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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. 
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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.  
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SUMMARY 

Disulfide bond formation catalyzed by thiol-disulfide oxidoreductases (TDORs) is a 
universally conserved mechanism for stabilizing extracytoplasmic proteins. In 
Escherichia coli, disulfide bond formation requires a concerted action of distinct 
TDORs in thiol oxidation and subsequent quinone reduction. TDOR function in other 
bacteria has remained largely unexplored. Here we focus on TDORs of low-GC 
Gram-positive bacteria, in particular DsbA of Staphylococcus aureus and BdbA-D of 
Bacillus subtilis. Phylogenetic analyses reveal that the homologues DsbA and BdbD 
cluster in distinct groups typical for Staphylococcus and Bacillus species, respectively. 
To compare the function of these TDORs, DsbA was produced in various bdb mutants 
of B. subtilis. Next, we assessed the ability of DsbA to sustain different TDOR-
dependent processes, including heterologous secretion of E. coli PhoA, competence 
development and bacteriocin (sublancin 168) production. The results show that DsbA 
can function in all three processes. While BdbD needs a quinone oxidoreductase for 
activity, DsbA activity appears to depend on redox-active medium components. 
Unexpectedly, both quinone oxidoreductases of B. subtilis are sufficient to sustain 
production of sublancin. Moreover, DsbA can functionally replace these quinone 
oxidoreductases in sublancin production. Taken together, our unprecedented findings 
imply that TDOR systems of low-GC Gram-positive bacteria have a modular 
composition. 
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INTRODUCTION 

A disulfide bond is a sulfur-sulfur chemical bond that results from an oxidative 
process that links two nonadjacent cysteines of a protein. In all three domains of life, 
disulfide bonds play major roles in the correct folding of many different proteins, 
maintaining their structural integrity and regulating their activity (Collet and Bardwell, 
2002; Ritz and Beckwith, 2001). Proteins containing disulfide bonds are found 
predominantly in extracytoplasmic cell compartments, such as the eukaryotic endoplasmic 
reticulum, the membranes and periplasm of Gram-negative bacteria, or the membrane/cell 
wall interface and extracellular milieu of Gram-positive bacteria (Aslund and Beckwith, 
1999). These proteins are only biologically active and/or stable when their cysteines are 
joined in disulfide bonds. 

The formation of disulfide bonds can occur spontaneously under oxidizing 
conditions, but this process is very slow and nonspecific (Anfinsen, 1973). For this reason 
enzymes have evolved that catalyze the formation (oxidation) or breakage (reduction) of 
disulfide bonds in vivo. These enzymes are called thiol-disulfide oxidoreductases 
(TDORs). Cytoplasmic TDORs are generally reductases, while their extracytoplasmic 
equivalents are oxidases or isomerases that catalyze a reorganization of disulfide bonds 
(Dorenbos et al., 2005; Tan and Bardwell, 2004). Among the best known bacterial 
extracytoplasmic TDORs are the Dsb proteins of the Gram-negative bacterium Escherichia 
coli (Kadokura et al., 2003; Nakamoto and Bardwell, 2004). These proteins are 
characterized by a CxxC motif (two cysteine residues separated by two amino acids), 
which forms the core of the active site (Newton et al., 1996). The catalytic mechanism 
involves a disulfide exchange process in which the disulfide bond is transferred from the 
enzyme to the substrate protein (or vice versa) via a short-lived intermediate (Kadokura et 
al., 2004). 

Compared to Gram-negative bacteria, such as E. coli, relatively little information is 
currently available about extracytoplasmic TDORs in Gram-positive bacteria, which lack a 
classical periplasmic space and have a thick cell wall instead of an outer membrane. The 
current knowledge on TDORs from Gram-positive bacteria comes mainly from studies 
with Bacillus subtilis, which is a paradigm of Gram-positive bacterial research (Bolhuis et 
al., 1999; Dorenbos et al., 2002; Erlendsson and Hederstedt, 2002; Erlendsson et al., 2003; 
Erlendsson et al., 2004; Meima et al., 2002). In B. subtilis, four extracytoplasmic TDORs 
with presumed thiol oxidase activity have been described, which are known as BdbA, 
BdbB, BdbC and BdbD. Biological functions have been identified for BdbB, BdbC and 
BdbD, but not for BdbA (Table 1). Notably, the bdbA and bdbB genes are located within 
the SP� prophage region, and are therefore only present in the sequenced B. subtilis strain 
168. BdbB is of major importance for folding of the secreted SP�-encoded lantibiotic 
sublancin 168, which contains two disulfide bonds (Dorenbos et al., 2002; Stein, 2005). 
The integral membrane protein BdbB shares a high degree of sequence similarity with 
BdbC (Bolhuis et al., 1999). Nevertheless, their substrate specificities overlap only in part 
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(Table 1). For example, BdbC contributes in a minor way to the folding of sublancin 168 
(Dorenbos et al., 2002). On the contrary, BdbC is of major importance for the biogenesis 
of the pseudopilin ComGC, while BdbB is dispensable for this process (Meima et al., 
2002). ComGC is an important element of the DNA-uptake machinery of B. subtilis and, 
consistent with its TDOR requirement for folding into a protease-resistant conformation, it 
contains an essential intra-molecular disulfide bond (Chung et al., 1998). In addition to 
BdbC, the biogenesis of ComGC requires activity of the membrane protein BdbD (Meima 
et al., 2002). Therefore, both BdbC and BdbD have major roles in the development of 
natural competence in B. subtilis. Interestingly, BdbC and BdbD are also required for 
folding of a secreted heterologous protein by B. subtilis, namely the alkaline phosphatase 
PhoA of E. coli (Bolhuis et al., 1999; Darmon et al., 2006; Meima et al., 2002) (Table 1). 
Most likely, this TDOR requirement relates to the fact that E. coli PhoA contains two 
disulfide bonds that are indispensable both for the enzymatic activity and stability of this 
protein (Sone et al., 1997). 

As judged by their importance for the folding of exported proteins with disulfide 
bonds, it appears that BdbC and BdbD are members of an oxidation pathway in B. subtilis 
(Sarvas et al., 2004). It has been proposed that BdbD functions as an electron acceptor for 
secreted cysteine-containing proteins, thereby facilitating the formation of the disulfide 
bond. Subsequently, the reduced BdbD would be re-oxidized by the action of BdbC, 
thereby recycling BdbD for another round of catalysis. BdbC would then donate its 
electrons to quinones in the electron transport chain. BdbD and BdbC are thusbelieved to 
cooperate as a redox pair. This view is supported by the fact that BdbCshares a high degree 
of similarity with the TDOR-quinone oxidoreductase DsbB of E. coli, whereas BdbD 
shares some very limited similarity with DsbA of Haemophilus, Neisseria and 
Pseudomonas species (Bolhuis et al., 1999; Meima et al., 2002). Both DsbA and DsbB of 
E. coli act pair-wise as oxidases in periplasmic disulfide bond formation (Inaba et al., 
2006; Regeimbal and Bardwell, 2002; Rietsch and Beckwith, 1998). 

A well-known subclass of Gram-positive bacteria is formed by the so-called low-
GC Gram-positive bacteria or Firmicutes, which include important pathogens such as 
Staphylococcus aureus, Bacillus anthracis and Listeria monocytogenes. Notably, also 
biotechnologically relevant bacteria, such as B. subtilis, belong to the low-GC Gram-
positive bacteria. In relation to the TDORs of low-GC Gram-positives, it was previously  
 
Table 1. Different biological functions of the Bdb proteins of B. subtilis 

Process  BdbA BdbB BdbC BdbD 

E. coli PhoA secretion None Minor Major Major 

Competence development None None Major Major 

Sublancin production None Major Minor None 
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reported that BdbD of B. subtilis shares a high degree of sequence similarity (55% 
identical residues and conservative replacements) with DsbA of S. aureus (Meima et al., 
2002). Interestingly however, a homologue of BdbC was not found in this organism 
(Dumoulin et al., 2005). In fact, BdbC homologues appear to be absent from all sequenced 
Staphylococcus and Listeria species (Table 2). Conversely, certain Bacillus, Geobacillus 
and Oceanobacillus species do contain a BdbC homologue, but lack a BdbD homologue. 
These observations suggest that BdbC- and BdbD–like TDORs of different groups of low-
GC Gram-positive bacteria are modules that can act either in concert, or independently 
from each other. This novel concept of modular TDOR function was investigated in the 
present studies. To this end, we employed single and multiple bdb mutant B. subtilis strains 
for a complementation analysis with DsbA of S. aureus. Specifically, we asked whether 
DsbA of S. aureus can replace different Bdb proteins for folding of secreted E. coli PhoA, 
competence development and ComGC biogenesis, and production of sublancin 168. The 
results show that DsbA of S. aureus can perform these functions of the BdbB, BdbC and 
BdbD proteins in a growth medium-dependent way, without the apparent need of a Bdb 
partner protein. Moreover, no BdbD-like protein was required for sublancin 168 
production in B. subtilis. These findings demonstrate that BdbC- and BdbD-like TDORs 
can act both in concert and independently. This implies that TDOR systems for disulfide 
bond formation in low-GC Gram-positive bacteria have a modular composition. 
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Table 2. BdbC and BdbD homologues in low-GC Gram-positive bacteria. Homologues of B. subtilis 
BdbC or BdbD were identified by BLAST searches using all publicly available sequences of the low-GC 
Gram-positive bacteria. All identified protein sequences contain the typical CxxC motif for thiol-disulfide 
oxidoreductases. 

Organism 
BdbC-
homologue1 

BdbD-
homologue1 

Accession 
numbers  

Bacillus subtilis subsp. subtilis str. 168 BdbC/BdbB BdbD2 
NP_391227/8 
BG13587        

Bacillus licheniformis ATCC 14580 BdbC BdbD 
YP_080629                
YP_080630 

Bacillus thuringiensis serovar konkukian str. 97-27 DsbB BdbD 
YP_035017 
YP_034804 

Bacillus thuringiensis serovar israelensis ATCC 35646 DsbB DsbA 
ZP_00743025              
ZP_00741255 

Bacillus anthracis str. ‘Ames Ancestor’ DsbB DsbA 
NP_843282 
YP_017166 

Bacillus anthracis str. A2012 DsbB DsbA 
ZP_00393849               
ZP_00390922 

Bacillus anthracis str. Sterne DsbB DsbA 
YP_026998                
YP_026791 

Bacillus weihenstephanensis KBAB4 DsbB DsbA 
ZP_01185626              
ZP_01184592 

Bacillus cereus subsp. cytotoxis NVH 391-98 DsbB DsbA 
ZP_01179254              
ZP_01181835 

Bacillus cereus ATCC 14579 DsbB DsbA 
NP_830569 
NP_830362 

Bacillus cereus ATCC 10987 DsbB DsbA 
NP_977147               
NP_976925 

Bacillus cereus G9241 DsbB DsbA 
ZP_00235738 
ZP_00237820 

Bacillus cereus E33L BdbC BdbD 
YP_082265 
YP_082059 

Bacillus halodurans C-125 DsbB - NP_242807 
Geobacillus kaustophilus HTA426 DsbB - YP_146421                
Bacillus sp. NRRL B-14911 DsbB - ZP_01170582              
Bacillus clausii KSM-K16 DsbB - YP_177437                
Oceanobacillus iheyensis HTE831 DsbB - NP_692084 
Exiguobacterium sibiricum 255-15 DsbB - ZP_00540257 
Staphylococcus aureus NCTC 8325 - DsbA YP_501156 
Staphylococcus aureus RF122 - DsbA YP_417746 
Staphylococcus saprophyticus ATCC 15305 - DsbA YP_300579 
Staphylococcus aureus subsp. aureus MRSA252 - YvgV YP_041849 
Staphylococcus haemolyticus JCSC1435 - DsbG YP_252559 
Staphylococcus epidermidis ATCC 12228 - DsbA NP_765542 
Staphylococcus epidermidis RP62A - DsbA YP_189555 
Listeria innocua Clip11262 - DsbA NP_470388 
Listeria monocytogenes str. 1/2a F6854 - DsbG ZP_00233748 
Listeria monocytogenes str. 4b F2365 - DsbG YP_013680 
Lactobacillus sakei subsp. sakei 23K - DsbG YP_395142 
Enterococcus faecalis V583 - DsbA NP_814517 

1 Note that most of these names have not been attributed to the corresponding proteins on the basis of their 
phylogeny, but on the basis of very limited sequence similarity to known E. coli Dsb proteins. 
2 BdbA of B. subtilis is not listed here, because its sequence similarity with the listed BdbD-like proteins is 
too limited for detection by BLAST searches. Homologues of BdbA can be found in B. brevis and B. cereus. 
The name BdbA is used in B. subtilis for historic reasons, but its potential TDOR activity has not been 
demonstrated experimentally.  
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RESULTS 

Evolutionary conservation of TDORs in low-GC Gram-positive Bacteria 

Blast searches with BdbC or BdbD from B. subtilis 168 against the annotated 
genomes of low-GC Gram-positive bacteria revealed that all the sequenced Staphylococcus 
and Listeria species, as well as Lactobacillus sakei and Enterococcus faecalis, contain only 
a BdbD homologue, but lack a BdbC homologue (Table 2). In contrast, most sequenced 
Bacillus species contain both a homologue of BdbC and BdbD. In B. subtilis and B. 
licheniformis the corresponding genes are organized in a bdbDC operon-like structure; in 
all other bacilli these genes are located at distinct genomic positions. Six sequenced low-
GC Gram-positive bacteria contain only a homologue of BdbC, but lack a homologue of 
BdbD. Remarkably, all other sequenced low-GC Gram-positive bacteria lack homologues 
of the known B. subtilis Bdb proteins (or E. coli Dsb proteins). 

To obtain insight into the evolutionary relationships between the BdbD homologues 
of low-GC Gram-positive bacteria, we performed a most parsimonious tree analysis on the 
corresponding sequences. The maximum parsimony analysis resulted in 3 most 
parsimonious trees (973 steps long, CI excluding uninformative characters = 0.7657, RI = 
0.8265, RC = 0.6328). After testing these with bootstrap, one most parsimonious 50% 
majority rule tree was obtained as shown in Fig. 1. This tree clearly reveals distinct 
evolutionary groups that relate to different clusters of Bacillus, Staphylococcus and 
Listeria species. Notably, the “listerial cluster” also includes Enterococcus faecalis and 
Lactobacillus sakei. The clustering of BdbD homologues into three groups of low-GC 
Gram-positive bacteria is underscored by the results of topology predictions with the 
prediction programs SignalP, LipoP and TMHMM (data not shown). All the BdbD 
homologues of bacilli are predicted membrane proteins, whereas the staphylococcal 
homologues are predicted lipoproteins. These predictions are fully consistent with the 
observations that BdbD of B. subtilis is a membrane protein (Tjalsma and van Dijl, 2005) 
and that DsbA of S. aureus is a lipoprotein (Dumoulin et al., 2005). Remarkably, the BdbD 
homologues in the listerial cluster are predicted cytoplasmic proteins, suggesting that these 
proteins have evolved to biological functions that are completely different from those of 
the extracytoplasmic BdbD homologues of bacilli and staphylococci. For this reason, we 
excluded the BdbD homologues of the listerial cluster from further studies. Most 
importantly, the phylogenetic analyses imply that the closely related BdbD homologues of 
Bacillus species act in concert with cognate BdbC homologues, while the staphylococcal 
BdbD homologues seem to act independently of BdbC partner proteins.  

 

Expression of S. aureus dsbA in B. subtilis 

To test the hypothesis that staphylococcal DsbA can act independently of a BdbC 
homologue, we followed a heterologous approach for dsbA expression in B. subtilis BdbC- 
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Figure. 1. Most parsimonious 50% majority rule tree of BdbD homologues from low-GC Gram-
positive bacteria. Schematic representation of the evolutionary conservation of BdbD homologues in low-
GC Gram-positive bacteria. Names of species used in this figure are abbreviations of the full names given in 
Table 2 (Ban, B. anthracis, Bce, Bacillus cereus, Bli, B. licheniformis, Bsu, B. subtilis, Bth, B. thuringiensis, 
Bwe, B. weihenstephanensis, Efa, E. faecalis, Lmo, L. monocytogenes, Lin, L. inocua, Lsa, L. sakei, Sau, S. 
aureus, Sep, S. epidermidis, Sha, S. haemolyticus, Ssa, S. saprophyticus). The calculated maximum 
parsimony values are shown at the nodes. Sequence accession numbers of the BdbD homologues used are 
depicted in Table 2. The tree is unrooted, though four BdbD homologues of high-GC Gram-positive bacteria 
were included to represent an outgroup. These outgroup species are Frankia sp. CcI3; Rubrobacter 
xylanophilus (Rxy) DSM 9941; Streptomyces coelicolor (Sco) A3(2); and Corynebacterium efficiens (Cef) 
YS-314. The clusters of BdbD homologues from the Bacillus, Staphylococcus and Listeria species and the 
outgroup are encircled. BdbD of B. subtilis 168 and DsbA of S. aureus NCTC8325 are boxed. The tree 
branch for highly related BdbD homologues of B. anthracis, B. cereus, and B. thuringiensis species is 
enlarged (marked a, b, c).  

 
proficient or deficient host strains. For this purpose, we used the currently best 
characterized staphylococcal DsbA protein, DsbA from S. aureus NCTC 8325, hereafter 
referred to as DsbA. 

To express DsbA in B. subtilis, the pXTC system was used, which allows xylose 
inducible expression from a chromosomally integrated cassette (Fig. 2). Unfortunately, the 
authentic S. aureus DsbA protein was not detectably produced in B. subtilis, despite 
efficient transcription from the xylA promoter (data not shown). Therefore, we fused the  
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Figure 2. Construction of the XdsbA Strain. Schematic representation of the chromosomal region of 
strains containing the XTCdsbA cassette, integrated in the amyE gene via a double crossover recombination 
event. This cassette encodes the mature dsbA gene from S. aureus fused to the ribosomal binding site and 
signal sequence of mntA from B. subtilis. The hybrid dsbA gene is transcribed from a xylose-inducible 
promoter (PxylA). xylR, gene specifying the XylR repressor protein; amyE’, 3’ truncated amyE gene; ‘amyE, 5’ 
truncated amyE gene; TcR, tetracycline resistance marker.    
 
sequence encoding the mature DsbA lipoprotein to the ribosomal binding site and signal 
sequence of the B. subtilis mntA gene, which codes for an abundantly expressed lipoprotein 
of this organism (Antelmann et al., 2001). Upon integration of the XTCdsbA cassette 
containing this hybrid dsbA gene into the B. subtilis 168 chromosome, xylose-inducible 
expression of cell-associated DsbA was obtained. Importantly, efficient xylose-inducible 
DsbA expression could be detected in all B. subtilis bdb mutant strains containing the 
XTCdsbA cassette (Fig. 3A; in what follows, strains containing this cassette are referred to 
as XdsbA). As expected, the cellular levels of DsbA depended on the amount of xylose 
added to the growth medium (Fig. 3B, upper left panel). Notably, overexposure of these 
membranes revealed that low amounts of DsbA were already produced by the uninduced 
XdsbA strain (Fig. 3B, upper right panel). This can be attributed to the fact that the xylA 
promoter is slightly leaky in the absence of added xylose (Tjalsma et al., 1998). The largest 
levels of cellular DsbA were observed when the XdsbA cells were induced with 0.6% 
xylose or more (not shown). To estimate the amounts of expressed DsbA protein, ~3µg of 
purified DsbA-His6 protein was loaded on the gels. This resulted in a signal that was 
comparable to the DsbA signal obtained for samples of cells grown in the presence of 0.2% 
xylose (Fig. 3B, upper left panel), indicating that these cells produced ~75 mg DsbA per 
liter.  

To determine under which conditions the DsbA production levels are comparable 
with the BdbD levels in B. subtilis, semi-quantitative Western blotting experiments were 
performed. For this purpose, we made use of the fact that our anti-BdbD serum cross-reacts 
with the His-tag in DsbA-His6. Accordingly, the pure DsbA-His6 could be used as a 
standard to compare the relative amounts of DsbA and BdbD. As shown in figure 3B 
(upper left panel), the amount of DsbA produced by XdsbA cells grown in LB medium 
with 0.2% xylose, is comparable to the amount of BdbD in these cells. Similarly, we 
investigated the production of DsbA by cells grown in S7 minimal medium with cysteine 
(Fig. 3C), or without cysteine (Fig. 3D). The results showed that higher amounts of xylose 
were needed to induce DsbA production by cells grown in the S7 minimal media. 
Specifically, comparable levels of DsbA and BdbD were produced when XdsbA cells were 
grown in the presence of 2% xylose. This effect can be attributed to the high amount of 
glucose present in S7 media, which is known to repress the xylose promoter.  
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Figure 3. Expression of S. aureus dsbA in B. subtilis. (A) The presence of DsbA in cells of the B. subtilis 
strains 168, bdbD, bdbD-XdsbA, bdbC, bdbC-XdsbA, bdbCD, bdbCD-XdsbA, bdbABCD, bdbABCD-
XdsbA, and XdsbA was investigated by SDS-PAGE and Western blotting with specific antibodies against 
DsbA. The different strains were grown overnight in the presence of 2% xylose in LB medium. (B) B. 
subtilis strain XdsbA was used to investigate the cellular levels of DsbA and BdbD by SDS-PAGE and 
Western blotting with specific antibodies against DsbA and BdbD. Cells were grown in LB medium without 
xylose (0), or with 0.2% (0.2) or 2% (2) xylose for induced DsbA production. Protein samples were loaded in 
duplicate on a gel, separated by elecrophoresis and electro-transferred to a membrane. For immunodetection, 
the membrane was cut in two halves, one of which was decorated with DsbA-specific antibodies and the 
other with BdbD-specific antibodies (upper left panel). Subsequently, the presence of GroEL on both 
membranes was monitored with specific antibodies against GroEL as a control for sample loading (lower 
panel). For visualization of low amounts of DsbA in uninduced cells of B. subtilis XdsbA, the upper right 
panel shows an overexposed image of the 0 and 0.2% xylose lanes of the membrane decorated with DsbA-
specific antibodies. (C) Same as (B), except that B. subtilis XdsbA was grown in S7 minimal medium 
containing cysteine. (D) Same as (B), except that B. subtilis XdsbA was grown in S7 minimal medium 
without cysteine. As a control, ~3 µg purified His-tagged DsbA was loaded onto each gel “C”. Due to the 
presence of the His6-tag, the purified pre-DsbA has a lower mobility (~24 kDa) on SDS-PAGE than the 
corresponding mature DsbA form (~23 kDa) present in cells of B. subtilis (note that BdbD runs at ~25 kDa). 
Molecular weight markers are indicated. Each lane of the gels was loaded with an amount of protein that 
corresponds to 40 µl of cultured cells with an OD600 of 3.0. 
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DsbA production in B. subtilis promotes folding of secreted E. coli PhoA 

E. coli PhoA is a sensitive reporter for extracytoplasmic TDOR activity in B. 
subtilis, because this protein with two disulfide bonds requires these enzymes for folding 
into a protease-resistant conformation (Bolhuis et al., 1999; Meima et al., 2002). 
Especially in the absence of BdbC and/or BdbD, the unfolded PhoA is readily degraded in 
the highly proteolytic environments of the B. subtilis cell wall and growth medium (Sarvas 
et al., 2004). This basically provides an in vivo protease protection assay for probing the 
folding efficiency of secreted PhoA. Accordingly, we investigated the possible effect of 
DsbA on the extracellular accumulation of active PhoA. To this purpose, the B. subtilis 
XdsbA strain containing the integrated XTCdsbA cassette and the parental strain 168 were 
transformed with plasmid pPSPhoA5, which encodes secreted E. coli PhoA. Co-production 
of DsbA with PhoA resulted in significantly increased levels of PhoA activity in the LB 
growth medium of B. subtilis XdsbA, as compared to the parental strain (Fig. 4A). 
Maximum PhoA activity was observed when the XdsbA cells were induced with 0.2% 
xylose (data not shown). In fact, the very low amounts of DsbA, as produced by the 
uninduced XdsbA strain, were already sufficient to result in an increased extracellular 
accumulation of active PhoA. As demonstrated by proteomics analyses on LB growth 
medium fractions of B. subtilis XdsbA grown in the presence or absence of xylose and the 
parental strain 168, neither the presence of xylose in the growth medium, nor the 
production of DsbA caused any detectable changes in the composition of the extracellular 
proteome (data not shown). Taken together, these findings suggest that the DsbA produced 
in B. subtilis is active and able to promote specifically the folding of PhoA into a protease-
resistant and active conformation. 

 

DsbA can replace all the B. subtilis Bbd proteins for secretion of active E. 

coli PhoA 

To functionally compare the DsbA system of S. aureus with the BdbABCD system 
of B. subtilis, we produced DsbA from the XTCdsbA cassette in various bdb mutant B. 
subtilis strains grown in LB medium with 0.2% xylose, and used PhoA (encoded by 
pPSPhoA5) as a reporter for extracytoplasmic TDOR activity. As shown above, addition of 
0.2% xylose to LB medium resulted in the production of DsbA by B. subtilis XdsbA 
strains in amounts that were comparable with the amounts of BdbD. Therefore, we used 
this concentration of xylose in all experiments in which PhoA-producing cells were grown 
in LB. As shown in Fig. 4A, PhoA activity was restored to significant levels by the 
production of DsbA in strains lacking BdbC and/or BdbD. Even a strain lacking all four 
Bdb proteins produced active PhoA at similar levels as the strains lacking BdbC or BdbD 
upon DsbA production. However, the levels of extracellular PhoA activity of the  
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Figure 4. Production of E. coli PhoA by B. subtilis bdb Mutants also Producing DsbA. (A) The B. 
subtilis XdsbA, bdbD, bdbD-XdsbA, bdbC, bdbC-XdsbA, bdbCD, bdbCD-XdsbA, bdbABCD, bdbABCD-
XdsbA strains, and the parental strain 168, were transformed with pPSPhoA5 for E. coli PhoA production. 
All strains were grown overnight in LB medium containing 0.2% xylose. Next, growth medium samples were 
withdrawn for alkaline phosphatase activity assays (A) as well as SDS-PAGE and Western blotting with 
PhoA specific antibodies (B). The presence or absence of pPSPhoA5, the XTCdsbA cassette, bdbD, bdbC or 
bdbAB is indicated for both panels. PhoA activity is given in U/ml/OD600. The Arrow in panel B indicates the 
position of mature PhoA (mPhoA). Bands with a higher mobility on SDS-PAGE are breakdown products of 
PhoA. (C) The B. subtilis XdsbA, bdbABCD, bdbABCD-XdsbA strains, and the parental strain 168, were 
transformed with pPSPhoA5 for E. coli PhoA production. All strains were grown overnight in S7 medium 
with 2% xylose and cysteine. Next, growth medium samples were withdrawn for PhoA activity assays. The 
presence or absence of cysteine, pPSPhoA5, the XTCdsbA cassette, or bdbABCD is indicated. PhoA activity 
is given in U/ml/OD600. (D) Same as for panel C, except that the medium was cysteine-free. 
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complemented strains remained lower than that of the parental strain 168. Importantly, the 
levels of PhoA activity in the different growth medium samples correlated well with the 
levels of PhoA protein detected in the respective samples, as shown by Western blotting 
(Fig. 4B). These observations show that DsbA can replace all four Bdb proteins of B. 
subtilis for folding of E. coli PhoA into an active and protease resistant conformation. 
Moreover, DsbA does not need the presence of a BdbC-like protein for this activity in 
PhoA folding. This implies that DsbA was reoxidized in a BdbC-independent manner. 

In order to investigate whether cystine, the readily air-oxidized form of cysteine 
present in cysteine-rich media, could play a role in the reoxidation of DsbA, PhoA activity 
measurements were performed with B. subtilis strains harboring plasmid pPSPhoA5 grown 
on S7 minimal medium with or without cysteine. Both S7 media were supplemented with 
2% xylose, since addition of this amount of xylose to S7 medium resulted in the production 
of DsbA by B. subtilis XdsbA strains in amounts that were comparable with the amounts of 
BdbD. As shown in Fig. 4C, expression of DsbA in B. subtilis grown on S7 medium 
containing cysteine resulted in higher PhoA activities compared to the parental strain 168, 
as was observed for cells grown in LB. In addition, DsbA was also able to replace at least 
partly all the Bdb proteins in PhoA folding. However, when cells were grown in S7 
medium lacking cysteine (Fig. 4D), a contribution of DsbA to PhoA folding was no longer 
detectable since DsbA expression did not result in elevated PhoA activities in the growth 
medium. Together, these observations suggest that DsbA is most likely reoxidized by 
redox-active growth medium components, such as cystine, instead of a quinone 
oxidoreductase as is the case for BdbD.  

 

DsbA complements bdbC/bdbD mutants for competence 

The pseudopilin ComGC, which is an important element of the DNA uptake 
machinery of B. subtilis, was previously shown to require both BdbC and BdbD for folding 
and biological activity (Meima et al., 2002). In contrast to E. coli PhoA secretion, the 
development of competence for DNA binding and uptake is a natural property of B. 
subtilis that can be used to study the extent to which DsbA can compensate for the absence 
of BdbC and/or BdbD. Therefore, we assessed competence development in the various 
bdbC and/or bdbD mutant strains, with or without expression of DsbA. Table 3 
summarizes the results. Under the conditions tested, the deletion of both bdbC and bdbD 
impaired competence development almost completely, and the disruption of only bdbD had 
a major negative impact on this process. Mutation of bdbC also had a negative effect on 
competence development, but not as severely as previously reported (Meima et al., 2002). 
Most likely, this is due to the specific competence regime used in this study. Interestingly, 
the expression of DsbA in these strains resulted in a significant increase in their 
transformability. This was most clearly evident in the strain lacking BdbC and BdbD.  
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Table 3. Transformability of Various bdb Mutant and DsbA-Complementation Strains. Cells were 
grown in the presence of 2% xylose. Transformability was expressed as the percentage of chloramphenicol 
resistant transformants of the total viable count.   
strain Relevant genotype Transformability 
  Viable count (x 106) CmR colonies Frequency  % of 168 
      

168 Parental strain 38.0 180.3 4.7E-04 100.0 

XdsbA amyE::XTCdsbA 52.3 386.0 7.4E-04 155.4 

bdbD bdbD::pMutin2mcs 51.0 9.7 1.9E-05 4.0 

bdbD-
XdsbA 

bdbD::pMutin2mcs; 
amyE:: XTCdsbA 

58.0 47.7 8.2E-05 17.3 

bdbC bdbC::KmR 50.3 135.7 2.7E-04 56.8 

bdbC-
XdsbA 

bdbC::KmR; 
amyE::XTCdsbA  

64.0 201.7 3.2E-04 66.4 

bdbCD bdbCD::SpR 54.3 6.0 1.1E-05 2.3 

bdbCD-
XdsbA 

bdbCD::SpR; 
amyE::XTCdsbA  

65.0 113.3 1.7E-04 36.7 

      
 

 

Since the assayed competence development data is only an indirect indication of  
TDOR activity, we assayed the levels of ComGC in the various strains by Western 
blotting. Since not all cells in a culture become competent, only low amounts of ComGC 
are detectable unless ComGC production is stimulated artificially. This can be achieved by 
overproduction of the ComS peptide, through introduction of the multicopy plasmid 
pComS that carries the comS gene (Fig. 5; (Hahn et al., 1996)). As shown in Fig. 5, 
ComGC was barely detectable in cells lacking the bdbC and bdbD genes. The level of 
ComGC was increased upon introduction of plasmid pHB-bdbCD, confirming that BdbC 
and BdbD are required for folding of ComGC into a stable conformation. Notably, the fact 
that the ComGC level remained lower than in the parental controls can be explained by the 
fact that the level of BdbD produced from plasmid pHB-bdbCD is much lower than the 
BdbD level in the parental strain (Fig. 5, lower panel), which explains for the partial 
restoration of the ComGC level in this strain. The production of ComGC was also restored 
when DsbA was expressed in bdbD or bdbCD mutant cells, albeit to levels that were lower 
than those observed in bdbCD mutant cells containing pHB-bdbCD (Fig. 5). This finding 
is consistent with the observation that DsbA production does not fully restore competence 
development in bdbCD mutant cells (Table 3). Nevertheless, the results show that DsbA is 
able to complement, at least partly, for the absence of BdbC and BdbD in the correct 
folding of ComGC to a protease-resistant and biologically-active conformation.  
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Figure 5. Production of ComGC in bdb Mutants also Producing DsbA. The presence of ComGC in cell 
wall fractions of cells of B. subtilis 168, bdbCD, bdbCD+pHB-bdbCD, bdbCD-XdsbA, and bdbD-XdsbA 
was detected by Western blotting with antibodies raised against ComGC. Cells were grown to maximum 
competence in PM medium with 2% xylose. Subsequently, the cells were protoplasted and the protoplast 
supernatant was used for blotting as previously described (Meima et al., 2002). The cell wall fraction 
equivalent to 4.5 ml culture with an OD600 of ~3.0 was loaded in each lane of the gel. As a control, the 
presence of DsbA and BdbD was analyzed in cell lysates. In this case, each lane of the gels was loaded with 
an amount of protein that corresponds to 40 µl of cultured cells with an OD600 of ~3.0. To increase the level 
of ComGC production, all assayed strains contained plasmid pComS, except a 168 control strain (marked “no 
pComS”). The position of ComGC, DsbA and BdbD is indicated by arrows in the respective panels. X marks 
an unidentified cross-reacting band, which can be regarded as an internal standard. 
 
 

DsbA Can Sustain Sublancin 168 Production 

The secretion of active sublancin 168 by B. subtilis requires the presence of BdbB, 
and to a lesser extent BdbC (Dorenbos et al., 2002). This makes sublancin 168 suitable as a 
reporter protein for TDOR activity. Furthermore, our previous studies have shown that 
BdbA is dispensable for the production of active sublancin 168. So far, it was not known, 
however, whether BdbD is involved in this process. To know precisely which Bdb proteins 
of B. subtilis are required for sublancin 168 production (before assessing possible effects of 
DsbA), we studied the role of BdbD in this process. For this purpose, production of 
sublancin 168 by a bdbAD double mutant was monitored, using B. subtilis �SPß as a 
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sublancin 168-sensitive indicator strain. The results in Fig. 6A show that there is no 
difference in sublancin 168 dependent growth inhibition of the �SPß indicator strain by the 
bdbAD double mutant as compared to the parental strain. This shows that neither BdbA nor 
BdbD are required for sublancin 168 production and that, apparently, BdbB and BdbC are 
the only Bdb proteins required for this process.  

Finally, we investigated whether DsbA could complement for the absence of both 
BdbB and BdbC in sublancin 168 production. For this purpose, we assayed the production 
of sublancin 168 by a bdbBC-XdsbA strain. It should be noted that xylose binds to 
sublancin 168, thereby inactivating this lantibiotic (Dorenbos et al., 2002). Therefore, we 
assayed sublancin 168 production in the absence of xylose. As shown in Fig. 6B, deletion 
of both bdbB and bdbC resulted in a complete inhibition of sublancin 168 production. 
Introduction of the XTCdsbA cassette in this bdbBC mutant was sufficient to restore the 
sublancin 168 production to an intermediate level, while this was not the case when the 
“empty” XTC cassette was introduced. However, the presence of increasing amounts of 
xylose did not result in increased growth inhibition of the �SPß indicator by the bdbBC 
XdsbA strain. Together, these findings show that DsbA is able to complement at least 
partially for both BdbB and BdbC in sublancin 168 production.  
 
 

 
 

Figure 6. Sublancin 168 production by bdb mutants also producing DsbA. Sublancin 168 production by 
various strains was assayed with a sublancin-sensitive B. subtilis �SP� indicator strain. Sublancin 168 
activity is visualized by zones of growth inhibition around spotted cells producing this lantibiotic. (A) 
Sublancin 168 production by B. subtilis 168 and bdbAD. (B) Sublancin 168 production by B. subtilis 168, 
bdbBC, BdbBC-X and bdbBC-XdsbA.  
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DISCUSSION 

In the present studies, we compared the biological activity of TDORs from B. 
subtilis and S. aureus. Guided by the results of phylogenetic analyses, we addressed the 
question whether the TDOR systems of low-GC Gram-positive bacteria, such as B. subtilis 
and S. aureus, have a modular composition. The results show that this is indeed the case. 
Specifically, three novel findings are reported here. First, we show that the lipoprotein 
DsbA of S. aureus can perform its TDOR function by itself in a heterologous background, 
namely B. subtilis lacking all TDORs that have been implicated in extracytoplasmic 
oxidation of disulfide bond-containing proteins (i.e. B. subtilis BdbA-D). The second 
novelty is that DsbA does not need the presence of a TDOR-quinone oxidoreductase, like 
DsbB of E. coli, for its biological activity. Instead, it seems that DsbA can be reoxidized by 
redox-active compounds in the extracellular milieu. This is completely different from the 
situation in B. subtilis, where the DsbA homologue BdbD does require such a TDOR-
quinone oxidoreductase, namely BdbC. A third novel observation is that the two known 
TDOR-quinone oxidoreductases of B. subtilis, BdbB and BdbC, can act independently of 
other Bdb proteins in the formation of sublancin 168.   

