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SUMMARY 

The bacterium Bacillus subtilis serves as an important model organism for research 
into protein export (secretion) mechanisms in Gram-positive bacteria, and it is widely 
applied in industry as a “cell factory” for the production of high-value proteins. Over 
the past years, considerable knowledge has been gained on the protein secretion 
routes of B. subtilis, and many useful protocols and techniques for protein production 
and export have been developed. Nevertheless, there are still many proteins that 
remain difficult to produce in B. subtilis, especially proteins from other organisms, 
like humans, that contain multiple disulfide bonds. This sets major limits to a full 
exploitation of B. subtilis for the production of biopharmaceuticals. 
This thesis describes research into the mechanisms of protein secretion by B. subtilis, 
with a strong focus on the secretion of proteins containing disulfide bonds. The 
mechanisms of disulfide bond formation and breakage have been studied, and 
differences with other bacteria, such as the important pathogen Staphylococcus 
aureus have been explored. Furthermore, the efficiency in export and folding of both 
native and foreign proteins containing disulfide bonds in B. subtilis have been studied. 
This has resulted in the development of novel strategies for improved production of 
these proteins and new knowledge about the mode-of-action of a bacterial toxin, the 
bacteriocin sublancin 168. In addition, several so far unattended aspects of protein 
secretion in B. subtilis have been studied, such as the overflow of proteins from the 
major secretion pathway into a special-purpose secretion pathway, and the possible 
export of proteins via as yet unknown routes. Taken together, the research described 
here has resulted in new fundamental and applicable insights in the mechanisms of 
protein secretion in B. subtilis.  
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Microbial protein production 

Microorganisms are present everywhere on earth. Whether these are prokaryotic 
bacteria and archaea or unicellular eukaryotes like yeast or fungi, they can be found in 
every niche of life; from acidic thermal pools to highly alkaline groundwater; from deep-
sea sediments to high mountain glaciers; and from hyper-saline lakes to the stratospheric 
air (Lu et al., 2001; Shinde and Inouye, 2000; Shivaji et al., 2005; Simbahan et al., 2004; 
Tiago et al., 2004; Zeigler and Perkins, 2008). There is hardly a place that can be found on 
this planet that has not been colonized by microorganisms. The molecular basis for their 
success in habitational adaptation greatly resides within the proteins that these organisms 
produce and are composed of. Proteins participate in all processes that are at the basis of 
life and cellular homeostasis; they are key building blocks of living cells; are involved in 
cellular signaling and transport; and function as enzymes in catalyzing enormous amounts 
of different chemical reactions (Alberts et al., 2008). They are, in short, the key operators 
and driving force of all cellular activity. 

Mankind has since long exploited this diversity in microbial proteins by using the 
organisms that produce these proteins in various classical biotechnological applications, 
such as cheese, sausage and wine making. In the last decades however there is a clear trend 
towards direct commercial production of specific proteins of interest that show desired 
activities. These protein products range from enzymes for household detergents and textile 
cleaning to food enzymes, antibiotics and pharmaceuticals (Meima et al., 2004; Schallmey 
et al., 2004). The ability to produce these enzymes is therefore an important factor for 
many industrial and medical applications. Although peptides and proteins can be 
synthesized chemically, this is in many cases not an option for commercial production due 
to the costs and technical limitations. An excellent alternative to circumvent this problem is 
the use of microorganisms as cell-based factories. In this approach, microorganisms are 
selected or genetically modified to enable and optimize the production of a particular 
protein of interest. These microorganisms are grown in large fermentors, which allows for 
the subsequent extraction of the produced proteins at the gram per liter range. There are 
various different microbial cell factories used in industry; the most common being the 
yeast Sacchoromyces cerevisiae, the fungus Aspergillus niger and the bacteria Escherichia 
coli and Bacillus subtilis. Each of these microorganisms has its specific pro’s and con’s 
and these depend on the protein of interest that is to be produced. This thesis focuses on B. 
subtilis as a cell factory, with special emphasis on protein secretion and disulfide bond 
formation in secreted proteins. 
 

Bacillus subtilis 

The Gram-positive bacterium Bacillus subtilis is one of the best studied of all 
bacteria, because it displays several interesting characteristics. Its name, meaning “thin 
rod”, was coined by Ferdinand Cohn (Cohn, 1872), who studied the bacillus genus for its 
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extraordinary ability to form heat resistant endospores (Zeigler and Perkins, 2008). These 
spores consist of the genome condensed in a strong peptidoglycan capsule and 
proteinaceous coat, and are formed under growth limiting conditions to allow survival of 
the cell when exposed to extreme conditions (Piggot and Losick, 2001). 

Another interesting characteristic that B. subtilis employs to optimize the chances 
of survival under less favorable conditions is the ability to become competent for DNA 
uptake from the environment and to integrate this into its own genome (Spizizen, 1958). 
This ability has led to many studies on cell differentiation in B. subtilis and has greatly 
facilitated the amenability of this organism for genetic modification studies (Chen et al., 
2006; Dubnau and Lovett, 2001). 

B. subtilis naturally thrives in the soil and the plant rhizosphere where it feeds on 
decaying plant materials. To facilitate these breakdown processes, it produces and exports 
a wide variety of enzymes in high amounts, of which many have found an industrial 
application. As a Gram-positive bacterium, B. subtilis lacks an outer membrane, which in 
Gram-negative bacteria such as Escherichia coli, retains many proteins in the periplasm. 
Accordingly, the majority of B. subtilis proteins that are transported across the cytoplasmic 
membrane end up directly in the extracellular milieu (Tjalsma et al., 2000; van Wely et al., 
2001). This property makes B. subtilis an extremely attractive organism to investigate the 
total flow of proteins from the cell to the environment by proteomic techniques 
(Antelmann et al., 2003; Tjalsma et al., 2004).  

These interesting aspects of B. subtilis have triggered a tremendous amount of 
research on this bacterium in the last decades. This work has culminated in the availability 
of the complete genome sequence in 1997 (Kunst et al., 1997), representing the first Gram-
positive organism for which this was achieved. Furthermore, readily available strains with 
mutations in nearly all of the ~4100 genes were generated (Kobayashi et al., 2003), and 
numerous useful techniques for gene cloning and expression have been developed (Bron et 
al., 1999; Meima et al., 2004). These factors combined have made B. subtilis one of the 
most preferred hosts for industrial protein production and the major paradigm for academic 
research into Gram-positive bacteria in general and protein secretion in particular.  

