bij Melloney Dröge en Freeke van Putten in de kamer om als AIO aan 
de slag te gaan. Die dag werd direct gevierd met taart, maar dat bleek niet ter 
ere van mij te zijn, maar ter ere van Wim’s verjaardag. Toch lekker en leuk. Tot 
op de dag van vandaag heb ik er spijt van dat ik niet eerst lekker op vakantie 
ben gegaan, dat was mijn productiviteit zeker ten goede gekomen, hoewel dat 
waarschijnlijk ook geen Nature artikel opgeleverd zou hebben.  

Door de groei van het aantal AIO’s (Charles Sio) werd er al snel volop 
intern verhuisd, zodat Ronald Dorenbos de plaats van Melloney innam. Samen 
hebben wij Freeke wel eens over de rooie gedreven met een soort van 
stoelendans, maar ik denk met heel veel plezier terug aan deze begintijd bij 
Farmaceutische Biologie en hoop dat dat wederzijds is. Toen nog “beneden” 
het lab delend met Peter Braun, Sieb Batterman en Ronald, terwijl Peter’s 
studente (Jannet Hordijk) mij er droogjes op wees dat mijn pogingen tot 
communicatie met de schoonmaakster niet zoveel zin hadden in verband met 
haar slechthorendheid. Door de komst van nog meer collega AIO’s (Linda 
Otten, Sietske Satijn (jammer dat je ons al weer snel verliet), Geeske Zanen, 
Mattijs Julsing en Almer van der Sloot) en andere oud-bekenden van mij (Lidia 
en Mags Mullally (onze wegen zijn sinds jouw gang naar Nijmegen echt 
gescheiden), werden Ronald, Geeske en ik gesommeerd om naar de tweede 
verdieping te verhuizen, naar het borrelhok van Farmaceutische Biologie. Dit 
was ten eerste niet voor niets het borrelhok (een beetje een jaren 60/70 revival, 
qua muziek leuk, maar daar mag het wat mij betreft bij blijven) en ten tweede 
kwam dit de productiviteit van de “verbannen” AIO’s en het contact met de rest 
van de groep niet ten goede. Dank aan degenen die hun kopje koffie (gezet met 
het DE apparaat van Linda) in die tijd gezellig bij ons kwamen drinken!!!!!! 
Daarna nog één keer met zijn allen verhuisd naar de “negende”. Een toplocatie 
om onderzoek uit te mogen voeren, niet alleen vanwege het uitzicht, maar ook 
vooral dankzij de korte loopafstanden van de zitkamers naar de labs en de 
spiksplinternieuwe aanblik van de labs. Het laatste was jammer genoeg van 
korte duur, ondanks dat Janet (nog steeds ONZE schoonmaakster) erg haar 
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best deed. Na deze AIO-levensloop dan nu de langverwachte bedankjes in 
random order. 
 
Ten eerste wil ik mijn collega’s van Farmaceutische Biologie bedanken. Ik heb 
veel collega’s zien komen, zien gaan en achtergelaten. Omdat het teveel is om 
iedereen te noemen, hierbij een heel kort: bedankt! Vooral mijn labgenoten 
bedankt, van student tot medewerker, omdat ik de labsfeer altijd als erg gezellig 
heb ervaren. Ik wil hierbij ook mijn bijvakstudenten bedanken, met wie ik erg 
veel lol heb gehad. Erik Ludden (single-chains kloneren is niet makkelijk, maar 
je hebt je keihard ingezet), Simon Jager (dank je voor het dagje varen en ik 
wacht nog steeds op het aanschouwen van de gele pumps) en Reinier van 
Lang (jouw (koningshuis) gekte heeft mijn dagen absoluut opgevrolijkt): heel erg 
bedankt voor jullie belangrijke praktische werk (sorry, het is niet allemaal 
gepubliceerd). Jorrit Kabel heel erg bedankt voor je caput dat verwerkt is in het 
“Genoomminimalisatie artikel”. Melle Steringa, ik ben je heel dankbaar voor het 
schrijven van je caput over secretie-stress, omdat dit een goede leidraad was 
voor het schrijven van de inleiding van dit boekje. Furthermore, I would like to 
thank Isabel Perez-Arellano for her collaboration on the “TepA project”. Isabel, 
unfortunately, you came to the Netherlands just at the moment my grand-
mother died, which had a great impact on me and possibly affected our 
collaboration a little. My apologies for that, but I know you enjoyed your stay 
very much. 