Since at least three disulfide bond-containing reporter proteins, including two 
native proteins and one heterologous protein, are known to require TDOR activity in B. 
subtilis, we decided to study DsbA function in B. subtilis rather than S. aureus, where 
DsbA substrates have not yet been identified (Dumoulin et al., 2005). Use of B. subtilis to 
study DsbA function in vivo has two major advantages. First, the cell envelope architecture 
of B. subtilis and S. aureus is very similar, both organisms being related low-GC Gram-
positive bacteria. Second, none of the B. subtilis Bdb proteins implicated in 
extracytoplasmic protein oxidation is essential for cell growth and viability (Erlendsson 
and Hederstedt, 2002; Kobayashi et al., 2003), which allowed the analysis of DsbA 
function in the absence of individual or multiple Bdb proteins. As previously shown by 
Dumoulin et al. (2005), DsbA is a very strong oxidase, at least in vitro. Our in vivo 
complementation experiments now show that DsbA can replace the known Bdb proteins of 
B. subtilis in three distinct processes that involve disulfide bond-containing proteins: 
folding of secreted E. coli PhoA (two disulfide bonds) into an active and protease-resistant 
conformation (Bolhuis et al., 1999), folding of B. subtilis ComGC (one disulfide bond) 
into an active and protease-resistant conformation (Meima et al., 2002), and secretion of B. 
subtilis sublancin 168 (two disulfide bonds) with bactericidal activity (Dorenbos et al., 
2002). On the contrary, our proteomics analyses show that DsbA does not impact on the 
remaining extracytoplasmic proteins that can be visualized by two-dimensional gel 
electophoresis. Together, these findings strongly support the view that DsbA can replace 
the Bdb proteins in the specific oxidation of certain extracytoplasmic proteins that are 
sorted to the membrane and cell wall (i.e. ComGC) or growth medium (i.e. PhoA and 
sublancin 168). Notably, the Bdb’s of B. subtilis have evolved to different functions in 
ComGC (depends on BdbCD) and sublancin 168 biogenesis (depends on BdbBC) and this 
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difference in substrate specificity is also reflected in the heterologous secretion of E. coli 
PhoA (depends on BdbBCD). It is therefore remarkable that DsbA can sustain all three 
processes, albeit with a reduced efficiency compared to the authentic Bdb proteins. This 
reduced efficiency may relate to the fact that DsbA has evolved in S. aureus to modulate 
the folding of S. aureus-specific proteins, to the expression level of DsbA in B. subtilis, or 
to a limited reoxidation of DsbA under the conditions tested.  

An important conclusion from the present studies is that DsbA does not need other 
known TDORs for its re-oxidation. In particular, the results obtained with E. coli PhoA 
show unambiguously that DsbA can perform its function independently of the B. subtilis 
BdbABCD proteins in catalytic amounts, as the DsbA production level resembles that of 
BdbD. This is remarkable because BdbD, which is the B. subtilis homologue of DsbA, 
does not efficiently promote PhoA folding in the absence of the TDOR-quinone 
oxidoreductase BdbC (Bolhuis et al., 1999; Meima et al., 2002). Thus, it is reasonable to 
assume that BdbC is required for re-oxidation of BdbD even though this has not yet been 
shown biochemically (Sarvas et al., 2004). This previous observation on BdbCD function, 
together with the present DsbA complementation studies in B. subtilis, raised the question 
how DsbA becomes re-oxidized after oxidizing a substrate protein. Possible answers to this 
intriguing question could be that DsbA mainly functions as an isomerase and/or chaperone, 
or that DsbA transfers its electrons directly to as yet unidentified proteins or quinones in 
the electron transport chain, or that DsbA is directly reoxidized by molecular oxygen. The 
latter possibilities could perhaps be tested in future studies by growing DsbA-producing 
cells under anaerobic growth conditions. Another possibility was that certain other 
components in the extracellular milieu of S. aureus, such as cystine in the blood of 
colonized hosts, could be involved in the reoxidation of DsbA (Dumoulin et al., 2005). 
This idea was tested by growing cells in minimal medium plus or minus cysteine, which is 
readily oxidized to cystine under aerobic conditions. Indeed, our experiments showed that 
the addition of cysteine was needed to detect the PhoA folding activity of DsbA when cells 
were grown in S7 minimal medium. This implies that DsbA is able to reduce certain 
medium compounds in order to become reoxidized for another catalytic cycle, at least 
when produced in B. subtilis. It is presently not known to what extent redox-active 
components of the different staphylococcal growth environments contribute to DsbA re-
oxidation in S. aureus.    

A completely unexpected observation was that the two TDOR-quinone 
oxidoreductases of B. subtilis, BdbB and BdbC, are sufficient to sustain the production of 
active sublancin 168. Although it has not yet been shown that these two proteins are 
directly involved in the oxidation of sublancin 168, their direct involvement seems a very 
likely possibility (Dorenbos et al., 2002). Notably, DsbA does not show any structural 
similarity to BdbB and BdbC (this study and unpublished observations). Therefore, it was 
a highly surprising finding that DsbA can replace these TDOR-quinone oxidoreductases in 
the production of active sublancin 168. This result seems to suggest that DsbA might also 
have a TDOR-quinone oxidoreductases function. However, we consider this possibility 
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unlikely, because of the complete lack of sequence similarity between DsbA and known 
quinone oxidoreductases and, in particular, the absence of an additional pair of cysteines 
that would be required for the transfer of electrons from DsbA to quinones as was 
previously shown for the TDOR-quinone oxidoreductases DsbB of E. coli (Jander et al., 
1994). Such an additional cysteine pair is present in BdbB and BdbC (Bolhuis et al., 1999). 
In any case, the function of BdbB and BdbC independent of a BdbD-like TDOR in a 
biological process is consistent with the observation that some low-GC Gram-positive 
bacteria, such as Bacillus halodurans, Geobacillus kaustophilus, Bacillus clausii and 
Oceanonbacillus iheyenis, have a BdbC homologue, but lack a BdbD homologue. It is thus 
conceivable that the presence of a TDOR-quinone oxidoreductase is sufficient to facilitate 
the oxidation of certain extracytoplasmic proteins in these species.   

In summary, our present studies on the Bdb proteins of B. subtilis and DsbA of S. 
aureus justify the conclusion that analogous TDOR systems for the oxidation of 
extracytoplasmic proteins have evolved in the low-GC Gram-positive genera Bacillus and 
Staphylococcus. This view is supported by phylogenetic analyses combined with 
topological predictions, indicating that the Bacillus TDORS have evolved into integral 
membrane proteins, while the Staphylococcus TDORs have evolved into lipoproteins. 
Importantly, the present observations indicate that the BdbC-, BdbD- and DsbA-like 
TDORs can be regarded as functional modules that can act in different combinations. This 
modular composition of TDOR systems is probably also conserved in bacterial genera 
other than the low-GC Gram-positive bacteria since the presence of BdbC-, BdbD- and 
DsbA-like TDORs is widespread amongst all bacteria. Even though BdbD- and DsbA-like 
TDORs are homologous, they display functional differences. While DsbA can replace 
BdbC- and BdbD-like TDORs for all processes studied, the BdbC-like TDORs can either 
function individually, or in conjunction with BdbD-like TDORs. Whether BdbD-like 
TDOR modules can function independently of a BdbC-like TDOR is currently not known. 
To obtain a more comprehensive view on TDOR function in low-GC Gram-positive 
bacteria, our ongoing studies are aimed at identifying the natural TDOR substrates in B. 
subtilis and S. aureus, and at determining how the actions of Bacillus Bdb proteins are 
either concerted or separated in the different processes sustained by these TDORs. 
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EXPERIMENTAL PROCEDURES 

Sequence similarity searches, alignment and tree reconstruction 

Sequence similarity searches were performed with the standard protein-protein BLAST algorithm 
(blastp) (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi) against all the annotated microbial genomes of 
the Firmicutes (i.e. low-GC Gram-positive bacteria) at NCBI, using GenBank as the database. Homologous 
sequences were obtained and used for alignment with ClustalX software (version 1.8), using the Blossum 30 
matrix as pairwise and multiple alignment parameters. Default gap opening and extension parameters were 
applied. Minor changes in the alignment were introduced manually. Multiple insertions and deletions were 
removed. Tree reconstruction was performed according to the maximum parsimony method as implemented 
in the program PAUP (version 4.0b10) and visualized with the program Treeview (version 1.616). Of the 159 
total characters used for the heuristic search, six characters were constant and three variable characters were 
parsimony-uninformative, leaving 150 parsimony-informative characters. Ten random additions of sequences 
were applied with the branch swapping/tree-bisection-reconnection algorithm. Bootstrap values were 
calculated with 1000 replications. Four additional sequences of BdbD homologues from the high-GC Gram-
positive bacteria Frankia sp. CcI3, Rubrobacter xylanophilus (Rxy) DSM 9941, Streptomyces coelicolor 
(Sco) A3(2) and Corynebacterium efficiens (Cef) YS-314 were included in the analysis as outgroups to root 
the tree. Predictions of subcellular locations of proteins were performed with the SignalP, LipoP and 
TMHMM algorithms (http://www.cbs.dtu.dk/) (Bendtsen et al., 2004; Juncker et al., 2003).  

 
Plasmids, bacterial strains and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 4. Strains were grown with 
agitation at 37ºC in either Luria Bertani (LB) medium, S7 minimal salt medium or Paris Minimal (PM) 
medium. LB medium consisted of 1% tryptone, 0.5% yeast extract and 1% NaCl, pH 7.4. S7 medium 
consisted of 20 mM potassium phosphate (pH 7.0), 10 mM (NH4)2SO4, 20 mM sodium glutamate (pH 7.0), 2 
mM MgCl2, 0.7 mM CaCl2, 50 µM MnCl2, 5 µM FeCl3, 1 µM ZnCl2, 2 µM thiamine, 2% glucose and all 20 
amino acids at 2 mg/ml including or excluding cysteine. PM consisted of 10.7 mg/ml K2HPO4, 6 mg/ml 
KH2PO4, 1 mg/ml trisodium citrate, 0.02 mg/ml MgSO4, 1% glucose, 0.1% casamino acids (Difco), 20 �g/ml 
L-tryptophan, 2.2 �g/ml ferric ammonium citrate and 20 mM potassium glutamate. If appropriate, media 
were supplemented with antibiotics at the following concentrations: ampicilin (Ap), 100 �g/ml (E. coli); 
erythromycin (Em), 100 �g/ml (E. coli) or 2 �g/ml (B. subtilis); chloramphenicol (Cm), 5 �g/ml (B. subtilis); 
tetracycline (Tc), 10 �g/ml (B. subtilis); spectinomycin (Sp), 100 �g/ml (B. subtilis); kanamycin (Km), 50 
�g/ml (E. coli) or 20 �g/ml (B. subtilis). To visualize �-amylase activity (specified by the amyE gene), LB 
plates were supplemented with 1% starch. 

 

DNA techniques 

Chromosomal DNA of B. subtilis was isolated according to Bron and Venema (Bron and Venema, 
1972). Plasmid DNA from E. coli was isolated using the alkaline lysis method (Sambrook et al., 1989), or 
using the High Pure Plasmid Isolation Kit according to the protocol supplied by the manufacturer (Roche 
Applied Science). Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli cells were carried out as previously described (Sambrook et al., 1989). B. 
subtilis was transformed as described by Kunst and Rapoport (Kunst and Rapoport, 1995). PCR was carried 
out with the Pwo DNA polymerase, using chromosomal or plasmid DNA as a template. All PCR fragments 
were ligated in pUC18 and used for transformation of E. coli DH5�, or ligated in the pTOPO® vector and 
used for transformation of E. coli TOP10 Competent Cells (Invitrogen). All constructs were checked by 
sequencing.  
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Table 4. Plasmids and strains used in this study  

Plasmids Relevant properties Reference 
pTOPO pCR®-Blunt II-TOPO® vector; KmR (Invitrogen Life 

technologies) 
pUC18 ApR, ColE1, �80dlacZ, lac promotor 

 
(Norrander et al., 1983) 

pET26b(+) T7lac; His(6)-tag; pelB-leader; enterokinase protease site. 
5.4 kb; KmR 

Novagen, Inc. 

pET26dsbA pET26b(+) derivative; contains the dsbA gene from S. 
aureus 

This work 

pPSPhoA5 plasmid carrying the E. coli phoA gene fused to the prepro-
region of the lipase gene from Staphylococcus hyicus; used 
for efficient PhoA synthesis and secretion in B. subtilis; 
CmR 

(Darmon et al., 2006) 

pXTC pX derivative containing a tetracycline resistance marker 
instead of a chloramphenicol resistance maker; 8.4 kb, ApR; 
TcR 

(Darmon et al., 2006) 

pXTCdsbA  pXTC carrying dsbA of S. aureus fused to the signal 
sequence and RBS of mntA of B. subtilis under the 
transcriptional control of the xylA promoter; ApR; TcR 

This work 

pHB201 ori-pBR322 ori-1060 cat86::lacZa; CmR; EmR (Bron et al., 1998) 
pHB-bdbCD pHB201 vector carrying the bdbDC operon fused to a C-

terminal his(6) sequence tag; original strain collection name 
pHB-DCh 

This work 

Strains   
S. aureus   
 RN4220 Restriction-deficient derivative of NCTC 8325, cured of all 

known prophages 
(Kreiswirth et al., 1983) 

E. coli   
 DH5� supE44; hsdR17; recA1; gyrA96; thi-1; relA1 

 
(Hanahan, 1983) 

 TOP10 Cloning host for pTOPO vector; F- mcrA �(mrr-hsdRMS-
mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(araleu) 
7697 galU galK rpsL (StrR) endA1 nupG 

(Invitrogen Life 
technologies) 

B. subtilis   
 168 trpC2 (Kunst et al., 1997) 
 bdbA trpC2; �bdbA (originally referred to as �bdbA) (Dorenbos et al., 2002) 
 bdbB trpC2; bdbB::pMutin2mcs (Bolhuis et al., 1999) 
 bdbC trpC2; bdbC::KmR (Dorenbos et al., 2002) 
 bdbD trpC2; bdbD::pMutin2mcs (Meima et al., 2002) 
 �SPß  trpC2; �SPß; sublancin 168 sensitive; laboratory name 

CBB312 
(Dorenbos et al., 2002) 

 bdbAD trpC2; �bdbA; bdbD::pMutin2mcs This work 
 bdbBC trpC2; bdbB::pMutin2mcs; bdbC::KmR (Dorenbos et al., 2002) 
 bdbCD trpC2; bdbCD::SpR This work 
 bdbABCD trpC2; �SPß; bdbCD::SpR This work 
 XdsbA trpC2; amyE::XTCdsbA This work 
 �SPß-XdsbA trpC2; �SPß; amyE::XTCdsbA This work 
 bdbC-XdsbA trpC2; bdbC::KmR; amyE::XTCdsbA  This work 
 bdbD-XdsbA trpC2; bdbD::pMutin2mcs; amyE::XTCdsbA This work 
 bdbBC-X trpC2; bdbB::pMutin2mcs; bdbC::KmR; amyE::XTC This work 
 bdbBC-XdsbA trpC2; bdbB::pMutin2mcs; bdbC::KmR; amyE::XTCdsbA This work 
 bdbCD-XdsbA trpC2; bdbCD::SpR; amyE::XTCdsbA  This work 
 bdbABCD- 
   XdsbA 

trpC2; �SPß; bdbCD::SpR; amyE::XTCdsbA This work 
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Construction of bdb-knockout and complementation strains 

Various previously constructed B. subtilis 168 bdb-mutant strains were used to construct additional 
knockout and complementation strains (Table 4). B. subtilis bdbAD was constructed by transforming strain 
bdbA with genomic DNA of strain bdbD. To construct the B. subtilis bdbCD mutant, a 900 bp fragment 
upstream of the bdbD gene was amplified using the primers pDCd1 (TTGGTATTGGGTGAATGTGC) and 
pDCd2 (CGAAAATCGCCATTCGCCAG CAAACTCATGTCCATCAGCA). Next, a 900 bp fragment 
downstream of the bdbC gene was amplified using the pDCd3 (AACCCTTGCATAGGGGGATC 
TCCGACACCTCATCGTTTTA) and pDCd4 (ATCTGTGCGTAAAGCTTACG) primers. The 5' sequence 
(marked in italics) of the pDCd2 and the pDCd3 primers are complementary to, respectively, the Sp1 
(CTGGCGAATGGCGATTTTCG) and the Sp2 (GATCCCCCTATGCAAGGGTT) primers. The Sp1 and 
Sp2 primers were used to amplify the spectinomycin resistance cassette (1172 bp) from plasmid pDG1726. 
These three PCR fragments were then purified and mixed in equal amounts (100 ng) in a PCR mixture also 
containing the pDCd1 and pDCd4 primers. After 10 cycles with the annealing temperature set at the optimum 
for the Sp1/pDCd2 and Sp2/pDCd3 combinations, the annealing temperature was increased to the optimum 
for the pDCd1 and pDCd4 primers, and the PCR reaction was continued for 20 cycles. The size of the final 
product (2972 bp) was checked on agarose gel. After purification, the PCR product was used to directly 
transform competent B. subtilis 168 cells, and the cells were selected on media containing spectinomycin. 
The spectinomycin-resistant colonies obtained were checked by Western blotting for the absence of BdbD 
production. Strain bdbABCD was constructed by transforming the �SP� strain with genomic DNA of the 
bdbCD strain.  

pXTCdsbA, carrying dsbA of S. aureus fused to the signal sequence and ribosomal binding site of 
mntA of B. subtilis under the transcriptional control of the xylA promoter (PxylA), was constructed as follows. 
In a first PCR, a fragment of 92 bp containing the ribosomal binding site and signal sequence of mntA of B. 
subtilis was amplified using the primers pXTC_mntA_AF (GGGGGACTAGTAAGAGGAGG-
AGAAATATG-AGACAA) and pXTC_mntA_AR (TTTTTTACCGCATCCCGTTAAAGCAAAGGTCGC). 
A second PCR fragment of 566 bp resulted from amplifying the dsbA gene of S. aureus using the primers 
pXTC_mntA_AF2 (TTAACGGGATGCGGTAAAAAAGAATCAGCAACG) and pXTC_mntA_AR2 
(GGGGGGGATCCC-TATTTGATTTTATCTTTTAATAACTTC). The resulting two PCR products had an 
overlap of twenty-one nucleotides. Using this overlap, the two different fragments could be fused in 10 PCR 
cycles without added primers. Next, the fused product was PCR-amplified with the primers pXTC_mntAF 
and pXTC_mntAR2 in 20 additional PCR cycles. The resulting product of 637 bp was cloned into pTOPO. 
After sequence verification, the fused dsbA gene was excised from this plasmid with BamHI and SpeI and 
ligated into the same restriction sites of plasmid pXTC, downstream of PxylA, resulting in plasmid pXTCdsbA.  

Plasmid pXTCdsbA was used to integrate the PxylA dsbA construct together with the Tc resistance 
marker of pXTC (hereafter named XTCdsbA cassette), into the amyE locus of B. subtilis 168 and B. subtilis 
�SP� by double cross-over recombination (Fig. 2). Selection for tetracycline resistance, and screening for an 
AmyE-negative phenotype on starch-containing plates enabled us to obtain strains B. subtilis XdsbA and B. 
subtilis �SP�-XdsbA, respectively. Next, the B. subtilis strains bdbC-XdsbA, bdbD-XdsbA, and bdbCD-
XdsbA, were generated by transformation of the XdsbA strain with chromosomal DNA of strains bdbC, 
bdbD, and bdbCD, respectively, and selection of transformants with the appropriate antibiotic(s). Strain 
bdbABCD-XdsbA was generated by transformation of the �SP�-XdsbA strain with chromosomal DNA of 
strain bdbCD. Finally, strain bdbBC-XdsbA was generated by transformation of the XdsbA strain first with 
chromosomal DNA of strain bdbB, and by subsequent transformation of the resulting bdbB-XdsbA strain 
with chromosomal DNA of strain bdbC. It should be noted that the deletion of bdbC and bdbD severely 
affects competence development (Meima et al., 2002). Therefore, the introduction of the bdbC and bdbD 
mutations represented the final step in most strain constructions. 

Plasmid pHB-bdbCD was constructed as follows. The BdbDC operon was amplified using primers 
pDCh1 (GGGGGCATATGAAACGATGAGGTGTCGGAGT) carrying the RBS of the bdbD gene, and 
pDCh2 (GGGGGGGATCCTTAGTGGTGGTGGTGGTGGTGTTCAGATTTTTCGCCTTTCA), carrying an 
NdeI site and a BamHI site respectively (underlined in the primer sequences). The use of pDCh2 results in C-
terminal 6His-tagging of BdbC (the sequence encoding the 6His-tag is marked in italics). The resulting PCR 
product of 1148 bp and the plasmid pHB201 were cleaved with the NdeI and BamHI, and subsequently 
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ligated. The resulting plasmid was named pHB-bdbCD. Expression of the bdbC and bdbD genes on pHB-
bdbCD was verified by introduction of this plasmid in a B. subtilis bdbCD knockout strain and subsequent 
Western blotting using BdbD and 6His-tag-specific antibodies.  

 

Purification of DsbA 

For overproduction of DsbA of S. aureus, the dsbA gene was PCR-amplified and cloned in pET26 
(Novagen), using restriction enzymes NdeI and XhoI. However, since the coding sequence of dsbA contains a 
NdeI site as well, this site was removed during the amplification procedure without changing the encoded 
amino acid sequence. For this purpose, first the front part of the dsbA gene was amplified using primers 
SaDsbA-F (GGGGGCATATGACTAAAAAATTACTAACATTAT) and p184p-R (CATAATCATAAGG-
ATCTTCAA). Next, this amplified product was used as the front primer in a second PCR-amplification 
together with the reverse primer SaDsbAA-R (GGGGGAAGCTTTTCGTATTGTCCTAATAAAT). The 
resulting product was cloned into pUC18, yielding plasmid pUC18dsbaP184P. After verification of the 
sequence, the dsbA gene was excised from this plasmid with NdeI and XhoI and ligated into the same 
restriction sites of pET26b(+), downstream of the T7 promoter and upstream of an in-frame His(6)tag 
sequence, resulting in plasmid pET26dsbA. Subsequently, E. coli BL21(DE3) was transformed with this 
construct. To induce DsbA production, 10 ml of an overnight culture of this strain was used to inoculate 1 
litre fresh LB medium. This culture was grown to an OD600 of 0.6-0.9 after which 1mM IPTG final 
concentration was added and growth continued for another 3 hours. Cells were harvested by centrifugation 
(15 min, 7500 RPM) and resuspended in 10 volumes of lysis buffer (20% sucrose, 10 mM Tris-HCl, pH 8.0). 
Next, cells were disrupted using a French Press (2500 PSI). Unbroken cells and cellular debris were removed 
by centrifugation (15 min, 6,000 x g, 4ºC). To purify DsbA, first the membrane fraction was isolated. For this 
purpose the membrane fraction was collected by ultracentrifigation (100.000g, 30 min, 4ºC) and solubilized, 
using solubilization buffer (300 mM NaCl, 50 Mm NaPi, 10% glycerol, pH 8.0) containing 0.5% Triton X-
100. This membrane fraction was loaded on an Äkta explorer (GE Healthcare) and was passed through a 
HisTrap column (Invitrogen) containing nickel ions. After the His-tagged DsbA was bound to the nickel ions, 
the concentration of elution buffer (solubilization buffer containing 300mM imidazole) was gradually 
increased, leading to the release of DsbA. Eluted fractions were collected and tested for presence of DsbA by 
SDS-PAGE. 

 

SDS-PAGE and western blotting  

The presence of DsbA, BdbD and PhoA in growth medium and/or cell lysates was detected by 
Western blotting. Cellular or secreted proteins were separated by SDS-PAGE (using pre-cast NuPAGE gels 
from Invitrogen), and proteins were then semi-dry blotted (1.25 hrs at 100mA per gel) onto a nitrocellulose 
membrane (Protran®, Schleicher & Schuell). Subsequently, the DsbA, BdbD and PhoA proteins were 
detected with specific polyclonal antibodies raised in rabbits (Eurogentec). In addition, chicken antibodies 
against DsbA were kindly provided by dr. B. Berger-Baechi, and polyclonal antibodies against ComGC were 
kindly provided by dr. D. Dubnau. The detection of these antibodies was either performed with horseradish 
peroxidase-conjugated IgG secondary antibodies and the Super Signal® West Dura Extended Duration 
Substrate (Pierce) in combination with the ChemiGenius XE Bio-Imaging system (Syngene), or with 
fluorescent IgG secondary antibodies (IRDye 800 CW goat anti-rabbit from LiCor Biosciences) in 
combination with the Odyssey Infrared Imaging System (LiCor Biosciences). In the latter case, fluorescence 
at 800 nm was recorded. 

 

Proteomics 

Cells of B. subtilis were grown at 37°C under vigorous agitation in 1 liter of 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 gel electrophoresis (2D PAGE), 
gels were stained with the SYPRO Ruby protein gel stain (Molecular Probes Inc.), and protein spots were 
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identified by matrix-assisted laser desorption/ionization – time of flight mass spectrometry (MALDI-TOF 
MS) as previously described (Jongbloed et al., 2002). To visualize possible differences in extracellular 
protein composition, dual channel image analysis of stained gels was performed using the DECODON Delta 
2D software (http://www.decodon.com). Each experiment was performed at least twice.  

 

Alkaline phosphatase activity assay 

The alkaline phosphatase assay with growth medium samples was performed as previously 
described (Darmon et al., 2006). PhoA activity is calculated as U/ml/OD600. All experiments were repeated at 
least 3 times. 

 

Competence assay 

B. subtilis strains were tested for transformability by growing the cells to competence in PM 
medium, essentially as previously described (Kunst and Rapoport, 1995). For comparison of transformability, 
the various strains were grown in parallel in the presence of 2% xylose (Meima et al., 2002). Chromosomal 
DNA of strain �tatAdCd (Jongbloed et al., 2002), carrying a chloramphenicol-resistant marker, was used for 
transformation. Transformability was expressed as the percentage of chloramphenicol-resistant transformants 
of the total viable count. Samples for Western blotting were taken at maximum competence, essentially as 
described previously (Meima et al., 2002).  

 

Sublancin 168 activity assay 

A halo assay for sublancin production was performed on plates with the sublancin-sensitive B. 
subtilis �SP� indicator strain as previously described (Dorenbos et al., 2002). It should be noted that the 
�SP� strain lacks both the genes for production of, and immunity against sublancin 168. Briefly, 100 µl from 
a 100-fold diluted overnight culture of B. subtilis �SP� was plated. After drying of the plate, 1 µl aliquots of 
overnight cultures of the strains to be tested for sublancin 168 production were spotted. The plates were 
incubated overnight at 37ºC and, subsequently, growth inhibition of the indicator strain was monitored. 
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SUMMARY 

Bacteria secrete numerous proteins into their environment for growth and survival 
under complex and ever-changing conditions. The highly different characteristics of 
secreted proteins pose major challenges to the cellular protein export machinery and, 
accordingly, different pathways have evolved. While the main secretion (Sec) 
pathway transports proteins in an unfolded state, the twin-arginine translocation 
(Tat) pathway transports folded proteins. To date, these pathways were believed to 
act in strictly independent ways. Here, we have employed proteogenomics to 
investigate the secretion mechanism of the esterase LipA of Bacillus subtilis, using a 
serendipitously obtained hyper-producing strain. While LipA is secreted Sec-
dependently under standard conditions, hyper-produced LipA is secreted 
predominantly Tat-dependently via an unprecedented overflow mechanism. Two 
previously identified B. subtilis Tat substrates, PhoD and YwbN, require each a 
distinct Tat translocase for secretion. In contrast, hyper-produced LipA is 
transported by both Tat translocases of B. subtilis, showing that they have distinct but 
overlapping specificities. The identified overflow secretion mechanism for LipA 
focuses interest on the possibility that secretion pathway choice can be determined by 
environmental and intracellular conditions. 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.  
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INTRODUCTION 

Microorganisms secrete numerous enzymes into their extracellular milieu, enabling 
them to degrade a wide variety of macromolecular substrates and survive in complex and 
continuously changing environments (Albers et al., 2006; Pugsley et al., 2004; Sibbald et 
al., 2006; Tjalsma et al., 2000; Tjalsma et al., 2004). Bacterial protein secretion is thus a 
highly relevant topic in both fundamental molecular microbiological research as well as in 
applied research, especially since many of the secreted enzymes have (potential) 
applications in industry. The Gram-positive bacterium Bacillus subtilis serves as an 
excellent model organism to study protein secretion for several reasons. B. subtilis lacks an 
outer membrane, which retains many proteins in the periplasm of Gram-negative bacteria, 
such as Escherichia coli. Accordingly, the majority of B. subtilis proteins that are 
transported across the cytoplasmic membrane end up in the extracellular milieu of this 
bacterium (van Wely et al., 2001; Tjalsma et al., 2004; Tjalsma et al., 2000). 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., 2001; 
Antelmann et al., 2000; Antelmann et al., 2003; Hirose et al., 2000; Tjalsma et al., 2004). 
Furthermore, the availability of the complete genome sequence (Kunst et al., 1997), readily 
available strains with mutations in nearly all of the ~4100 genes (Kobayashi et al., 2003), 
industrial application of many native secreted proteins (Zeigler and Perkins, 2008) and 
numerous useful techniques for gene cloning and expression (Bron et al., 1999; Meima et 
al., 2004) have made B. subtilis the major paradigm for research into protein secretion by 
Gram-positive bacteria. 

Previous studies have described the composition of the so-called secretome of B. 
subtilis which, by definition, includes all secreted proteins plus the protein secretion 
machinery itself (Tjalsma et al., 2000; Antelmann et al., 2003; Tjalsma et al., 2004). The 
results of proteomics studies were complemented by secretome predictions based on the 
presence of specific targeting sequences that many secreted proteins have in common 
(Tjalsma, 2007; von Heijne, 1990a; von Heijne, 1990b). Furthermore, it was established 
that at least four distinct pathways for protein export from the cytoplasm are active 
(Antelmann et al., 2001; Tjalsma et al., 2004). The majority of secreted proteins appear to 
be exported via the general secretory (Sec) pathway. A limited number of other proteins 
are transported via the twin-arginine translocation (Tat) pathway, the pseudopilin export 
pathway for competence development (Com pathway), and pathways using ABC 
transporters dedicated to the secretion of bacteriocins and pheromones (Bacteriocin 
pathway). 

The Tat pathway has attracted particular interest due to its capability of 
translocating fully folded proteins across biological membranes. Active Tat translocases 
have been identified in Gram-negative and Gram-positive bacteria, as well as in archaea 
and chloroplasts (Dabney-Smith et al., 2006; Mori and Cline, 2001; Muller and Klosgen, 
2005; Robinson and Bolhuis, 2004; Sargent et al., 2006; Widdick et al., 2006; Yen et al., 
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2002; Sargent, 2007). These translocases have been named after the conserved twin-
arginine (RR) motif found in the signal peptides of proteins that they transport. This motif 
is located in the N-terminal region of twin-arginine signal peptides and its consensus 
sequence was originally defined as (S/T)-R-R-x-F-L-K (Berks, 1996; Chaddock et al., 
1995; Stanley et al., 2000). The core sequence of functional RR-motifs seems to be R/K-R-
x-#-# (where # is a hydrophobic residue; (Cristobal et al., 1999)). The currently best-
characterized Tat system is that of E. coli, which consists of three integral membrane 
proteins known as TatA, TatB and TatC. The consensus opinion within the field is that 
TatB and TatC serve in the initial RR-signal peptide reception, while TatB and TatC in 
complex with multiple TatA components form a protein-conducting channel (Alami et al., 
2003; Mangels et al., 2005; Orriss et al., 2007). Interestingly, B. subtilis, as well as most 
other Gram-positive bacteria, do not possess a TatB homologue (Jongbloed et al., 2000; 
Jongbloed et al., 2004; Pop et al., 2002). Instead, these organisms contain minimal TatAC 
translocases in which a bifunctional TatA subunit seems to perform not only the role of 
TatA, but also that of TatB (Jongbloed et al., 2006; Barnett et al., 2008). Notably, B. 
subtilis contains three TatA proteins (named TatAc, TatAd and TatAy) and two TatC 
proteins (named TatCd and TatCy) (Jongbloed et al., 2000). Previous studies have shown 
that these Tat proteins form two distinct TatAC translocases (named TatAdCd and 
TatAyCy) for the export of specific substrates. The TatAdCd translocase is required for 
secretion of the phosphodiesterase PhoD (Jongbloed et al., 2000), while the TatAyCy 
translocase is required for secretion of a Dyp-type peroxidase called YwbN (Jongbloed et 
al., 2004). A specific role for TatAc in translocation has so far not been demonstrated. In 
accordance with their coupled functions, the tatAd and tatCd genes are organized in an 
operon, as are the tatAy and tatCy genes. 

Previous estimates have indicated that of ~200 predicted exported proteins with 
cleavable signal peptides in B. subtilis, 69 could potentially use the Tat pathway as their 
signal peptides carry RR- or KR-motifs that conform to the core consensus (Jongbloed et 
al., 2002). However, PhoD and YwbN have so far remained the only experimentally 
confirmed proteins that are secreted through this route. The signal peptides of two 
additional proteins, QcrA and YkuE, were recently shown to direct secretion of an agarase 
via the Tat system of Streptomyces coelicolor when fused to this protein (Widdick et al., 
2008). These findings have led to the conclusion that the Tat system of B. subtilis is highly 
selective (Jongbloed et al., 2002). A so far unresolved question concerned the Tat-
dependent or Tat-independent secretion of the esterase LipA. The signal sequence of LipA 
conforms well to the most stringent criteria that are currently available for the prediction of 
RR-signal peptides, and a moderate effect on LipA secretion was observed in a tatCd 
deletion strain (Jongbloed et al., 2002). However, efficient Tat-independent LipA secretion 
could be demonstrated in a B. subtilis mutant lacking all five tat genes, and the secretion of 
this protein was shown to depend on the motor component SecA of the Sec-dependent 
secretion pathway (Jongbloed et al., 2002).  
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In the present studies, we have reinvestigated the Sec- or Tat-dependent secretion 
of LipA employing a serendipitously obtained mutant strain that hyper-secretes LipA. 
Using a proteogenomics approach, we show that under conditions of massive LipA 
overproduction, this protein is secreted predominantly Tat-dependently. To our knowledge, 
this is the first reported case of an authentic, non-recombinant, secretory protein that can 
employ both the Sec and Tat pathways for export from the cytoplasm in a Gram-positive 
bacterium.  

 
 

RESULTS 

The LipA hyper-producing strain XdsbA*  

In a recent study, we compared the thiol-disulfide oxidoreductase activities of the S. 
aureus lipoprotein DsbA and the homologous B. subtilis membrane protein BdbD 
(Kouwen et al., 2007). For this purpose, we expressed the S. aureus DsbA with a xylose-
inducible promoter from a cassette that was integrated into the amyE locus of the B. 
subtilis chromosome. The resulting strain was named XdsbA. Unexpectedly, when the 
secreted proteins of different XdsbA isolates were analyzed by proteomics, one of them 
was found to display a remarkably high secretion of LipA, while all other XdsbA isolates 
produced LipA at wild-type levels. Immunoblotting with specific antibodies against LipA 
clearly confirmed that this strain, annotated as XdsbA*, produced massively increased 
levels of LipA compared to the regular XdsbA strain (Fig. 1). In fact, the production of 
LipA was so high that the LipA produced by the parental strain 168, the regular XdsbA 
strain and a control strain with the empty XTC cassette is barely detectable on the same 
blot due to the strong signal obtained for the LipA overproduced by the XdsbA* strain. 
Interestingly, the level of LipA hyper-secretion by the XdsbA* strain was significantly 
increased when xylose was added to the growth medium (Fig. 1). For this reason, in all 
further experiments cells were grown in the presence of 1% xylose. Under these 
conditions, the processing of pre-DsbA to mature DsbA was reduced (Fig. 1), suggesting 
that LipA hyper-production interferes to some extent with the Sec-dependent pre-DsbA 
export and/or processing by the lipoprotein-specific signal peptidase II.  