 

Protein secretion by B. subtilis 

Microorganisms secrete numerous enzymes into their extracellular milieu, enabling 
the degradation of a wide variety of macromolecular substrates which, in turn, allow their 
survival in complex and continuously changing environments (Sibbald et al., 2006; 
Tjalsma et al., 2004). As pointed out above, B. subtilis is an ideal model organism to study 
this total flow of proteins from the cell to the environment by proteomic techniques. In 
fact, the now widely used term “secretome”, including all the secreted proteins and the 
protein secretion machinery itself, was first coined in B. subtilis (Antelmann et al., 2001). 
Proteomic studies predict that up to 4% of the total proteins produced by B. subtilis are 
secreted to the medium of these cells, and further 21-28% are directed to the cell wall and 
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membrane (Tjalsma et al., 2004; Tjalsma et al., 2000; van Dijl et al., 2007). Therefore 
about a fourth of all proteins produced perform their function outside the cytoplasm of the 
B. subtilis cell, underscoring the high capacity of B. subtilis for protein export from this 
subcellular compartment. The majority of the proteins secreted by B. subtilis, such as 
proteases, lipases, carbohydrases, DNases and RNases, are scavenging enzymes involved 
in the degradation of a wide range of macromolecules in order to liberate smaller 
molecules that can be taken up by the cell as nutrients (Bron et al., 1998; Meima et al., 
2004; Zeigler and Perkins, 2008). A second group of secreted proteins, consisting of the 
lantibiotics and other bacteriocins, are involved in combating potential competitors 
(Chatterjee et al., 2005; Stein, 2005). Sublancin 168 is a good example of this type of 
secreted protein. This lantibiotic is uniquely produced by B. subtilis 168 and was shown to 
have antimicrobial activity against a wide range of Gram-positive organisms, including 
important pathogens such as Staphylococcus aureus, Bacillis brevis and Streptococcus 
pyogenes (Paik et al., 1998) (chapter 9 of this thesis). A third group of proteins that are 
secreted by B. subtilis were found to be involved in cell-cell communication and quorum 
sensing, for example the ComX and Phr proteins (Okada et al., 2005; Nakano et al., 2003). 

Secretome predictions suggest that B. subtilis utilizes different pathways for protein 
export (Antelmann et al., 2001; Tjalsma et al., 2000; Tjalsma et al., 2004). These 
predictions are based on the presence of signal peptide motifs that many secreted proteins 
have in common (Tjalsma, 2007; von Heijne, 1990a; von Heijne, 1990b). From these 
predictions at least four distinct pathways for protein export have been distinguished 
(Figure 1). The large majority of secreted proteins appear to be exported via the general 
secretory (Sec) pathway. This pathway transports proteins in an unfolded state across the 
cytoplasmic membrane barrier. This is then followed by cleavage of the signal peptide and 
folding of the protein (Tjalsma et al., 2000; van Wely et al., 2001). A limited number of 
proteins are transported via the pseudopilin export pathway for competence development 
(Com pathway), via pathways involving various different ATP-binding Cassette (ABC) 
transporters dedicated to the secretion of bacteriocins and pheromones, and via the twin-
arginine translocation (Tat) pathway. The latter pathway has attracted particular interest 
due to its capability of translocating fully folded proteins across biological membranes 
(Sargent et al., 2006; Sargent, 2007; Berks, 1996; Robinson and Bolhuis, 2004). 

Extensive proteomics studies have confirmed that the majority of these predicted 
exoproteins are indeed exported to the outside of the cell (Antelmann et al., 2001; 
Antelmann et al., 2000; Antelmann et al., 2003; Hirose et al., 2000; van Wely et al., 2001). 
Intriguingly however, about 25% of the proteins that were identified by exoproteome 
analyses do not have a predicted extracellular location, because they lack known export 
signals. Though some of these proteins might end up in the growth medium through cell 
lysis (Tjalsma et al., 2004) or the flagellar assembly system (Senesi et al., 2004; Calvio et 
al., 2005), it is conceivable that B. subtilis also makes use of alternative mechanisms to 
release proteins into the external environment, which are not yet discovered (chapter 7 of 
this thesis). 
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Figure 1. Protein export pathways in B. subtilis. Ribosomally synthesized proteins can be secreted via 
various pathways depending on the presence (+SP) or absence (-SP) of an N-terminal signal peptide and 
specific retention signals. The majority of exoproteins is secreted via the general secretion (Sec) pathway. 
Three proteins are known to be secreted via the Twin-arginine (Tat) pathway. Pseudopilins, involved in 
competence, are exported via the Com pathway and bacteriocins are exported via ABC transporters. Proteins 
without an N-terminal signal peptide are predicted to remain in the cytoplasm. Yet, many of these proteins 
are found in the extracellular proteome. A few of these proteins (i.e. Hag) were found to escape the 
cytoplasm via the flagellar export machinery but most of them are expected to be released via cell lysis or 
other as yet unidentified export systems. Adapted from Tjalsma et al. (Tjalsma et al., 2004). 
 
 

Industrial applications of protein secretion by B. subtilis 

Besides its use as a model organism in academic research, B. subtilis also has a 
long and strong track record in industrial applications. The earliest use of Bacillus species 
dates back more than a thousand years, when it was used to produce Natto, a Japanese food 
specialty consisting of fermented soy beans (Ueda, 1989). Another early use of Bacillus 
consists of its use as probiotic to treat gastrointestinal ailments (Hong et al., 2008). This 
long-term safe use of B. subtilis for human consumption has resulted in it being awarded 
GRAS (Generally Recognized As Safe) status by the US food and drug administration, 
facilitating the commercial production of food and pharmaceuticals from this bacterium. B. 
subtilis is now best appreciated in industry as a host for production of proteins and 
vitamins. Many native enzymes that are produced by B. subtilis and closely related bacilli, 
such as proteases, amylases and lipases, are now being used in a wide range of industrial 
and house-hold applications (Meima et al., 2004; Schallmey et al., 2004; Zeigler and 
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Perkins, 2008) (Table 1). Importantly, B. subtilis is able to produce these enzymes in high 
amounts (gram per liter range) and secretes them directly into the growth medium. This 
property greatly simplifies the downstream processing of these enzymes, especially as 
compared to protein production in Gram-negative bacteria such as E. coli, which 
accumulates produced proteins intracellularly. Furthermore, proteins produced by B. 
subtilis are free of lipopolysaccharide (LPS or endotoxin) which is present in the outer 
membranes of Gram-negative bacteria and needs to be completely removed before the 
produced proteins can be used for clinical purposes (Zweers et al., 2008). 