Ten tweede wil ik mijn promotor (Wim) en (co)promotor (Jan Maarten) 
bedanken. Wim, toen ik mijn boekje niet binnen vier jaar af had, heb je ervoor 
gezorgd dat mijn contract met 9 maanden werd verlengd en daarna heb ik nog 
een tijdje als management assistente bij Farmaceutische Biologie gewerkt. 
Hoewel velen vooral tegen dat laatste erg vreemd hebben aangekeken, heb ik 
ook van dat werk veel geleerd. Dank je voor alle mogelijkheden die je mij 
geboden hebt en gefeliciteerd met de promoties die elkaar op dit moment snel 
opvolgen. Jan Maarten, we zijn het niet altijd eens geweest, maar zeker de 
laatste jaren is onze samenwerking intensiever en leuker geworden. Het heeft 
wat tijd gekost om elkaar te leren kennen en soms om elkaars 
gedachtengangen te waarderen, maar daar zijn we prima uitgekomen. Dank je 
voor alle steun, je positieve spirit en je gigantische kennis. Gelukkig was nooit 
een vraag te dom. Mijn promotie is ook zeker jouw verdienste en ik hoop dat je 
net als ik trots bent op het resultaat! 

Apart wil ik Ronald en Melloney noemen. Twee collega’s van het eerste uur 
waar ik veel mee heb opgetrokken. Met Ronald heb ik onvergetelijke vakanties 
meegemaakt (waar meetings al niet goed voor zijn) met onze trip door 
Californië als hoogtepunt. Dank je wel. Met Melloney heb ik tijdens etentjes heel 
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veel gesproken over het wel en wee bij Farmaceutische Biologie en ander lief 
en leed. Jammer dat we dat op den duur hebben laten verwateren. 

Beste (ex-)bestuursleden van Volksvermaken Ten Boer (haha, toch nog 
even de oude naam), zonder dat jullie je daar bewust van zijn geweest (denk 
ik), heeft mijn vrijwilligerswerk en het laatste jaar het bestuurswerk mij de 
broodnodige afleiding gegeven. Hoewel het soms erg druk is en dan moeilijk te 
combineren met het AIO-schap, heeft het mij geholpen mijn creatieve ei vaker 
kwijt te kunnen. Het organiseren van een leuke activiteit geeft juist de 
voldoening, die je in de wetenschap soms maar mondjesmaat vindt, omdat er 
ca. 90 % mislukt en slechts 10 % lukt. Dank je wel voor jullie vriendschap en 
natuurlijk het vrijwilligerswerk dat we samen doen. 

Al jaren dans ik met veel plezier bij Danscentrum “Step by Step”, echt een 
aanrader ;-) en sinds een jaar heb ik ook het stijldansen weer opgepikt. Dank je 
wel Jan-Peter voor de leuke swingende avonden en alle andere paren ook 
bedankt, want met 1 paar op de vloer is het natuurlijk niet gezellig. 

I would also like to thank the members of the committee that read my 
thesis. I appreciate it very much that you were willing to read the thesis and 
ofcourse that you gave your approval for the defense. Vooral Sierd Bron wil ik 
bedanken voor de laatste verbeteringen aan de tekst van het proefschrift en de 
hulp bij veel van mijn manuscripten. Maar ook bedankt voor de topcolleges en 
je toegankelijkheid tijdens mijn studie Biologie, want daar is het toch allemaal 
mee begonnen. Op deze plaats wil ik ook Oscar Kuipers bedanken, omdat hij 
mij heeft aangenomen als Postdoc zonder dat ik gepromoveerd ben en mij de 
kans heeft gegeven de laatste beetjes van het proefschrift snel te kunnen 
afronden. 

At this stage I want to thank all the foreign colleagues I collaborated with 
during the past years. I can’t mention all your names individually, because I was 
quite active in collaborating, but I learnt a lot from you during the discussions at 
many different meetings. Some collaborations lead to nice publications that are 
included in this thesis.  

Dear Elise Darmon, we collaborated a lot on secretion stress stories and 
both worked hard to make a success of it. I enjoyed our collaboration and I am 
very proud that we could publish much of the work we performed together, 
especially the TepA publication is something we pulled off in a very satisfying 
manner. In your thesis you wrote I had to keep my smile and I tried hard and 
think I succeeded. I hope (actually I know) you will keep your interest in other 
people and your possibility to inspire others.  