 

LipA hyper-production by the XdsbA* strain is caused by strongly increased 

lipA transcription 

To pinpoint the possible cause of the hyper-production of LipA by the XdsbA* 
strain, we first verified the correct integration of the XdsbA cassette in the amyE locus by 
PCR and sequencing (data not shown). This confirmed that no chromosomal 
rearrangement had occurred, at least with respect to the amyE locus and the integrated  
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Figure 1. LipA secretion by the XdsbA* mutant. B. subtilis strains 168, Xtc, XdsbA and XdsbA* were 
grown overnight in LB medium in the absence (0%) or presence (1%) of xylose. Cells were separated from 
the growth medium by centrifugation and the presence of LipA or DsbA in both fractions was investigated by 
SDS-PAGE and subsequent Western blotting with specific antibodies against LipA or DsbA, respectively. 
Note that, due to the high concentrations of LipA, medium fractions were not concentrated. Arrows indicate 
the position of LipA. Bands with a higher mobility on SDS-PAGE are presumably degradation products of 
LipA. Molecular weight markers are indicated (kDa). 
 
 
XdsbA cassette. Next, we investigated whether the hyper-production of LipA might be 
related to possible differences in the expression of the dsbA gene as encoded by the XdsbA 
cassette. To this end, we performed Northern blotting experiments using mRNA extracted 
from the XdsbA and XdsbA* strains, using a specific probe complementary to the dsbA 
mRNA. mRNA from the Xtc strain was used as a negative control. The results of this 
analysis, shown in Figure 2A, confirmed that the S. aureus dsbA gene was equally well 
transcribed in both strains, whereas no dsbA transcript was detectable in the strain 
containing the empty XTC expression cassette. Notably, the band of ~4.4 kb representing 
the dsbA-specific mRNA was larger than expected on the basis of the dsbA gene alone 
(666 nucleotides). This indicates that the transcription of dsbA is terminated downstream of 
the amyE gene (Fig. 2D). As the level of dsbA transcription was comparable in the XdsbA 
and XdsbA* strains, we conclude that the observed difference in the production of LipA by 
these strains could not be attributed to indirect effects relating to the expression of dsbA. 
This view is in agreement with the fact that comparable amounts of DsbA (precursor plus 
mature) were produced in the XdsbA and XdsbA* strains when grown in the presence of 
xylose (Fig. 1). Thus, it seemed that LipA hyper-production was related to increased lipA 
gene expression. 
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To assess whether the hyper-production of LipA did originate from increased lipA 
expression on the mRNA level, we performed a Northern blotting analysis using a specific 
lipA probe. As shown by the results in Figure 2 (B and C), the amount of lipA-specific 
mRNA was strongly increased in the XdsbA* strain. In order to resolve the different 
individual mRNA species, two images of the same Northern Blot exposed for different 
periods of time are shown. The longer exposure (Fig. 2B) reveals the presence of a 0.7 kb 
lipA-specific transcript in the XdsbA strain, representing the original monocistronic lipA 
transcript. This transcript seems to be terminated at the distinct transcriptional terminator, 
which can be derived from the DNA sequence immediately downstream of lipA. In the 
lane representing the XdsbA* strain only a dense black smear is visible due to the large 
amounts of lipA-specific mRNA in this strain. The shorter exposure reveals only very faint 
signals in the XdsbA lane, but allows detection of three lipA-specific mRNA species in the 
XdsbA* strain (Fig. 2C). The smallest among these again corresponds to the 0.7 kb 
mRNA, which is also detectable in the XdsbA strain. In addition, there are two lipA-
specific mRNA species, which are not detectable in the XdsbA strain. The estimated sizes 
of these transcripts correspond to ~1.0 and ~1.3 kb. These additional bands most probably 
represent read-through transcripts that are not terminated at the transcriptional terminator 
immediately downstream of lipA, but somewhat further downstream. Indeed, a systematic 
search for stem-loop structures in the region downstream of lipA, using the program mfold 
(Mathews et al., 1999; Zuker, 2003) (http://helix.nih.gov/docs/gcg/mfold.html), revealed 
two distinct stem-loops: the first one located within the coding region of yczC (the gene 
downstream of lipA which is transcribed in the opposite direction) and the second located 
immediately upstream of yccF, within the promoter region of this gene. Both of these 
structures could function as transcriptional terminators or act as a 3 -̀stabilizer against 3 -̀
exonucleases. The derived sizes of the mRNAs, which are predicted to terminate at these 
two sites, amount to 1.0 kb and 1.3 kb, therefore matching the sizes of the bands detected 
by Northern blotting (Fig 2D). Experimental confirmation of this in silico analysis was 
obtained by Northern blotting experiments using the D1 and D2 probes that were designed 
to hybridize to the two regions between the three stem-loops downstream of lipA. Using 
these probes, the 1.0 kb and 1.3 kb mRNAs were indeed detected again (results not 
shown), demonstrating that all the different lipA-specific mRNA species up-regulated in 
XdsbA* originate at the original lipA promoter. Taken together, these results demonstrate 
that the LipA hyper-production by the XdsbA* strain is correlated with strongly increased 
amounts of lipA-specific mRNAs, most probably due to strongly enhanced transcription of 
the lipA gene. 

Sequencing of the 0.5 kb lipA promoter regions in the XdsbA and XdsbA* strains 
revealed that there are no alterations in the promoter sequence that could be responsible for 
the increased lipA transcription in the XdsbA* strain. Interestingly, when we transformed 
the parental strain B. subtilis 168 with genomic DNA of the XdsbA* strain and selected for 
tetracycline resistant transformants that contained the XdsbA cassette integrated in amyE, 
we observed that about 15% of these clones displayed the LipA hyper-production 
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phenotype. This shows that the genomic alteration in the XdsbA* strain that is responsible 
for LipA hyper-production is located close to the amyE region, probably within a range of 
~10-15 kb upstream or downstream of amyE. By contrast, no LipA hyper-producers were 
identified when the 168 strain was transformed with chromosomal DNA from the XdsbA 
strain. Taken together these findings show that the observed hyper-production of LipA in 
the XdsbA* strain is due to de-repressed or hyper-activated transcription of the lipA gene.  

 

 

Figure 2. Northern blotting analysis of dsbA and lipA transcription. A-C. RNA isolation and Northern 
blotting were performed as described in the Materials and Methods section. For each sample, 5 µg of RNA 
per lane were loaded. The lanes are labeled as follows: Xtc, RNA of B. subtilis strain Xtc (contains the empty 
XTC cassette in amyE); A, RNA from B. subtilis strain XdsbA (integrated XdsbA cassette for expression of 
S. aureus dsbA); A*, RNA from B. subtilis strain XdsbA* (integrated XdsbA cassette for expression of S. 
aureus dsbA and harboring an unknown mutation causing hyper-expression of lipA). The RNA probes used 
for the particular hybridizations are indicated above the images and are complementary to the first 600 bases 
of the coding regions of either dsbA or lipA. Molecular markers and the positions of the 16S and 23S rRNA 
are indicated. Panel C is a shorter exposure of the same chemiluminograph that is shown in panel B. D. 
Schematic representation of the chromosomal amyE and lipA regions of the XdsbA and XdsbA* strains. Both 
strains contain the XdsbA cassette integrated in the amyE gene via a double crossover recombination event. 
This cassette encodes the mature dsbA gene from S. aureus fused to the ribosomal binding site and signal 
sequence of mntA from B. subtilis. The hybrid dsbA gene is transcribed from a xylose-inducible promoter 
(PxylA), resulting in a transcript of 4.4 kb (panel A) that is terminated downstream of amyE. xylR, gene 
specifying the XylR repressor protein; amyE’, 3’ truncated amyE gene; ‘amyE, 5’ truncated amyE gene; TcR, 
tetracycline resistance marker. Three predicted terminators are indicated downstream of lipA. These 
terminate transcription from the lipA promoter (PlipA), which results in transcripts of 0,7 kb, 1.0 kb and 1.3 kb 
(panel C). Please note that lipA is annotated as lip in the SubtiList data base (http://genolist.pasteur.fr/ 
SubtiList). 
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Transcriptome analysis of the LipA hyper-producing XdsbA* strain 

To determine which other genes had altered expression levels in the XdsbA* strain, we 
performed a genome-wide transcriptional analysis with microarrays. To distinguish 
between effects of the expression of dsbA and the unknown mutation causing lipA hyper-
expression, two different sets of comparisons were carried out. For identifying the effects 
of the unknown mutation in the XdsbA* strain, we compared RNA from the XdsbA* and 
XdsbA strains. For visualization of the effects of dsbA expression we compared the RNA 
of the XdsbA strain with that of the Xtc control strain, harboring the empty integrated XTC 
expression cassette. The statistically significant effects are listed in Table 1. The first 
striking observation was that there are only a few genes up- or down-regulated in the 
XdsbA* strain compared to the XdsbA strain (six genes up-regulated and nine genes 
down-regulated). None of the affected genes however reside within the ~20-30 kb range 
around amyE gene, which indicates that the changed transcription of these genes is not 
likely the primary cause of the increased lipA transcription. Another striking observation is 
that most of the genes that are significantly up- or down-regulated in the XdsbA strain are 
inversely regulated in the XdsbA* strain (five of the seven down-regulated genes in XdsbA 
are up-regulated in XdsbA*; all seven up-regulated genes in XdsbA are down-regulated in 
XdsbA*; Table 1). For example, the manRPA gene cluster is down-regulated in the XdsbA 
strain, but up-regulated again in the XdsbA* strain. Conversely, the yddJ-rapI-phrI-yddM 
and ydcM-ydcN-ydcO gene clusters are up-regulated in the XdsbA strain, but down-
regulated in the XdsbA* strain. Only two genes that are down-regulated in the XdsbA 
strain (yrhG and yrhE) are not up-regulated again in the XdsbA* strain, one gene up-
regulated in the XdsbA* strain (lipA) is not affected in the XdsbA strain, and two genes 
down-regulated in the XdsbA* strain (yonBC) are not affected in the XdsbA strain. Thus, 
the effects of dsbA expression on the expression of other genes in B. subtilis seem to be 
largely reversed in the XdsbA* strain. This implies that the unidentified mutation in the 
XdsbA* strain that causes lipA hyper-expression is a mutation that counteracts certain 
possibly detrimental effects of DsbA production in B. subtilis. An important outcome of 
the transcriptome analyses is that the mutation causing LipA hyper-secretion by the 
XdsbA* strain has no detectable effect on any of the known genes for secretion machinery 
components. This includes the genes for proteins that target secretory precursor proteins to 
the protein export machinery (e.g. ffh, ftsY and csaA), genes for protein translocation across 
the membrane (e.g. the sec and tat genes; see Table 1), and genes for post-translocational 
modification and folding of secretory proteins (e.g. the bdb, sip, skf and prsA genes). Thus, 
it can be concluded that the mutation in the XdsbA* strain causing LipA hyper-production 
acts solely at the lipA transcriptional level. The XdsbA* strain can therefore be used to 
study the mechanism of LipA secretion under conditions of hyper-production. 
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Table 1. Microarray analysis. To monitor the genome-wide effects on transcription of an unidentified 
mutation in the XdsbA* strain causing LipA hyper-production, or the expression of S. aureus dsbA in the 
XdsbA strain, microarray analyses were performed. Preparation of total RNA, cDNA synthesis, labelling, 
and DNA microarray hybridization and analysis were performed as indicated under Materials and Methods. 
The RNA samples obtained from three independent cultivations of the XdsbA*, XdsbA and Xtc strains were 
used for independent cDNA synthesis and competitive DNA array hybridization in two groups: XdsbA* 
versus XsbA, and XdsbA versus Xtc. The comparison of the XdsbA* and XsbA RNAs shows genome-wide 
effects of the mutation causing LipA hyper-production, the comparison of XdsbA and Xtc RNAs shows the 
effects of dsbA expression. Significantly up- or down-regulated genes, as displayed in this table, were 
considered as such when the mRNA abundance between two compared strains had Cyber-T Bayesian P 
values of < 0.001 and the individual fold change was at least 2. To show the absence of effects of LipA 
hyper-production on tat gene expression, the results obtained for the five B. subtilis tat genes are included in 
this Table. Results are sorted by the average RNA abundance levels in XdsbA*. Average changes of over 
two-fold are marked in bold.  

  Ratio of XdsbA* over XdsbA Ratio of XdsbA over Xtc 

Gene Acc. nr.1 I II III Average I II III Average 

lipA BG10679 152,95 118,15 112,57 127,89 0,75 0,91 0,85 0,84 
manP BG13176 9,58 2,32 5,47 5,79 0,07 0,50 0,32 0,30 
manA BG13177 6,17 2,14 3,51 3,94 0,14 0,79 0,34 0,42 
manR BG13175 2,69 2,03 6,42 3,71 0,28 0,83 0,25 0,45 
yxiE BG11134 1,00 1,47 5,00 2,49 0,45 0,39 0,35 0,40 
bglH BG10935 1,47 1,28 3,78 2,17 0,42 0,20 0,36 0,33 
yrhG BG12296 1,53 2,43 0,87 1,61 0,22 0,29 0,36 0,29 
yrhE BG12294 1,39 0,73 1,02 1,05 0,39 0,28 0,24 0,30 
ydcO BG12102 0,54 0,41 0,43 0,46 2,14 2,68 2,48 2,43 
yonC BG13616 0,36 0,28 0,48 0,37 0,74 1,98 0,36 1,02 
yonB BG13615 0,35 0,23 0,38 0,32 0,65 2,32 0,38 1,12 
rapI BG12119 0,29 0,27 0,31 0,29 3,49 2,64 2,89 3,01 
phrI BG12645 0,30 0,23 0,28 0,27 3,04 3,49 3,59 3,38 
yddM BG12120 0,18 0,16 0,14 0,16 9,89 11,04 7,60 9,51 
yddJ BG12117 0,13 0,16 0,13 0,14 5,65 6,03 7,83 6,50 
ydcM BG12100 0,05 0,08 0,06 0,07 15,79 19,48 9,31 14,86 
ydcN BG12101 0,05 0,04 0,05 0,04 19,37 19,16 22,48 20,34 
          
tatAd BG12777 1,13 1,16 1,00 1,09 1,41 0,95 1,09 1,15 
tatAy BG12206 1,37 0,89 1,01 1,09 1,03 0,89 1,09 1,00 
tatAc BG13464 1,37 1,25 1,17 1,26 1,35 1,28 1,14 1,26 
tatCd BG11175 0,89 0,99 1,05 0,98 1,19 1,04 0,97 1,07 
tatCy BG12207 0,95 1,27 0,87 1,03 0,99 0,91 0,81 0,90 
          
mntA2 BG13851 1,36 0,75 1,13 1,08 19,97 9,28 29,52 19,59 

1Accession numbers were derived from the subtilist database (http://genolist.pasteur.fr/SubtiList).  
2mntA appears to be up-regulated in the dsbA expressing strain, but this is due to the fact that the mntA signal 
sequence was fused to the dsbA gene for efficient targeting of DsbA to the membrane of B. subtilis. This 
value thus reflects the expression of the S. aureus dsbA gene rather than an altered expression of the B. 

subtilis mntA gene 
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Figure 3. The extracellular proteomes of B. subtilis XdsbA* and 168 grown in LB medium. Cells of 
B. subtilis XdsbA* and the parental strain 168 were grown in LB medium in the presence of 1% xylose and 
extracellular proteins were collected 1 h after entry into the stationary phase. Secreted proteins were analyzed 
by 2D PAGE as indicated under Material and Methods. The names of proteins previously identified by 
MALDI-TOF mass spectrometry are indicated (Antelmann et al., 2001; Antelmann et al., 2003). Although 
the secretion levels of many proteins appear to be different between the XdsbA* and 168, only the amount of 
LipA was significantly changed (increased) in the exoproteome of the XdsbA* strain. Furthermore, many 
protein spots are less intense in the XdsbA* strain due to a mild “dilution effect” related to the loading of 
equal amounts of total extracellular protein onto the two gels; due to the very high LipA secretion level of the 
XdsbA* strain, the absolute amount of non-overproduced extracellular proteins loaded onto a 2D gel was 
slightly smaller for the medium fraction of the LipA hyper-secreting XdsbA* strain than for the medium 
fraction of the parental strain 168. Note that the XdsbA* strain does not produce AmyE due to the insertion 
of the XdsbA cassette into the amyE gene.  

 
 
The XdsbA* strain secretes reduced amounts of the Tat-dependent PhoD and 

YwbN proteins 

To obtain insights whether the massive overproduction of LipA interferes with the 
secretion of other proteins into the growth medium, we performed extensive exoproteome 
analyses. As a first approach, cells were grown to the post-exponential growth phase in the 
rich LB medium because, under these conditions, the largest numbers of secreted proteins 
have been identified previously (Antelmann et al., 2001). Next, the extracellular proteins 
of the XdsbA* strain and the parental strain 168 were separated by two-dimensional gel 
electrophoresis (2D PAGE) and compared. The results revealed that apart from the 
strongly increased secretion of LipA, the extracellular proteome of the XdsbA* strain was 
virtually identical to that of the parental strain 168 (Fig. 3). This showed that neither the 
hyper-secretion of LipA, nor the production of S. aureus DsbA had any secondary effects 
on the composition of the extracellular proteome, at least when cells were grown in a rich 
medium. However, not all genes for secretory proteins are expressed when cells are grown 
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in rich media such as LB (Tjalsma et al., 2004). Therefore, we also deployed two-
dimensional gel electrophoresis to study the extracellular proteome of B. subtilis cells 
under phosphate-limiting conditions. Under these growth conditions, B. subtilis will 
secrete a set of phosphate starvation-induced proteins, which are not produced by cells 
grown in rich media (Antelmann et al., 2000). One of these proteins is the Tat-dependently 
secreted protein PhoD (Jongbloed et al., 2000). Figure 4 displays the extracellular 
proteomes of the XdsbA* and 168 strains grown under phosphate-limiting conditions. 
These results showed that LipA was also hyper-secreted by the XdsbA* strain under 
conditions of phosphate limitation. Interestingly though, the level of PhoD secretion was 
strongly reduced in the XdsbA* strain compared to the secretion of all other proteins that 
are secreted via the Sec pathway, such as PhoB (compare the intensities of the PhoD spots 
to the intensities of other spots in Figure 4). This suggested that the hyper-secretion of 
LipA somehow interfered specifically with that of PhoD, possibly through a competition 
for translocation via the same Tat translocase.  

 
 

 
 

Figure 4. The extracellular proteomes of B. subtilis XdsbA* and 168 under phosphate-limiting 
conditions. B. subtilis XdsbA* and 168 were grown under conditions of phosphate starvation as previously 
described (Antelmann et al., 2000; Jongbloed et al., 2000). Secreted proteins were analyzed by 2D PAGE as 
indicated under Material and Methods. The names of proteins previously identified by MALDI-TOF mass 
spectrometry are indicated (Antelmann et al., 2000; Jongbloed et al., 2000). Note that the levels of many 
proteins secreted by the XdsbA* strain appear to be increased compared to the levels of the corresponding 
proteins secreted by the 168 strain. This effect is to a large extent caused by the loading of equal amounts of 
total extracellular protein onto the two gels; due to the very severe reduction of the PhoD secretion level of 
the XdsbA* strain, the absolute amount of other extracellular proteins of this strain loaded onto a 2D gel was 
slightly higher than was the case for the extracellular proteins of the parental strain 168. Importantly, a 
comparison of spot intensities per gel clearly reveals that, in the XdsbA* strain, PhoD is secreted at severely 
reduced levels relative to other abundantly secreted proteins such as GlpQ, Hag, Pel, PhoB, PstS, and YurI.  
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To establish whether the secretion of LipA interfered specifically with PhoD 
secretion, or also with that of the second known Tat substrate of B. subtilis, YwbN, we 
performed Western blotting experiments. Since secretion of the authentic YwbN is not 
detectable during standard growth conditions, a plasmid-encoded Myc-tagged derivative of 
YwbN was used for this purpose. Next, we compared the secretion levels of YwbN-Myc in 
the presence or absence of LipA hyper-secretion. Indeed, Figure 5 shows that the LipA 
hyper-producing strain XdsbA* secretes about 2- to 2.5-fold reduced amounts of YwbN-
Myc compared to the XdsbA or Xtc control strains as determined by densitometric image 
analysis. In addition, the cellular levels of YwbN-Myc are somewhat (about 1.5- to 2.0-
fold) higher in the XdsbA* strain than in the control strains. These results therefore suggest 
that the hyper-produced LipA interferes with the secretion of YwbN, as was shown above 
for PhoD. Taken together, these findings suggest that the hyper-produced LipA competes 
with both PhoD and YwbN for secretion via the Tat pathway, which would imply that 
LipA can interact with both the TatAdCd and the TatAyCy translocases.  

 

 

 
 
 
 
 
 
 

 
 
 
Figure 5. Secretion of YwbN-Myc 
by B. subtilis XdsbA*. Cells of 
B. subtilis strains 168, Xtc pHB-
ywbN-myc, XdsbA pHB-ywbN-myc 
and XdsbA* pHB-ywbN-myc were 
grown overnight in LB in the 
presence of 1% xylose. To detect 
YwbN-Myc, cells were separated 
from the medium by centrifugation. 
Proteins in the medium were 
concentrated 20-fold upon 
precipitation with trichloroacetic acid 
(TCA) and samples for SDS-PAGE 
were prepared as described 
previously (Jongbloed et al., 2000). 
Western blotting was performed with 
monoclonal antibodies against the 
Myc-tag or polyclonal antibodies 
against LipA. The positions of YwbN 
and LipA are indicated by arrows. 
Molecular weight markers are 
indicated (kDa). 
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Secretion of hyper-produced LipA is predominantly Tat-dependent 

To test whether the hyper-secretion of LipA might depend to some extent on a 
functional Tat machinery, we deleted tat genes from the XdsbA* strain. While the removal 
of either the tatAd-tatCd or tatAy-tatCy genes from the XdsbA* background had 
moderately reducing or stimulating effects on the secretion of hyper-produced LipA, the 
removal of all four of these tat genes caused a strongly reduced secretion of the hyper-
produced LipA (Fig. 6). These results are reminiscent of earlier observations concerning 
PhoD secretion, which was strongly impaired in the absence of TatCd, increased in the 
absence of TatAy, and completely blocked in the absence of both TatCd and TatCy, 
indicating some interference between the two Tat pathways of B. subtilis (Jongbloed et al., 
2000). It should be noted that the XdsbA* strain lacking TatAdCd and TatAyCy still 
secreted some LipA, but significantly less than the Tat proficient XdsbA* strain. 
Importantly, this defect in the secretion of hyper-produced LipA by the TatAdCd-TatAyCy 
deficient strain could be fully repaired by reintroduction of plasmid-borne copies of the 
tatAd-tatCd and tatAy-tatCy genes (Fig. 6). These results show that LipA hyper-secretion 
is Tat-dependent to a large extent and that this Tat-dependency relates to both the TatAdCd 
and TatAyCy translocases.  

 
Figure 6. Tat-dependent secretion of 
hyper-produced LipA. Cells of 
B. subtilis strains 168 (1), XdsbA* (2), 
XdsbA* �tatAdCd (3), XdsbA* 
�tatAyCy (4), XdsbA* �tatAyCy 
�tatAdCd (5), and XdsbA* �tatAyCy 
�tatAdCd pHB-tatAdCd pCACy (6) 
were grown overnight in LB in the 
presence of 1% xylose. Three clones of 
each strain were inoculated in separate 
cultures and combined after growth. 
Cells were separated from media and 
the presence of LipA in these fractions 
was investigated by SDS-PAGE and 
subsequent Western blotting with 
specific antibodies against LipA. 
Arrows indicate the positions of LipA 
and additional bands (X) that cross-
react with the LipA antibodies. C, 
marks the complementation of strain 
XdsbA* �tatAyCy �tatAdCd with 
plasmids pHB-tatAdCd and pCACy 
carrying the tat genes that have been 
deleted from the chromosome. 
Molecular weight markers are indicated 
(kDa). 
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Previous studies had shown that LipA produced at wild-type levels was secreted in 
a Tat-independent manner, depending on the presence and activity of the SecA motor 
component of the Sec translocase (Jongbloed et al., 2002). To verify that the export of 
hyper-produced LipA was at least to some extent dependent of SecA, we performed pulse 
labeling experiments with the XdsbA* strain in the presence or absence of sodium azide. 
The SecA translocation ATPase inhibitor was added to the cells 5 min prior to labeling 
with [35S] methionine/cysteine. Cells were labeled for 1 min and then any further 
incorporation of label was stopped by the addition of TCA. As shown by 
immunoprecipitation and subsequent fluorography, processing of pre-LipA to the mature 
form in the XdsbA* strain was sensitive to sodium azide (Fig. 7), indicating a SecA-
dependency in pre-LipA processing. Notably, the LipA produced at wild-type levels by the 
Xtc and 168 control strains was not detectable, underscoring the massive degree of LipA 
overproduction by the XdsbA* strain. Taken together, our unprecedented observations 
show that LipA hyper-production leads to an overflow of this protein from the Sec-
dependent pathway into the Tat pathway, and that the LipA protein is intrinsically capable 
of leaving the cytoplasm via three translocases, namely Sec, TatAdCd and TatAyCy.  

 
 

 
 

Figure 7. Processing of hyper-produced pre-LipA. Processing of pre-LipA to the mature form was 
analyzed in B. subtilis strains 168, Xtc and XdsbA*. Cells were pulse labeled for 1 min with [35S] 
methionine/cysteine as described before (Jongbloed et al., 2002; van Dijl et al., 1991) in the presence of 1% 
xylose. When required, the SecA translocation inhibitor, sodium azide was added 5 min prior to labeling at 
1.5 mM final concentration (+ NaN3). Next, LipA specific antibodies were used for immunoprecipitation of 
LipA. Immunoprecipitated proteins were separated by SDS-PAGE and analyzed by fluorography.  
 

 

DISCUSSION 

In the present studies we have used a proteogenomic approach to characterize the 
mechanism of hyper-secretion of the esterase LipA by a serendipitously obtained B. 
subtilis strain that over-expresses the lipA gene over a 100-fold. Proteomic analyses on this 
strain suggested that the LipA hyper-secretion by this strain interferes with the secretion of 
the two proteins for which Tat-dependent export from the cytoplasm has been documented, 
namely PhoD and YwbN. This suggested that the hyper-secretion of LipA might be Tat-
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dependent even though it had previously been shown that LipA produced at wild-type 
levels was Sec-dependently secreted. Indeed, secretion studies with tat mutant strains 
revealed a strong Tat-dependency of the hyper-secreted LipA. Remarkably, both the 
TatAdCd and the TatAyCy translocase are involved in LipA hyper-secretion. Indirect 
effects on the transcription of genes for known Tat or Sec pathway components were ruled 
out through the results of transcriptome analyses. It thus seems that an overflow 
mechanism directs the hyper-produced LipA from the Sec pathway into the Tat pathway, 
which is an unprecedented finding.  

Protein secretion is an important topic in current molecular microbiological 
research related both to pathogens and organisms that are used as cell factories for 
biotechnological applications. Although many pathways for protein secretion have been 
described in considerable detail, the full complexity of these pathways and their 
interdependencies are not very well understood. Over the past decade, we have employed 
proteomics technology to map the different pathways of the secretome of B. subtilis 
(Antelmann et al., 2001; Tjalsma et al., 2004). This has revealed a major role of the Sec 
pathway in protein secretion by this organism. Other pathways for protein secretion, such 
as the Tat pathway, were shown to serve highly selective purposes. Quite remarkably, 
merely two proteins (PhoD and YwbN) were shown to be exported Tat-dependently in B. 
subtilis, each of them requiring a distinct Tat translocase (Jongbloed et al., 2002; 
Jongbloed et al., 2004). This finding raised the intriguing question whether the Tat 
pathway in B. subtilis is really of minor importance, despite its intrinsic capacity to 
transport fully folded proteins (Barnett et al., 2008), or whether it also serves particular 
other functions under certain conditions that had not yet been identified. In line with the 
latter idea was the finding that many secreted B. subtilis proteins, like the esterase LipA, 
contain potential RR-motifs in their signal peptides. On the other hand however, our earlier 
proteomics studies clearly showed that all expressed proteins with potential RR-motifs 
(except PhoD and YwbN) were secreted Tat-independently, at least under the standard 
laboratory test conditions (Tjalsma et al., 2004; Jongbloed et al., 2002; Jongbloed et al., 
2004). Our present studies have now identified one condition under which a normally Sec-
dependently secreted protein with a potential RR-motif in its signal peptide can take a turn 
from the Sec pathway into the Tat pathway, namely the condition of hyper-secretion. 
Although this finding was unexpected, it is retrospectively perhaps not completely 
surprising since B. subtilis and related Bacillus species rely on the high-level secretion of 
degradative enzymes for their growth and survival in the soil and plant rhizosphere, for 
which they need to feed on decaying organic matter (Earl et al., 2008). Under certain 
natural conditions, regulated hyper-secretion of degradative enzymes is therefore likely to 
occur, and the fact that a spontaneous mutation actually resulted in the hyper-secretion of 
LipA is fully consistent with this view. Thus, we believe that the current observations may 
have a broader significance for protein secretion by bacilli and other bacteria under natural 
conditions. 



Tat-dependent esterase secretion in B. subtilis 
 

 69 

As yet, the exact location and nature of the mutation causing lipA hyper-expression 
from the original lipA promoter region is not known. It is however located in the vicinity of 
the amyE gene since frequent (~15%) co-transformation of the XdsbA cassette in the amyE 
gene and the mutation was observed. No obvious candidate genes for trans-acting factors 
in lipA expression located near the amyE gene could so far be identified. Clearly, sequence 
analysis identified no mutations in the upstream region of lipA, and we consider the 
distance between lipA and amyE (35 kb) too large to account for the frequent co-
transformation of the XdsbA cassette in amyE with the mutation causing lipA 
overexpression. Transcriptome analyses of the XdsbA* strain did, unfortunately, not reveal 
potential locations for the unknown mutation since the transcription of none of the genes in 
the vicinity of amyE was altered. It thus seems most likely that a point mutation in a trans-
acting transcriptional activator or repressor of lipA is responsible for the LipA hyper-
production phenotype of the XdsbA* strain. Interestingly, our transcriptome analyses show 
that the unidentified mutation has by-and-large a counter-acting effect on the cellular 
response of B. subtilis to the expression of the S. aureus dsbA gene. This view is 
underscored by the fact that increasing the dsbA expression by the addition of xylose to the 
medium is followed by an increased production of LipA. Together, these findings suggest 
that expression of the dsbA gene is to some extent stressful for the B. subtilis cell and that 
this stress is relieved by the mutation in the XdsbA* strain. However, we have so far not 
observed any phenotypes of the XdsbA strain that suggest any severely detrimental effects 
of DsbA production. In any case, the hyper-expression of lipA in our mutant would be a 
side-effect of the compensatory mutation in the XdsbA* strain as the expression of lipA 
was not affected by dsbA expression in the original XdsbA strain. It should be noted that 
the mutation leading to LipA hyper-production seems to occur infrequently since we 
observed this phenomenon only once so far. Although we do not know the precise nature 
of the mutation causing LipA hyper-production in the XdsbA* strain, we conclude from 
the transcriptome analyses that this mutant can be regarded as a bona fide overproduction 
strain with no side effects on the expression of secretion machinery components. In fact, 
this mutant does not even display a secretion stress response despite the hyper-production 
of LipA (Antelmann et al., 2003). Thus, the XdsbA* strain can be used for studies on the 
LipA secretion mechanism, like any other strain overproducing a secretory protein.  

Our proteomics analyses suggest that the hyper-produced LipA competes with 
PhoD and YwbN for secretion via the TatAdCd and TatAyCy translocases, respectively. 
These findings provided in fact the first incentive to investigate the Tat-dependency of 
LipA hyper-secretion, which was then confirmed by our experiments with multiple tat 
mutant strains hyper-producing LipA. Although a possible involvement of the Tat pathway 
in LipA secretion has been contemplated before (Jongbloed et al., 2002), conclusive 
evidence for Tat-dependent LipA secretion could not be obtained until the LipA hyper-
secreting XdsbA* strain became available. Importantly, the finding that LipA hyper-
secretion depends on both Tat translocases of B. subtilis (i.e. TatAdCd and TatAyCy) is 
unprecedented and has not been reported for any other Tat substrate in B. subtilis or other 
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organisms with duplicated Tat systems. This finding shows for the first time that the two B. 
subtilis Tat translocases do not have strictly separated specificities as was previously 
suggested (Jongbloed et al., 2004; Pop et al., 2002), but that their specificities overlap at 
least to some extent. It should be noted that we currently do not know what determines the 
specificity of Tat translocation pathway choice in B. subtilis. This may relate to the RR-
sequence motifs in signal peptides, the nature and folding state of the mature protein, or all 
these factors together. In this respect, we cannot exclude the possibility that, under non-
hyper-producing conditions, LipA is a preferred substrate for only one of the two B. 
subtilis Tat translocases. This is however hard to assess due to the predominantly Sec-
dependent translocation of LipA under non-hyper-producing conditions, as well as the 
essentiality of the Sec machinery for bacterial growth and life (Jongbloed et al., 2002). In 
the specific case of LipA hyper-production, we believe that the massive production of pre-
LipA somehow saturates the Sec translocase for this protein. This would then lead to 
reduced LipA translocation rates and possibly folding of LipA in the cytoplasm. The 
folded pre-LipA would thus become a better substrate for the Tat machinery, which is 
known to accept mainly folded proteins. Alternatively, saturation of the Sec translocase 
might lead to a more effective recognition of the RR-motif in pre-LipA by the Tat 
machinery and, in this case, cytoplasmic folding of LipA might not be a strict prerequisite 
for Tat-dependent export. For example, unfolded DHFR can be translocated via the 
thylakoidal Tat system (Hynds et al., 1998) and unstructured, small, hydrophilic proteins 
can be exported Tat-dependently in E. coli (Richter et al., 2007). In any case, evidence for 
some degree of Sec pathway saturation by LipA hyper-production was indeed derived from 
the observation that the DsbA precursor accumulates in the XdsbA* strain, whereas this is 
not the case in the XdsbA strain. On the other hand, the secretion of the majority of 
proteins was not affected at the steady state level as was shown by proteomics. This is in 
fact consistent with the finding that LipA hyper-production did not interfere with cell 
growth and viability, which would have been the case if the Sec pathway had been jammed 
in a major way. Apparently, jamming of the Sec pathway is prevented by overflow of pre-
LipA into the Tat pathway. Finally, our pulse labeling experiments suggest that the 
processing of newly synthesized hyper-produced pre-LipA is sensitive to sodium azide, 
indicating involvement of SecA in this precursor processing. This is consistent with our 
previous observations that LipA can be secreted Sec-dependently and with our present 
model that the observed Tat-dependency of hyper-produced LipA relates to an overflow 
mechanism from the Sec pathway into the Tat pathway. We do however not know the fate 
of the mature hyper-produced LipA that is detected by pulse labeling. In fact, it is quite 
conceivable that a substantial portion is degraded at the trans side of the membrane, as was 
previously shown for over-produced amylases that do not fold efficiently enough upon 
membrane translocation via the Sec pathway in an unfolded state (Stephenson et al., 1998; 
Stephenson et al., 2000). Notably, we can not completely exclude the possibility that 
sodium azide also affects the export of LipA via the B. subtilis Tat pathway. To our 
knowledge there are only two reported cases where the transport of Tat-dependent proteins 
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was affected by sodium azide. These concern the Glucose-fructose oxidoreductase (GFOR) 
of the Gram-negative bacterium Zymomonas mobilis (Wiegert et al., 1996), and the 17-kD 
subunit of the photosynthetic O2-evolving complex (OE17) in intact chloroplasts (Leheny 
et al., 1998). It is however not entirely clear whether these are direct effects of sodium 
azide on the Tat machinery, or whether they should be regarded as an indication of some 
Sec-dependent translocation of the two proteins, like we have described here for LipA.  

In conclusion, our present findings show for the first time that certain secretory 
proteins, such as the esterase LipA of B. subtilis, can be exported both via the Sec and the 
Tat pathways of a Gram-positive bacterium depending on the conditions applied. To date, 
a re-routing of proteins from the Sec to the Tat pathway or vice versa has been achieved 
only artificially by replacing Sec-type signal peptides with RR-signal peptides and/or by 
modulating the folding conditions for the exported proteins so that they fold in the 
cytoplasm prior to membrane translocation. This has been worked out especially well in E. 
coli for re-routed export of the alkaline phosphatase PhoA and the maltose-binding protein 
MalE from the Sec pathway into the Tat pathway, and for the re-routed export of the 
ribose-binding protein RbsB from the Tat pathway into the Sec pathway (Blaudeck et al., 
2003; DeLisa et al., 2003; Tullman-Ercek et al., 2007; Pradel et al., 2003).  