The excellent fermentation capabilities of B. subtilis, and its capacity to produce 
proteins at very high levels have made B. subtilis also an interesting host for the production 
of heterologous enzymes. The extensive proteogenomic and transcriptomic knowledge 
gained in B. subtilis has facilitated the development of many useful strategies for 
 

 
Table 1. Examples of products produced by B. subtilis. Adapted from Zeigler and Perkins (Zeigler and 
Perkins, 2008) 
Product Application 
�-Acetolactate decarboxylase Enzyme for Beverage  
Alkaline (serine-) protease Enzyme for Detergent and Textile  
�-Amylase Enzyme for Food, Paper, Starch, Textile and Brewing 
Antigens (PA, Pneumolysine, P1, OmpP2, PT 
subunits, OmpS and Hsp60) 

Vaccins 

Cyclodextran glucanotransferase Enzyme for Food, Pharma and Cosmetics 
Interferon (human) Health product 
Galactomannase Enzyme for Feed and Beverage  
�-Glucanase Enzyme for Beverage 
�-Glucosidase Enzyme for Brewing 
Glutaminase Enzyme for Food and Flavor  
Growth hormone (human) Health product 
Lipase Enzyme for Detergent  
Natto Food product 
Neutral (metallo-) protease Enzyme for Detergent and Food  
Penicillin acylase Enzyme for Pharma  
Proinsulin (human) Health product 
Poly-�-glutamic acid Fine chemical for Food, Feed and Pharma 
Pullulanase Enzyme for Starch, Food and Beverage 
Purine nucleosides Fine chemical for Food  
Riboflavin Fine chemical for Food and Pharma 
D-Ribose Fine chemical for Food, Feed, Cosmetics and Pharma 
scFv immunoglobulins (human)   Health product 
Streptavidin  Fine chemical for Analysis 
Subtilin Antibiotic 
Thaumatin Fine chemical for Food and Pharma 
Tissue plasminogen activator (human) Health product 
Urease Enzyme for Analysis and Beverage  
Xylanases Enzyme for Baking, Feed, Beverage, Brewing and Food  
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heterologous expression. These strategies include the combination of optimized promoters 
and secretion signals (Meima et al., 2004; Bongers et al., 2005); over-expression of 
components of the secretion machinery and chaperones (Wu et al., 1998; Vitikainen et al., 
2005); and the knockout of extracellular proteases (Murashima et al., 2002; Westers et al., 
2004; Wu et al., 1991). These strategies have already resulted in the current commercial 
production of several heterologous proteins by B. subtilis (Table 1). Nevertheless, there are 
still many heterologous proteins that remain difficult to produce by B. subtilis. A 
particularly interesting production bottleneck concerns proteins with multiple disulfide 
bonds, which are a common feature of many potential biopharmaceuticals (chapter 5 of 
this thesis). 

 

Secretion of proteins containing disulfide bonds 

Disulfide bonds consist of intra- or intermolecular bridges that are formed during 
oxidation of the thiol groups of two cysteine amino acid residues. Disulfide bonds are 
pivotal for the correct folding, structural integrity and activity of numerous secreted 
proteins found in nature, especially those in eukaryotes (Collet and Bardwell, 2002; Ritz 
and Beckwith, 2001). Accordingly, many proteins that are of interest for the 
biopharmaceutical industry are dependent on the correct formation of disulfide bonds for 
their function and stability. Well known examples include human insulin, insulin like 
growth factor, human growth hormone, brain-derived neutrophic factor, nerve growth 
factor, lipases, Bowman-Birk protease inhibitor and antibody fragments (Wu et al., 1998; 
Hoshino et al., 2002; Qi et al., 2005; Winter et al., 2002). Without the correct oxidation to 
link their cysteines into disulfide bonds, these proteins will be neither fully stable nor 
biologically active. Despite the many useful developments for cell-factories concerning 
protein production and secretion, the final step of correct and efficient thiol-oxidation 
remains yet a bottleneck, which sets limitations to the use of B. subtilis for heterologous 
protein expression (Braun et al., 1999; Sarvas et al., 2004; Westers et al., 2004). 

The formation of disulfide bonds can occur spontaneously, but this process is very 
slow and non-specific (Anfinsen, 1973). For this reason, enzymes have evolved that 
catalyze the formation (oxidation) of disulfide bonds in vivo. These enzymes belong to the 
class of so-called thiol-disulfide oxidoreductases.  

 

Thiol-disulfide oxidoreductases  

Thiol-disulfide oxidoreductases (TDORs) catalyze thiol-disulfide exchange 
reactions that are often crucial for protein activity and stability (Dorenbos et al., 2005; Tan 
and Bardwell, 2004; Ritz and Beckwith, 2001). They function in all cellular compartments 
(both prokaryotic and eukaryotic) as thiol oxidases, disulfide reductases or thiol-disulfide 
isomerases (Heras et al., 2007; Kadokura et al., 2003; Nakamoto and Bardwell, 2004). In 
essence, these enzymes transfer a disulfide bond to or from their substrates. Cytoplasmic 
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TDORs generally function as reductases while their extracytoplasmic equivalents are 
oxidases or isomerases. A well known example of a TDOR is the eukaryotic protein 
disulfide isomerase (PDI) which, together with the flavoenzyme Ero1, is part of a complex 
machinery responsible for the formation of disulfide bonds in the eukaryotic endoplasmic 
reticulum (Sevier and Kaiser, 2006). The best studied system for disulfide bond handling, 
however, is that of E. coli. The main cytoplasmic reductive TDOR system in this organism 
is that of thioredoxin. The central reductase of this pathway is the TDOR thioredoxin 
(TrxA) (Holmgren, 1985), which is one of the strongest reductases found in nature (Krause 
et al., 1991). Thioredoxin keeps proteins in the cytoplasm reduced by engaging in a 
disulfide exchange reaction with its oxidized substrates (chapter 6 of this thesis). 
Thioredoxin itself is kept reduced by its partner TDOR thioredoxin reductase (TrxB), 
which in turn gets its electrons from the NADPH pool in the cell (Holmgren and 
Bjornstedt, 1995). The thioredoxin pathway is strongly conserved in both prokaryotes and 
eukaryotes alike and, as such, it is also present in B. subtilis where it performs essential 
functions (Moller and Hederstedt, 2008; Mostertz et al., 2008) (chapter 6 of this thesis). In 
addition to the thioredoxin pathway, E. coli possesses a second cytoplasmic reductive 
pathway in the form of the glutaredoxin system (Prinz et al., 1997), which is absent from 
B. subtilis. Instead of the glutaredoxin system, cysteine seems to serve as an additional 
reductive cytoplasmic compound in B. subtilis (Hochgrafe et al., 2007). Despite these 
differences in additional reductive systems, the core cytoplasmic TDOR pathways are quite 
similar for both bacteria. 