Lieve Jantine Westra, de etentjes, bioscoopbezoeken, onze vakantie, etc. 
hebben mij altijd erg goed geholpen alles te relativeren. Gelukkig valt alles te 
bespreken en is het altijd gezellig. Ik waardeer dit zeer en hoop dat we nog heel 
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lang onze vriendschap doorzetten in goede en in slechte tijden (dat is een 
uitdrukking ;-) ). In Groningen hebben we in ieder geval nog steeds niet alle 
restaurants bezocht, maar waar dan ook, ik ga graag met je uit. Met veel plezier 
ga ik dit jaar ook op jouw promotie toosten.  

Kim Susanna, ook met jou heb ik natuurlijk vaak over van alles en nog wat 
gesproken. In sommige perioden hadden we meer contact dan in andere, maar 
heel kort waren we weer collega’s en spraken we elkaar dagelijks. Laten we 
vooral contact houden!!  

Patty Mulder, op den duur werd je hartelijk ontvangen in het secretieteam 
en zelf bracht je ook veel hartelijkheid mee. Sindsdien zijn de 
secretesses/secreten af en toe uit eten geweest, voornamelijk om nog verlaat 
de verjaardagen te vieren, maar we hebben ook vaak zitten T-en. Ik hoop dat 
we dat nog vaak gaan doen, hoewel het trekken van vier agenda’s om een 
datum te prikken steeds moeilijker wordt, maar aanhouders winnen altijd. 
 
Dan nu de laatste, maar zeer zeker erg belangrijke bedankjes. Lieve pap en 
mam, de steun die jullie mij tijdens mijn studie Biologie en tijdens mijn AIO-
schap hebben gegeven, is met geen pen te beschrijven, hoe graag ik dat ook 
zou willen doen om het aan de buitenwereld duidelijk te maken. Zonder jullie 
steun gedurende de afgelopen (soms zware) jaren was dit boekje er nooit 
gekomen en waren ook andere zaken nooit van de grond gekomen. Eén van 
jullie laatste wapenfeiten voor het boekje was de controle van de Nederlandse 
samenvatting voor de leek. Gelukkig hebben jullie mij geholpen om mijn 
onderzoek ook voor de leken enigszins inzichtelijk te maken. Dank jullie wel 
voor alle onvoorwaardelijke steun. In de toekomst hoop ik vaker iets terug te 
kunnen doen, hoewel ik weet dat dat nooit wordt verwacht. 
 
Als laatste wil ik mijn paranimfen bedanken. Lieve Geeske Zanen (zussie), heel 
erg bedankt voor ALLES. We zijn de afgelopen jaren steeds betere vriendinnen 
geworden en hebben elkaar in mijn ogen vooral leren respecteren. Ik heb 
enorm respect voor jouw vele werkzaamheden als AIO, maar met name ook 
voor de werkzaamheden daarnaast. Sorry, je hebt me (nog) nooit zover 
gekregen dat ik me ook volop inzet voor “de Y”. Je hebt me enorm gesteund in 
de perioden dat ik niet lekker in mijn vel zat, maar we hebben samen ook de 
grootste lol gehad en de nodige ontspanning gezocht (paar dagen Antwerpen, 
etentjes, sporten, etc.). Lieve Lidia (ja ja, ook WESTERS), heel apart was het 
om met mijn zus samen te werken in hetzelfde lab. Altijd maar weer uitleggen 
aan de buitenwacht hoe dit nu precies was gegaan. Soms wil je elkaar de 
hersenen wel inslaan, maar meestal ging het prima. Vooral alle 
muziekinstrumenten die tijdens de lunchpauzes bespeeld zijn, zal ik nooit 
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vergeten. In Florida zijn we lekker uitgewaaid (hahaha), zodat ik nu uitgerust en 
wel deze laatste woorden van het dankwoord kan typen. Ik ben trots op onze 
publicaties samen en verheug me erg op jouw promotie. Lieve zussies, jullie 
zijn natuurlijk niet voor niets mijn paranimfen, ik verheug me er zeer op de 
promotiedag met jullie erg dichtbij te beleven. Alvast heel erg bedankt!!!!   
 
Hoewel ik erg mijn best heb gedaan om zoveel mogelijk mensen in dit 
dankwoord te noemen, zijn er nog veel meer mensen die veel voor mij 
betekenen of betekend hebben. Dus, opa, oma’s, ooms en tantes, vrienden en 
vriendinnen die ik niet speciaal heb genoemd: ook jullie belangstelling heb ik 
altijd erg gewaardeerd en ik hoop dat jullie ook van mijn promotiedag zullen 
genieten voor zover jullie erbij kunnen zijn.   



   

 

 

 