Although the overflow mechanism as presented in our paper has not been 
documented before, we believe that it may be a more common, but so far overlooked, 
mechanism for the secretion of proteins that can fulfill the requirements for transport via 
both the Sec pathway (i.e. channel passage in an unfolded state) and the Tat pathway (i.e. 
folding prior to channel passage). It will be an important challenge for future studies to 
identify the environmental or cellular conditions that influence the usage of particular 
secretory pathways in order to obtain a full understanding of the biological processes that 
require an active Tat pathway in bacteria, such as B. subtilis.  

 
 
 

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, media and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 2. Strains were grown with 
agitation at 37ºC in either Luria Bertani (LB) medium, S7 minimal salt medium or Paris minimal (PM) 
medium (see (Kouwen et al., 2007) for exact media compositions). If appropriate, media were supplemented 
with antibiotics at the following concentrations: ampicillin (Ap), 100 �g/ml (E. coli); erythromycin (Em), 
100 �g/ml (E. coli) or 2 �g/ml (B. subtilis); chloramphenicol (Cm), 5 �g/ml (B. subtilis); tetracycline (Tc), 10 
�g/ml (B. subtilis); spectinomycin (Sp), 100 �g/ml (B. subtilis); kanamycin (Km), 50 �g/ml (E. coli) or 20 
�g/ml (B. subtilis). To visualize �-amylase activity (specified by the amyE gene), LB plates were 
supplemented with 1% starch. 
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Table 2. Plasmids and strains used in this study 

Plasmids Relevant properties Reference 
pUC18 ColE1; �80dlacZ; lac promoter; ApR (Norrander et al., 1983) 
pXTC Vector for the integration of genes in the amyE locus of B. 

subtilis; integrated genes are transcribed from the xylA 
promoter; carries the xylR gene; ApR; TcR 

(Darmon et al., 2006) 

pXTC-dsbA pXTC carrying dsbA of S. aureus fused to the signal 
sequence and RBS of mntA of B. subtilis under the 
transcriptional control of the xylA promoter; ApR; TcR 

(Kouwen et al., 2007) 

pHB201 B. subtilis-E.coli expression vector; ori-pBR322; ori-
pTA1060; cat86::lacZa; CmR; EmR 

(Bron et al., 1998) 

pHB-ywbN-myc pHB201 vector carrying the ywbN-myc gene; results in the 
production of YwbN fused to a C-terminal Myc tag via a 
cysteine linker; CmR; EmR 

This study 

pHB-tatAdCd pHB201 vector carrying the tatAd-tatCd operon; CmR; EmR This study 
pGDL48 B. subtilis-E.coli expression vector; contains multiple 

cloning site to place genes under the control of the 
erythromycin promoter; ApR; KmR 

(Tjalsma et al., 1998) 

pCACy pGDL48-derivative containing the tatAy-tatCy operon; 
ApR; KmR 

(Jongbloed et al., 2004) 

   
Strains   
   
E. coli   
DH5� supE44; hsdR17; recA1; gyrA96; thi-1; relA1 (Hanahan, 1983) 
   
B. subtilis   
168 trpC2 (Kunst et al., 1997) 
Xtc trpC2; amyE::XTC; integrated “empty” XTC cassette; TcR This study 
XdsbA trpC2; amyE::XTCdsbA; integrated XTC cassette carrying 

dsbA of S. aureus fused to the signal sequence and RBS of 
mntA of B. subtilis under the transcriptional control of the 
xylA promoter; TcR 

(Kouwen et al., 2007) 

XdsbA*  trpC2; amyE::XTCdsbA*; XdsbA derivative with an 
additional unknown mutation resulting in lipA hyper-
production; TcR 

This study 

XdsbA 
  �tatAdCd 

XdsbA*; tatAd-tatCd::Km; TcR; KmR This study 

XdsbA 
  �tatAyCy 

XdsbA*; tatAy-tatCy::Sp; TcR; SpR This study 

XdsbA*  
  tatAyCy 
  �tatAdCd 

XdsbA*; tatAy-tatCy::Sp; tatAd-tatCd::Cm; TcR; SpR; CmR; This study 

XdsbA 
  �tatAyCy 
  �tatAdCd pHB- 
  tatAdCd pCaCy 

XdsbA*; tatAy-tatCy::Sp; tatAd-tatCd::Cm; pHB-tatAdCd; 
pCACy; TcR; SpR; CmR; EmR; KmR;  

This study 

�tatAdCd_1 trpC2; tatAd-tatCd::Km; KmR; previously referred to as 
tatAdCd 

(Jongbloed et al., 2004) 

�tatAdCd_2 trpC2; tatAd-tatCd::Cm; CmR; previously referred to as 
�tatAdCd 

(Jongbloed et al., 2002) 

�tatAyCy trpC2; tatAy-tatCy::Sp; SpR (Jongbloed et al., 2002) 
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General DNA techniques 

Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli cells were carried out as previously described (Sambrook et al., 1989). 
Chromosomal DNA of B. subtilis was isolated according to Bron and Venema (Bron and Venema, 1972). 
PCR was carried out with the Pwo DNA polymerase, using chromosomal DNA as a template. All PCR 
fragments were ligated in pUC18 and subsequently introduced in E. coli DH5�. Plasmid DNA from E. coli 
was isolated using the alkaline lysis method (Sambrook et al., 1989), or the High Pure Plasmid Isolation Kit 
according to the protocol supplied by the manufacturer (Roche Applied Science). B. subtilis was transformed 
as described by Kunst and Rapoport (Kunst and Rapoport, 1995). All constructs were checked by 
sequencing.  

 
Construction of B. subtilis mutant strains and plasmids 

In a recent study, we have constructed the B. subtilis XdsbA strain to characterize the activity of the 
S. aureus lipoprotein DsbA in B. subtilis (Kouwen et al., 2007). This strain contains the XdsbA cassette 
inserted into the amyE locus for the xylose-inducible expression of S. aureus dsbA. It should be noted that the 
sequence coding for the mature S. aureus DsbA was fused to the signal sequence and ribosomal binding site 
of B. subtilis mntA to facilitate efficient translation and export of the DsbA lipoprotein. When a series of 
correct clones producing DsbA were checked by proteomics, one of these showed an unexpectedly high 
production of LipA. This serendipitously obtained LipA hyper-secreting mutant was annotated as XdsbA*.  

The B. subtilis control strain Xtc, carrying the “empty” XTC cassette integrated in the amyE locus 
via double cross-over recombination was obtained by transformation of B. subtilis 168 with the pXTC vector. 
Correct integration of the XTC cassette was checked by selection for tetracycline resistance, and screening 
for an AmyE-negative phenotype on starch-containing plates.  

To construct plasmid pHB-ywbN-myc, the B. subtilis ywbN gene was PCR-amplified from 
chromosomal DNA of strain 168 with the primers pHB-ywbN-bsu-SalI-F (5'-GGGGGGTCGA-
CATGTGCTATAAAAGGAG-3') and pHB-ywbN-bsu-EcoRI-R (5'-CCCCCGAATTCTTAGTTCAAATCTTC-
CTCACTGATCAATTTCTGTTCTGATTCCAGCAAACGCTGGGC-3') containing SalI-HindII and EcoRI 
restriction sites, respectively (underlined). In the reverse primer a c-Myc tag sequence was incorporated 
(marked in italics) allowing immunodetection of the protein. The amplified ywbN gene was digested with 
HindII-EcoRI and ligated to the SmaI-EcoRI cleaved plasmid pHB201. All plasmids thus obtained were 
checked by sequencing (ServiceXS; Leiden, the Netherlands). Next, the constructed pHB-ywbN-myc 
plasmid was introduced into the B. subtilis strains 168, Xtc and XdsbA*.  

B. subtilis strain XdsbA* �TatAdCd was obtained by transformation of strain XdsbA* with 
chromosomal DNA of strain �TatAdCd_1 and selection for kanamycin resistance. B. subtilis strain XdsbA* 
�TatAyCy was obtained by transformation of strain XdsbA* with chromosomal DNA of strain �TatAyCy 
and selection for spectinomycin resistance. The combined mutant strain XdsbA* �TatAyCy �TatAdCd was 
constructed by transformation of strain XdsbA* �TatAyCy with chromosomal DNA of strain �TatAdCd_2 
and selection for chloramphenicol resistance.  

To construct plasmid pHB-tatAdCd, the B. subtilis tatAd-tatCd genes were PCR-amplified from 
chromosomal DNA of strain 168 with the primers TatAdCdBsF (5'-CCCCCACTAGTAAGCAATCCGA-
TGAGGTCG-3') and TatAdCdBsR (5'-CCCCCCTCGAGGATGAGGATGTGAAGTCAC-3') containing 
SpeI and XhoI restriction sites, respectively (underlined). The amplified tatAd-tatCd genes were digested 
with SpeI-XhoI and ligated to the corresponding restriction sites of pHB201. Obtained plasmids were 
checked by sequencing. Next, the constructed pHB-tatAdCd plasmid was introduced into the B. subtilis strain 
XdsbA* �TatAyCy �TatAdCd. Finally, plasmid pCACy, carrying the tatAy-tatCy genes, was also 
introduced into the B. subtilis XdsbA* �TatAyCy �TatAdCd strain.  
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SDS-PAGE and Western blotting  

The presence of LipA, DsbA and YwbN-Myc in growth medium and/or cell lysates was detected by 
Western blotting. Cellular or secreted proteins were separated by SDS-PAGE (using pre-cast Bis-Tris 
NuPAGE gels from Invitrogen), and proteins were then semi-dry blotted (75 min at 1 mA / Cm2) onto a 
nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, the DsbA proteins were detected 
with specific polyclonal antibodies raised in rabbits (Eurogentec). LipA was detected with polyclonal 
antibodies kindly provided by Dr Y. L. Boersma. The YwbN-Myc protein was detected with monoclonal 
antibodies against the Myc-tag (Gentaur). The detection of these antibodies was performed with fluorescent 
IgG secondary antibodies (IRDye 800 CW goat anti-rabbit or goat anti-mouse from LiCor Biosciences) in 
combination with the Odyssey Infrared Imaging System (LiCor Biosciences). Densitometric image analysis 
to quantify relative protein amounts as detected by Western blotting was performed with the program ImageJ 
(http://rsbweb.nih.gov/ij/). 

  
Northern blot analysis 

Preparation of total RNA was carried out as described by Eymann et al. (Eymann et al., 2002). 
Northern blot analyses using specific RNA probes were performed as described by Homuth et al. (Homuth et 
al., 1997). Chemiluminescence was detected using a Lumi-Imager (Roche Diagnostics). Transcript sizes 
were determined by comparison with an RNA size marker (Invitrogen). The digoxygenin-labelled specific 
RNA probes were synthesized by in vitro transcription using T7 RNA polymerase and specific PCR products 
as templates. Synthesis of the DNA templates was performed by PCR using the following pairs of 
oligonucleotides: for the lip probe, lip-for (5'-ATGAAATTTGTAAAAAGAAG-3') and lip-rev (5'-
CTAATACGACTCACTATAGGGAGAAATCAGGCTGTTGACTTGGC-3'); for dsbA, dsbA-for (5'-
TGCGGTAAAAAAGAATCAGC-3') and dsbA-rev (5'-CTAATACGACTCACTATAGGGAGA-
CTATTTGATTTTATCTTTTA-3'); for D1, D1-for (5'-GTAAATGCGGCAGTCAAATA-3') and D1-rev (5'-
CTAATACGACTCACTATAGGGAGA-TGGGTCCGCCGGTGTCATTA-3'); for D2, D2-for (5'-
GCAGCATGAAACCAGCTAGT-3') and D2-rev (5'-CTAATACGACTCACTATAGGGAGA-
CTTCTGAGGGCTTGGTTTCG-3'). The underlined sequences indicate the T7 promoter region. 

 
Transcriptome analysis 

Cell harvesting and preparation of total RNA were performed as described previously (Eymann et 
al., 2002). RNA samples were DNAse-treated with the RNAse-free DNAse kit (Qiagen) according to the 
manufacturer’s instructions and purified using RNeasy mini columns (Qiagen). The quality control of the 
RNA preparations was performed with the RNA 6000 Nano LabChip Kit (Agilent Technologies) on the 
Agilent 2100 Bioanalyzer according to the manufacturer’s instructions. The RNA samples obtained from 
three independent cultivations were used for independent cDNA synthesis and DNA array hybridization. 
Generation of the Cy3/Cy5-labeled cDNAs and hybridization to B. subtilis whole-genome DNA microarrays 
(Eurogentec) were performed as previously described by Jürgen et al. (Jürgen et al., 2005). The slides were 
scanned with a ScanArray Express scanner (PerkinElmer Life and Analytical Sciences). Quantification of the 
signal and background intensities of individual spots was carried out using the ScanArray Express image 
analysis software.  

Data were analyzed using the GeneSpring software (Agilent Technologies). Raw signal intensities 
were first transformed by intensity dependent LOWESS normalization. The normalized array data were 
subjected to a statistical analysis using Cyber-T, a program based on a t-test combined with a Bayesian 
statistical framework (Baldi and Long, 2001). The software is accessible through a Web interface at 
http://cybert.microarray.ics.uci.edu. The mRNA abundance was considered to be significantly different 
between the wild type and the respective mutant strain if (i) the Cyber-T Bayesian P value was < 0.001 and 
(ii) the individual fold change was at least 2. The potential and known functions of the encoded proteins were 
predominantly inferred from the SubtiList database (http://genolist.pasteur.fr/SubtiList/). 
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Proteomics 

Cells of B. subtilis were grown at 37°C under vigorous agitation in 1 liter of LB medium, or a 
synthetic medium containing 0.16 mM KH2PO4 to induce a phosphate starvation response (Antelmann et al., 
1997). At the onset of and 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 
gel electrophoresis (2D PAGE), gels were stained with the SYPRO Ruby protein gel stain (Molecular Probes 
Inc.). All detected protein spots were identified previously by matrix-assisted laser desorption/ionization – 
time of flight mass spectrometry (MALDI-TOF MS) (Antelmann et al., 2001; Antelmann et al., 2003; 
Jongbloed et al., 2000; Jongbloed et al., 2002). To visualize possible differences in extracellular protein 
composition, dual channel image analysis of stained gels was performed using the DECODON Delta 2D 
software (http://www.decodon.com). Each experiment was performed at least twice.  

  
Pulse labeling of proteins, immunoprecipitation, and fluorography 

Pulse labeling of B. subtilis, immunoprecipitation, and fluorography were performed as described 
previously (Jongbloed et al., 2002; van Dijl et al., 1991). To inhibit the translocation ATPase activity of 

SecA, sodium azide (1.5 mM final concentration) was added to the cells 5 min prior to labeling (Klein et al., 
1994). Immunoprecipitation was performed with specific antibodies against LipA. 
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SUMMARY 

Bacillus subtilis serves as an excellent cell factory for the efficient secretion of many 
biotechnologically relevant enzymes that are naturally produced by this or related 
organisms.  However, the use of B. subtilis as a host for production of heterologous 
secretory proteins can be complicated by problems relating to inefficient 
translocation of the foreign proteins across the plasma membrane, or inefficient 
release of the exported proteins from the cell surface into the surrounding medium. 
Therefore, there is a clear need for tools that allow a more efficient membrane 
targeting, translocation and release during the production of these proteins. In the 
present studies, we investigated the contributions of the pre (prelip) and pro (prolip) 
sequences of a Staphylococcus hyicus lipase to the secretion of a heterologous protein 
by B. subtilis, namely the alkaline phosphatase PhoA of E. coli. The results indicate 
that the presence of the prolip-peptide, in combination with the lipase signal peptide 
(prelip), contributes significantly to the efficient secretion of PhoA by B. subtilis, and 
that prelip directs PhoA secretion more efficiently than the authentic signal peptide of 
PhoA. Genome-wide transcriptional analyses of the host cell responses indicate that 
no known secretion- or membrane/cell wall stress responses were provoked by the 
production of PhoA with any of the used pre- and pro-sequences. Our data imply that 
the pre-pro signals of the S. hyicus lipase are very useful tools for the secretion of 
heterologous proteins in B. subtilis. 
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INTRODUCTION 

Bacillus subtilis is widely appreciated as a cell factory for the production of 
industrial enzymes, which naturally occur in this organism or closely related species. These 
enzymes are usually secreted into the growth medium in large, commercially relevant 
quantities (Tjalsma et al., 2000; Tjalsma et al., 2004). This high secretion capacity is a 
clear advantage of B. subtilis over Gram-negative bacteria, such as Escherichia coli, where 
secreted proteins are retained in the periplasm. Additionally, the lack of an outer 
membrane implies that proteins produced with B. subtilis are free from lipopolysaccharide 
(endotoxin). Other advantages of using B. subtilis as a protein production host are its high 
genetic amenability, the availability of strains with mutations in nearly all of the ~4100 
genes, a toolbox containing strains and vectors for gene expression, and the fact that this 
bacterium is generally recognized as safe (Braun et al., 1999; Kobayashi et al., 2003; 
Kunst et al., 1997; Zeigler and Perkins, 2008). However, the use of B. subtilis as a cell 
factory for production of particular heterologous secretory proteins can also be problematic 
due to, for example, inefficient translocation of the foreign proteins across the plasma 
membrane, or inefficient release of the exported proteins from the cell envelope into the 
surrounding medium (Meens et al., 1997; Puohiniemi et al., 1992; Saunders et al., 1987). 
In addition, premature or dismal protein folding may set limits to the yield of the desired 
products, and can even be detrimental to the producing host organism.  

Proteins that are destined to perform their action outside of the cell are targeted 
from their site of synthesis, the cytoplasm, to the membrane with the aid of so-called signal 
peptides (or pre-peptides) (von Heijne, 1990a; von Heijne, 1990b). These molecular Zip-
codes are usually composed of a positively charged N-region, a hydrophobic H-region and 
a C-region with a recognition site for cleavage by signal peptidase during or after 
membrane translocation. The majority of the secreted proteins are transported in an 
unfolded state across the cytoplasmic membrane, followed by cleavage of the signal 
peptide and folding of the protein (Tjalsma et al., 2004; van Wely et al., 2001). In addition, 
some proteins are produced with a pro-peptide that functions as a chaperone in guiding the 
timely protein folding and, in some cases, also the release from the plasma membrane and 
cell envelope after translocation (Takagi et al., 2001; Yabuta et al., 2001; Shinde and 
Inouye, 2000). Although the general structure of these secretion signals is conserved in all 
domains of life, particular secretion signals have been optimized during their evolution for 
functioning in the context of a particular host organism and for the secretion of a particular 
protein. Consequently, these targeting signals may perform less efficiently when used in 
heterologous protein production and can, thus, represent important bottlenecks in 
heterologous protein production. Therefore, the search for optimal secretion signals for 
interesting heterologous proteins is a useful strategy to improve their production by 
established host organisms, such as B. subtilis (Brockmeier et al., 2006). 

Previously it was reported that the combined signal peptide (prelip) and pro regions 
(prolip) of a Staphylococcus hyicus preprolipase can act as a productive secretion signal for 
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general use in Gram-positive bacteria (Demleitner and Gotz, 1994; Meens et al., 1993; 
Meens et al., 1997; Sturmfels et al., 2001). In the present studies, we investigated the 
individual and combined contributions of these regions to the heterologous secretion of the 
alkaline phosphatase PhoA of E. coli by B. subtilis. The results show that both prelip and 
prolip contributed significantly to the efficient secretion of PhoA by B. subtilis, while 
secretion of PhoA by its native signal sequence in B. subtilis was marginal. In addition, we 
performed a genome-wide transcriptional analysis of the host responses to the production 
of PhoA with these targeting signals. Surprisingly, neither a CssRS-dependent secretion 
stress response nor a SigW-dependent membrane stress response was observed upon 
production of PhoA with the different secretion signals tested. Unexpectedly, however, the 
plasmid vector used for expression of PhoA caused the induction of prophage genes in B. 
subtilis.  

 
 

RESULTS 

Secretion and localization of E. coli PhoA by B. subtilis.  

It was previously reported that the combined signal peptide (prelip) and pro regions 
(prolip) of the S. hyicus preprolipase can act as a productive secretion signal for the use in 
Gram-positive bacteria (Demleitner and Gotz, 1994; Meens et al., 1993; Meens et al., 
1997; Sturmfels et al., 2001), and for efficient secretion of the E. coli alkaline phosphatase 
PhoA in B. subtilis (Bolhuis et al., 1999; Darmon et al., 2006). To investigate to what 
extent prelip and prolip contribute to the efficient secretion of PhoA, this protein was 
produced in B. subtilis not only with the preprolip region (specified by plasmid pPSPhoA5), 
but also with the prelip signal peptide alone (specified by plasmid pPSPhoA2) or with its 
own signal peptide (specified by plasmid pPSPhoA6). Importantly, all three phoA 
constructs were expressed using the same promoter, ribosome-binding site and ATG start 
codon.  

The largest amounts of PhoA were secreted into the growth medium when 
synthesized as a preprolip-PhoA hybrid precursor, as shown by Western blotting using 
growth medium and (sub-)cellular fractions (Fig. 1A). Additionally, mature-size PhoA 
derived from preprolip-PhoA was also detectable in the cell wall fraction. Notably, the cell 
wall fraction contained also larger forms of PhoA (Fig. 1A), representing processing and 
degradation products of translocated prolip-PhoA. By contrast, the largest forms of PhoA 
were detected in protoplasts of the preprolip-PhoA producing cells. These large forms 
represented, most likely, prolip-PhoA and degradation products of prolip-PhoA (labeled 
“pro-PhoA” in Fig. 1A). All pro-PhoA was degraded upon addition of trypsin to intact 
protoplasts, suggesting that the (pro-)protein was effectively translocated across the 
protoplast membrane.  
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Figure 1. Secretion and sub-cellular localization of E. coli PhoA in B. subtilis To determine the 
localization of the precursor and mature forms of different PhoA fusion proteins, fractionation experiments 
were performed on cells of B. subtilis 168 transformed with pPSPhoA2 (prelip-PhoA), pPSPhoA5 (preprolip-
PhoA) or pPSPhoA6 (pre-PhoA). The parental strain 168 transformed with the “empty” vector pPS2 was 
used as a negative control. Cells grown in LB medium were protoplasted and protoplasts were separated from 
the cell wall fraction by centrifugation. Protoplasts were incubated for 30 min in the presence of 1 mg/ml of 
trypsin with or without 1% Triton X-100 as indicated. Samples were used for SDS-PAGE and Western 
blotting, and specific antibodies were used to detect the precursor and mature forms of PhoA (A). 
Additionally, immunoblotting experiments with marker proteins that resided in the cytoplasm (e.g. TrxA) or 
in the membrane, exposed to either the cytoplasmic surface (e.g. YolF), or the extracytoplasmic surface (e.g. 
BdbD and SipS) were performed (B). The positions of prolip-PhoA (“pro-PhoA”), mature-size PhoA 
(“PhoA”), SipS, BdbD, TrxA and YolF are indicated.  
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In contrast, the secretion of PhoA was less efficient when this protein was only 

fused to prelip. The medium contained lower amounts of mature-size PhoA than the 
medium of cells producing preprolip-PhoA (Fig. 1A). Consistently, a relatively small 
amount of mature-size PhoA was present in the cell wall fraction of cells producing prelip-
PhoA. In contrast to cells producing preprolip-PhoA, the protoplasts of these cells contained 
large amounts of mature-size PhoA as well (Fig. 1A). In addition, a different set of larger 
forms of PhoA than those observed from the preprolip-PhoA precursor was detected in 
protoplasts of the prelip-PhoA producing cells. These larger forms could represent 
aggregated forms of PhoA or PhoA bound to (an)other protein(s). The major part of the 
mature-size PhoA and larger PhoA forms were accessible to trypsin in intact protoplasts, 
indicating that they had been translocated across the protoplast membrane. A minor 
fraction of PhoA was degraded by trypsin only when 1% Triton X-100 was added to lyse 
the protoplasts, suggesting that this represented non-translocated PhoA. 

By far, the lowest amounts of mature PhoA were secreted into the growth medium 
when the authentic pre-PhoA of E. coli was expressed in B. subtilis (Fig. 1A). In this case, 
mature PhoA was detectable also in protoplasts, but not in the cell wall fraction. The 
protoplast-associated PhoA was sensitive to trypsin treatment, suggesting that it had been 
translocated across the protoplast membrane.  

The presented fractionation data were supported by immunoblotting experiments 
with marker proteins that reside in the cytoplasm (e.g. TrxA), at the cytoplasmic side of the 
membrane (e.g. YolF), or at the extracytoplasmic membrane surface (e.g. BdbD and SipS). 
As shown in Fig. 1B, complete degradation of BdbD and SipS occurred upon incubation of 
protoplasts with trypsin, whereas complete degradation of TrxA and YolF required 
protoplast lysis with 1% triton X-100, which is in line with the known subcellular 
localization of these marker proteins. However, some trypsin-mediated degradation of 
TrxA and YolF could also be observed when protoplasts were incubated with trypsin in the 
absence of triton X-100, indicating that some lysis had occurred during protoplasting. This 
view is supported by the detection of low amounts of BdbD and YolF in the wall fractions. 

The cellular and secreted amounts of active PhoA were assessed by determining 
alkaline phosphatase activity in growth medium and cellular fractions of cells producing 
the three different PhoA precursors (Fig. 2). Analysis of the cellular fractions revealed that 
cells expressing preprolip-PhoA, prelip-PhoA and the authentic pre-PhoA contained 
comparable levels of active PhoA. Analysis of the medium fractions showed that, 
consistent with the results of the Western blotting analyses, the highest PhoA activity was 
detected in the growth medium of cells expressing preprolip-PhoA, while the levels of 
PhoA activity were lower in the medium of cells expressing prelip-PhoA. In the medium of 
cells expressing the authentic pre-PhoA, very little PhoA activity was detected, which was 
just above background levels. Taken together, these observations show that prelip and prolip 
(in combination with prelip) contribute to efficient export of E. coli PhoA from the 
cytoplasm and secretion into the growth medium when produced in B. subtilis.  
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Figure 2. Secretion and cellular content of active phoA. Alkaline phosphatase activity was measured in 
growth media and cells of B. subtilis 168 transformed with pPSPhoA2 (prelip-PhoA), pPSPhoA5 (preprolip-
PhoA) or pPSPhoA6 (pre-PhoA). The parental strain 168 transformed with the “empty” plasmid pPS2 was 
used as a negative control. Cells were grown overnight in LB medium at 37°C and samples were withdrawn 
to determine the PhoA activities in the growth media (grey bars) and cells (black bars). PhoA activities are 
expressed in U/ml/OD600. Standard deviations are indicated. 
 
 

Secretion of PhoA does not cause a secretion stress response in B. subtilis.  

The large differences in extracellular accumulation of active PhoA, as derived from 
the three different precursor peptides used in our studies, suggested that at least some of 
the produced PhoA was degraded. This was most likely due to slow or incorrect PhoA 
folding upon translocation across the membrane, especially in the case of prelip-PhoA and 
the authentic pre-PhoA. As judged by the observed differences, it is conceivable that the 
prelip and prolip peptides aided in preventing this proteolytic degradation by contributing to 
effective export and proper folding of PhoA. As such, cells expressing the different PhoA 
precursors might be confronted with different amounts of incorrectly folded and degraded 
precursor proteins, which is potentially stressful. In B. subtilis, this so-called secretion 
stress response is sensed and combated by the CssRS two component system (Darmon et 
al., 2002). Known members of the CssRS regulon are htrA, htrB, cssR and cssS. In 
particular the levels of htrA and htrB transcription are significantly increased in secretion-
stressed cells (Darmon et al., 2002). Consequently, the expression of these genes can be 
used as a reliable indicator for the physiological state of the cell and, also, it can be used to 
assess how well the cell can handle a particular secretory protein that is being produced.  

Recently it was reported, through the use of lacZ fusions, that production of the 
preprolip-PhoA precursor in B. subtilis triggered a mild htrB-dependent secretion stress 
response although, remarkably, htrA expression was not affected in this strain (Darmon et 
al., 2006). To assess whether the production of either prelip-PhoA, preprolip-PhoA or pre-
PhoA provoked a possible secretion stress response in B. subtilis, we performed genome-
wide transcriptional analyses on strains producing these precursor proteins. As a control, 
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we analyzed the effects of the empty pPS2 plasmid vector. A first interesting finding was 
that the transcription levels of the htrA, htrB, cssR and cssS genes in cells producing either 
prelip-PhoA, preprolip-PhoA or pre-PhoA did not differ from the transciption levels of these 
genes in the parental strain 168 (data not shown). This indicated that the production of the 
three different PhoA precursors did not cause a CssRS-dependent secretion stress response 
in B. subtilis under the conditions tested. 

To investigate whether the production of the three PhoA precursors led to a 
different, CssRS-independent stress response, the expression levels of different sigma 
factors in the array analysis were inspected. The results showed that the expression levels 
of the sigma factors were not significantly altered although the pre-PhoA-producing cells 
did show a mild increase (1.4 fold) in the expression of sigW (data not shown). SigW is a 
transcription factor which regulates the expression of genes in response to membrane and 
cell wall stress (Cao et al., 2002a; Cao et al., 2002b). As such, increased levels of SigW 
could indicate potential membrane- or cell wall stress, as in potentia caused by the 
inefficient PhoA translocation and export. However, the results of the microarray analyses 
revealed that, in response to the production of prelip-PhoA, preprolip-PhoA or pre-PhoA, 
there is no altered expression in any gene that is known to be under the control of SigW. 
Taken together, these (negative) results show that production of the prelip-PhoA, preprolip-
PhoA or pre-PhoA precursors does not provoke a secretion or membrane/cell wall stress 
response.  

Interestingly, the production of the prelip-PhoA, preprolip-PhoA or pre-PhoA 
precursors did provoke increased expression of only a limited set of genes, including trxA, 
tagC, dinB, clpE, yvaV, vyqH, yqbO, ydcL, yvaN, yvaO, yomZ, yonD, yonE, yonH and 
yonN (Table 1). It should be noted however, that most of these apparently PhoA-specific 
inductions were relatively moderate (2- to 3.4-fold). Stronger induction levels were only 
observed in pre-PhoA-producing cells for the yvaN (8.2-fold increased) and yvaO (5.2-fold 
increased) genes, which encode phage-related proteins. Over all, production of pre-PhoA 
seems to cause the most pronounced changes in the transcription of the trxA, clpE, yvaV, 
vyqH, yqbO, yvaN, and yvaO genes, while the prelip-PhoA production had the strongest 
impact on transcription of the tagC, dinB, clpE, ydcL, yomZ, yonD, yonE, yonH and yonN 
genes. Production of preprolip-PhoA had the mildest effects.  

 
 

Table 1. Microarray analysis. (next page). To monitor the effects of PhoA precursor production on 
genome-wide transcriptional activity, microarray analyses were performed. Preparation of total RNA, cDNA 
synthesis, labeling and DNA microarray hybridization and analyses were performed as indicated under 
Materials and Methods. The RNA samples were obtained from independent cultivations of the parental 168 
strain and the 168 strains harboring the following plasmids: pPSPhoA2 for production of prelip-PhoA; 
pPSPhoA5 for production of preprolip-PhoA, pPSPhoA6 for production of pre-PhoA; and the “empty” 
cloning vector pPS2. RNA samples were used for independent cDNA synthesis and subsequent competitive 
DNA array hybridization with samples of the plasmid-containing strains against the parental 168 strain. 
Significant up-regulated genes, as displayed in this table, were considered as such when the mRNA 
abundance between the parental strain and the respective plasmid-containing strain had Cyber-T Bayesian P 
values of < 0.001 and the individual fold changes of two biological replicates were at least 2. Notably, no 
down-regulated genes were identified. Genes belonging to prophage regions are indicated as such.  
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Gene ID1 pPS2 pPSPhoA2 pPSPhoA5 pPSPhoA6 PBSX SP� Name Comments 
BG10348 --- 2,4 --- 3,4 --- --- trxA thioredoxin 
BG10453 --- 2,0 --- --- --- --- tagC possibly involved in polyglycerol 

phosphate teichoic acid 
biosynthesis 

BG10539 --- 2,4 --- --- --- --- dinB nuclease inhibitor 
BG12578 --- --- --- 2,4 --- --- clpE ATP-dependent Clp protease-like 

(class III stress gene) 
BG12736 3,1 4,5 2,9 3,3 --- --- ybfG unknown; similar to unknown 

proteins 
BG14073 --- --- --- 2,3 --- --- yvaV unknown; similar to unknown 

proteins 
BG14137 --- --- --- 3,0 --- --- yvqH unknown; similar to unknown 

proteins from B. subtilis 
BG11286 --- --- --- 2,7 --- --- yqbO unknown; similar to phage-related 

protein 
BG12099 --- 2,4 --- 2,0 --- --- ydcL unknown; similar to integrase, 

phage-related 
BG14069 --- --- --- 8,2 --- --- yvaN unknown; similar to immunity 

repressor protein, phage-related 
BG14070 --- --- --- 5,4 --- --- yvaO unknown; similar to immunity 

repressor protein, phage-related 
BG13613 --- 2,0 --- --- --- SP� yomZ unknown 
BG13617 --- 2,6 --- --- --- SP� yonD unknown 
BG13618 --- 2,5 --- --- --- SP� yonE unknown 
BG13621 --- 2,6 2,5 --- --- SP� yonH unknown 
BG13625 --- 2,9 --- --- --- SP� yonN unknown; similar to HU-related 

DNA-binding protein 
BG10959 --- 3,5 3,2 2,3 PBSX --- xepA PBSX prophage lytic exoenzyme 
BG10960 2,5 3,6 2,6 2,7 PBSX --- xhlA involved in cell lysis upon 

induction of PBSX 
BG10961 3,8 5,7 3,1 4,6 PBSX --- xhlB hydrolysis of 5-bromo 4-

chloroindolyl phosphate  
BG10962 --- 3,9 2,6 2,9 PBSX --- xlyA N-acetylmuramoyl-alanine amidase  
BG10997 --- 2,9 3,5 2,1 PBSX --- xkdD PBSX prophage 
BG10999 2,2 3,9 3,5 3,1 PBSX --- xtmA PBSX terminase (small subunit) 
BG11000 2,0 3,3 2,4 2,4 PBSX --- xtmB PBSX terminase (large subunit) 
BG11540 2,4 4,1 2,5 2,9 PBSX --- xkdE PBSX prophage 
BG11541 3,0 5,7 2,9 4,0 PBSX --- xkdF PBSX prophage 
BG11542 2,2 3,7 2,0 2,8 PBSX --- xkdG PBSX prophage 
BG11543 3,0 5,2 3,0 3,7 PBSX --- xkdH PBSX prophage 
BG11544 2,2 3,9 --- 2,6 PBSX --- xkdI PBSX prophage 
BG11545 4,1 9,0 4,3 4,8 PBSX --- xkdJ PBSX prophage 
BG11546 2,5 6,5 3,2 4,1 PBSX --- xkdK PBSX prophage 
BG11547 3,8 6,5 3,0 4,6 PBSX --- xkdM PBSX prophage 
BG11548 3,2 4,8 2,2 3,3 PBSX --- xkdN PBSX prophage 
BG11549 2,8 4,9 2,8 5,1 PBSX --- xkdO PBSX prophage 
BG11550 --- 2,1 --- 2,0 PBSX --- xkdP PBSX prophage 
BG11551 --- 2,2 2,8 --- PBSX --- xkdQ PBSX prophage 
BG11552 --- 3,0 2,2 2,5 PBSX --- xkdR PBSX prophage 
BG11553 3,0 4,2 3,4 3,2 PBSX --- xkdS PBSX prophage 
BG11554 --- 2,6 2,6 2,2 PBSX --- xkdT PBSX prophage 
BG11555 4,4 5,8 4,0 4,1 PBSX --- xkdU PBSX prophage 
BG11556 --- --- 2,6 --- PBSX --- xkdV PBSX prophage 
BG11557 --- 5,0 3,2 3,4 PBSX --- xkdW PBSX prophage 
BG11558 --- 3,3 --- 2,2 PBSX --- xkdX PBSX prophage 
BG11559 2,1 2,5 2,6 --- PBSX --- xtrA PBSX prophage 
BG12699 2,2 5,0 2,5 3,6 PBSX --- xlyB N-acetylmuramoyl-alanine amidase  

1Accession numbers were derived from the subtilist database http://genolist.pasteur.fr/SubtiList). 
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Plasmid pPS2 induces the PBSX prophage in B. subtilis.  