The extracytoplasmic TDOR pathways for oxidation and isomerization in E. coli 
and B. subtilis, however, appear to be quite different. In E. coli, TDORs known as Dsb 
proteins (from disulfide bond) make up the pathways for thiol oxidation and disulfide 
isomerization. In contrast, the thiol oxidation pathway in B. subtilis consists of the so-
called Bdb TDORs (from Bacillus disulfide bond) whereas an isomerization pathway 
appears to be absent. The current view on extracytoplasmic TDOR pathways in E. coli and 
B. subtilis is described below, and it is discussed that, despite the apparent differences, the 
pathways are similar in essence.  

 

Established view on TDOR pathways 

Until recently, it was believed that TDORs perform their activity in a 
straightforward, unidirectional manner: they would either function as oxidases, reductases 
or as isomerases, each with their own substrate specificity (Kadokura et al., 2004; Tan and 
Bardwell, 2004; Gruber et al., 2006). Furthermore, it was by and large believed that a fixed 
cascade of specific, sequentially arranged TDORs would exist within the cell to facilitate 
the required electron transport (Ito and Inaba, 2008; Messens and Collet, 2006; Nakamoto 
and Bardwell, 2004). Each TDOR would supposedly have its fixed position within this 
cascade and would co-operate with defined TDOR-partners in electron transport. However, 
recent studies on both Gram-negative and Gram-positive bacteria imply that this general 
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view needs to be expanded, at least for thiol-disulfide exchanges in proteins that are 
exported from the cytoplasm. Interestingly, recent studies have raised the possibility that 
various TDORs can function as interchangeable modules in different thiol-disulfide 
exchange pathways. These TDOR modules thus engage in “promiscuous” interactions, and 
thereby fulfill important functions in generating the diversity in activity and specificity that 
is needed in extracytoplasmic thiol-disulfide exchange. 
 

Promiscuous TDOR modules in Escherichia coli 

In E. coli, the pathways for thiol oxidation and disulfide reduction or isomerization 
appeared to be clearly separated, at least until recently. Thus, the TDOR DsbA functions as 
the major periplasmic oxidase, which itself is kept in an oxidized state by its inner 
membrane-embedded partner protein DsbB. The DsbB protein would accept electrons 
from DsbA and transmit them to quinones in the electron-transport chain, thereby acting as 
a quinone reductase. In an apparently separate process, periplasmic disulfide isomerization 
is catalyzed by the isomerases DsbC and DsbG which, for this purpose, are kept in a 
reduced state by the inner membrane-embedded reductase DsbD. However, a recent study 
showed that these pathways are not as strictly separated as previously believed 
(Vertommen et al., 2008) (see Figure 2). Unprecedentedly, DsbA is dependent on, or 
assisted by, DsbC for thiol oxidation in a specific group of periplasmic substrate proteins 
(Table 2). At the same time, however, DsbA acts independently of DsbC for thiol 
oxidation in another group of substrate proteins (Table 2), consistent with the archetypical  
 
 

 
 

Figure 2. Extracytoplasmic TDORs in E. coli. The major thiol oxidase DsbA is kept in an oxidized state by 
its partner and quinone reductase DsbB. Incorrectly formed disulfide bonds are broken and corrected by the 
isomerases DsbC and DsbG, which are kept in a reduced state by the reductase DsbD. Furthermore, DsbD 
also transfers electrons to the DsbE protein which, in turn, uses these electrons to keep apocytochrome c in a 
reduced state for heme-binding. The flow of electrons between TDORs and their substrates is depicted by 
dotted arrows. The TDORs functioning as thiol oxidases are shown schematically in dark grey, and TDORS 
functioning as disulfide isomerases or disulfide reductases in light grey. DsbC is shown in dark/light grey as 
it can function as thiol oxidase or disulfide reductase. Apocytochrome c is also shown. Thiols are labeled as 
SH and disulfides as SS. 



Introduction and scope of this thesis 
 

 19 

view on DsbA function. Remarkably, DsbC itself is required in the oxidation of yet another 
distinct group of substrates and this role of DsbC is performed independently of DsbA 
(Table 2). This means that DsbC, which was so far exclusively regarded as a disulfide 
isomerase, is also capable of performing thiol oxidation in the living cell. In turn, these 
findings imply that, after performing a ‘classical’ disulfide reduction, the oxidized DsbC 
can either be reduced by the action of its reduction partner DsbD, or it can be reduced 
through the oxidation of another substrate protein. Apparently, the periplasmic context of 
the DsbC protein determines whether this protein acts as an oxidase or as an isomerase. 
This makes perfect sense in general terms of enzymatic catalysis, since TDORs are 
enzymes with the intrinsic potential to catalyze reactions in both directions (Debarbieux 
and Beckwith, 1998). Nevertheless, this intrinsic bifunctionality of DsbC had so far 
remained unnoticed in periplasmic thiol-disulfide exchange reactions, although it was 
previously reported that DsbC mutants that lack the dimerization domain are capable of 
functioning as an oxidase (Bader et al., 2001). Also, it had been shown that the eukaryotic 
isomerase PDI can be oxidized by DsbB and thus function as an oxidase when 
heterologously expressed in E. coli (Stafford and Lund, 2000). It should be noticed that the 
observed bifunctionality of DsbC is not likely to cause a ‘short circuit’ between electron 
flow within the periplasmic isomerization and disulfide bond formation pathways. Instead, 
the oxidative function of DsbC is most likely independent of its activity in the isomerase 
pathway, which may relate to specific interactions with the partner TDORs of DsbC. 
Another conclusion that can be drawn from these studies is that DsbA and DsbC each 
recognize their own specific substrate proteins, but, when acting in concert, both enzymes 
appear to cooperate in the oxidation of an additional set of substrate proteins. This strongly 
indicates that the DsbA and DsbC TDORs behave like functional modules that can act both 
independently and in a concerted manner. The context and combination of specific TDORs 
seem to determine their activity. 

Interestingly, recent mutagenesis studies support the idea that the E. coli DsbA and 
DsbB TDOR couple does not necessarily maintain a faithful relationship (Pan et al., 2008). 
Single point mutations in DsbB can allow this protein to bypass the need for DsbA in the 
oxidation of periplasmic proteins. Instead, these mutations result in the engagement of 
DsbB in a new partnership with DsbC that facilitates the oxidation of periplasmic 
substrates of DsbA. Although this ‘pathway promiscuity’ of DsbB was artificially induced  
by mutations in this protein, these findings show that particular TDORs have not evolved 
for one particular purpose and that subtle evolutionary changes could impact on their roles 
as modules in particular thiol-disulfide exchange pathways. It also emphasizes the need to 
be very careful in assigning functions to TDORs of organisms that are less intensely 
studied than E. coli, solely on the basis of homology.  
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Table 2. TDOR-dependent extracytoplasmic proteins in E. coli and B. subtilis. Adapted from: (Bolhuis et 
al., 1999; Hiniker and Bardwell, 2004; Kadokura et al., 2004; Kouwen et al., 2007; Leichert and Jakob, 
2004; Meima et al., 2002; Vertommen et al., 2008) 

TDOR(s) Proteins directly or indirectly 
affected by TDOR mutation 

Number of cysteinesa 

E. coli   

DsbA YibQ, SspA 1 

 LivK, LivJ, YodA, OmpA, ZnuA, 
YedD, YbjP, YcdO, YbeJ, DegP, 
FlgI, UgpB, ArgT, ArtJ, HisJ, ProX, 
YfhM, CreA 

2 

 RcsF, OstA/Imp, DppA, PhoA 4 

 GltX 7 

 YtfQ, CirA, YebY 8 

   

DsbC Ivy 2 

 AppA 8 

   

DsbAC FepB, SubI, YjhT, FliY, Ggt, MalE, 
MppA, PhnD, YncE 

0 

 Slp, YcfS, YnjE, YliB 1 

 YebF, LamB, Cn16, GltI, YggN, 
OppA, TreA, YhJJ 

2 

 PhuA 4 

 MepA 6 

 End1, RNase I 8 

DsbE (CcmG) Nap, Nrf, Tor 2 

   

B. subtilis   

BdbCD ComGC 2 

BdbBC SunA 4 

BdbBCD E. coli PhoAb 4 

ResA CccA 2 

a Please note that some of the listed proteins do not contain cysteine residues. Their identification as a 
substrate of a certain TDOR might therefore also reflect chaperone activity of DsbC or could relate to 
indirect effects caused by envelope perturbations due to the DsbA or DsbC mutations. This may also be the 
case for other proteins listed.  
b This is a heterologously expressed protein in B. subtilis, that has served as an artificial substrate for studies 
on the Bdb proteins of B. subtilis.  
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Promiscuous TDOR modules in Bacillus subtilis 

The TDOR organization in B. subtilis (Figure 3) is reminiscent of the TDOR 
organization in E. coli, but there are clear and important differences (Bolhuis et al., 1999; 
Darmon et al., 2006; Dorenbos et al., 2002; Kouwen et al., 2007; Meima et al., 2002). 
These differences most likely relate to structural differences in the cell envelopes of Gram-
positive and Gram-negative bacteria and, obviously, to a different evolutionary history in 
distinct ecological niches. While E. coli selected the mammalian gut as its preferred 
habitat, B. subtilis has evolved in the soil and plant rhizosphere, feeding on decaying 
organic matter (Earl et al., 2008). Thus far, only few disulfide-bond containing proteins 
have been identified in B. subtilis despite intensive and proteome-wide searches (Sarvas et 
al., 2004; Tjalsma et al., 2004). Furthermore, disulfide isomerases, if at all present, have so 
far remained undetected in B. subtilis (Kouwen et al., 2007). Like in E. coli, there are only 
relatively few TDORs of B. subtilis, the Bdb proteins, known to be involved in disulfide 
bond formation. These properties provide the clear advantage that it is relatively easy to 
dissect TDOR function in B. subtilis.  

The B. subtilis BdbD protein is seen as the major extracytoplasmic thiol oxidase, 
which is kept oxidized by the paralogous quinone reductases BdbB and BdbC with a major 
role for BdbC in this process. It should be noted that BdbB and BdbC are homologues of 
the afore-mentioned DsbB protein of E. coli. Studies on the secretion of the heterologous 
disulfide bond-containing protein PhoA of E. coli by B. subtilis revealed that BdbB, BdbC 
and BdbD contribute to the folding of exported PhoA into a stable and active conformation 
(Bolhuis et al., 1999). This finding is consistent with the TDOR function of BdbB, BdbC 
and BdbD. However, the action of BdbB and BdbC is not always faithfully connected to 
BdbD activity (Dorenbos et al., 2002; Kouwen et al., 2007) (chapter 2 of this thesis). For 
example, only BdbC and BdbD are involved in the oxidation of ComGC, a pseudopilin that 
is required for DNA binding and uptake during natural competence development. BdbB is 
completely dispensable for this process (Meima et al., 2002). A second and even more 
striking example was derived from studies on the secreted lantibiotic sublancin 168 that 
contains two disulfide bonds (Paik et al., 1998). Sublancin 168 is encoded by the 
dispensable prophage SPβ, as is the TDOR BdbB. Interestingly, BdbB and BdbC have 
been implicated in thiol oxidation in sublancin 168 and this process is completely 
independent of BdbD (Kouwen et al., 2007). It seems, therefore, that the Bdb proteins 
function in a modular way, similar to the E. coli TDORs for thiol oxidation and disulfide 
isomerization in the periplasm. 