A remarkable observation from the array analyses was that a significant number of 
genes that showed increased expression in prelip-PhoA, preprolip-PhoA or pre-PhoA producing 
cells belong to the PBSX prophage region. Notably, a similar induction of these genes was 
observed in the strain containing the empty pPS2 plasmid, showing that pPS2-borne 
sequences are responsible for this effect. The PBSX region contains genes from a phage that 
has inserted itself into the B. subtilis 168 genome during the evolution of this strain (Wood et 
al., 1990; Zahler et al., 1977). Unlike most other prophage regions of the B. subtilis genome, 
the PBSX prophage can still be induced, specifically under DNA damaging conditions 
(Lazarevic et al., 1999; Okamoto et al., 1968). To address the overall PBSX induction, we 
monitored the expression of all PBSX prophage genes in the B. subtilis cells producing the 
three different PhoA precursors, or containing the empty pPS2 vector. For this purpose, the 
expression levels of all genes included in the array analyses were plotted in individual scatter 
plots. In these plots we labeled the symbols for genes of the PBSX prophage region in black 
(Fig. 3). The scatter plots clearly show that the PBSX prophage is induced in the strains 
containing the empty pPS2 vector, or either one of the three pPS2-derived plasmids that 
encode prelip-PhoA, preprolip-PhoA or pre-PhoA (Fig. 3). The average induction of PBSX 
genes was found to be similar in the case of all four different plasmids used in our analyses as 
compared to the parental plasmid-free B. subtilis strain 168. This implies that the pPS2 
plasmid generates a stimulus that is responsible for induction of the PBSX prophage. Only 
one other gene, namely ybfG, was clearly induced by the presence of pPS2.  

 

Figure 3. Induction of PBSX genes. Scatter plots were used to visualize the results of transcriptome 
analyses performed with B. subtilis 168 carrying pPSPhoA2 (prelip-PhoA), pPSPhoA5 (preprolip-PhoA), 
pPSPhoA6 (pre-PhoA), or the empty vector pPS2. The plots visualize the gene transcription levels in a 
culture of bacteria carrying a plasmid (y-axis) relative to gene transcription levels in a plasmid-free control 
culture (x-axis). Spots representing genes that are located on the PBSX prophage are shown as filled black 
spots. All remaining spots are open.  
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DISCUSSION 

The present studies were aimed at a dissection of the contributions of the pre and 
pro sequences of a secreted S. hyicus lipase on the secretion of a heterologous model 
protein by B. subtilis. For this purpose, the alkaline phosphatase PhoA from E. coli was the 
model protein of choice, because it was previously shown to be secreted at relatively high 
levels when fused to these combined preprolip regions (Bolhuis et al., 1999; Darmon et al., 
2006), and because it contains two disulfide bonds. As a consequence of these disulfide 
bonds, PhoA displays folding requirements that are significantly different from those of 
non-disulfide bond containing proteins and it can thus act as a model for secretion of 
heterologous disulfide bond containing proteins. Several novel and unexpected findings are 
documented. Firstly, it was shown that the presence of the prolip-peptide, in combination 
with the lipase signal peptide (prelip), contributes significantly to the efficient secretion of 
PhoA by B. subtilis, and that prelip directs PhoA secretion more efficiently than the 
authentic signal peptide of PhoA. Secondly, while there were clear differences in the 
efficiency by which B. subtilis was able to secrete processed products of the preprolip-
PhoA, prelip-PhoA and pre-PhoA precursors, these differences could neither be correlated 
to a general secretion stress response, nor to another known stress response in the 
producing cells. Thirdly, our  genome-wide analysis of transcriptional responses in the 
producing cells revealed that the pPS2 vector, used for expression of E. coli phoA, 
triggered the induction of genes of the prophage PBSX in B. subtilis.  

The observation that the signal peptide (prelip) of the S. hyicus lipase directs the 
secretion of E. coli PhoA by B. subtilis with a higher efficiency than the authentic PhoA 
signal peptide probably relates to the fact that prelip conforms better to the requirements for 
productive interactions with the secretion machinery of B. subtilis than the PhoA signal 
peptide. It was previously shown that the signal peptides of 47 extracellular proteins of B. 
subtilis have an average length of 30 residues, including an N-region with an average of 
two positively charged residues, a hydrophobic H-region of ~20 residues, and a C-region 
with a preferred Ala-Xxx-Ala signal peptidase I recognition site (Antelmann et al., 2001). 
Accordingly, prelip has a total length of 38 residues, including an N-region with at least 4 
positively charged residues (MKETKHQHTFSIRKS), an H-region of 20 residues and a 
predicted Ala-Glu-Ala cleavage site. In contrast, the authentic signal peptide of PhoA with 
a total length of 21 residues, including an N-region with 1 positively charged Lys residue, 
an H-region of 10 residues and a Thr-Lys-Ala signal peptidase I recognition site, seems to 
be sub-optimal for the B. subtilis secretion machinery.  

The observation that the pro-peptide of the S. hyicus lipase (prolip) also contributes 
significantly to efficient secretion of PhoA is consistent with the previously reported 
observation that preprolip supports the efficient secretion of E. coli OmpA both by B. 
subtilis and Staphylococcus carnosus (Meens et al., 1993; Meens et al., 1997). It was 
proposed that prolip would help translocated and unfolded OmpA to escape from proteases 
at the membrane-cell wall interface of these two Gram-positive bacteria by accelerating the 
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release of OmpA from the plasma membrane and/or passage through the cell wall (Meens 
et al., 1993; Meens et al., 1997). Prolip might play a similar role in the secretion of E. coli 
PhoA by B. subtilis. Indeed, our Western blotting experiments showed that the preprolip-
PhoA expressing strain contains more PhoA in the medium, while the prelip-PhoA 
expressing strain has a much larger fraction of PhoA protein still remaining attached to the 
membrane. It is also possible that PhoA may be exported more efficiently from the 
cytoplasm of B. subtilis with preprolip than with prelip due to the junction between prelip and 
prolip having been optimized during evolution, whereas the junction between prelip and 
mature PhoA is artificial and, therefore, perhaps sub-optimal for secretion. Indeed, the 
present studies indicate that the presence of prolip also results in clearly improved export of 
PhoA from the cytoplasm, at least when this process is directed by the prelip signal peptide. 
This finding is interesting since pro-peptides are generally not considered to be involved in 
protein translocation across the membrane, which is initiated by the signal peptide. Rather, 
pro-peptides are generally known to serve in the post-translocational folding process to 
achieve an active and stable form of the secretory protein (van Dijl et al., 2001). Although 
this has not been previously documented for B. subtilis, there is some precedence for a 
potential role of prolip in protein export from the cytoplasm of S. carnosus, and it has been 
proposed that the prolip peptide can keep precursor proteins in a translocation competent 
state (Sturmfels et al., 2001). It is worth further investigation to determine whether this is 
also the case in B. subtilis. In any case, the present data already show that great increases in 
heterologous protein secretion can probably be achieved by modulating the pre- and pro-
peptides of the protein of interest.   

To minimize differences in the synthesis of the preprolip-PhoA, prelip-PhoA and 
pre-PhoA precursors, all three were produced from the same promoter, ribosomal binding 
site and start codon. Nevertheless, clear differences were observed for the yields of cell-
bound and extracellular active PhoA, indicating important differences in the efficiency in 
which B. subtilis was able to export the PhoA precursors and to release processed forms of 
PhoA into the growth medium. The best “outcome” was achieved with cells producing 
preprolip-PhoA, which accumulated the highest amounts of active mature PhoA in the 
growth medium and relatively low amounts in the cells. Judged by the results obtained 
with preprolip-PhoA, substantial amounts of the PhoA that was produced as prelip-PhoA or 
pre-PhoA was apparently not correctly translocated, folded and/or released. In particular, 
the accumulation of cell-associated PhoA forms of a molecular weight that was higher than 
that of mature PhoA suggests that prelip-PhoA production is associated with a PhoA folding 
problem that gives rise to aggregates or complexes with other, yet unidentified, proteins or 
cell wall compounds. Apparently, the pro-peptide can prevent the occurrence of such high 
molecular weight forms. In the case of authentic pre-PhoA synthesis, the overall yields of 
PhoA were very low compared to the other two constructs tested. This suggests that 
substantial degradation of the synthesized pre-PhoA, or the resulting mature PhoA had 
occurred. In view of these findings, it was quite remarkable that, in our transcriptome 
analyses, no CssRS-dependent secretion stress response was observed for any of the 
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precursor-producing cells. This would have been a predicted result in view of the detection 
of PhoA processing and degradation products, and even aggregates, in the B. subtilis cell 
envelope. Indeed, a mild htrB induction was observed previously when preprolip-PhoA was 
produced in the B. subtilis IhtrB strain (Darmon et al., 2006). However, in this IhtrB strain, 
the secretion stress responses are strongly enhanced due to the inactivation of the htrB gene 
for the construction of the htrB-lacZ transcriptional gene (Noone et al., 2001). Importantly, 
consistent with our present results, the previous studies with a transcriptional htrA-lacZ 
gene fusion did not reveal an induction of htrA transcription in response to preprolip-PhoA 
production. This very low and/or undetectable secretion stress response in the PhoA-
producing B. subtilis strains contrasts strongly to the severe secretion stress response that 
was previously observed for cells producing the �-amylase AmyQ from Bacillus 
amyloliquefaciens (Lulko et al., 2007; Antelmann et al., 2003). This difference is all the 
more remarkable because, at least in case of preprolip-PhoA-expressing cells, the PhoA is 
produced at even higher levels than AmyQ (Antelmann et al., 2003). This may indicate 
that, compared to PhoA, higher levels of malfolded AmyQ are present at critical locations 
in the B. subtilis cell envelope, at least under the conditions tested. Alternatively, the 
CssRS system might be more sensitive to malfolded AmyQ than malfolded PhoA so that 
the current production levels of PhoA are simply too low to trigger a secretion stress 
response. If so, increasing the production of PhoA to significantly higher levels may 
establish possible differences in the secretion stress responses by the host cells producing 
the different PhoA precursors.  

The genome-wide transcriptome analysis confirmed that the production of the 
different PhoA precursors provoked no clear overall stress response, although it was 
evident that the production of the pre-PhoA precursor caused somewhat more pronounced 
transcriptional changes in the producing cells then the preprolip-PhoA precursor. This in fact 
confirms the notion that the pre-PhoA protein was synthesized in substantial amounts, but that 
this synthesis remained largely undetectable due to rapid proteolysis. Furthermore, this 
finding is consistent with the observation that the preprolip-PhoA is more effectively exported 
to the medium than the pre-PhoA variant. The function of some genes with altered 
expression in the pre-PhoA producing strain offers some further support for the idea that 
pre-PhoA is inefficiently exported from the cytoplasm and degraded. The ATP-dependent 
Clp protease subunit ClpE, for example, is known to be involved in the breakdown of mis-
folded proteins (Derre et al., 1999). The up-regulated expression of this gene in the pre-
PhoA producing strain therefore suggests the incorrect cytoplasmic folding of some of this 
protein. Furthermore, the gene for the thiol-disulphide oxidoreductase TrxA is known to be 
up-regulated in response to oxidative stress (Scharf et al., 1998). Since folded PhoA has two 
disulphide bonds, the presence of cytoplasmic PhoA may impose some sort of oxidative stress 
on the producing cells. This latter view would be consistent with the detection of cytoplasmic 
PhoA in cells producing prelip-PhoA, which also display increased transcription of trxA. 
Importantly, irrespective of the precise origin of the few stress responses observed, the prolip 
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peptide, at least in combination with the prelip signal peptide, seems to prevent most of them 
from occurring.  

The observed induction of PBSX prophage genes by the cloning vector pPS2 
explains the previously documented accumulation of the PBSX-specific proteins XkdG, 
XkdK and XkdM in the growth medium of B. subtilis cells producing preprolip-PhoA with 
the plasmid pPSPhoA5 (Darmon et al., 2006). It is presently unclear which sequences of 
the vector are responsible for this prophage induction. To our knowledge, the only reported 
stimulus for PBSX prophage induction is DNA damage (Lazarevic et al., 1999; Okamoto 
et al., 1968). However, our data do not indicate that pPS2 triggers a strong SOS response 
in B. subtilis. It is nevertheless conceivable that pPS2 causes a very mild SOS stimulus, 
which is sufficient only for induction of PBSX. This view would be supported by the up-
regulated expression of the DNA damage inducible genes tagC and dinB and a few SPβ 
genes in prelip-PhoA- producing cells. However, these genes were not significantly induced 
in the other strains with pPS2-derived plasmids. Prophage induction in B. subtilis 168 in 
response to the presence of plasmids has, to our knowledge, not been reported before. 
Thus, we do not know whether this is a pPS2-specific phenomenon, or a more general 
phenomenon that has so far escaped the attention. As prophage induction will cause cell 
lysis and, consequently, decrease the production capacity of B. subtilis as a cell factory, it 
may be relevant to test plasmid vectors for this trait prior to their application in an 
industrial context. Alternatively, a prophage-free production strain, like the previously 
constructed B. subtilis �6 strain that lacks all prophages (Westers et al., 2003), might be an 
appropriate host if there is reason to use plasmids for bioproduction purposes. 

In conclusion, the work presented here shows that the combined use of the pre- and 
pro-sequences of the S. hyicus lipase can contribute significantly to the productive 
secretion of a heterologous protein by B. subtilis. At least in our experiments with E. coli 
PhoA fused to the preprolip sequences, no secretion stress response could be detected, 
which supports the view that these sequences represent a very promising tool for the 
production of heterologous secretory proteins in B. subtilis.  

 
 
 

EXPERIMENTAL PROCEDURES 

Plasmids, bacterial strains, media and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 2. Strains were grown with 
agitation at 37ºC in Luria Bertani (LB) medium, consisting of 1% tryptone, 0.5% yeast extract and 1% NaCl, 
pH 7.4. If appropriate, media were supplemented with chloramphenicol at a concentration of 5 �g/ml.  
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Table 2. Plasmid, strains and primers used in this study. 

Plasmids Relevant properties References 
pJM1 pUC18 derivative; contains the gene encoding the pre-prolipase 

from  Staphylococcus hyicus under the control of the regulatory 
elements of the lac operon; Apr 

(Meens et al., 1993) 

pJM1-2 pJM1 derivative with a NaeI site at the position corresponding to 
the signal peptidase I cleavage site in the pre-prolipase of S. hyicus; 
Apr 

This study 

pJM1-23 pJM1 derivative with a SnaBI site at the position corresponding to 
the junction between propeptide and mature lipase of S. hyicus; Apr 

(Meens et al., 1997) 

pJM1-87 pJM1 derivative with a SwaI site between the RBS and the ATG 
start codon of the lipase gene of S. hyicus; Apr 

(Meens et al., 1997) 

pPA9 pJM1-87 derivative containing the authentic coding sequence for 
pre-PhoA of E. coli instead of the pre-prolipase gene of S. hyicus; 
Apr 

This study 

pPA10 pJM1-2 derivative containing a precise fusion between the signal 
peptide (prelip) of the pre-prolipase of S. hyicus and the coding 
sequence for the mature PhoA; Apr 

This study 

pPA12 pJM1-23 derivative containing precise fusion between the pre-pro 
part of the pre-prolipase of S. hyicus and the coding sequence for 
the mature PhoA; Apr 

(Darmon et al., 2006) 

pPS2 pLipPS1 derivative containing the constitutive promoter of the S. 
hyicus pre-prolipase gene (pLip) followed by a multiple cloning 
site; Cmr 

(Meens et al., 1997) 

pPSPhoA2 pPS2 derivative carrying the fusion between the signal peptide 
(prelip) from the pre-prolipase of S. hyicus and the mature PhoA 
coding sequence from pPA10 (prelip-PhoA); Cmr 

This study 

pPSPhoA5 pPS2 derivative carrying the fusion between the preprolip part of the 
pre-prolipase of S. hyicus and the mature PhoA coding sequence 
from pPA12 (preprolip-PhoA); Cmr 

(Darmon et al., 2006) 

pPSPhoA6 pPS2 derivative carrying the authentic coding sequence for pre-
PhoA of E. coli from pPA9 (pre-PhoA); Cmr 

This study 

   
Strains   
E. coli   
DH5α F- φ80dlacZ∆M15 endA1 recA1 gyrA96 thi-1 hsdR17 (rK

- mK
+) 

supE44 relA1 deoR ∆(lacZYA-argF) U169 
Life Technologies, 
Inc. 

JM109 F' traD36 lacIq ∆(lacZ)M15 proA+B+/e14-(McrA-) ∆(lac-proAB) 
thi gyrA96 (Nalr) endA1 hsdR17(rk-mk+) relA1 supE44 recA1 

(Yanisch-Perron et 
al., 1985) 

B. subtilis   
168 trpC2 (Kunst et al., 1997) 
   
Primers 5´- 3´  
K2 TTGTGTTGTCGAATCGCCGGCCTCTGCCACGCCC This study 
pho4 GGGATTTAAATGATATCACGTGTTAACCGGGCTGCTCAG

GGCGATAT 
(Darmon et al., 2006) 

pho5 TTTAAAGCTT GGATCCTTATTTCAGCCCCAGAGCGGC (Darmon et al., 2006) 
pho6 GGGGATTTAAATGAAACAAAGCACTATTGCACTGGC This study 

 
 

DNA techniques 

Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli cells were carried out as previously described (Sambrook et al., 1989). 
Chromosomal DNA of B. subtilis was isolated according to Bron and Venema (Bron and Venema, 1972). 
PCR was carried out with the Pwo DNA polymerase, using chromosomal DNA as a template. Plasmid DNA 
from E. coli was isolated using the alkaline lysis method (Sambrook et al., 1989), or the High Pure Plasmid 
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Isolation Kit according to the protocol supplied by the manufacturer (Roche Applied Science). B. subtilis was 
transformed as described by Kunst and Rapoport (Kunst and Rapoport, 1995). The nucleotide sequences of 
primers used for PCR are listed in Table 2; restriction sites used for cloning are underlined. Constructs were first 
made in E. coli DH5α and then introduced into B. subtilis.  

Plasmid pPSPhoA2, which encodes a precise fusion between the signal peptide (prelip) of a lipase 
from S. hyicus and the mature PhoA protein of E. coli (prelip-PhoA), was constructed as follows. First, primer 
K2 was employed as previously described (Meens et al., 1993) to introduce a NaeI site into plasmid pJM1 at 
the position that corresponds to the signal peptidase I cleavage site of the pre-prolipase. This resulted in 
plasmid pJM1-2. Next, the phoA gene of E. coli JM109 was amplified by PCR with primers pho4 and pho5; 
primer pho4 introduces an HpaI site between the codons for Glu9 and Asn10 of mature PhoA. The amplified 
phoA fragment was cleaved with HpaI and HindIII, and used to replace a 1.9-kb NaeI-HindIII fragment of 
pJM1-2, which encodes the prolipase. The resulting plasmid was named pPA10. Finally, pPSPhoA2 was 
obtained by excision of a 1.5-kb SacI-HindIII fragment from pPA10 and ligation of this fragment, which 
specifies prelip-PhoA, into the SacI-HindIII sites of the expression vector pPS2. 

Plasmid pPSPhoA5, which encodes a precise fusion between the signal peptide plus pro-region of 
the S. hyicus lipase and mature PhoA of E. coli (preprolip-PhoA), was constructed using plasmid pJM1-23 as 
described in (Darmon et al., 2006). Plasmid pJM1-23 carries a copy of the S. hyicus lipase gene in which a 
SnaBI site has been introduced at the position that corresponds to the junction between the pro-peptide and 
the mature lipase. Next, the phoA gene of E. coli JM109 was PCR-amplified with primers pho4 and pho5. 
The resulting fragment was cleaved with HpaI and HindIII, and used to replace the SnaBI-HindIII fragment 
of pJM1-23, which encodes the mature lipase. This resulted in plasmid pPA12. Finally, pPSPhoA5 was 
obtained by insertion of a 2.16-kb SacI-HindIII fragment from pPA12, which specifies preprolip-PhoA, into 
the corresponding sites of pPS2. 

Plasmid pPSPhoA6, which carries the authentic phoA gene of E. coli JM109 fused to the ribosome-
binding site of the S. hyicus lipase gene (pre-PhoA), was obtained as follows. First, the phoA gene of E. coli 
JM109 was PCR-amplified with primers pho5 and pho6; primer pho6 introduces a SwaI site directly 
upstream of the ATG start codon of phoA. Upon cleavage with SwaI and HindIII, this fragment was ligated 
into the corresponding sites of plasmid pJM1-87, thereby replacing the 2-kb SwaI-HindIII fragment that 
contains the lipase structural gene. This resulted in plasmid pPA9. Finally, pPSPhoA6 was obtained by 
insertion of a 1.5-kb SacI-HindIII fragment from pPA9, which specifies the authentic pre-PhoA of E. coli, 
into the corresponding sites of pPS2.  

 
Localization of PhoA.  

The subcellular localization of PhoA was determined using the protocol described by Tjalsma et al. 
(Tjalsma et al., 2003). Briefly, cells were grown overnight at 37oC in TY broth and separated from the 
growth medium by centrifugation. Next, the cells were re-suspended in protoplast buffer (20 mM potassium 
phosphate, pH 7.5; 15 mM MgCl2; 20% sucrose) supplemented with 1 mg/ml lysozyme. After 30 min 
incubation at 37oC, proteins released from the cells by protoplasting (i.e. the cell wall fraction) were 
separated from the protoplasts by centrifugation. The protoplasts were re-suspended in protoplast buffer and 
divided into three aliquots that were supplemented with either 1% trypsin in PBS, 1% trypsin + 1% triton X-
100 in PBS, or PBS without additions (PBS contained per liter: 8 g NaCl, 2.68 g Na2HPO4, 0.2 g KCl, 0.24 g 
KH2PO4, pH 7.4). After 30 min incubation at 37oC, trypsin was inactivated by adding CompleteTM protease 
inhibitors (Roche Molecular Biochemicals). All fractions were used for SDS-PAGE and subsequent Western 
blotting. 

 
SDS-PAGE and Western blotting  

Proteins in the growth medium, the cell wall, protoplasts and/or cell lysates were separated by SDS-
PAGE (using pre-cast Bis-Tris NuPAGE gels from Invitrogen) and then semi-dry blotted (75 min at 1 mA / 
Cm2) onto a nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, the PhoA, SipS, 
BdbD, TrxA and YolF proteins were detected with specific polyclonal antibodies raised in rabbits. The 
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detection of these antibodies was performed with fluorescent IgG secondary antibodies (IRDye 800 CW goat 
anti-rabbit from LiCor Biosciences) in combination with the Odyssey Infrared Imaging System (LiCor 
Biosciences).  

 
Alkaline phosphatase assays.  

Alkaline phosphatase (PhoA) activity assays were carried out essentially as described by Nicholson 
and Setlow (Nicholson and Setlow, 1990), but with minor modifications as described by Darmon et al. 
(Darmon et al., 2006). 

 
Transcriptome analysis 

Total RNA was isolated from cell pellets using the High Pure RNA Isolation Kit (1828665; Roche). 
RNA samples were quantified spectrophotometrically at 260 nm and the quality was checked by the integrity 
of the 23S and 16S rRNA bands on an agarose gel. Conversion of 20 �g RNA to cDNA and cDNA labeling 
was performed using the CyScribe Post-Labelling Kit (RPN5660X; GE Healthcare) according to the 
manufacturer’s instructions. Probes in 3X SSC (0.45 M NaCl and 0.45 M sodium citrate) containing 0.3% 
SDS and 0.5 µg/µl tRNA were denatured at 90ºC for 2 min and cooled on ice for a few seconds, immediately 
followed by application onto the chip. 

B. subtilis microarrays were printed on poly-L-lysine coated glass slides at Novozymes A/S 
(Bagsvaerd) using a MicroGrid II arrayer (BioRobotics, Huntingdon, UK) followed by UV-cross linking at 
60 mJ in a UV-Stratalinker 1800 (Biocrest B.V., Amsterdam, Holland). Free poly-L-lysine groups were 
neutralized by washing the slides for 15 min in 1-methyl-2-pyrrolidinone supplemented with 1.7% (w/v) 
succinic anhydride and 4.3% (v/v) boric acid (pH 8.0), followed by 3 times washing in water. Slides were 
blocked by washing in 1% (w/v) Bovine Serum Albumin, 20% (v/v) 20×SSC (3 M NaCl plus 3 M sodium 
citrate) and 0.5% (w/v) SDS, for 45 min at 42˚C followed by 5 times washing in water and drying by 
centrifugation (500 rpm, 5 min at 20˚C). The BACLIB96 OligoLibrary consisting of 65-mer oligo’s 
representing 4106 identified ORF’s of the B. subtilis 168 genome were purchased from Compugen (USA), 
diluted to 10 µM in 50% DMSO, and printed three times on each slide. Labelled cDNA was hybridised to B. 
subtilis chips under a supported cover slip in a humid chamber overnight at 60ºC in a dark water bath. After 
hybridization, the cover slip was gently removed by placing the chip in a buffer of 2×SSC and 0.1% SDS. 
The chip was washed for 5 min in 2X SSC + 0.1 % SDS, for 5 min in 1X SSC + 0.1 % SDS, for 5 min in 
0.5X SSC, for 10 sec in de-ionized water and finally dried by centrifugation (500 rpm, 5 min and 20˚C). 
Probed arrays were scanned at 532 and 635 nm using a GenePix 4000B Scanner (Molecular Devices) and 
image analyses were performed using Imagene 7.5 from BioDiscovery (USA). Datasets were Lowess print-
tip normalized and merged in GeneSight 4.1 (BioDiscovery, USA). Finally, the data were validated by use of 
the Confidence Analyzer Tool (99% confidence level) in GeneSight 4.1. Two technical replicate 
hybridisations (dye swap) were made for each time point from each of two biological replicate experiments. 
Since each probe is present 3 times on the DNA chips, this generates two biological replicate datasets each 
containing 6 technical replicate values for each gene. Only genes that were found significantly regulated at 
99 % confidence level in both biological replicate experiments were included in the final list. 
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SUMMARY 

Disulfide bonds are important for the correct folding, structural integrity and activity 
of many biotechnologically relevant proteins. For synthesis and subsequent secretion 
of these proteins in bacteria, such as the well-known “cell factory” Bacillus subtilis, it 
is often the correct formation of disulfide bonds that represents the greatest 
bottleneck. Degradation of inefficiently or incorrectly oxidized proteins and the 
requirement of costly and time-consuming reduction and oxidation steps in their 
downstream processing still set major limits to a full exploitation of B. subtilis for 
biopharmaceutical production. Therefore, the present studies were aimed at 
developing a novel in vivo strategy for improved production of secreted disulfide 
bond-containing proteins. Three approaches were tested: depletion of the major 
cytoplasmic reductase TrxA; introduction of the heterologous oxidase DsbA from S. 
carnosus; and addition of redox-active compounds to the growth medium. As shown 
with the disulfide bond-containing E. coli PhoA as a model protein, the combined use 
of these three approaches allowed for the secretion of ~3.5 times increased amounts of 
active PhoA as compared to the parental strain B. subtilis 168. Our findings indicate 
that Bacillus strains with improved oxidizing properties can be engineered for the 
biotechnological production of heterologous high-value proteins containing disulfide 
bonds. 
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INTRODUCTION 

Disulfide bonds play pivotal roles in the folding, structural integrity and activity of 
numerous proteins found in nature. Without the correct thiol oxidation that links their 
cysteines into disulfide bonds, these proteins will neither be fully stable nor active (Collet 
and Bardwell, 2002; Ritz and Beckwith, 2001). Importantly, many eukaryotic proteins of 
biopharmaceutical interest contain multiple disulfide bonds. As the demand for such 
proteins is growing, there is a clear need for cost-effective and high-quality production 
platforms. Bacterial cell factories, such as Bacillus subtilis, can meet these criteria very 
well, but their application for biopharmaceutical production has so far been limited by a 
relatively poor performance in the production of proteins with disulfide bonds (Braun et 
al., 1999; Sarvas et al., 2004; Westers et al., 2004).  

The formation of disulfide bonds can occur spontaneously, but this process is slow 
and non-specific (Anfinsen, 1973). For this reason, so-called thiol-disulfide 
oxidoreductases (TDORs) have evolved that catalyze the formation (oxidation) of disulfide 
bonds in vivo. Notably, the TDORs also include enzymes that break (reduce) or isomerise 
disulfide bonds. Cytoplasmic TDORs generally function as reductases while their 
extracytoplasmic equivalents are oxidases or isomerases (Dorenbos et al., 2005; Tan and 
Bardwell, 2004; Ritz and Beckwith, 2001). The enzyme-dependent formation of disulfide 
bonds is a prime reason why proteins containing such bonds are still troublesome to 
produce in bacterial cell factories. Slow and/or non-specific oxidation of overproduced 
proteins often results in slow and incorrect folding of these proteins, making them 
vulnerable to proteolytic degradation (Sarvas et al., 2004). For this reason, we addressed 
the question of how to increase the oxidative power of Bacillus species during protein 
production in order to produce disulfide bond-containing proteins more efficiently.  

The Gram-positive bacterium B. subtilis is a preferred organism for secretory 
protein production, because proteins transported across the cytoplasmic membrane are 
directly released into the growth medium (Tjalsma et al., 2000; Tjalsma et al., 2004). 
Other advantages of B. subtilis are its high genetic amenability, and the fact that this 
bacterium is generally recognized as safe (Braun et al., 1999; Kobayashi et al., 2003; 
Kunst et al., 1997; Zeigler and Perkins, 2008). Previous studies on disulfide bond 
formation in B. subtilis have shown that this organism contains at least four TDORs with 
presumed oxidase activity. These proteins were named Bdb (Bacillus disulfide bond) 
proteins, and annotated as BdbA-D (Darmon et al., 2006; Dorenbos et al., 2002; Meima et 
al., 2002). Especially, BdbC and BdbD have major roles in the folding of a secreted 
heterologous model protein by B. subtilis, namely the alkaline phosphatase PhoA of E. coli 
(Bolhuis et al., 1999; Darmon et al., 2006; Kouwen et al., 2007; Meima et al., 2002). This 
relates to the fact that E. coli PhoA contains two disulfide bonds that are indispensable 
both for the enzymatic activity and stability of this protein (Sone et al., 1997). BdbC and 
BdbD seem to cooperate as a redox pair in an oxidation pathway of B. subtilis (Sarvas et 
al., 2004), similar to the DsbA and DsbB redox pair of E. coli (Inaba et al., 2006; 
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Regeimbal and Bardwell, 2002; Rietsch and Beckwith, 1998). It was proposed that BdbD 
is the major oxidase that facilitates the formation of disulfide bonds in secretory proteins. 
Upon oxidation of a substrate, the reduced BdbD would be re-oxidized by the quinone 
reductase homologue BdbC. To become re-oxidized for a next catalytic reaction, BdbC 
would donate its electrons to quinones in the electron transport chain.  

Despite the presence of BdbC and BdbD, the total oxidative power of B. subtilis is 
rather limited (Sarvas et al., 2004). To increase the thiol-oxidizing capacity, 
overexpression of individual Bdb proteins or combinations of several Bdb proteins was 
attempted. However, this did not result in significantly improved production of proteins 
with disulfide bonds. (Darmon et al., 2006; Dorenbos et al., 2002; Meima et al., 2002)(our 
unpublished observations). In the present studies, we therefore searched for alternative 
strategies that could increase the thiol-oxidizing power of B. subtilis. Decreasing the levels 
of a cytoplasmic TDOR with reductase activity, TrxA, resulted in increased yields of 
secreted E. coli PhoA. The yields of this protein could further be improved by introduction 
of staphylococcal DsbA, which is known as one of the strongest bacterial thiol oxidases 
(Dumoulin et al., 2005). An additional improvement was achieved by including redox-
active compounds in the growth medium of DsbA-producing strains. Together, our 
observations provide proof-of-principle that Bacillus strains with optimised oxidative 
properties can be engineered for the production proteins with disulfide bonds.  

 
 

RESULTS 

Cellular levels of TrxA determine the level of PhoA secretion 

As a first approach to increase the oxidative power of B. subtilis for more efficient 
secretion of disulfide bond-containing proteins, we focused attention on potentially 
reductive systems of this organism. Our assumption was that deletion or lowered 
expression of the corresponding genes would make B. subtilis less reductive. In turn, this 
might improve the folding of proteins with disulfide bonds. For this purpose, three possible 
systems known from other organisms could be excluded a priori: firstly, B. subtilis lacks 
homologues of the enzymes that are required for the synthesis of glutathione in Gram-
negative bacteria and eukaryotes; secondly, B. subtilis lacks the reducing agent mycothiol, 
that can be found in the cytoplasm of Streptomyces species and fungi (Newton et al., 
1996); and thirdly, B. subtilis lacks the proteins involved in isomerisation pathways as 
found in E. coli. This focused our attention on thioredoxins and thioredoxin-like proteins. 
BlastP searches revealed that the B. subtilis 168 genome encodes 12 thioredoxin(-like) 
proteins (data not shown). These include four membrane proteins (BdbA, ResA, 
StoA/SpoIVH and YneN), and eight predicted cytoplasmic proteins (TrxA, YbdE, YdbP, 
YdfQ, YkuV, YosR, YtpP and YusE), which are very similar to known thioredoxins and/or 
to ResA (Erlendsson et al., 2004; Zhang et al., 2006).  
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To test possible effects of the afore-mentioned (potential) TDORs on the secretion 
of a disulfide bond-containing protein, single trxA, ybdE, ydbP, ydfQ, ykuV, stoA (ykvV or 
spoIVH), yneN, ytpP and yusE mutants, and a strain that lacks the SPß prophage carrying 
the bdbA and yosR genes, were transformed with plasmid pPSPhoA5. This plasmid 
specifies a fusion between the pre-pro region of a lipase from Staphylococcus hyicus and 
the mature PhoA protein (Darmon et al., 2006). E. coli PhoA is a sensitive reporter for 
TDOR activity in B. subtilis, because this protein with two disulfide bonds requires 
oxidative TDORs for folding into a protease-resistant conformation (Bolhuis et al., 1999; 
Meima et al., 2002). Especially in the absence of BdbC and/or BdbD, the unfolded PhoA is 
readily degraded in the highly proteolytic environments of the B. subtilis cell wall and 
growth medium (Sarvas et al., 2004). This basically provides an in vivo protease protection 
assay for probing the folding efficiency of secreted PhoA in relation to oxidative TDOR 
activity. Interestingly, none of the strains lacking intact bdbA, stoA, ybdE, ydbP, ydfQ, 
ykuV, yneN, yosR, ytpP or yusE genes were significantly affected in the secretion of active 
PhoA of E. coli (data not shown). Unexpectedly, however, depletion of TrxA resulted in 
the secretion of PhoA at increased levels (Fig. 1A). It should be noted that this result could 
only be obtained with a conditional trxA mutant strain (ItrxA), because TrxA is essential 
for the growth and viability of B. subtilis (Kobayashi et al., 2003; Scharf et al., 1998). In 
the ItrxA strain, the trxA promoter region (PtrxA) is replaced with the IPTG-dependent Pspac 
promoter. Growth of B. subtilis ItrxA on plates or in broth is strictly IPTG-dependent, 
unlike that of the parental strain 168. When cells of B. subtilis ItrxA are grown in LB broth, 
wild-type growth rates are observed at IPTG concentrations of 25 µM and higher (Smits et 
al., 2005).  