Even though an isomerization pathway has not (yet) been detected in B. subtilis, the 
Bdb proteins do not represent the only membrane-associated TDORs in this organism. 
Studies by the Hederstedt group have revealed the presence of a disulfide reducing 
pathway as well (Moller and Hederstedt, 2006). The CcdA protein seems to be the core 
component in this reductive pathway (Schiott et al., 1997). Importantly, the activity of the  
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Figure 3. Extracytoplasmic TDORs in B. subtilis. Extractyoplasmic proteins that undergo thiol oxidation 
or disulfide reduction in B. subtilis are: the pseudopilin ComGC; the lantibiotic sublancin 168; 
apocytochrome c; and as yet unidentified proteins required for spore cortex formation. In addition, the E. coli 
protein PhoA is subject to thiol oxidation when heterologously expressed as an artificial Bdb substrate in B. 
subtilis. The functions of the different TDORs has been described in the text. The large grey arrows indicate 
the export of particular TDOR-dependent proteins and the TDORs involved in their folding. The transfer of 
electrons is shown by the dotted arrows. The involved TDORs are color-coded as in Figure 2. Free thiols are 
marked as SH and disulfides as SS. 
 
 
membrane-embedded reductase CcdA depends on interactions with various other TDORs, 
and the substrate specificity of CcdA appears to depend on these interactions. For example, 
CcdA cooperates with ResA in maintaining a reduced state of the cysteine residues in the 
heme-binding site of apocytochrome c (Erlendsson et al., 2003). This process is essential 
for the incorporation of heme. In contrast, CcdA together with a paralogue of ResA called 
StoA (also known as SpoIVH) was found to be required for the formation of spore cortex 
proteins (Erlendsson et al., 2004). The function of yet another ResA paralogue named 
YneN has not been established, but it is conceivable that it also takes part in a reductive 
process, perhaps even in concert with CcdA (Erlendsson et al., 2004). In fact, there is good 
evidence for a functional interaction between CcdA and YneN in Bacillus brevis where the 
YneN protein was named CatA (CcdA-associated TDOR) (Tanaka et al., 2003). Taken 
together, the studies on disulfide reductive pathways in B. subtilis provide further evidence 
that interchangeable TDOR modules can be employed by the cell to facilitate specific 
processes. Some of the TDOR modules involved can have a core function like CcdA.  

 

TDOR conflict or cooperation in B. subtilis? 

B. subtilis mutants that either lack CcdA, or are depleted of ResA, are unable to 
assemble cytochrome c, which is in line with the requirement of both TDORs in the 
incorporation of heme into apocytochrome c (Erlendsson et al., 2003). Interestingly 
however, this CcdA-ResA requirement seems to be imposed by the presence of the BdbCD 
oxidation pathway, since null mutations in the bdbC or bdbD genes restore cytochrome c 
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biogenesis under conditions of ccdA mutation or resA depletion (Erlendsson and 
Hederstedt, 2002). Thus, BdbC and BdbD have the potential to oxidize thiols in 
apocytochrome c while the reduced thiols are needed for heme binding. To date, it is not 
known whether the antagonistic effects of the reductive CcdA-ResA and oxidative BdbCD 
pathways serve a particular purpose, for example in the isomerization of disulfide bonds. It 
is however tempting to speculate that by bringing these pathways together, as revealed by 
the studies on apocytochrome c reduction and oxidation, B. subtilis can achieve disulfide 
isomerization even in the absence of DsbC- or DsbG-like isomerases as described for E. 
coli.  
 

Five exchangeable TDOR modules 

A modular concept for TDOR function in B. subtilis and other low-GC Gram-
positive bacteria became strikingly evident from phylogeny studies on the evolution of Bdb 
proteins (Kouwen et al., 2007) (chapter 2 of this thesis). These revealed that BdbD 
homologues can be divided into two major classes that are specific for Bacillus and 
Staphylococcus species, respectively. All Bacillus BdbD homologues are membrane 
proteins with one N-terminal anchor giving these proteins a Nin-Cout membrane topology. 
By contrast, all Staphylococcus BdbD homologues are lipoproteins that are associated to 
the extracytoplasmic membrane surface by an N-terminal diacyl-glyceryl modification 
(Dumoulin et al., 2005; Kouwen et al., 2007) (chapter 2 of this thesis). Homologues of 
BdbD in staphylococci have been named DsbA, but it has to be noted that there appears to 
be no homology between staphylococcal DsbA and the well known DsbA protein of E. coli 
in the evolutionary sense. Rather these two DsbA proteins appear to be functional 
analogues with a highly similar three-dimensional structure (Heras et al., 2008). Also 
notable was the observation that staphylococci lack homologues of Bacillus BdbB and 
BdbC, whereas yet other low-GC Gram-positive bacteria do contain homologues of 
BdbB/C but lack BdbD homologues. These findings suggested that BdbB/C-like TDORs 
and BdbD-like TDORs might function either in concert - as was shown in B. subtilis for 
ComGC biogenesis and heterologous secretion of E. coli PhoA - or independently from 
each other. This issue was resolved by heterologous expression of S. aureus DsbA in B. 
subtilis, which revealed that this DsbA protein can compensate for the absence of all Bdb 
proteins in the processes that depend strictly on either BdbB, BdbC or BdbD, specifically 
ComGC pseudopilin biogenesis, secretion of active sublancin 168 and heterologous 
secretion of E. coli PhoA (chapter 2 of this thesis). These findings underpin the view that 
the staphylococcal DsbA is a core TDOR module for thiol oxidation with functional 
similarities to the BdbD-like or BdbB/C-like modules from Bacillus. 

The examples described above for both E. coli and B. subtilis regarding TDOR 
activity and specificity make it very plausible that the known bacterial TDORs behave as 
functional modules. The activities and substrate specificities of many TDORs are not 
completely fixed, as was previously believed, but seems to be modulated by the actual site 
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of deployment and by “promiscuous” interactions with other TDORs at the same 
subcellular location. Thus, the bacterial cell will have a variety of TDOR modules at its 
disposal that can be deployed and combined in order to obtain a required thiol oxidase, 
disulfide reductase or disulfide isomerase activity. Close inspection of the known TDOR 
organization in E. coli and B. subtilis reveals that the actual number of different TDORs 
modules is relatively low (Figures 2 and 3). In total, five general TDOR modules can be 
extracted from the publicly available data (Figure 4). In this scheme, each specific type of 
TDOR module is named according to its most prominent member. Importantly, all TDORs 
classified as belonging to a certain TDOR module share particular characteristics; they all 
have the same subcellular localization and, in case of membrane proteins, the same 
membrane topology. In addition, their molecular masses are comparable and most also 
share substantial sequence similarity that is not limited to the archetypical CXXC catalytic 
site of TDORs (Holmgren, 1968). For example, the TDORs classified as a BbdD module 
(i.e. the B. subtilis TDORs BdbD, ResA, StoA, YneN, S. aureus DsbA and E. coli DsbE) 
are all single spanning membrane proteins with a (predicted) large C-terminal extracellular 
domain of comparable size (19-24 kDa). In contrast, the DsbA module type TDORs are all 
soluble periplasmic proteins (around 23-27 kDa), whereas most DsbB module type TDORs 
all have four membrane-spanning domains (16-20 kDa). The integral membrane protein 
CcdA seems to represent a distinct class of TDOR modules, of which relatively few have  
 

 

 
 

Figure 4. Five functional TDOR modules in E. coli and B. subtilis. Bacterial TDORs can be regarded as 
functionally interchangeable modules. TDORs that have the same subcellular localization, membrane 
topology and size are classified as belonging to one particular type of module. Additionally, the proteins 
belonging to a particular type of TDOR module share substantial amino acid sequence similarity. Shown in 
this figure are the five TDOR module types that can be distinguished in E. coli and B. subtilis. The color 
codes for the different modules are based on the thiol oxidase (dark grey) or disulfide reductase (light grey) 
function of the TDORs after which the respective modules are named. TDORs that are classified as 
belonging to these modules are listed below the diagrams. As a consequence of this division certain modules 
contain both thiol oxidases and disulfide isomerases or disulfide reductases. Also there is overlap between the 
CcdA and DsbD modules since the E. coli DsbD protein represents a type of TDOR module which, in B. 
subtilis, can be formed by CcdA in combination with three different BdbD type modules. Furthermore, the 
BdbD type modules exist in two forms: the Bacillus enzymes have an N-terminal membrane anchor with Nin-
Cout topology and the Staphylococcus enzymes are lipoproteins with an N-terminal diacyl-glyceryl 
modification for membrane-attachment. 
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been studied in detail (Deshmukh et al., 2003; Braun and Thony-Meyer, 2005). As 
discussed above, CcdA together with ResA are required for apocytochrome c reduction in 
B. subtilis. It should be noted, however, that CcdA resembles the core membrane part of 
DsbD, which is involved in apocytochrome c reduction in E. coli, whereas ResA resembles 
the active site domain containing the extracellular � domain of DsbD (Katzen et al., 2002). 
It seems therefore that the E. coli DsbD protein represents a special type of module, which 
is represented in B. subtilis as a combination of different CcdA and BdbD modules. 

Together, the combined use of only a few different kinds of TDOR modules seems 
to be sufficient to fulfill all the complex oxidation and reduction requirements for thiol-
disulfide exchange in the bacterial membrane, periplasm and cell wall milieus as 
encountered in Gram-positive and Gram-negative bacteria.  
 

The promiscuous TDOR modules concept 

Taken together, the novel findings and considerations summarized above imply that 
promiscuous interactions can determine activity and specificity of many TDORs, not only 
in the Gram-negative but also in the Gram-positive bacterial cell envelope. These enzymes 
thus represent dynamic hubs in complex extracytoplasmic interaction networks. The 
handling of free thiols or disulfide bonds in extracytoplasmic proteins is clearly not limited 
to a static sequential reaction chain of redox enzymes. Instead, the thiol-disulfide 
interchange processes are regulated by the concerted action of different TDORs, which act 
as functional modules. Moreover, particular TDORs are not always restricted to either 
oxidative, reductive or isomerization activities. In fact, it appears that the binding 
specificity of one TDOR to another can actually determine the specific redox role that the 
TDOR in question is performs. Consequently, the actual oxidation, reduction and 
isomerization pathways in bacterial cell envelopes are much more complex and intertwined 
than originally anticipated. Over all, a general picture emerges which suggests that, 
depending on the specific needs for a particular process, different TDOR modules can 
cooperate thereby generating the diversity in activity and specificity that is apparently 
necessary for productive extracytoplasmic protein folding.  

 

Applications of TDOR module concept  

The TDOR module concept may have important implications for improved 
production of proteins with multiple disulfide bonds, which are still troublesome to 
produce in large amounts using bacterial cell factories. In particular, the slow and/or non-
specific oxidation of the overproduced proteins upon translocation across the membrane 
often results in slow and incorrect folding of these proteins. Consequently, they are quickly 
degraded in the highly proteolytic extracellular environment of the B. subtilis cell (Braun et 
al., 1999; Sarvas et al., 2004; Westers et al., 2004). Even with the use of protease deficient 
B. subtilis mutant strains, the refolding and oxidation upon downstream processing still 
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requires expensive and time-consuming in vitro reduction and oxidation steps to acquire 
the correctly folded and active product (Vogtentanz et al., 2007). This imposes a serious 
limitation of the use of B. subtilis for the secretion of disulfide bond containing proteins. 
Clearly, alternative secretion strategies are required for B. subtilis to facilitate the secretion 
of heterologous proteins containing multiple disulfide bonds. These may be found in the 
removal of inefficient or counter-productive TDOR modules, or the introduction of 
heterologous TDOR modules that bypass the inadequately functioning TDORs of the 
production host. One possible solution to achieve efficient folding of heterologous proteins 
with multiple disulfide bonds upon membrane translocation in B. subtilis would be to over-
produce oxidative TDORs in higher levels, together with the produced heterologous 
proteins. Indeed, such attempts have previously been made with the Bdb proteins. This 
however did not result in improved protein folding (Darmon et al., 2006; Dorenbos et al., 
2002; Meima et al., 2002). One possible explanation for this might be that the over-
expression of single TDORs of the oxidative pathway does not contribute significantly to 
the total substrate protein oxidation, because the total flow of electrons from the substrate 
to the respective overproduced oxidase is still dependent on the levels of other TDORs 
downstream in the pathway. Also it turned out difficult to overproduce the B. subtilis Bdb 
proteins in B. subtilis. A much better solution seems to be the introduction of a related 
heterologous TDOR module, the staphylococcal DsbA protein, in B. subtilis (Chapters 2 
and 5 of this thesis). Importantly, DsbA (over-)production can be tightly controlled and 
this TDOR does not participate in the same oxidative pathway(s) as the Bdb proteins. 
Instead DsbA can direct electrons to externally added oxidized molecules such as cystine, 
the oxidized form of cysteine. Also, the idea that removal of certain TDOR modules can 
result in improved folding of exported proteins with multiple disulfide bonds seems 
promising. This was recently shown by depleting TrxA from cells producing E. coli PhoA, 
which resulted in the extracellular accumulation of active PhoA at elevated levels. Finally, 
proof-of-principle for the concept that TDOR modulation can result in significantly 
improved production of proteins, such as E. coli PhoA, was obtained through the combined 
depletion of TrxA, production of staphylococcal DsbA and addition of extracellular 
oxidative compounds that can accept electrons from DsbA. In this case, up to four-fold 
increased levels of extracellular PhoA could be observed, indicating a significant 
improvement of post-translocational folding and a concomitant reduction of post-
translocational PhoA degradation (chapter 2 of this thesis).  
  