To investigate the importance of the cytoplasmic TrxA level for the secretion of 
active PhoA, the ItrxA mutant strain transformed with plasmid pPSPhoA5 was further 
analyzed in detail. The level of PhoA secretion into the growth medium was determined by 
alkaline phosphatase activity assays. For this purpose, cells were grown in LB medium 
supplemented with 25, 100 or 500 µM IPTG. Interestingly, the results showed that, 
compared to the parental strain 168, the ItrxA strain secreted at least 1.5-fold more active 
PhoA when grown in the presence of 25 µM IPTG (Fig. 1A). Under these conditions, 
cellular TrxA was barely detectable by Western blotting (Fig. 1B). The secretion of PhoA 
was similar to the levels observed in the parental strain when B. subtilis ItrxA was grown in 
the presence of 500 µM IPTG (Fig. 1A), which coincided with wild-type levels of cellular 
TrxA (Fig. 1B). In contrast, PhoA secretion by the parental strain 168 was independent of 
the IPTG concentration in the growth medium, and the absence or presence of IPTG (25 
µM to 500 µM) in the growth medium had no detectable influence on the TrxA levels in 
this strain (not shown). These observations imply that, within the range of IPTG 
concentrations tested, the amount of active PhoA secreted by the ItrxA mutant is inversely 
proportional to the amount of TrxA in the cells. Notably, TrxA depletion in the ItrxA strain 
did not influence the yields of the secreted α-amylase AmyQ of Bacillus 
amyloliquefaciens, which lacks disulfide bonds. This could be demonstrated by 
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transformation of B. subtilis ItrxA with the plasmid pKTH10, which encodes AmyQ. 
Densitometric image analysis of the secreted AmyQ protein bands shown in Figure 1C 
revealed that the growth media of the ItrxA mutant (25 µM IPTG) and the parental strain 
168 contained comparable amounts of AmyQ. These findings suggest that the improved 
PhoA secretion by the ItrxA mutant strain is not due to a generally improved synthesis or 
secretion of proteins, but rather to an improved post-translocational folding resulting in 
protease resistance of the mature PhoA protein. This view is confirmed by the observation 
that the extracellular proteome of the ItrxA mutant strain grown in the presence of 25 µM 
IPTG is indistinguishable from the extracellular proteome of the parental strain 168 (H. 
Antelmann and J.Y. Dubois, data not shown). 

 

 
Figure 1. BdbC-dependent secretion of PhoA by B. subtilis ItrxA. (A) Alkaline phosphatase activity was 
assayed in the growth media of B. subtilis 168 (pPSPhoA5) (marked PhoA), B. subtilis ItrxA (pPSPhoA5) 
grown in the presence of 500, 100 or 25µM IPTG (marked ItrxA 500, 100, 25), B. subtilis bdbC (pPSPhoA5) 
(marked bdbC), and B. subtilis ItrxA bdbC (pPSPhoA5) grown in the presence of 25 µM IPTG (marked bdbC 
ItrxA 25). B. subtilis 168 (marked 168) was used as a negative control. All strains were grown overnight in 
LB medium at 37oC. (B) Western blotting analysis of TrxA production in B. subtilis ItrxA and the parental 
strain 168. Cells were grown overnight at 37oC in LB medium. Cellular proteins were separated by SDS-
PAGE and TrxA was visualized by Western blotting. IPTG concentrations in the medium are indicated (0, 
25, 100 and 500 µM). (C) Secretion of AmyQ by B. subtilis ItrxA. Cells of B. subtilis ItrxA (pKTH10) and B. 
subtilis 168 (pKTH10) were grown in LB medium at 37oC in the presence of 25 µM IPTG. The presence of 
AmyQ in growth medium fractions was analyzed by SDS-PAGE and Western blotting. 
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The observed improvement of active PhoA secretion by the ItrxA mutant strain 
grown in the presence of 25 µM IPTG raised the question whether this increase still 
required the activity of BdbC. To answer this question, a pPSPhoA5-containing ItrxA bdbC 
double mutant strain was constructed. Importantly, this double mutant displayed IPTG-
dependent growth, showing that the bdbC mutation did not suppress the ItrxA mutation. As 
shown in Figure 1A, PhoA secretion remained strongly BdbC-dependent, irrespective of 
the presence or absence of the ItrxA mutation. Furthermore, the secretion of PhoA by the 
ItrxA bdbC mutant did not vary when different amounts of IPTG were present in the 
growth medium (data not shown). These findings suggest that the BdbCD-dependent thiol 
oxidiation pathway (Kouwen et al., 2007) is also required for PhoA folding under 
conditions of TrxA depletion. 

 

Cellular levels of TrxA and BdbC influence the redox state of BdbD 

To test whether the presence or absence of TrxA can have an impact on the activity 
of the BdbCD thiol oxidation pathway, we verified the redox state of BdbD with the thiol-
specific cross-linking reagent AMS. Due to the molecular mass of AMS, cross-linking of 
this reagent to reduced cysteine residues in a protein will cause a significant reduction of 
the mobility of this protein during SDS-PAGE (Kobayashi et al., 1997). In this respect, it 
is important to note that BdbD contains only two cysteine residues, which are part of the 
CxxC active site. To study the redox state of BdbD, overnight cultures were used to 
prepare fresh lysates from the ItrxA strain (25 µM IPTG), the bdbC single mutant, the ItrxA 
bdbC double mutant, or the parental strain 168. Importantly, the lysates were prepared 
either in the presence or absence of 15 mM AMS. Next, AMS-binding to BdbD was 
analyzed by SDS-PAGE and Western blotting using BdbD-specific antibodies. As shown 
in Fig. 2, somewhat less than 50% of the BdbD molecules of the parental strain 168 were 
labeled with AMS. By contrast, the ratio of reduced BdbD molecules (i.e. those labeled 
with AMS) to oxidized BdbD molecules (i.e. those not labeled with AMS) was 
significantly shifted towards the oxidzed form in the ItrxA strain, whereas a significant 
shift towards the reduced BdbD species was observed in the bdbC or ItrxA bdbC mutant 
strains. These relative differences were observed both in exponentially and post-
exponentially growing cells of B. subtilis 168, ItrxA and bdbC (Fig. 2 and results not 
shown). These findings indicate that significantly more BdbD molecules were oxidized in 
the ItrxA strain than in the parental strain and, conversely, that the bdbC mutation resulted 
in lowered numbers of oxidized BdbD molecules. Furthermore, the control experiments 
with lysates of the strains prepared in the absence of AMS showed that BdbD migrated as a 
single band (Fig. 2). Together, these findings indicate that the cytoplasmic TrxA levels 
impact on the redox state of BdbD in a BdbC-dependent manner.  
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Figure 2. Redox state of BdbD. Cells of B. 
subtilis ItrxA, B. subtilis bdbC, B. subtilis ItrxA 
bdbC or the parental strain 168 were grown 
overnight in LB medium at 37oC in the presence 
of 25µM IPTG. Cellular proteins were separated 
by SDS-PAGE and BdbD was visualized by 
Western blotting. Upper panel, cell extracts were 
prepared in the presence of 15 mM AMS 
(+AMS). Lower panel, cell extracts were 
prepared in the absence of AMS (-AMS). The 
relative positions of reduced and oxidized BdbD 
are indicated.  
 

 

Expression of DsbA increases the PhoA secretion 

An alternative potential approach to increase the capacity of B. subtilis for thiol 
oxidation would be the overproduction of known thiol oxidases. However, our attempts to 
increase the levels of BdbC and BdbD were thus far not successful (data not shown). 
Therefore, we investigated the possibility of expressing heterologous oxidases. For this 
purpose, we capitalized on our previous studies with the major oxidase DsbA of 
Staphylococcus aureus (here referred to as SaDsbA; (Kouwen et al., 2007)). This 
homologue of B. subtilis BdbD was able to complement for the loss of both BdbC and 
BdbD in the secretion of active PhoA. Moreover, when SaDsbA was expressed in the 
parental strain 168, an increase in the secretion of active E. coli PhoA of about 1.5-2.0 fold 
was observed, similar to the above increase observed upon TrxA depletion. However, since 
S. aureus is known as a dangerous pathogen (Massey et al., 2006; Sibbald et al., 2006), the 
application potential of SaDsbA for biotechnological purposes is limited. For this reason, 
we searched for a DsbA protein from a non-pathogenic close relative of S. aureus. The best 
source for a dsbA gene turned out to be Staphylococcus carnosus, which is well known for 
being used as a starter in the fermentation of cheese and dry-sausage. Accordingly, this 
organism has the Generally Recognized As Safe (GRAS) status. B. subtilis strains 
containing genes that originated from this staphylococcal species should therefore be more 
generally accepted for industrial applications.  

An S. carnosus homologue of S. aureus DsbA (from now on referred to as 
ScDsbA) was identified by BlastP searches (51% identical amino acids) in the sequenced 
genome of S. carnosus strain TM300 (R. Rosenstein and F. Götz, personal 
communication). Like SaDsbA, the ScDsbA protein is homologous to B. subtilis BdbD 
(36% identical amino acids over all). In order to express the S. carnosus ScDsbA in B. 
subtilis, the same xylose-inducible pXTC expression system was used which was also used 
to express the S. aureus SaDsbA (Kouwen et al., 2007). For this purpose, we fused the 
sequence encoding the mature ScDsbA lipoprotein to the ribosomal binding site and signal 
sequence of the B. subtilis mntA gene, which codes for an abundantly expressed lipoprotein 
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of this organism (Antelmann et al., 2001). Upon integration of the XTC-ScdsbA cassette 
containing this hybrid ScdsbA gene into the B. subtilis 168 chromosome, xylose-inducible 
expression of cell-associated ScDsbA was obtained (data not shown; in what follows, 
strains containing this cassette are referred to as X-ScdsbA). For the immuno-detection of 
ScDsbA we made use of antibodies against SaDsbA that also showed cross-reactivity with 
ScDsbA (Fig. 3). As expected, the cellular levels of ScDsbA depended on the amount of 
xylose added to the growth medium. The largest levels of cellular ScDsbA were observed 
when the X-ScdsbA cells were induced with 1.0% xylose or more, whereas no ScDsbA 
was detectable when cells were grown in the absence of xylose (data not shown).  

To assess the effect of ScDsbA expression on the extracellular accumulation of 
active E. coli PhoA, B. subtilis strain X-ScdsbA was transformed with plasmid pPSPhoA5. 
For comparison, PhoA production by the single mutant strains X-SadsbA and ItrxA, and 
the double mutant strains X-SadsbA ItrxA and X-ScdsbA ItrxA was assayed in parallel (all 
these strains were transformed with plasmid pPSPhoA5; ItrxA strains were grown in the 
presence of 25 µM IPTG). The results indicate that expression of ScDsbA indeed led to 
increased secretion of active PhoA (Fig. 3A, white bars) compared to the parental strain. 
The extent to which ScDsbA expression increased the level of extracellular PhoA was 
comparable to that upon expression of SaDsbA, indicating that these proteins are 
functionally exchangeable when expressed in B. subtilis. Furthermore, the expression of 
ScDsbA or SaDsbA, and the depletion of TrxA resulted in a comparable increase in the 
extracellular levels of active PhoA of about 1.5-2.0 fold. When TrxA depletion was 
combined with ScDsbA or SaDsbA expression, even higher levels of active extracellular 
PhoA were achieved, especially in the combined X-ScdsbA ItrxA strain (Fig 3A, white 
bars). 

Importantly, the levels of PhoA activity in the different growth medium samples 
correlated well with the levels of mature PhoA protein detected in the respective samples, 
as shown by Western blotting (Fig. 3B). Interestingly, compared to the parental strain 168 
expressing PhoA, significantly less extracellular breakdown products of mature PhoA were 
observed in all mutant strains tested. The lowest amounts of degradation products of 
mature PhoA were observed in ItrxA strains depleted of TrxA. Furthermore, multiple PhoA 
products with a lower SDS-PAGE mobility than that of mature PhoA, probably 
representing intermediate processing products of pro-PhoA, were detectable in growth 
media of strains containing the ItrxA mutation, and to a lesser extent, this was also the case 
for X-SadsbA and X-ScdsbA strains. The highest amounts of PhoA protein were observed 
in medium fractions of the X-ScdsbA ItrxA strain that was depleted of TrxA. Taken 
together, these results show that modulation of cytoplasmic TrxA and/or extracytoplasmic 
TDOR levels can result in increased levels of secreted active PhoA. 
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Figure 3. Increased production of E. coli PhoA by engineered B. subtilis strains. The B. subtilis  ItrxA, 
X-SadsbA, ItrxA X-SadsbA, X-ScdsbA and ItrxA X-SadsbA strains or the parental strain 168 (PhoA) were 
transformed with pPSPhoA5 for E. coli PhoA production. All strains and the parental strain 168 (168; no 
PhoA production) were grown overnight in LB medium containing 0.5% xylose and 25 µM IPTG (white 
bars) and an additional 100 µg/ml cystine (grey bars) or cysteine (black bars). Next, growth medium samples 
were withdrawn for alkaline phosphatase activity assays (A) as well as SDS-PAGE and Western blotting 
with specific antibodies against PhoA (B). Lysates of cells from cultures corresponding to the samples in A 
and B were analyzed by Western blotting with specific antibodies against S. aureus DsbA (C), BdbD (D) or 
TrxA (E). PhoA activity is given in U/ml/OD600 relative to the PhoA activity of the parental strain expressing 
PhoA (100% = 6.0 U/ml/OD600). The arrow in panel B indicates the position of mature PhoA. Bands with a 
higher mobility on SDS-PAGE are breakdown products of PhoA, bands with a lower mobility are 
unprocessed forms of proPhoA. The arrows in panels C, D and E indicate the position of DsbA, BdbD and 
TrxA, respectively. Note that the antibody against S. aureus DsbA is cross-reactive with S. carnosus DsbA. 
Molecular weight markers are indicated. 
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Optimised levels of secreted PhoA facilitated by redox-active medium 

compounds 

Recently, we have reported that the activity of staphylococcal DsbA depends on 
redox-active compounds in the growth medium. This was shown by growing DsbA-
producing B. subtilis in synthetic media with or without cysteine/cystine, and by 
subsequently measuring the extracellular accumulation of active E. coli PhoA (Kouwen et 
al., 2007). We therefore investigated whether this DsbA activity could also be enhanced by 
addition of excess redox-active compounds, such as cysteine or cystine, to the rich LB 
growth medium. For this purpose, we grew all TrxA depletion and/or DsbA-expressing 
strains, in parallel cultures, in the presence of 100 µg/ml added cystine (i.e. oxidized 
cysteine) or cysteine. The results show that the addition of either cystine or cysteine to the 
ItrxA X-ScdsbA strain resulted in strongly increased levels of active extracellular PhoA 
(Fig 3A, grey and black bars, respectively). This increase in extracellular PhoA activity 
was most pronounced (about 3.5-fold) when cysteine was added. Quantification of the 
Western blotting data in Figure 3B indicated that the amount of mature PhoA was about 4-
fold increased in the ItrxA X-ScdsbA strain when grown in the presence of cysteine. 
Furthermore, this positive trend was also observed for the X-ScdsbA strain, but the degree 
of stimulation was lower than in the ItrxA X-ScdsbA strain. For the other strains the 
addition of cysteine or cystine to the growth medium did not result in statistically 
significant increased extracellular PhoA levels under the conditions tested. The PhoA 
activity data were confirmed by Western blotting, showing that all observed increases in 
activity correlated with increased PhoA protein levels (Fig. 3B). Moreover, especially the 
addition of cysteine seemed to result in a reduced extracellular accumulation of 
degradation products of mature PhoA, even in the parental strain 168. To investigate 
whether cystine or cysteine in the growth medium would have an influence on known 
TDORs that impact on the secretion of active PhoA, we investigated the cellular levels of 
DsbA, BdbD and TrxA. As shown in Figure 3 (C-E), the levels for these proteins were not 
affected by the presence or absence of added cystine or cysteine.  

Taken together, our studies aimed at increasing the thiol oxidative power of 
Bacillus have yielded three approaches leading to step-wise improvements in the yields of 
secreted active E. coli PhoA. 

 
 

DISCUSSION 

In the present studies we have developed novel concepts for optimized production 
of disulfide bond-containing proteins in Bacillus. In essence, this goal can be achieved by: 
(1) depletion of the major cytoplasmic disulfide bond reductase TrxA; (2) co-expression of 
a staphylococcal thiol oxidase (DsbA) with the disulfide bond-containing protein that is to 
be produced; (3) use of growth medium supplemented with a redox-active compound, such 
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as cysteine; and (4) a combination of these three approaches. Proof-of-principle was 
obtained by the combined utilization of these three approaches for the optimized secretion 
of the disulfide bond-containing protein PhoA from E. coli. This resulted in about 3.5-fold 
increased amounts of active PhoA protein in the growth medium. Our findings underpin 
the fact that significant amounts of high-value proteins are degraded upon heterologous 
production in Bacillus species and that significant amounts of such “lost proteins” can be 
rescued by cell factory engineering.  

In previous studies we investigated the roles of membrane-associated TDORs in the 
secretion of E. coli PhoA, showing that BdbC and BdbD were of prime importance for 
preventing the degradation of PhoA that was translocated across the membrane (Bolhuis et 
al., 1999; Meima et al., 2002). Our studies also revealed that, despite the PhoA folding 
activity of BdbCD, substantial amounts of translocated PhoA were degraded (Darmon et 
al., 2006; Kouwen et al., 2007). This was likely to be due to the known limited capacity for 
disulfide bond formation of B. subtilis (Sarvas et al., 2004). At the time, we did not include 
cytoplasmic TDORs in our studies, because these are generally believed to function as 
thiol reductases rather than as thiol oxidases that might facilitate the folding of PhoA. In 
the present studies we turned to investigate how the thiol oxidizing power of B. subtilis 
could be increased. For this purpose, the cytoplasmic TDORs became interesting, because 
lowering their cellular levels would decrease the thiol-reductive power and concomitantly 
increase the oxidative power. Of the ten thioredoxin-like proteins of B. subtilis tested only 
TrxA impacted on the secretion of PhoA. Our results indicate that TrxA counteracts the 
production of secreted active PhoA, most likely due to its general thiol reductase function 
in the cytoplasm. At present we do not know why removing the remaining thioredoxin-like 
proteins had no effect on PhoA secretion, but these proteins may either have very specific 
functions as was shown for StoA (Erlendsson et al., 2004), or they may not be expressed 
under the conditions tested.  

Thioredoxins are small, heat stable, ubiquitous TDORs that are involved in a large 
variety of processes, ranging from enzyme activation to mitochondria-dependent apoptosis 
(Tanaka et al., 2002). During catalysis, the cysteine residues of their CxxC active site 
undergo a reversible oxidation-reduction reaction. In the bacterial cytoplasm, thioredoxin 
is usually present in a reduced state in order to prevent the formation of disulfide bonds in 
cytoplasmic proteins. Interestingly, depletion of TrxA in B. subtilis resulted in a specific 
increase of about 1.5 to 2-fold in the extracellular levels of E. coli PhoA. The increased 
PhoA levels coincided with the disappearance of PhoA degradation products and the 
appearance of incompletely processed pro-PhoA in the medium. Notably, the results of our 
previous DNA array analyses showed that the expression of none of the known genes for 
major secretion machinery components or proteases of B. subtilis is affected by TrxA 
depletion (Smits et al., 2005). Taken together, these findings imply that TrxA influences 
the activity (but not the amounts) of secretion machinery components that are specifically 
involved in PhoA secretion. Indeed, TrxA was shown to have a significant impact on the 
redox state of the extracytoplasmic thiol-disulfide oxidoreductase BdbD since TrxA 
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depletion resulted in increased levels of oxidized BdbD molecules. Our observations 
indicate therefore that a diminished reductive power of the cytoplasm, as a consequence of 
TrxA depletion, results in increased levels of oxidized BdbD molecules. Thus, TrxA 
depletion has the opposite effect of a bdbC mutation, which results in strongly reduced 
folding of PhoA (Bolhuis et al., 1999) and, at the same time, significantly increased levels 
of reduced BdbD. Notably, the improved PhoA secretion by TrxA-depleted cells still 
depends on the presence of BdbC. Therefore, it seems that the increased levels of oxidized 
BdbD molecules in TrxA-depleted cells increase the cellular capacity to oxidize exported 
proteins, such as PhoA. Thus, our data indicates that the improved secretion of PhoA by 
TrxA-depleted cells can be attributed to improved post-translocational disulfide bond 
formation in PhoA rather than improved pre-PhoA translocation across the membrane. 

The observation that addition of cysteine or cystine to the medium of strains 
expressing S. carnosus DsbA leads to increased extracellular levels of active PhoA is in 
agreement with the recently documented cysteine-dependency of S. aureus DsbA for 
activity (Kouwen et al., 2007). Most likely, this relates to the fact that all (sequenced) 
staphylococci lack BdbC-like quinone reductases for DsbA reoxidation during catalysis 
(Kouwen et al., 2007). This requirement of redox-active medium components for DsbA 
activity is not immediately obvious when cells are grown in LB medium, because this 
growth medium already contains such components. However, our present findings with S. 
carnosus DsbA, indicate that redox-active components are present in limiting amounts for 
optimal activity of this thiol oxidase. It should be noted that both the addition of cysteine 
or cystine to the media had positive effects on the yields of extracellular active PhoA from 
S. carnosus DsbA expressing cells. Most likely, this is due to the fact that cysteine is 
readily oxidized to cystine in the presence of molecular oxygen. In fact, addition of 
cysteine seems to be more effective than addition of cystine itself, which can at least partly 
be explained by the poor solubility of cystine. Furthermore, recent studies by Smits et al. 
suggest that TrxA-depleted cells are auxotrophic for cysteine as growth inhibition of 
severely TrxA-depleted cells could be reverted by adding cysteine to the growth medium 
(Smits et al., 2005). Under these conditions cysteine may actually serve to protect various 
cytoplasmic proteins against irreversible thiol oxidation (Hochgrafe et al., 2007; Lee et al., 
2007). Addition of cysteine is therefore preferred over cystine in order to increase the 
oxidative potential of the strains expressing S. carnosus DsbA. 

A clear outcome of the present studies is that the highest extracellular levels of 
active E. coli PhoA are produced when TrxA is depleted and S. carnosus DsbA expressed 
in a strain growing in medium that is supplemented with cysteine. Specifically, this 
resulted in a 3.5-fold improved production of active extracellular PhoA, or an estimated 
increase in the concentration of extracellular mature PhoA protein from ~90 mg/l to ~350 
mg/l ((Darmon et al., 2006; Westers et al., 2008; Westers et al., 2006); data not shown). 
These findings suggest that more than 70% of the PhoA synthesized in the parental B. 
subtilis strain 168 is subject to degradation and that this degraded PhoA can be rescued in 
appropriately modified strains. To date, it is not clear whether further increases can be 
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achieved, for example, by the deletion of particular protease genes but this seems a 
promising approach on the basis of previous studies (Li et al., 2004; Murashima et al., 
2002; Westers et al., 2004; Wu et al., 1991). In this context, it is relevant to note that the 
membrane-cell wall interface of B. subtilis is a highly proteolytic environment in which 
heterologous translocated proteins, including even α-amylases from other bacilli, are 
readily degraded due to sub-optimal conditions for their folding (Sarvas et al., 2004). 
Clearly, even in the cysteine-supplemented medium of our best-producing strain, PhoA 
degradation products are still observed. We are therefore convinced that the B. subtilis cell 
factory provides some opportunity for further improvement. This improvement may be 
achieved by constructing strains with optimized properties for protein folding after 
translocation across the membrane, reduced proteolytic activity and optimized growth 
protocols. In turn, such strains will make the downstream processing of protein products 
with or without specific affinity tags considerably easier. Even though further 
improvements are conceivable, we are convinced that our present studies represent a major 
step towards the generation of optimized Bacillus strains for the production of high-value 
proteins with disulfide bonds.  

 
 

EXPERIMENTAL PROCEDURES 

Sequence comparisons and predictions 

Thioredoxin amino acid sequences of B. subtilis or E. coli were used for a BlastP search in the B. 
subtilis sequence database SubtiList (http://genolist.pasteur.fr/SubtiList/) with the algorithms described by 
Altschul et al. (Altschul et al., 1997). An arbitrary E. value lower than or equal to 10-3 was used to limit the 
number of sequences for further analyses. After a first run, using either B. subtilis TrxA, or E. coli TrxA or 
TrxC as query sequences, the sequences found were used in turn as query sequences for a BlastP search in 
the SubtiList database. Multiple alignments were performed using ClustalX 1.81 (Thompson et al., 1997). 
Various protein weight matrices were used with pairwise and multiple alignment parameters. The best 
alignment, defined by the lowest score value, was obtained with the PAM350 matrix (Gap opening = 10) for 
both pairwise (Gap extension = 0.1) and multiple (Gap extension = 0.2) alignment parameters. The presence 
of possible signal peptidase I cleavage sites was analyzed using the algorithms described by Nielsen et al. 
(Nielsen et al., 1997). The presence of possible transmembrane segments was analyzed using the algorithms 
described by Krogh et al. (Krogh et al., 2001).  

 
Bacterial strains, plasmids and growth media 

Bacterial strains and plasmids used in this study are listed in Table 1. Strains were grown with 
agitation at 37ºC in Luria Bertani (LB) medium consisting of 1% trypton, 0.5% yeast extract and 1% NaCl, 
pH 7.4. Where necessary, media were supplemented with antibiotics at the following concentrations: 
Ampicillin (Ap), 100 µg/ml (E. coli); chloramphenicol (Cm), 5 µg/ml (B. subtilis); erythromycin (Em), 50 
µg/ml (E. coli) or 2 µg/ml (B. subtilis); kanamycin (Km), 20 µg/ml (E. coli and B. subtilis); spectinomycin 
(Sp), 100 µg/ml (E. coli and B. subtilis); tetracycline (Tc), 10 �g/ml (B. subtilis). To visualize �-amylase 
activity (specified by the amyE gene), LB plates were supplemented with 1% starch. When required, cystine 
or cysteine were added to the growth media at concentrations of 100 µg/ml. 
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Table 1. Plasmids and strains used in this study. 

Plasmids Relevant properties  Reference 

pMutin2mcs pBR322-based integration vector for B. subtilis; contains a 
multiple cloning site downstream of the Pspac promoter, and 
a promoter-less lacZ gene; ApR; EmR 

(Vagner et al., 1998) 

pUC18 ApR (Vieira and Messing, 1982) 
pDG1727 pMTL23 derivative; ApR, SpR (Guerout-Fleury et al., 1995) 
pTOPO pCR®-Blunt II-TOPO® vector; KmR (Invitrogen Life 

technologies) 
pXTC pX derivative containing a tetracycline resistance marker 

instead of a chloramphenicol resistance maker; ApR; TcR 
(Darmon et al., 2006) 

pXTC- 
   ScdsbA  

pXTC carrying dsbA of S. carnosus fused to the signal 
sequence and RBS of mntA of B. subtilis under the 
transcriptional control of the xylA promoter; ApR; TcR 

This study 

pXTC- 
   SadsbA  

pXTC carrying dsbA of S. aureus fused to the signal 
sequence and RBS of mntA of B. subtilis under the 
transcriptional control of the xylA promoter; ApR; TcR 

(Kouwen et al., 2007) 

pPSPhoA5 
    

plasmid carrying the E. coli phoA gene fused to the prepro-
region of the lipase gene from Staphylococcus hyicus; CmR 

(Darmon et al., 2006) 

pKTH10 Encodes AmyQ of Bacillus amyloliquefaciens; KmR (Palva, 1982) 
   

Strains   
B. subtilis   
168  trpC2 (Kunst et al., 1997) 
ItrxA Derivative of 168; contains an integrated copy of plasmid 

pMutin2 in the trxA gene; trxA-lacZ, EmR, Pspac-trxA; IPTG-
dependent 

(Scharf et al., 1998) 

ybdE Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the ybdE gene; ybdE-lacZ 

(Kobayashi et al., 2003) 

ydfQ Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the ydfQ gene; ydfQ-lacZ 

(Kobayashi et al., 2003) 

ydbP Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the ydbP gene; ydbP-lacZ 

(Kobayashi et al., 2003) 

ykuV trpC2 ykuV::SpR (MunI-NgoMIV integration) This study 
ytpP trpC2 ytpP::SpR (BsaAI integration) This study 
yusE trpC2 yusE:SpR (BclI-BclI integration) This study 
StoA (ykvV) Derivative of 168; contains an integrated copy of plasmid 

pMutin2 in the StoA gene; stoA-lacZ 
(Kobayashi et al., 2003) 

yneN Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the yneN gene; yneN-lacZ 

(Kobayashi et al., 2003) 

SPß trpC2; ∆SPß; sublancin 168 sensitive; laboratory name 
CBB312 

(Dorenbos et al., 2002) 

bdbC trpC2 bdbC::KmR (Dorenbos et al., 2002) 
ItrxA bdbC trpC2 trxA::pMutin2 bdbC::KmR; IPTG-dependent This study 
X-ScdsbA trpC2; amyE::XTC-ScdsbA This study 
ItrxA X- 
   ScdsbA 

trpC2; Pspac-trxA; amyE::XTC-ScdsbA This study 

X-SadsbA trpC2; amyE::XTC-SadsbA; also known as XdsbA (Kouwen et al., 2007) 
ItrxA X- 
   SadsbA 

trpC2; Pspac-trxA; amyE::XTC-SadsbA This study 

   

S. carnosus   
 TM300 Source of dsbA gene used in the present studies (Schleifer and Fischer, 1982) 
   

S. aureus   
 RN4220 Restriction-deficient derivative of NCTC 8325, cured of all 

known prophages 
(Kreiswirth et al., 1983) 

   

E. coli   
 DH5� supE44; hsdR17; recA1; gyrA96; thi-1; relA1 (Hanahan, 1983) 
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Construction of mutant strains 

DNA techniques were performed as previously described (Kouwen et al., 2007). All TDOR mutant 
strains were based on B. subtilis 168. Strain ItrxA bdbC was obtained by transformation of B. subtilis ItrxA 
with chromosomal DNA of a bdbC::Kmr mutant and subsequent selection of IPTG-dependent and Km 
resistant transformants. It should be noted that trxA is an essential gene (Scharf et al., 1998). TrxA depletion 
can be achieved in ItrxA mutant strains due to the fact that their trxA gene has been placed under the 
transcriptional control of the IPTG-inducible Pspac promoter (Smits et al., 2005).  

B. subtilis yusE was constructed as follows. A 1384-bp DNA fragment starting in the yusG gene and 
ending in the yusD gene was amplified using the primers GGGGAATTCATAAGACAGCCGATGTGGTC 
and GGGGGATCCGTAGAATAGCTCGGCGAATG, which contain EcoRI and BamHI restriction sites, 
respectively. The fragment was subsequently cleaved with EcoRI and BamHI, and ligated to EcoRI-BamHI-
cleaved pUC18. The Sp-resistance cassette from plasmid pDG1727 was excised with BamHI and XhoII, and 
used to replace an internal BclI fragment of the pUC18-borne copy of yusE. The resulting plasmid pUSE-
Spec was used to transform B. subtilis 168. As shown by PCR, the yusE gene of all Sp-resistant 
transformants tested (B. subtilis yusE) was disrupted with the Sp-resistance cassette of pUSE-Spec as a result 
of a double cross-over recombination event. 

To construct B. subtilis ykuV, a 1516-bp DNA fragment starting in the ykuU gene and ending in the 
rok gene was amplified using the primers GGGGGATCCCGGCAAAGTAAGTCTTGAGG and 
GGGGTCGACATTGTTCTAACCGCAAGCGC, which contain BamHI and SalI restriction sites, 
respectively. The amplified fragment was cleaved with BamHI and SalI, and ligated to BamHI-SalI-cleaved 
pUC18. The Sp-resistance cassette from pDG1727 was excised using EcoRI and BsaWI, and used to replace 
an internal MunI-NgoMIV fragment of the pUC18-borne copy of ykuV. The resulting plasmid pKUV-Spec 
was used to transform B. subtilis 168. As shown by PCR, the ykuV gene of all Sp-resistant transformants 
tested (B. subtilis ykuV) was disrupted with the Sp-resistance cassette of pKUV-Spec as a result of a double 
cross-over recombination event. 

B. subtilis ytpP was constructed as follows. A 1386-bp DNA fragment starting in the ytoP gene and 
ending in the ytpQ gene was amplified using the primers GGGGGTACCCATTGCCGTGTTCCACTGTT 
and GGGCTGCAGGGCAACCGTATCCTCTTTGA, which contain KpnI and PstI restriction sites, 
respectively. The amplified fragment was cleaved with KpnI and PstI, and ligated to KpnI-PstI-cleaved 
pUC18. The Sp-resistance cassette from pDG1727 was excised with HincII and StuI and cloned in the unique 
BsaAI restriction site in the middle of the ytpP gene. The resulting plasmid pTPP-Spec was used to transform 
B. subtilis 168. As shown by PCR, the ytpP gene of all Sp-resistant transformants tested (B. subtilis ytpP) 
was disrupted with the Sp-resistance cassette of pTPP-Spec as a result of a double cross-over recombination 
event. 

Single ybdE, ydbP, ydfQ, stoA (ykvV), yneN, and yusE mutants, and a strain that lacks the SPß 
prophage carrying the bdbA and yosR genes, were either obtained from the BSFA or JAFAN strain 
collections (Kobayashi et al., 2003). The correct chromosomal integration of plasmids or antibiotic resistance 
markers was verified by PCR. 

To overexpress the oxidative TDOR DsbA from S. carnosus, the pXTC expression system was used 
(Darmon et al., 2006; Kouwen et al., 2007). First, dsbA of S. carnosus was fused by PCR to the ribosome 
binding site and signal sequence of mntA of B. subtilis. For this purpose, a fragment of 92 bp containing the 
ribosomal binding site and signal sequence of mntA of B. subtilis was amplified using the primers 
pXTC_MntA_F (GGGGGACTAGTAAGAGGAGGAGAAATATGAGACAA) and pXTC_MntA_Scar_R 
(TTTTTGTGAGCATCCCGTTAAAGCAAAGGTCGC). A second PCR fragment of 566 bp resulted from 
amplifying the dsbA gene of S. carnosus using the primers pXTC_Scar_F (TTAACGGGATGCTCA-
CAAAAAGACCCTGATTTA) and pXTC_Scar_R (GGGGGGGATCCTTATTTTTCTAGTAAATCTT-
TATATTCTT). The resulting two PCR products had an overlap of twenty-one nucleotides. Using this 
overlap, the two different fragments could be fused in 10 PCR cycles without added primers. Next, the fused 
product was PCR-amplified with the primers pXTC_MntA_F and pXTC_Scar_R in 20 additional PCR 
cycles. The resulting product of 637 bp was cloned into pTOPO (Invitrogen Life technologies). After 
sequence verification, the fused dsbA gene was excised from this plasmid with BamHI and SpeI and ligated 
into the same restriction sites of plasmid pXTC, downstream of PxylA, resulting in plasmid pXTC-ScdsbA.  
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Plasmid pXTC-ScdsbA was used to integrate the PxylA ScdsbA cassette together with the Tc 
resistance marker of pXTC (hereafter named XTC-ScdsbA cassette), into the amyE locus of B. subtilis 168 
and B. subtilis ItrxA by double cross-over recombination. Selection for tetracycline resistance, and screening 
for an AmyE-negative phenotype on starch-containing plates enabled us to obtain the strains B. subtilis X-
ScdsbA and B. subtilis ItrxA X-ScdsbA, respectively. 

Plasmid pXTC-SadsbA, also known as pXTC-dsbA, was obtained from previous studies (Kouwen et 
al., 2007). This plasmid carries the S. aureus dsbA gene fused to the ribosome binding site and signal 
sequence of mntA of B. subtilis under the transcriptional control of the xylA promoter (PxylA). pXTC-SadsbA 
was used to integrate the XTC-SadsbA cassette into the amyE loci of B. subtilis 168 and B. subtilis ItrxA by 
double cross-over recombination. Selection for tetracycline resistance, and screening for an AmyE-negative 
phenotype on starch-containing plates yielded the strains B. subtilis X-SadsbA and B. subtilis ItrxA X-
SadsbA, respectively. 

 
Alkaline phosphatase activity assay 

The alkaline phosphatase assay with growth medium samples was performed as previously 
described (Darmon et al., 2006). PhoA activity is calculated as U/ml/OD600. All experiments were repeated at 
least 3 times. 

 
SDS-PAGE and western blotting  

The presence of TrxA, PhoA, AmyQ, BdbD and DsbA in growth medium samples and/or cell 
lysates was detected by Western blotting. Cellular or secreted proteins were separated by SDS-PAGE (using 
pre-cast NuPAGE gels from Invitrogen), and proteins were then semi-dry blotted (1.25 hrs at 100mA per gel) 
onto a nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, the TrxA, PhoA, AmyQ, 
BdbD and DsbA proteins were detected with specific polyclonal antibodies raised in rabbits (Eurogentec). 
The detection of these antibodies was either performed with horseradish peroxidase-conjugated IgG 
secondary antibodies and the Super Signal® West Dura Extended Duration Substrate (Pierce) in combination 
with the ChemiGenius XE Bio-Imaging system (Syngene), or with fluorescent IgG secondary antibodies 
(IRDye 800 CW goat anti-rabbit from LiCor Biosciences) in combination with the Odyssey Infrared Imaging 
System (LiCor Biosciences). In the latter case, fluorescence at 800 nm was recorded. Densitometric image 
analysis to quantify relative protein amounts as detected by SDS-PAGE and Western blotting was performed 
with the program ImageJ (http://rsbweb.nih.gov/ij/). 