Scope of this thesis 

The Gram-positive bacterium B. subtilis serves as a model organism for research on 
bacterial protein secretion and is applied widely in industry as a cell factory for the 
production of various secreted proteins. Over the past years, considerable knowledge has 
been gained on the protein secretion mechanisms of B. subtilis, and many useful protocols 
and techniques for protein production and export have been developed. Nevertheless, there 
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are still many heterologous proteins that remain difficult to produce with B. subtilis, 
especially proteins that contain multiple disulfide bonds. This sets major limits to a full 
exploitation of B. subtilis for biopharmaceutical production. In this thesis the secretion of 
proteins by B. subtilis has been studied, with a strong focus on proteins containing 
disulfide bonds. The export and folding of both native and heterologous produced disulfide 
bond-containing proteins by B. subtilis have been studied and useful strategies for their 
secretion have been developed. In addition, some general aspects of protein secretion by B. 
subtilis have been addressed, such as the interdependency of known secretion pathways 
and the export of proteins via unknown routes. 

The studies described in Chapter 2 reveal that related Gram-positive bacteria 
employ different modules of thiol-disulfide oxidoreductases (TDORs) for the formation of 
disulfide bonds, which can be grouped in different clusters. B. subtilis, for example, 
contains BdbD and BdbC TDOR-modules, while Staphylococcus aureus has a DsbA 
module. Functional comparisons show that the specificity of these modules in various 
disulfide bond formation processes (including heterologous secretion of E. coli PhoA, 
competence development and sublancin 168 production) varies substantially. The studies 
in this chapter also show that the mode of reoxidation is significantly different for the 
TDOR-modules of bacilli and staphylococci. 

Chapter 3 describes a mutant strain that was serendipitously obtained during the 
studies described in Chapter 2. This strain hyper-secretes the esterase LipA. Remarkably, 
while LipA is secreted Sec-dependently under standard conditions, the hyper-produced 
LipA is shown to be secreted predominantly Tat-dependently via an unprecedented 
overflow mechanism. Furthermore, two previously identified B. subtilis Tat substrates, 
PhoD and YwbN, require each a distinct Tat translocase for secretion, but, in contrast, the 
hyper-produced LipA is transported by both Tat translocases of B. subtilis, showing that 
they have distinct but overlapping specificities. This may provide an explanation for the 
previous observation that many Sec-dependently transported proteins have potential twin-
arginine signal peptides for export via the Tat pathway.  

Chapter 4 documents the impact of different targeting signals on the secretion of a 
heterologous disulfide bond containing protein by B. subtilis, namely the alkaline 
phosphatase PhoA of E. coli. The results indicate that the combined use of the signal peptide 
(prelip) and pro-peptide (prolip) sequences of a Staphylococcus hyicus lipase contributes 
significantly to the efficient secretion of PhoA by B. subtilis. Genome-wide transcriptional 
analysis of the host cell responses indicate that no major secretion- or membrane/cell wall 
stress was provoked upon use of the tested targeting signals.  

In chapter 5, studies are described that were undertaken to further increase the 
efficient secretion of the heterologous preprolip-PhoA by B. subtilis, in this case by increasing 
the correct folding of translocated PhoA through TDOR modulation. Three complementary 
strategies were shown to be successful: depletion of the major cytoplasmic reductase 
thioredoxin (TrxA); introduction of the heterologous oxidase DsbA from S. carnosus; and 
addition of redox-active compounds to the growth medium. The combined use of these 
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three strategies allowed for the secretion of ~3.5 times increased amounts of active PhoA, 
indicating that this represents a useful approach for the secretion of disulfide bond-containing 
proteins by B. subtilis. Chapter 5 also reveals that the central cytoplasmic reductive TDOR 
TrxA impacts on the redox state of the extracytoplasmic oxidative TDOR BdbD in a 
BdbC-dependent manner.  

Chapter 6 reports on possible interactions of TrxA with other proteins. For this 
purpose wild-type TrxA and three mutant TrxA proteins that lack either one or both of the 
two cysteine residues in the CxxC active site were used in substrate binding studies, known 
as “mixed disulfide fishing”. Unprecedentedly, both active site cysteine residues are shown 
to form mixed disulfides with substrate proteins, but only the N-terminal active site 
cysteine forms stable interactions. A second novelty is that both single-cysteine mutant 
TrxA proteins form stable homo-dimers. The structure of the most abundant dimer, C32S, 
was characterized by X-ray crystallography at high resolution (1.5 Å). This dimer can be 
regarded as a mixed disulfide reaction intermediate of thioredoxin and reveals the diversity 
of thioredoxin/substrate binding modes. 

Chapter 7 explores the finding that about 25% of the proteins that can be found in 
the medium of B. subtilis cells are in fact predicted to reside within the cytoplasm. A 
possible role of the large conductance mechanosensitive channel protein MscL in this 
process is investigated. Unexpectedly, the results show that under hypo-osmotic shock 
conditions specific proteins, such as TrxA, are released by mscL mutant cells, which 
cannot be attributed to cell death or lysis. The presence of MscL therefore seems to prevent 
the specific release of cytoplasmic proteins by B. subtilis during hypo-osmotic shock. The 
findings imply that an unidentified system for selective release of cytoplasmic proteins is 
active in B. subtilis. 

Chapter 8 & 9 focus on the lantibiotic sublancin 168, representing one of the few 
native proteins of B. subtilis that contain disulfide bonds. Despite its discovery over 20 
years ago, the target and producer immunity proteins of this antimicrobial peptide were not 
known until now. Chapter 8 describes the discovery of the producer immunity protein 
YolF, which is found to be both required and sufficient for sublancin 168 immunity, even 
when heterologously produced in the sublancin-sensitive bacterium S. aureus. The 
deducted topology of YolF suggest that this protein belongs to a novel class of lantibiotic 
immunity proteins. Chapter 9 reveals that the sensitivity of target cells to sublancin 168 is 
determined by the NaCl concentration in the growth medium and by the presence of the 
mechanosensitive channel protein MscL (described in chapter 7). Since NaCl did not effect 
the production or stability of sublancin 168, but most likely effects the gating of MscL, it is 
therefore proposed that MscL is either the target or the cellular entry point of sublancin 
168.  

Finally, chapter 10 integrates the topics discussed in this thesis and puts these in 
perspective.  

 
 