 
AMS labeling of reduced proteins 

The cellular levels of oxidized and reduced BdbD were monitored by labeling with 4-acetamido-4’-
maleimidyl-stilbene-2,2’-disulfonate (AMS; Molecular Probes), essentially as described by Kobayashi et al. 
(Kobayashi et al., 1997). Cells were grown in LB medium, collected by centrifugation and re-suspended in 
25 mM Tris-HCl, 10 mM EDTA, 0.5 M glycerol, 0.25 mg/ml lysozyme (pH 8.0), and 15 mM AMS. After 30 
min incubation at 37oC, the samples were mixed with a loading buffer for SDS-PAGE that lacks reducing 
agents such as ß-mercaptoethanol or 1,4-dithiotreitol (DTT). Interestingly, when we tested various protocols 
for TCA precipitation, which was used by Kobayashi et al. (Kobayashi et al., 1997) to quench the redox state 
of DsbA of E. coli, we could determine that in the case of B. subtilis this particular step was not needed. Co-
labeling during cell lysis was sufficient to distinguish between the different redox states of BdbD. Notably, 
AMS will only bind covalently to free thiol groups in reduced BdbD molecules. Upon boiling of the samples 
for 7 min, BdbD molecules with or without bound AMS were separated by non-reducing SDS-PAGE. 
Finally, the different BdbD species were visualized by Western blotting and immunodetection with specific 
polyclonal antibodies. The relative amounts of BdbD species with or without bound AMS was determined 
using the ChemiGenius XE2 Bio-Imaging system and the GeneTools Analysis Software package (Synoptics). 
All experiments were repeated at least four times. 
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SUMMARY 

Thioredoxin functions in nearly all organisms as the major thiol-disulfide 
oxidoreductase within the cytosol. Its prime purpose is to maintain cysteine-
containing proteins in the reduced state by converting intramolecular disulfide bonds 
to dithiols in a disulfide exchange reaction. Thioredoxin has been reported to 
contribute to a wide variety of physiological functions by interacting with specific sets 
of substrates in different cell types. To investigate the function of the essential 
thioredoxin A (TrxA) in the low-GC Gram-positive bacterium Bacillus subtilis, we 
purified wild-type TrxA and three mutant TrxA proteins that lack either one or both 
of the two cysteine residues in the CxxC active site. The pure proteins were used for 
substrate binding studies, known as “mixed disulfide fishing”, in which covalent 
disulfide-bonded reaction intermediates can be visualised. An unprecedented finding 
is that both active site cysteine residues can form mixed disulfides with substrate 
proteins when the other active site cysteine is absent, 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 due to thiol oxidation of the 
remaining active site cysteine residue. To investigate whether these dimers resemble 
mixed enzyme-substrate disulfides, the structure of the most abundant dimer, C32S, 
was characterised by X-ray crystallography. This yielded a high-resolution (1.5 Å) X-
ray crystallographic structure of a thioredoxin homodimer from a low-GC Gram-
positive bacterium. The C32S TrxA dimer can be regarded as a mixed disulfide 
reaction intermediate of thioredoxin, which reveals the diversity of 
thioredoxin/substrate binding modes. 
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INTRODUCTION 

Thioredoxin is a ubiquitous protein present in nearly all known organisms from 
archaea to humans (Arner and Holmgren, 2000). It is a ~12 kDa soluble protein with a 
characteristic thioredoxin fold, which is active in the cytosol. Its prime purpose is to 
maintain cysteine-containing proteins in the reduced state by converting intramolecular 
disulfide bonds to dithiols. Thioredoxin thus has an important thiol-disulfide 
oxidoreductase function in the cell, and this is the main reason why this enzyme has been 
studied extensively since it was first described in 1964 (Laurent et al., 1964). Additionally, 
it has been proposed that thioredoxins have chaperone activity in protein folding (Kern et 
al., 2003). The majority of these studies have been conducted on the E. coli thioredoxin A 
and the human thioredoxin 1. The latter enzyme, hereafter referred to as Trx1, has a role in 
the regulation of cell proliferation and differentiation and in programmed cell death. Hence 
it is a key target for the development of drugs to treat cancer, especially since increased 
thioredoxin levels are seen in many human primary cancers (Powis et al., 2000). In plant 
chloroplasts, thioredoxin regulates the light-activated Calvin cycle (Schurmann, 2003), and 
in E. coli thioredoxin plays a critical role in the cellular responses to oxidative stress 
(Kumar et al., 2004). In general, the specific physiological roles of thioredoxins in 
different organisms are directly related to the specific functions of their substrates in these 
organisms.  

In its active site thioredoxin has two cysteine residues in a conserved amino acid 
motif Trp-Cys-Gly-Pro-Cys, which is a defining characteristic of thioredoxins (Holmgren, 
1968). The generally believed mode of action of thioredoxins is as follows (Gilbert, 1990; 
Holmgren, 1985; Kallis and Holmgren, 1980). An oxidized disulfide-containing substrate 
protein will bind to a conserved hydrophobic surface of the thioredoxin. In the active form, 
the catalytic cysteines of thioredoxin are reduced. Importantly, the lower pKa of the N-
terminal cysteine of thioredoxin promotes its existence as a thiolate, the reactive 
deprotonated form of thiol, and this thiolate can act as a nucleophile to combine with a 
protein substrate resulting in a covalently linked mixed disulfide (thioredoxin-S-S-protein). 
The close proximity (i.e. high local concentration) of the thiol group of the second C-
terminal cysteine in the thioredoxin active site facilitates the next step of the reaction 
where the fully reduced protein and the disulfide containing thioredoxin are generated. 
Oxidized thioredoxin is then reduced back to its active form by thioredoxin reductase 
(Holmgren, 1989).  

The three-dimensional structures of many thioredoxin variants have been 
determined to visualise the protein states during specific stages of the thioredoxin catalytic 
cycle. The structure of the wildtype Bacillus subtilis TrxA (BsTrxA) was originally solved 
by NMR as a monomer in the oxidized and reduced states (Li et al., 2007). The structure of 
the BsTrxA C32S mutant was solved by NMR as a heterodimer complex with the substrate 
protein arsenate reductase (ArsC) (Li et al., 2007). In addition there are structures for 
uncomplexed human Trx1, which has been structurally characterized in both its reduced 
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and oxidized states by X-ray crystallography (Weichsel et al., 1996), and with bound 
peptides from substrate proteins by NMR (Qin et al., 1995; Qin et al., 1996). There is also 
a structure for the plant thioredoxin/substrate complex between barley thioredoxin and 
alpha-amylase/subtilisin inhibitor (BASI).(Maeda et al., 2006) The E. coli thioredoxins 
have similarly been structurally characterized in detail (Jeng et al., 1994; Katti et al., 
1990). Several other uncomplexed thioredoxin structures, from human, E. coli and other 
sources, are available in the protein data bank (Maeda et al., 2006). The interaction 
between thioredoxin and thioredoxin reductase, the enzyme which reduces thioredoxin to 
restore it to its active state, has been visualised in structures of the complexes between the 
E. coli thioredoxin reductase and thioredoxin (Lennon et al., 2000) and also between 
ferrodoxin-thioredoxin reductase and spinach chloroplast thioredoxins (Trx f and Trx m) 
(Dai et al., 2007). In addition there is a 2.2Å crystal structure of thioredoxin in a complex 
with DNA polymerase from bacteriophage T7 (Doublie et al., 1998). In this study however 
thioredoxin forms a stable complex involved in processivity of DNA replication for which 
its redox function is not required. The wealth of available structures allows comparison of 
complex structures from which more general information can be derived.  

In contrast to its counterparts from humans, plant chloroplasts and Gram-negative 
bacteria like E. coli, relatively little is known about the thioredoxin A (TrxA) of Gram-
positive bacteria like B. subtilis. It has been shown that the trxA gene is essential for 
growth and viability of B. subtilis, and its expression at elevated levels is triggered by 
multiple stresses (Kobayashi et al., 2003; Scharf et al., 1998). Furthermore, TrxA 
limitation represents a form of stress that impacts on a wide range of physiologically and 
developmentally important processes in B. subtilis, such as the development of competence 
for DNA binding and uptake (Smits et al., 2005). The essentiality of trxA in B. subtilis 
underpins a remarkable biological difference to the situation in E. coli where the two genes 
for thioredoxins (trxA and trxC) are not essential (Holmgren et al., 1978). Most likely, this 
difference relates to the absence of glutathione from B. subtilis (Newton et al., 1996) and 
the presence of this reducing agent in E. coli (Holmgren, 1989; Prinz et al., 1997). This 
difference focuses interest on the substrates of TrxA in B. subtilis, some of which will be 
essential for growth and viability as argued above. A highly elegant technique, named 
mixed disulfide fishing, has been employed to identify thioredoxin substrates in various 
biological systems (Hisabori et al., 2005; Verdoucq et al., 1999). In essence, the second C-
terminal cysteine in the thioredoxin active site is replaced with serine. The resulting mutant 
thioredoxin is still able to bind its substrates via the N-terminal (attacking) cysteine but the 
subsequent release of a reduced substrate is precluded by the absence of the C-terminal 
(resolving) cysteine. Consequently, normally very short-lived covalent enzyme-substrate 
reaction intermediates accumulate, which can then be purified and analysed to identify the 
bound substrates. 

In the present studies we have established the tools for mixed disulfide fishing in B. 
subtilis, including highly purified active site mutant BsTrxA proteins (i.e. C29S and C32S 
single and double mutants), and a wild-type TrxA control. Our special attention was 
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focused on the characterisation of the single-cysteine mutant proteins, because both mutant 
proteins displayed a so far uncharacterised auto-oxidation that resulted in homo-dimer 
formation under non-reducing conditions. Consistent with our findings, early studies by 
Holmgren and others on thioredoxins of E. coli mention that DTT-reducible dimers can be 
formed by active site mutant proteins lacking the resolving cysteine, but the respective 
observations were not documented in detail (Chandrasekhar et al., 1991; Dyson et al., 
1994; Jeng et al., 1998; Russel and Model, 1986). Furthermore, the homo-dimer formation 
of thioredoxin mutant proteins lacking the attacking cysteine was unprecedented. To define 
the molecular basis of these observations, we set out to characterize the three-dimensional 
structure of the C32S BsTrxA homo-dimer by X-ray crystallography. Here we present the 
first structure of a BsTrxA C32S homodimer at 1.5Å resolution. Comparison of this 
structure with the NMR structure of the BsTrxA complexed with a substrate, ArsC, shows 
two distinct modes of substrate binding in which the peptide chains are bound in different 
orientations. There is a conserved hydrophobic pocket on one side of the catalytic N-
terminal cysteine, which binds a large hydrophobic residue in many thioredoxin structures.  

 
 

RESULTS 

Mixed disulfide fishing 

As a first approach to develop the tools for mixed disulfide fishing of potential 
substrates of BsTrxA, we introduced single-cysteine mutations (i.e. C29S or C32S) or a 
double cysteine mutation (C29S C32S) into this protein. In addition, wild-type BsTrxA and 
the three cysteine-mutant derivatives were provided with a C-terminal His6-tag, allowing 
their successful purification to ~1 mg/ml by Ni-affinity chromatography. A silver-stained 
SDS-PAA gel of these purified proteins shows that the respective samples did not contain 
any detectable impurities (Fig. 1A) and this was confirmed by mass spectrometry (data not 
shown). Next we tested whether these four purified proteins would bind to cytoplasmic 
proteins of a B. subtilis strain that was depleted for TrxA. The rationale behind this 
experiment was that potential oxidized TrxA substrate proteins would be present at 
elevated levels in a strain depleted for TrxA. To probe their interaction with potential 
substrates, the four purified BsTrxA variants (wild-type, C29S, C32S and the double 
mutant) were mixed with the cytoplasmic proteins, incubated for 5 min at room 
temperature, and subsequently separated by SDS-PAGE under non-reducing conditions. 
Next, the presence of stable TrxA-substrate reaction intermediates, which would include 
mixed disulfides, was analyzed by Western blotting using antibodies against BsTrxA. The 
results of these interaction studies are shown in Fig. 1B. As expected, it was found that the 
C32S BsTrxA, which does contain the attacking Cys29 residu, was able to form stable 
interactions with potential substrate proteins, whereas the C29S C32S double mutant did 
not form these interactions. This observation is fully consistent with the known reaction 
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mechanism of thioredoxins, and the anticipated accumulation of enzyme-substrate 
complexes if the resolving Cys32 is absent. In the experiment with the double mutant 
C29S C32S only a few bands of cytoplasmic proteins that cross-reacted with the TrxA 
antibody were detectable (Fig. 1B; compare lanes labelled “background” and “C29S 
C32S”). Similar to the results obtained with C32S BsTrxA, enzyme-substrate complexes 
were identified when the wild-type TrxA was incubated with potential substrates, which is 
consistent with the fact that the catalytic site of this purified protein is intact. Quite 
unexpectedly however, we observed that the C29S BsTrxA variant (lacking the attacking 
Cys29 residue) was also able to form reaction intermediates that could be separated by 
SDS-PAGE, albeit with a slightly lower efficiency than the C32S BsTrxA (Fig. 1B). 
Importantly, the amount of reaction intermediates accumulating with the C29S protein was 
much higher than observed for the wild-type BsTrxA protein (Fig. 1B). This suggested that 
Cys32 can act as a nucleophile in BsTrxA(C29S)-substrate interactions.  

 

 
Figure 1. Mixed disulfide fishing. Mixed disulfide fishing was performed with highly pure His6-tagged 
BsTrxA with the wild-type active site or with active site-specific mutations, and cytoplasmic proteins from 
the TrxA-depleted B. subtilis WB800 ItrxA strain. A. To show that the BsTrxA proteins used for mixed 
disulfide fishing were highly pure, 0.1 µg of each BsTrxA protein variant was loaded on SDS-PAGE. Upon 
electrophoresis, the gel was silver-stained. WT, BsTrxA with wild-type active site; C29S, C29S single 
mutant BsTrxA; C32S, C32S single mutant BsTrxA; C29S C33S, C29S C32S double mutant BsTrxA. B. To 
visualize possible stable interactions between BsTrxA and its substrates, 2 µg of each BsTrxA protein variant 
was mixed with 50 µl cytoplasmic protein extract. After 5 min incubation, proteins were separated on a non-
reducing gel and BsTrxA-substrate complexes were visualized by Western blotting with antibodies raised 
against B. subtilis TrxA. Background, cytoplasmic extract mock-treated with 2 µl water instead of BsTrxA 
protein reveals a few aspecific cross-reactions of the BsTrxA antibody. C. Immunodetection of purified 
BsTrxA-substrate complexes. For purification of the BsTrxA-substrate bound complexes, the C-terminal 
His6-tag of the pure BsTrxA proteins was used. Pure BsTrxA with the wild-type or a mutant active site was 
mixed with cytoplasmic protein extracts as indicated for panel B. Subsequently, magnetic beads precharged 
with nickel were added and the His6-tag of the BsTrxA proteins was allowed to bind to the nickel of the 
magnetic beads for 10 min. A magnet was then used to collect the beads with bound BsTrxA. After washing 
the beads nine times, the BsTrxA proteins were eluted from the beads with buffer containing imidazole. The 
eluted proteins were separated by non-reducing SDS-PAGE and the BsTrxA-substrate bound complexes 
were visualized by Western blotting with antibodies against BsTrxA.  
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To further test the stability of the observed reaction intermediates, we made use of 
the nickel-binding property of the C-terminal His6-tag of the purified BsTrxA proteins in 
an assay where binding to magnetic beads pre-charged with nickel was analysed. Upon 
incubation of purified wild-type or mutant BsTrxA proteins with potential substrates and 
these magnetic beads, the resulting substrate-BsTrxA-beads complexes were extracted 
from the reaction mixtures using a magnet. The results of these “mixed disulfide fishing” 
experiments are depicted in Fig. 1C. This Figure clearly shows that only the mixed 
disulfides formed by the C32S BsTrxA mutant protein were sufficiently stable for fishing. 
In contrast, all reaction intermediates with the C29S mutant or the wild-type BsTrxA 
protein were lost during the washing of the beads (Fig. 1C), which implies that the 
respective interactions were significantly less stable than those observed for the C32S 
mutant and its potential substrates.  

Notably, the interaction analyses indicated that all purified TrxA proteins were 
capable of dimer formation when analysed under non-reducing conditions, as evidenced by 
the presence of bands with twice the mass of monomeric TrxA (Fig. 1, B and C). Such 
potential dimers were present when purified TrxA proteins were mixed with potential 
substrates and they remained stable upon mixed disulfide fishing with magnetic beads. 
Furthermore, the largest amounts of potential dimers were detected for the single-cysteine 
mutant proteins, the C32S mutant in particular. By contrast, dimers of the double cysteine 
mutant protein were barely detectable. Both the finding that the C29S mutant protein was 
apparently able to bind potential substrates, and the observed significant levels of 
dimerization of both single-cysteine mutant BsTrxA proteins prompted us to focus further 
attention on the properties of the single-cysteine mutant BsTrxA proteins.  

 

Redox state of BsTrxA 

To study the properties of the C29S and C32S single mutant BsTrxA protein 
variants, the purified his-tagged proteins were analyzed both by standard SDS-PAGE and 
capillary electrophoresis with a 2100 Bioanalyzer (Agilent Technologies) under reducing 
and non-reducing conditions. The results obtained in both approaches were highly 
comparable and, therefore, only the Bioanalyzer results are shown in Fig. 2. Under non-
reducing conditions, the pure wild-type BsTrxA protein and the C29S C32S double mutant 
protein showed an electrophoretic mobility that was in accordance with the molecular 
weight of BsTrxA (~12 kDa). As already observed in the mixed disulfide fishing 
experiments, the pure C29S and C32S single mutant proteins were separated as two species 
under non-reducing conditions, one of which migrated at ~12 kDa, whereas the other 
migrated at ~25 kDa. As confirmed by Western blotting using antibodies against BsTrxA, 
the ~25 kDa band consisted of BsTrxA (not shown). Notably, the relative abundance of the 
~25 kDa species was higher for the C32S BsTrxA mutant protein (~81%) than for the 
C29S BsTrxA mutant protein (~17%). Furthermore, the band of ~25 kDa was not observed 
in the presence of the reducing agent DTT (Fig. 2A). Together, these observations 
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suggested that the 25 kDa band represents a BsTrxA dimer in which the two identical 
subunits are held together by a bond that can be broken with DTT. In order to estimate the 
quantity of DTT required for the breakage of this bond, the C32S BsTrxA protein was 
exposed to increasing concentrations of DTT. As shown in Fig. 2B, about 0.5 mM DTT 
was required for reduction of most C32S BsTrxA homodimers to monomers, and about 
0.15-0.2 mM DTT to reduce 50% of these dimers. These observations imply that the 
dimerization of the single-cysteine mutant proteins was due to disulfide bond formation 
between the active site cysteine residues of two monomers, firstly because Cys29 and 
Cys32 are the only two cysteine residues in BsTrxA and, secondly, because no stable 
dimers were detectable for the C29S C32S double mutant (Fig. 2A). To verify this idea, 
cross-linking experiments were performed with the thiol-specific reagent AMS. The 
binding of AMS is known to result in a decreased electrophoretic mobility of ~0.5 kDa per 
bound AMS molecule, allowing the separation of reduced and oxidized proteins 
 

 

Figure 2. Redox states of BsTrxA monomers and dimers. A. Purified His6-tagged BsTrxA proteins were 
separated by capillary electrophoresis using a 2100 Bioanalyzer (Agilent). WT, BsTrxA with wild-type 
active site; C29S, C29S single mutant BsTrxA; C32S, C32S single mutant BsTrxA; C29S C32S, C29S C32S 
double mutant BsTrxA. To monitor the presence of free thiols in the purified BsTrxA proteins, samples were 
incubated in the presence or absence of 0.3 mM AMS (lanes marked +AMS or -AMS). To test whether the 
C29S and C32S dimers are formed by disulfide bonding, these proteins were incubated with 10 mM DTT 
(lanes marked +DTT). DTT was absent from all other samples. The image of the Bioanalyzer chromatograms 
was generated using the 2100 Expert Software package (Agilent). B. ~2.5 µg C32S BsTrxA protein was 
reduced with increasing concentrations of DTT (shown on top of the panel) and separated by capillary 
electrophoresis as described for panel A. The dimer to monomer ratios (Dimer [%]) are shown at the bottom 
of the panel. 
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 (Kobayashi et al., 1997). As shown in Fig. 2A, AMS-treated wild-type BsTrxA molecules 
migrated in two separate bands of ~12 and ~13 kDa, representing oxidized TrxA (lower 
band) and reduced BsTrxA with two bound AMS molecules (upper band), respectively. By 
peak integration, it was estimated that only about 33% of the wild-type BsTrxA was in a 
reduced state under the conditions tested. As expected, the cysteine-free C29S C32S 
double mutant BsTrxA protein did not bind AMS (Fig. 2A). The monomeric C29S and 
C32S single mutant BsTrxA proteins treated with AMS migrated in a single band of ~12.5 
kDa (Fig. 2A), indicating that all these single-cysteine mutant BsTrxA molecules had 
bound 1 AMS molecule. This showed that all single-cysteine mutant BsTrxA monomers 
were present in a reduced state. In contrast to the ~12 kDa species of the single-cysteine 
mutant BsTrxA proteins, no AMS binding could be observed for the ~25 kDa species of 
these mutant proteins. This showed that no free thiol groups are available in the ~25 kDa 
species. In fact, the dimer of the C29S mutant protein was resolved upon incubation with 
AMS. Taken together, these findings strongly support the view that the ~25 kDa species of 
the C29S and C32S single mutant BsTrxA proteins indeed represent dimers of two 
identical BsTrxA subunits held together by a disulfide bond. 

 
BsTrxA homodimer structure 

 In order to verify the suggestion that the C32S BsTrxA protein forms a homo-
dimer linked together via a disulfide bond between the attacking cysteines in the identical 
subunits, we crystallized this protein and subsequently determined its three-dimensional 
structure to 1.5 Å (Fig. 3A). The crystals were spacegroup P 1, with unit cell dimensions a 
= 36.8Å, b = 38.4Å, c =  41.9 Å, α = 83.3°,  β = 66.6°,  γ = 78.1° (Table 1). There was one 
copy of the dimer in the asymmetric unit. The C32S BsTrxA homodimer has the expected  

 
Table 1. TrxA C32S data collection and refinement statistics.  Crystals were cryo-cooled directly into liquid 
nitrogen and diffraction data were collected at the ESRF beamline BM14. Data were processed and refined as 
described in the Materials and Methods 

Data processing  Refinement  
Beamline ESRF BM14 Resolution (Å)  23.0–1.5 
Wavelength (Å) 0.98 R-factor (%) 18.5 
Space group  P 1 Rfree (%)  23.7 
Unit cell:     
   a, b, c (Å)   36.8, 38.4, 41.9 Rmsd from ideal values  
   α, β, γ (°) 83.3, 66.6, 78.1     Bond length (Å) 0.021 
Resolution (Å) 50.0-1.5     Bond angles (°) 2.027 
Total observations 86633   
Unique reflections 31147 Ramachandran plot   
Completeness (%)  94.5 (90.1)     Most favored regions (%) 98.1 
Redundancy 2.8 (2.4)     Additional allowed regions (%) 1.9 
I/σ(I)  15.6 (1.9)     Generously allowed regions (%) 0.0 
Rsym (%)  7.0 (33.9)     Disallowed regions (%) 0.0 
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Figure 3. Overall fold and the dimer interface interactions of the C32S BsTrxA dimer. A. Overall fold 
of the C32S BsTrxA dimer. The disulfide bonded C32S BsTrxA chains are shown in yellow (chain A) and 
blue (chain B). The C29-C29 disulfide bond between the chains is shown in orange. B. Stereo diagram of the 
active site of the C32S BsTrxA dimer with an electrostatic surface shown for chain A. The C32S active site 
residues Trp28, Cys29, Gly30 and Pro31 are shown. Carbons are shown in yellow in chain A and blue in 
chain B. Nitrogens and oxygens are dark blue and red respectively. The disulfide bond atoms are orange and 
hydrogen bonds are shown in green. C. The shallow hydrophobic binding sites for the Trp28 residues on the 
opposite chains of the dimer in the C32S mutant of BsTrxA. The color coding is the same as Fig. 3B and the 
view is an approximately 90º rotation relative to Fig. 3B.  
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thioredoxin fold with a central hydrophobic core with a four-stranded beta sheet 
surrounded by five alpha helices on the external surface (Fig. 3A). The C32S homodimer 
structure closely resembles the NMR structure (Li et al., 2007), with an rmsd of 0.9Å 
between 86 C-α carbons (comparing the first model of the 2IPA heterodimer BsTrxA 
NMR structure with chain A of the C32S BsTrxA structure). It is also similar to the known 
human and E. coli structures (PDB codes: 2TRX, 1XOA, 1XOB, 1ERU, 1ERT, 1CQG, 
1CQH, 1MDJ), having rmsd values of 1-1.5 Å for global Cα superpositions. This 
underscores the strong conservation of thioredoxin in nature. The active site amino acid 
sequence WCGPC forms a loop linking the end of a β strand (β2) with the beginning of an 
α helix (α2).  

Importantly, C32S TrxA does indeed crystallize as a dimer held together by a 
disulfide bond between the two active site attacking Cys29 residues. In addition, 
dimerization is facilitated by intermolecular hydrogen bonds and hydrophobic interactions. 
Intermolecular hydrogen bonds occur between the backbone amide nitrogen of Ile72 and 
the carbonyl of Trp28 and the backbone carbonyl of Ile72 and the amide nitrogen of Gly30 
(Fig. 3B). No side chains are involved in intermolecular bonds in this structure. The large  
hydrophobic residue Trp28, which precedes the catalytic Cys29, interacts with a shallow 
hydrophobic pocket on the other chain consisting of the sidechains of Ala26, Trp28, Val57, 
Ala64, Val69 and Ile72 (Fig. 3C). In addition the backbone of residues Met70 and Ser71 
pack against the Trp28 ring (Fig. 3C). The chain B Trp28 has two alternative 
conformations whereas the chain A Trp28 has only one orientation. In both chains the 
hydrophobic Trp28 interacts with the same surface on the opposite chain. This series of 
hydrogen bonds and hydrophobic interactions stabilize the dimer formation.  

Comparison of the BsTrxA homodimer structure and the TrxA-ArsC heterodimer 
structure, shows that although the fold of BsTrxA is very similar, the binding mode is 
 

 

Figure 4. Comparison of 
the B. subtilis TrxA 
homodimer and BsTrxA-
ArsC complex structures. 
The B. subtilis TrxA  
homodimer structure is 
shown as a cartoon with 
chains A and B coloured 
yellow and blue. The 
disulfide bridge and the 
Ser32 are shown in orange, 
as in Fig. 3. The BsTrxA-
ArsC complex structure is 
shown in purple with the 
disulfide bridge and residue 
Ser82 (from the C82S 
mutation in ArsC) shown in 
red. 
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different (Fig. 4). Both structures show extensive interactions with the catalytic loop 
between Ala26 and Gly30. They both interact with loop and helix structure between Val57 
to Val 69, although the BsTrxA-ArsC structure has a much more extensive interaction. 
Only ArsC interacts with the loop from residue Val88 to Lys91. Whereas the BsTrxA 
homodimer uses the backbone amide and carbonyl of Ile57 to form hydrogen bonds to the 
other chain, the BsTrxA-ArsC structure does not have these interactions. The two 
complexes therefore show very different binding modes.  

 
Comparison with thioredoxin complex structures.  

Mixed disulfide intermediates of thioredoxin have previously been characterized at the 
structural level by NMR of human thioredoxin with two substrate peptides derived from 
Ref-1 and NF-κB (Qin et al., 1995; Qin et al., 1996) PDB codes 1CQG, 1CQH and 
1MDJ), by NMR of the BsTrxA-ArsC complex (Li et al., 2007) and by x-ray 
crystallography of barley thioredoxin complexed with the substrate protein barley alpha-
amylase/subtilisin inhibitor (HvTrxh2-BASI) (Maeda et al., 2006). In all these complex 
structures the resolving cysteine in thioredoxin was mutated to prevent the reaction 
proceeding, which would have caused the complex to dissociate.  

The structures of the thioredoxins in these complexes were superimposed on chain 
A of the BsTrxA homodimer structure and the protein/peptide binding modes were 
compared (thioredoxin complex structures used in this study are listed in Table 2). The 
direction of the polypeptide chain through the thioredoxin active site is different in the NF-
κB peptide complex and the Ref-1 peptide complex (Qin et al., 1996) (Fig. 5A). In the 
BsTrxA-ArsC and HvTrxh2-BASI complexes the chain direction is similar to the Ref-1 
peptide (Maeda et al., 2006). The C32S BsTrxA homodimer structure described here, 
however, has the same peptide chain orientation as the NF-κB peptide (Fig. 5A). 
Interactions between thioredoxin and its substrates usually involve three loops from 
thioredoxin, the catalytic loop (residues  31 to 35 in E. coli Trx) and two additional binding 
loops (residues 74 to 76 and 91 to 93 in the E. coli structure; (Maeda et al., 2006)). In the 
BsTrxA homodimer structure described here only two of these loops are involved in the 
interactions, the third loop (residues 88 to 91) does not interact with the other chain of the 
dimer. 

In general the complexes have large hydrophobic residues on the substrate, either 
Trp, Tyr or Met, which interact with a shallow hydrophobic groove; Trp28 in the BsTrxA 
homodimer, Met91 in the  BsTrxA-ArsC heterodimer, Tyr67 in the Ref-1 peptide, Trp60 in 
the NF-κB peptide and Trp147 in the HvTrxh2-BASI complex. In four of the structures, 
the peptide complexes, the C32S BsTrxA homodimer and the BsTrxA-ArsC structures, the 
hydrophobic interactions occur in an equivalent part of the thioredoxin surface (Fig. 5A). 
In contrast, the hydrophobic interaction between Trp147 in the BASI substrate and 
HvTrxh2 occurs at a different site (Fig. 5A). In addition, each complex is held together by 
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four to five intermolecular hydrogen bonds, although the details of the individual 
interactions vary. The diversity of the binding modes observed in these five complexes 
illustrates how thioredoxin can bind and react with a variety of different substrates.  

Thioredoxin also forms complexes with thioredoxin reductase, the enzyme which 
converts oxidized thioredoxin back to the active reduced state. Structures of complexes of 
E. coli thioredoxin with thioredoxin reductase (Lennon et al., 2000) and also chloroplast 
thioredoxins (Trx-m and Trx-f) with Synechocystis ferredoxin-thioredoxin reductase (Dai 
et al., 2007) are available. These show completely different thioredoxin binding modes 
(Fig. 5B). The E. coli thioredoxin has relatively little contact between the substrate peptide 
and the protein, although a large hydrophobic residue of the thioredoxin reductase, Phe142, 
binds in approximately the same position as the hydrophobic residues in the substrate 
complexes (Fig. 5B). The Synechocystis ferredoxin-thioredoxin reductase complexes have 
two loops which bind at either end of the substrate binding site (Fig. 5B). The C32S 
BsTrxA homodimer complex is therefore more closely related to the thioredoxin-substrate 
complexes, in particular the NF-kB peptide complex, rather than the complexes with the 
reductases. 

 
Table 2. Thioredoxin complex structures used in this study. Structural data was retrieved from the Protein 
Data Base. The accession codes, relevant mutations, catalytic residues, interacting proteins and structure 
analysis details are summarised. 

PDB 
code 

Thioredoxin 
(mutation) 

Trx catalytic 
residue : substrate 

target residue 

Other proteins in complex 
(mutation) 

Method Res. 
(Å) 

Ref 

Thioredoxin : substrate complexes 

1MDJ Human Trx (C35A, 
C65A, C69A, C73A) 

C32 : C62 Peptide consisting of  residues 56 to 
68 from the human substrate NFκB 

NMR n/a Qin et al., 
1995 

1CQG 
1CQH 

Human Trx (C35A, 
C65A, C69A, C73A) 

C32 : C65 Peptide consisting of residues 59 to 71 
from the human substrate Ref-1 

NMR n/a Qin et al., 
1996 

2IWT Barley  HvTrxh2 
(C49S) 

C46 : C148 Alpha amylase serine proteinase 
inhibitor (BASI) (C144S). 

X-ray 2.3 Maeda et 
al., 2006 

2IPA BsTrxA (C32S) C29 : C89 Arsenate reductase (ArsC) 
(C10S, C15A, C82S) 

NMR n/a Li et al., 
2007 

2VOC BsTrxA (C32S) C29 : C29 BsTrxA (C32S) homodimer X-ray 1.5 This 
study 

Thioredoxin : thioredoxin reductase complexes 

2PU9 Spinach chloroplast 
(Trx f) (C49S) 

C46 : C57 Synechocystis ferrodoxin and 
thioredoxin reductase 

X-ray 1.65 Dai et al., 
2007 

2PUK Spinach chloroplast 
(Trx m) (C40S) 

C37 : C57 Synechocystis ferrodoxin and 
thioredoxin reductase 

X-ray 3.0 Dai et al., 
2007 

1F6M E. coli TrxA  (C35S) C32 : C138 E. coli thioredoxin reductase (C135S) X-ray 3.0 Lennon et 
al., 2000 

Other Thioredoxin complexes 

1T7P E. coli TrxA 

 

n/a Bacteriophage T7 DNA polymerase 
and an DNA strand 

X-ray 2.2 Doublie 
et al., 
1998 
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Figure 5. Comparison of protein/peptide binding modes in the BsTrxA C32S dimer and other thioredoxin 
peptide and protein complexes. A. BsTrxA was superimposed on the thioredoxin from other complexes using 
Pymol (DeLano, 2002). The superimposed structures, the surface of chain A of BsTrxA and the peptide or 
protein chain of the bound molecule are shown. The disulfides and large hydrophobic residues, which 
contribute to binding are also shown. The N- and C- termini of the bound peptides and proteins are indicated 
with the letters N and C. The proteins shown in Fig 5A are: the BsTrxA dimer with residues 26 to 38 of chain 
B shown as cartoon and the sidechains of Trp28 and Cys29 shown as sticks (this study; dark blue); the NMR 
structures of human thioredoxin complexed with substrate peptides from Ref-1 (1CQH; red) or NFκB 
(1MDJ; green) with the sidechains of residues Cys65 and Tyr67 of the Ref-1 peptide and Trp60 and Cys62 of 
the NFκB peptide; the NMR structure of the B. subtilis TrxA and arsenate reductase (ArsC, 2IPT; purple) 
with residues Cys89 and Met91; and the X-ray structure of the complex between barley thioredoxin with the 
alpha amylase serine proteinase inhibitor (2IWT; orange) with residues Trp147 and Cys148. B. Comparison 
of the BsTrxA (dark blue) dimer interface with the binding of thioredoxin reductase by E. coli thioredoxin 
(1F6M; yellow) and the X-ray structures of the complexes between spinach chloroplast thioredoxins Trx f 
and Trx m and ferrodoxin-thioredoxin reductase (2PU9 and 2PUK; cyan and magenta respectively). Trp28 is 
shown for the TrxA structure (dark blue) and the E. coli thioredoxin reductase structure shows Phe142 
(yellow).  
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The resolving cysteine 

The original Cys32 residue in the wildtype BsTrxA would resolve any 
intermolecular disulfide bonds via its deprotonated sulfhydryl group in the native enzyme. 
However in this BsTrxA structure the C32S mutation is present. The Ser32 mutant is 
unable to resolve the intermolecular disulfide or form an intramolecular disulfide bond 
with Cys29. The C32S mutation therefore ensures that the reaction does not proceed along 
the reaction coordinate. The crystal structure shows that the sidechain of the mutated 
residue C32S points away from the intermolecular disulfide Cys29-Cys29 bond, forming  
 

 
Figure 6. Ser32 interactions in the BsTrxA C32S structure. A. The loop from residue 26 to 32 in chain A 
of the BsTrxA C32 structure is shown with the hydrogen bonds to the Ser32 residue. C29 from chain B is 
also shown and the disulfide bond is shown in orange. Oxygens and nitrogens are coloured red and blue 
respectively. The carbons of chain A and B are coloured blue and yellow. Hydrogen bonds are shown in 
green. B. The environment surrounding S32 is shown. The catalytic loop with residues 25 to 33 and residue 
72 are shown as sticks and other parts of the structure are shown as cartoons. The colours are the same as in 
Fig. 6A. 
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hydrogen bonds to the backbone amide of Ala26 and the carbonyls of Ala26 or Cys29 (Fig. 
6A). Similar interactions would not be expected in the wildtype Cys32, allowing the Cys32 
sidechain to rotate to an alternative rotamer, which would be ideally positioned for 
attacking the intermolecular disulfide bond intermediate. The Ser32 sidechain is packed 
between the sidechains of Trp25, Pro31 and Ile72 so it is buried inside the protein (Fig. 
6B). A change of the rotamer of Cys32 from that shown by Ser32 would allow the Cys32 
sidechain to attack the disulfide bond in the wild type enzyme. Even with a change in 
rotamer, Cys32 would not be exposed at the protein surface to the same extent as Cys29. In 
order for Cys32 to act as the reactive cysteine in the C29S mutant, a change in the 
conformation of the catalytic loop may be necessary, so that Cys32 could be available on 
the protein surface to react with substrate proteins.  

Taken together, our present structural analysis of the C32S BsTrxA dimer indicates 
that the high-resolution structure obtained in this study can serve to visualise a mixed 
disulfide intermediate state in the thiol-disulfide exchange reaction catalysed by the native 
enzyme. 

 
 
 

DISCUSSION 

In the present studies we characterized active site mutants of thioredoxin A from B. 
subtilis at the molecular and structural levels. To this end, we highly purified three active 
site mutants and the wild-type BsTrxA protein. Mixed disulfide reaction intermediates 
could be generated, in particular between the C32S BsTrxA and its substrates, but also 
with the C29S and wild-type BsTrxA. The analyses on our purified BsTrxA proteins 
revealed that the single-cysteine active site mutant BsTrxA proteins were not only able to 
bind substrates, but also had a high tendency to bind to each other. Specifically, the pure 
single-cysteine BsTrxA mutant proteins displayed auto-oxidation of the remaining active 
site cysteine residues, which resulted in homodimer formation. We were able to confirm 
this stable interaction by characterizing the structure of the C32S BsTrxA homo-dimer at 
1.5Å resolution. The structure obtained is unique in that it is the first structure of an active 
site crosslinked thioredoxin homodimer, which could be regarded as a stable mixed 
disulfide BsTrxA reaction intermediate. The structure also represents the first example of a 
thioredoxin protein-protein complex with a chain orientation similar to that of the peptide 
from NF-κB (Fig. 5A). A common theme observed in all but one of the thioredoxin protein 
and peptide complexes is an interaction between a shallow hydrophobic groove on the 
surface of the thioredoxin protein adjacent to the disulphide and a large hydrophobic 
residue from the binding partner. One complex, the HvTrxh2-BASI complex lacks this 
interaction, but has instead a site on the other side of the disulphide where a hydrophobic 
residue is found. These structures therefore illustrate alterative thioredoxin-substrate 
binding modes.  
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Our present studies show that both the C32S BsTrxA mutant protein and the C29S 
BsTrxA mutant protein are able to form mixed disulfide intermediates when provided with 
potential substrate proteins. To our knowledge it has not been reported before that BsTrxA 
mutant proteins lacking the attacking cysteine residue can form such intermediates. In fact, 
most documented interaction profiling studies, based on the mixed disulfide fishing 
technique, were only performed with a mutated variant lacking the resolving cysteine 
residue (Cys32 in BsTrxA), but not with mutant forms lacking the attacking cysteine 
residue (Cys29 in BsTrxA) (Balmer et al., 2003; Motohashi et al., 2001; Verdoucq et al., 
1999). According to the generally accepted model for thioredoxin function, the Cys29 
appears as a thiolate, whereas Cys32 is kept protonated (Chivers et al., 1997; Gilbert, 
1990; Holmgren, 1995; Kallis and Holmgren, 1980). Our data suggests that the resolving 
cysteine in the C29S mutant protein is also able to engage in substrate binding. Studies on 
E. coli Trx1 have shown that the unusually low pKa of the attacking cysteine is maintained 
by proton sharing of the thiol proton, which is normally attached to the resolving cysteine, 
thereby giving the resolving cysteine a high pKa (Dyson et al., 1997; Jeng et al., 1995). 
Mutation of the attacking cysteine in the C29S protein may therefore result in a lower pKa 
of the resolving cysteine, giving it a higher reactivity towards possible substrates than in 
the wild-type protein. Our mixed disulfide experiments indicate that Cys29 is more 
effective in forming stable reaction intermediates with potential substrate proteins than 
Cys32. In the available BsTrxA C32S mutant structure the Ser32 sidechain is not exposed 
on the protein surface (Fig. 6B), it is oriented away from the intramolecular disulfide bond 
and it is forming a series of hydrogen bonds (Fig. 6A). The wild type Cys32 would not be 
expected to form similar hydrogen bonds and may therefore adopt a different position 
(Dyson et al., 1997; Li et al., 2007). Rotation of the sidechain would allow Cys32 to attack 
the disulfide bond and complete the reaction. However, a further change in the structure 
may be required to expose Cys32 on the protein surface, so that it can react with substrate 
proteins. This change in conformation could perhaps be caused by the C29S mutation, 
since the serine sidechain could form extra interactions, which could assist in modifying 
the structure. This would explain why the C29S mutant BsTrxA does not react as 
efficiently with substrate proteins relative to the C32S mutant protein. To confirm or 
falsify this speculation, we would need a high-resolution structure of C29S mutant 
BsTrxA, which is presently not available.  

A second interesting result of the present studies was the homo-dimerization of 
single-cysteine BsTrxA mutant proteins by thiol oxidation. It should be noted that auto-
oxidation of E. coli thioredoxin has been mentioned in the literature for a mutant protein 
lacking the resolving cysteine (Jeng et al., 1998; Russel and Model, 1986), but not for a 
mutant protein lacking the attacking cysteine. Other thioredoxin dimers were shown to be 
formed by thiol (auto-)oxidation of a third cysteine residue outside the active site (e.g. 
Cys73 of human Trx1) (Weichsel et al., 1996). This Cys73-based dimerization is believed 
to function as a means to down-regulate thioredoxin activity, since such dimers were found 
to be inactive (Ren et al., 1993). Notably, the only two cysteine residues of BsTrxA are the 
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active site cysteine residues, which precludes the possibility for regulation of thioredoxin 
activity via oxidation-reduction of a third cysteine residue. Thus, the observed dimerization 
of the single-cysteine mutant TrxA proteins is unrelated to the regulatory Trx1 
dimerization. In addition, dimer formation under reducing acidic conditions via non-
covalent binding has been reported for E. coli and human thioredoxins (Andersen et al., 
1997; Dyson et al., 1990; Holmgren et al., 1975; Holmgren and Roberts, 1976). Such thiol-
independent dimerization was not observed for the purified BsTrxA. Furthermore, it 
should be noted that mutants of E. coli TrxA with an altered active site (CACA instead of 
CGPC) were also shown to dimerise via active site cysteine residues (Collet et al., 2005). 
In this case however, the dimerization was due to the fact that the mutation changed the E. 
coli TrxA conformation such that the second cysteine residue of the CACA motif became 
surface-exposed. Moreover, in this dimer structure, both cysteine residues in the CACA 
motif were disulfide bonded. This makes the E. coli CACA TrxA dimer quite distinct from 
the C32S BsTrxA dimer reported here. Altogether, we conclude that the reported 
dimerization of both single-cysteine active site mutant BsTrxA proteins by thiol oxidation 
of the remaining cysteine residues differs substantially from most previously reported 
mechanisms for thioredoxin dimerization. 

It is presently not known whether BsTrxA molecules interact with each other in 
vivo, but this possibility seems likely, because both oxidized and reduced forms of BsTrxA 
can be detected in growing cells (Hochgrafe et al., 2005). In any case, the mixed disulfide 
homo-dimers of single-cysteine mutant BsTrxA provide an interesting opportunity to study 
the three-dimensional topology of the normally very short-lived mixed disulfide reaction 
intermediate state between two proteins taking part in a thiol-disulfide exchange reaction. 
In the structure of the oxidized C32S BsTrxA mutant dimer one BsTrxA moiety would 
represent the enzyme and the other one the substrate. The structural studies of the human 
Trx1 in complex with two distinct substrate peptides showed that the peptides bind in 
opposite orientations (Qin et al., 1995; Qin et al., 1996). The structure of C32S BsTrxA 
described here adopts one of these orientations, that of the NF-kB peptide, whereas the 
thioredoxin substrate protein complex HvTrxh2-BASI (Maeda et al., 2006) and the 
BsTrxA-ArsC complex (Li et al., 2007) adopt the alternative Ref-1 peptide orientation. 
The C32S BsTrxA structure therefore represents a different mode by which thioredoxin 
can bind substrate proteins, demonstrating the existence of the binding mode shown with 
the NF-kB peptide. The binding of substrate protein is stabilised by hydrogen bonds and 
hydrophobic interactions between a large hydrophobic group on the binding partner and 
hydrophobic patches on the surface of thioredoxin (Figs. 3, 5 and 6). The C32S BsTrxA 
structure, in comparison with other disulfide intermediate structures, therefore illustrates 
how thioredoxin accommodates a variety of substrates, using alternative hydrogen bonding 
patterns and more than one possible hydrophobic region.  

Since the identified C32S BsTrxA homo-dimer is formed by thiol oxidation 
between two identical BsTrxA molecules, this implies that these intrinsically reductive 
molecules undergo auto-oxidation. This is probably due to the fact that our interaction 
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studies were performed in vitro under non-reducing conditions. Exposure of the purified 
proteins to oxidative compounds, such as molecular oxygen, is likely to result in their 
oxidation. Consistent with this idea, we demonstrated via cross-linking of AMS to free 
thiols that most of the purified wild-type BsTrxA molecules were in fact oxidized under 
the conditions used. Thus, the redox state of wild-type BsTrxA in vitro may to some extent 
resemble the in vivo redox state of this protein (Hochgrafe et al., 2005).  

In conclusion, during the establishment of the necessary tools for mixed disulfide 
fishing in B. subtilis, we discovered that purified single-cysteine BsTrxA mutant proteins 
are subject to auto-oxidation, forming stable homodimers by oxidation of the remaining 
cysteine residues. The structure of a C32S homodimer of BsTrxA was solved at high 
resolution, which provides interesting and novel insights into the BsTrxA active site 
geometry during the covalent substrate-bound intermediate state of catalysis. The structure 
demonstrates a binding mode, which in comparison with other mixed disulfide 
intermediate structures, illustrates how thioredoxin can bind to and react with a variety of 
different substrates.  

 
 
 

EXPERIMENTAL PROCEDURES 

Growth conditions and media  

Strains were grown with constant agitation (250 RPM) at 37ºC in Luria Bertani (LB) medium, 
consisting of 1% tryptone, 0.5% yeast extract and 1% NaCl, pH 7.4. If appropriate, media were supplemented 
with antibiotics at the following concentrations: chloramphenicol (Cm), 5 �g/ml; kanamycin (Km), 50 �g/ml; 
erythromycin (Em) 2 �g/ml. 

 

Cloning, expression and purification of BsTrxA  

All procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and 
transformation of competent E. coli DH5� cells were carried out as previously described.(Sambrook et al., 
1989) Chromosomal DNA of B. subtilis 168 (trpC2) (Kunst et al., 1997) was isolated according to Bron and 
Venema (Bron and Venema, 1972) and plasmid DNA was isolated using the High Pure Plasmid Isolation Kit 
(Roche Applied Science). The trxA gene from B. subtilis 168 was PCR-amplified using the primers 
GGGGGCATATGGCTATCGTAAA-AGCAACTGA and GGGGGCTCGAGAAGATGTTTGTTTACAAG-
CT. The PCR product was ligated into the NdeI and XhoI restriction sites of the pET-26b(+) expression 
vector (Novagen, Inc.). The resulting pET26-trxA plasmid was subsequently used for site-directed 
mutagenesis by plasmid PCR with the Extensor PCR mix (ABgene) to obtain mutant trxA genes in which 
codons for Cys were replaced with codons for Ser. Primers C29S-F (GCTCCTTGGTCCGG-ACCTTGT) and 
C29S-R (ACAAGGTCC-GGACCAAGGAGC) were used to introduce the C29S mutation in BsTrxA, 
primers C32S-F (TGCGGACCTTCTAAAATGATT) and C32S-R (AATCATTTTAGAAGGTCCGCA) 
were used to introduce the C32S mutation in BsTrxA and primers C29S/C32S-F (CCTTGGTCCGGACC-
TTCTAAAATG) and C29S/C32S-R (CATTTTAGAAGGTCCGGACCAAGG) were used to introduce the 
C29S C32S double mutation in BsTrxA. All constructs were checked by sequencing. The generated pET26b 
plasmids were used to transform E. coli BL21(DE3) (Invitrogen) for high-level trxA expression and 
subsequent purification of the wild-type BsTrxA or the different Cys to Ser mutant variants of this protein. 
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Notably, all BsTrxA proteins used in the present studies contain a C-terminal hexa-histidine His6-tag for 
purification purposes. This tag is provided by the pET26b(+) vector. For BsTrxA purification, one litre 
cultures were grown until an OD600 of 0.7 was reached. Then, Isopropylthiogalactoside (IPTG) was added to 
a final concentration of 1 mM to induce BsTrxA production. After 3 hrs of induction, cells were harvested by 
centrifugation and resuspended in binding buffer (20 mM NaPi, 300 mM NaCl, 10 % (v/v) glycerol, 5 mM 
imidazole, 3 mM DTT, pH 7.4). Next, cells were disrupted by two passages through a French Press (2500 
PSI). Cellular debris was removed by centrifugation (30 min at 30000g, 4oC) and the clarified supernatant 
fraction was applied to a nickel-charged IMAC column (5 ml HisTrap HP, GE Healthcare). Unbound sample 
was washed from the column with binding buffer using an ÄKTA explorer (GE Healthcare). Next, the His-
tagged BsTrxA protein was eluted from the column using binding buffer with a gradient of increasing 
imidazole concentrations (up to 500 mM imidazole). The eluted fractions were checked for the presence of 
pure BsTrxA protein using SDS-PAGE and subsequent silverstaining or Western blotting. Further 
purification was achieved by concentrating the proteins with Vivaspin columns (Vivascience) and loading 
them on a Superdex 75 gel filtration column (Amersham) pre-equilibrated with 20 mM NaPi; 150 mM NaCl; 
10% Glycerol and 3.5 mM DTT; pH 7.4. Fractions containing the purified BsTrxA proteins were pooled and 
dialyzed 3 times against 20 mM Tris-HCl, pH 7.6 with 150 mM NaCl. 

 

B. subtilis total cytoplasmic proteins  

Cytoplasmic proteins were extracted from B. subtilis strain WB800 ItrxA (trpC2, nprE, aprE, epr, 
vpr, bpr, mpr::ble, nprB::bsr, wprA::hyg; trxA::pMutin2; CmR; EmR). This strain is based on B. subtilis 
WB800 that lacks eight extracellular proteases (Murashima et al., 2002), and it contains a trxA gene placed 
under the transcriptional control of the Pspac promoter (Scharf et al., 1998; Smits et al., 2005). Thus, protein 
degradation during the preparation of extracts is minimised and, at the same time, the oxidation of TrxA 
substrates can be optimised through TrxA depletion. Depletion of TrxA was achieved by growing cells in the 
presence of 25 µM IPTG (Smits et al., 2005). Cells were harvested from an exponentially growing 1 litre 
culture (OD600=1.0), and resuspended in 10 ml of protoplast buffer (20 mM potassium phosphate, pH 7.5; 15 
mM MgCl2; 20% sucrose). Next, cells were incubated with Complete protease inhibitors at the concentration 
recommended by the supplier (Roche) and 1 mg/ml lysozyme for 30 min at 37ºC, after which the protoplasts 
were disrupted using a French Press (2500 PSI). Cellular debris and the large membrane fraction were 
removed by centrifugation (30 min, 150,000 x g, 4ºC) and the supernatant fraction containing the 
cytoplasmic proteins was aliquoted and stored at -80ºC.  

 

SDS-PAGE and Western blotting 

The presence of TrxA was detected by Western blotting. Proteins were separated by SDS-PAGE 
(using pre-cast NuPAGE gels from Invitrogen), and proteins were then semi-dry blotted (75 min at 1 
mA/cm2) onto a nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, the TrxA proteins 
were detected with polyclonal antibodies raised against BsTrxA in rabbits (Eurogentec). The detection of 
bound antibodies was either performed with horseradish peroxidase-conjugated IgG secondary antibodies 
and the Super Signal® West Dura Extended Duration Substrate (Pierce) in combination with the 
ChemiGenius XE Bio-Imaging system (Syngene), or with fluorescent IgG secondary antibodies (IRDye 800 
CW goat anti-rabbit from LiCor Biosciences) in combination with the Odyssey Infrared Imaging System 
(LiCor Biosciences). In the latter case, fluorescence at 800 nm was recorded. In addition, protein 50 assay 
chips together with the 2100 Bioanalyzer (Agilent Technologies) were used to analyze the proteins. This lab-
on-a-chip system allows the separation of proteins by capillary gel electrophoresis. The recorded 
chromatograms can be converted in silico to images that resemble the results of SDS-PAGE. The peak 
surfaces of the recorded chromatograms were integrated using the 2100 Expert Software (Agilent 
Technologies) to quantify the relative protein amounts per peak. 
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Mixed disulfide fishing 

To visualize possible stable interactions between BsTrxA and its substrates, 2 µg of the purified 
BsTrxA protein variants were mixed with 50 µl of total cytoplasmic protein extract. After 5 min incubation at 
room temperature, protein loading buffer was added and 3 µl of this sample was loaded on a non-reducing 
gel and TrxA-substrate bound proteins were visualized by Western blotting with anti-BsTrxA antibodies.  

For purification of the BsTrxA-substrate bound complexes, 40 µg of each purified BsTrxA protein 
variant was mixed with 250 µl total cytoplasmic protein extract and left to incubate on ice for 5 min. Next, 30 
µl of magnetic beads precharged with nickel (supplied by Zebra biosciences) was added. The His6-tagged 
BsTrxA proteins were allowed to bind to the nickel of the magnetic beads for 10 min under constant 
inversion of the tubes. Then, the tubes were placed in a magnetic field until clearing of supernatant was 
observed. The clear supernatant was discarded from each tube and the pellet was washed three times (10 min) 
with 300 µl of binding buffer (20 mM Tris-HCl, pH 7.5; 300 mM NaCl) under constant tube inversion. Next, 
the BsTrxA proteins bound to the magnetic beads were washed six times with 400 µl of washing buffer (i.e. 
binding buffer with 5 mM imidazole). Finally, the tagged BsTrxA proteins with bound potential substrates 
were separated from the nickel-charged magnetic beads by resuspension in 150 µl elution buffer (i.e. binding 
buffer with 300 mM imidazole). The eluted proteins were separated by non-reducing SDS-PAGE and the 
presence of TrxA-substrate complexes was visualized by Western blotting with anti-TrxA antibodies.  

 

Determination of redox states of TrxA monomers and dimers 

The purified His6-tagged BsTrxA proteins with wild-type or mutant active sites were analyzed by 
SDS-PAGE under reducing and non-reducing conditions using pre-cast NuPAGE gels (Invitrogen). Each 
lane was loaded with ~2.5 µg of protein. For analysis of BsTrxA proteins under reducing conditions, 10 mM 
DTT was added to the samples prior to SDS-PAGE. In addition, the C32S BsTrxA was analyzed in the 
presence of increasing concentrations of DTT. Upon electrophoresis, protein bands were stained with 
coomassie SimplyBlue™ SafeStain (Invitrogen). The redox state of the purified proteins was monitored by 
labeling with 4-acetamido-4’-maleimidyl-stilbene-2,2’-disulfonate (AMS; Molecular Probes), prior to 
separation by SDS-PAGE under non-reducing conditions. Notably, AMS will only bind covalently to free 
thiol groups in reduced BsTrxA molecules, thereby giving the reduced proteins a higher mass than the 
oxidized ones. To quantify the levels of AMS labelling as well as dimer to monomer ratios, the wild-type and 
mutant BsTrxA proteins were also separated with protein 50 assay chips on a 2100 Bioanalyzer (Agilent 
Technologies).  

 

Crystallization 

For crystallization, purified protein was buffer-exchanged into a solution containing 25 mM sodium 
phosphate pH 8.0 and 400 mM NaCl and concentrated to 10 mg/ml. Hanging drop crystallization 
experiments were performed with 1 µl each of protein and well solution using 24-well Linbro plates stored at 
4°C. The crystallization solutions and the temperature choice were based on the published condition used to 
crystallize thioredoxin A from E. coli: 0.1 M Tris pH 8.5, 0.2 M magnesium chloride, 4% acetonitrile and 
30% PEG 4000 (Collet et al., 2005). Crystals of the C32S single mutant grew in 0.1 M Tris pH 7.8, 0.1 M 
magnesium chloride, 4% acetonitrile and 35% PEG 4000. The crystals appeared in 1-2 weeks with 
dimensions of approximately 100x50x20 µm. 

 

Data collection and structure determination 

Crystals were cryo-cooled directly into liquid nitrogen and diffraction data were collected at the 
ESRF beamline BM14. Data collection statistics are summarized in Table 1. The data was scaled and 
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processed using the program HKL2000 (Otwinowski and Minor, 1997). Molecular replacement was 
performed using the program PHASER (Read, 2001) in the CCP4 program suite with a polyserine model of 
thioredoxin A from E. coli (PDB code 2TRX) as the initial model (Katti et al., 1990). After a round of rigid 
body and restrained refinement using REFMAC-5 (Vagin et al., 2004) from the CCP4 program suite, the 
model-building program ARP-WARP (Perrakis et al., 1999) was used to build a starting model from the 
BsTrxA C32S sequence. The model was improved by several rounds of model building and refinement, 
using the programs COOT (Emsley and Cowtan, 2004) and REFMAC-5. Model geometry was analyzed 
using COOT and the program MOLPROBITY (Davis et al., 2007). The two Pro31 sidechains in the two 
chains of the homodimer are only 2.6 Å apart in the current model. This provides the best fit to the electron 
density. This clash would not normally occur in the wild-type enzyme. It is likely that the two proline 
residues adopt alternative non-clashing positions in solution, but these are not apparent in the averaged 
electron density map and so they are not included in the model. Figures were generated using the program 
Pymol (DeLano, 2002). Structures were superimposed using the align command in Pymol (DeLano, 2002). 

 
Accession numbers 

Coordinates and structure factors have been depositedin the PDB with accession number 2VOC.  
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SUMMARY 

Bacillus subtilis serves as an excellent model to study protein secretion at a proteomic 
scale. Most of the extracellular proteins are exported from the cytoplasm via the Sec 
pathway. Despite extensive studies, the secretion mechanisms of about 25% of the 
extracellular proteins are unknown. This suggests that B. subtilis makes use of 
alternative mechanisms to release proteins into its environment. In search for novel 
pathways, which contribute to biogenesis of the B. subtilis exoproteome, we 
investigated a possible role of the large conductance mechanosensitive channel 
protein MscL. We compared protein secretion by MscL deficient and proficient B. 
subtilis cells. MscL did not contribute to secretion under standard growth conditions. 
Unexpectedly, we discovered that under hypo-osmotic shock conditions specific, 
normally cytoplasmic proteins were released by mscL mutant cells. This protein 
release was selective since not all cytoplasmic proteins were equally well released. We 
established that this protein release by mscL mutant cells 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. Our unprecedented 
findings imply that an unidentified system for selective release of cytoplasmic 
proteins is active in B. subtilis. 
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INTRODUCTION 

The establishment of an extracellular proteome through protein secretion from the 
cytoplasm is a process of pivotal importance for life. This applies to simple unicellular 
organisms, such as bacteria, but also to complex cellular communities as encountered in 
human tissues (Alvarez-Llamas et al., 2007; Pohlschroder et al., 1997). Bacteria are known 
to secrete proteins that perform a wide range of important functions, such as provision of 
nutrients, cell-to-cell communication, defense against environmental toxins, elimination of 
potential competitors and subversion of (human) host cells (Rosenkrands et al., 2000; 
Tjalsma et al., 2004). Bacterial protein secretion is, therefore, a highly relevant topic in the 
field of molecular microbiological research. The Gram-positive bacterium Bacillus subtilis 
serves as an excellent model organism to study this process for several reasons. First of all, 
B. subtilis lacks an outer membrane, which retains many proteins in the periplasm of 
Gram-negative bacteria such as Escherichia coli. Accordingly, the majority of B. subtilis 
proteins that are transported across the cytoplasmic membrane end up in the extracellular 
milieu of this bacterium. This property makes B. subtilis an extremely attractive organism 
to study the total flow of proteins from the cell into its extracellular milieu by proteomics 
techniques (Tjalsma et al., 2004). In fact, the now widely used term “secretome” was first 
coined in proteomics studies on the extracellular proteome of B. subtilis (Antelmann et al., 
2001). Furthermore, the availability of the complete genome sequence, readily available 
strains with mutations in nearly all of the ~4100 genes, industrial application of many 
native secreted proteins, and numerous useful techniques for cloning and expression, have 
made B. subtilis the major paradigm for research on protein secretion by Gram-positive 
bacteria (Kobayashi et al., 2003; Kunst et al., 1997). 

In previous studies the composition of the so called secretome of B. subtilis was 
predicted which, by definition, includes all the secreted proteins and the protein secretion 
machinery (Sibbald et al., 2006; Tjalsma et al., 2004; Tjalsma et al., 2000). These 
predictions were based on the presence of signal peptide motifs that many secreted proteins 
have in common (von Heijne, 1990a; von Heijne, 1990b). It was thus established that at 
least four distinct pathways for protein export can be distinguished (Fig. 1). The grand 
majority of exported proteins appear to be exported via the general secretory (Sec) 
pathway. A limited number of proteins are transported via the twin-arginine translocation 
(Tat) pathway, the pseudopilin export pathway for competence development (Com 
pathway), and pathways involving various different ATP-binding Cassette (ABC) 
transporters dedicated to the secretion of bacteriocins and pheromones (Bacteriocin 
pathway). Extensive proteomics studies have confirmed that the majority of these predicted 
proteins 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). About 
50% of the identified exoproteins is probably secreted directly into the extracellular milieu, 
mainly via the Sec pathway. Another 25% of the identified proteins is probably also  
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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 the extracellular proteins are secreted via the general secretion 
(Sec) pathway. Two proteins are 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 on 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).  

 
secreted from the cytoplasm via the Sec pathway but their release into the environment is 
indirect. These proteins are first targeted to the membrane or cell wall but, due to 
incomplete retention, proteolysis and/or cell wall turnover, these proteins are subsequently 
released or shed into the extracellular milieu. Intriguingly however, about 25% of the 
proteins that were identified by exoproteome analyses did not have a predicted 
extracellular location, because they lack known export signals. This suggested that B. 
subtilis also makes use of alternative mechanisms to release proteins into the external 
environment. 

In search for such a potentially new protein secretion mechanism, we addressed the 
possible role of mechanosensitive (MS) ion channels. These (plasma) membrane located 
channels are present in all three domains of life, but are especially widespread among 
bacteria (Blount et al., 1999; Martinac, 2001; Pivetti et al., 2003; Sukharev et al., 1997). 
The proposed physiological role of these channels is to catalyze the efflux of osmolytes or 
osmoprotectants upon hypo-osmotic shock (Berrier et al., 1992). When cells encounter a 
sudden downshift in osmolarity of their environment, for example during exposure to rain, 
they respond by excreting ions and osmolytes from the cytoplasm in order to maintain an 
appropriate turgor pressure. Thereby, the cells protect themselves from death by lysis due 
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to overpressure. Since B. subtilis naturally lives in the soil, it is exposed to severely 
changing conditions and environmental insults, including hypo-osmotic shocks. Possession 
of effective osmo-regulatory protection mechanisms seems, therefore, of vital importance. 
The efflux of various ions and osmolytes, like proline, potassium glutamate, trehalose, 
glycine betaine, and other metabolites, during hypo-osmotic shock has been reported in 
many bacteria (Glaasker et al., 1996; Koo et al., 1991; Meury et al., 1985; Ruffert et al., 
1997; Schleyer et al., 1993; Verheul et al., 1997), and very recently also in B. subtilis 
(Hoffmann et al., 2008). Interestingly, it was reported for E. coli that, in addition to the 
excretion of osmolytes, these cells also excrete some small cytoplasmic proteins like the 
thioredoxin A (TrxA or Trx1) upon hypo-osmotic shock (Ajouz et al., 1998; Berrier et al., 
2000; Lunn and Pigiet, 1982). The mechanosensitive channels could, therefore, constitute a 
previously unidentified pathway for protein export. 

In E. coli, at least three families of mechanosensitive channels have been 
distinguished on the basis of their conductance, structure and kinetics. These were named 
MscM (Mini), MscS (Small), MscL (Large). These channels are activated at different 
levels of applied pressure (Berrier et al., 1996). The MscL channel opens only at the 
highest applied pressure and also has the highest pore diameter (30 Å), which is potentially 
large enough to allow the passage of small proteins. The mscL gene encodes for a 
membrane protein of 15 kDa with two transmembrane domains (Blount et al., 1996). As 
shown by structural analyses, the channel is formed by a homopentamer of MscL (Chang 
et al., 1998). B. subtilis contains one gene for an MscL homologue (55% identity), 
originally named ywpC (Moe et al., 1998). Up till now, relatively little is known about the 
function of this protein, but B. subtilis �mscL cells seem to be more susceptible to osmotic 
stress than MscL proficient cells (Wahome and Setlow, 2006; Wahome and Setlow, 2007). 
Also, B. subtilis MscL has been implicated in the excretion of osmolytes upon hypo-
osmotic shock (Hoffmann et al., 2008). A possible contribution of MscL of B. subtilis to 
active secretion or osmo-driven release of proteins has never been explored before. 

To investigate the impact of MscL on B. subtilis secretome biogenesis, we 
compared the extracellular proteomes of MscL deficient and proficient strains during 
normal growth and under hypo-osmotic shock conditions. Our results show that the 
presence of MscL prevents the specific release of proteins by B. subtilis cells during 
osmotic shock. Remarkably, this specific protein release is not correlated to cell death or 
lysis phenomena. 

 
 

RESULTS 

Does MscL impact on the secretome of B. subtilis? 

As a first approach to investigate the possible impact of MscL on the secretome of 
B. subtilis, we analyzed the secreted proteins of post-exponentially growing cells of an 
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mscL knock-out strain (�mscL) and the parental strain 168 by two-dimensional (2D) gel 
electrophoresis and subsequent dual channel imaging (Fig. 2A). The results revealed that, 
under standard growth conditions, the extracellular proteome of the �mscL strain was 
virtually identical to that of the parental strain (Fig. 2A). This revealed that the MscL 
protein did not detectably contribute to the extracellular accumulation of any B. subtilis 
proteins, at least within the detection limits of two-dimensional gel electrophoresis and 
under the conditions tested.  

 
 
Figure 2. The extracellular 
proteome of B. subtilis �mscL 
A. Cells of B. subtilis �mscL or 
the parental strain 168 were 
grown in LB medium and 
extracellular proteins were 
collected 1 h after entry into the 
stationary phase. Secreted 
proteins were analyzed by two-
dimensional gel electropho-resis 
and dual channel imaging as 
described under "Materials and 
Methods". Green protein spots 
are predominantly present in the 
master image of the extracellular 
proteins of B. subtilis 168; red 
protein spots are predominantly 
present in the image of the 
extracellular proteins of the 
B. subtilis �mscL strain; and 
yellow protein spots are present 
at similar amounts in both 
images. The presented pictures 
were obtained by dual channel 
imaging of two representative 
warped two-dimensional gels on 
which extracellular proteins of 
the �mscL strain and the parental 
strain 168 were separated. The 
names of previously identified 
proteins are indicated. B. The 
B. subtilis �mscL and 168 strains 
harboring either plasmid 
pPSPhoA5 for production of 
PhoA, plasmid pKTH10 for 
production of AmyQ, or the 
chromosomal X-ywbN-Myc 
cassette for production of YwbN 
were grown in LB medium. 
Extracellular proteins from an 

equal amount of cells were collected and analyzed by SDS-PAGE and subsequent immunoblotting with 
specific antibodies against the three proteins as indicated below the respective images.  
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Next, we investigated whether MscL might be involved in the extracellular 
accumulation of overproduced secretory proteins. For this purpose, we transformed the 
�mscL or the parental 168 strain with different plasmids encoding specific genes under 
ectopic control of a strong promoter. Specifically, we used plasmid pPSPhoA5 for high-
level production of the E. coli alkaline phosphatase protein PhoA (Darmon et al., 2006) 
and plasmid pKTH10 for high-level production of the Bacillus amyloliquefaciens �-
amylase protein AmyQ (Palva, 1982). Additionally, we introduced the X-ywbN cassette in 
the amyE locus for xylose-induced overexpression of the secreted YwbN-Myc protein 
(Jongbloed et al., 2004). While PhoA and AmyQ are secreted Sec-dependently (Palva, 
1982; Bolhuis et al., 1998; Bolhuis et al., 1999), YwbN is secreted Tat-dependently 
(Jongbloed et al., 2004). The extracellular accumulation of these proteins was assessed by 
1-dimensional SDS-gel electrophoresis of medium fractions of overnight-grown cells and 
subsequent Western Blotting with antibodies against PhoA, AmyQ or YwbN-Myc. The 
results revealed no differences in the amounts of PhoA, AmyQ or YwbN-Myc as secreted 
by the �mscL or parental 168 strains (Fig. 2B). Taken together, these observations show 
that the MscL protein does not significantly contribute to the extracellular accumulation of 
proteins in B. subtilis under normal growth conditions, irrespective of whether these 
proteins are secreted via the Sec or Tat pathways. 

 

MscL does impact on the secretome of osmotically shocked B. subtilis cells 

As judged from the available literature data, MscL seems to be most important 
under conditions of hypo-osmotic shock (Blount et al., 1999; Martinac, 2001; Pivetti et al., 
2003; Sukharev et al., 1997; Berrier et al., 1992). Therefore, we investigated the possible 
impact of hypo-osmotic shock on the secretome of the �mscL strain. For this purpose, 
harvested cells were resuspended in a high-osmolarity buffer and subjected to a hypo-
osmotic shock by 5-fold dilution in distilled water, as described previously for studies on 
MscL function in E. coli (Lunn and Pigiet, 1982). Release of cellular proteins was 
monitored by SDS-PAGE and/or immunoblotting. Figure 3 illustrates the results of this 
treatment: elevated amounts of several proteins were released into the extracellular milieu 
when cells were exposed to hypo-osmotic shock compared to dilution into an iso-osmotic 
buffer. This effect could be observed for the parental strain 168, but it was significantly 
more pronounced in the �mscL strain. Densitometric image analysis of the bands 
corresponding to the five most abundantly released proteins revealed that the hypo-
osmotically shocked �mscL cells released about 2.5- to 3.0-fold higher amounts of these 
proteins compared to the hypo-osmotically shocked parental strain 168. To investigate 
which proteins were released from the cells, the gel lanes relating to the extracellular 
fractions were sliced and subjected to MALDI-TOF mass spectrometry. The predominant 
proteins that were identified in the extracellular fractions are indicated in Figure 3 (see 
supplemental data Table S1 for MS specifications). These include the ATP synthase beta 
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subunit (AtpD), xylose isomerase (XylA), xylan beta-1,4-xylosidase (XynB), superoxide 
dismutase (SodA), elongation factor Tu (TufA), and the ATP synthase gamma subunit 
(AtpG). Notably, all of these proteins are active in the cytoplasm. Thus, while there appear 
to be no significant qualitative changes in the protein composition of the extracellular 
milieu upon hypo-osmotic shock, the extracellular amounts of presumably cytoplasmic 
proteins do increase substantially under this stressful condition, especially in the �mscL 
strain.  

 

 
 

Figure 3. Release of cytoplasmic proteins upon hypo-osmotic shock. Cells from B. subtilis �mscL or the 
parental strain 168 were grown overnight and resuspended in high osmolarity buffer (10 mM Tris, pH 7.6, 
20% sucrose). Next, these cells were either iso-osmotically diluted 5-fold in the same buffer (Iso) or hypo-
osmotically shocked in distilled water (Hypo), as indicated under “Materials and Methods”. The suspensions 
were centrifuged, and the presence of released cytoplasmic proteins in the respective extracellular milieus 
(“E”) was determined by SDS-PAGE after TCA precipitation. Proteins retained in the cells (“C”) were also 
visualised by SDS-PAGE. For the estimation of total cell contents, untreated 168 cells were included in the 
analyses (“X”). Samples loaded onto the gel correspond to 5 µl of cell lysate or 20 µl of the external milieu. 
Separated proteins were visualized by Coomassie brilliant blue staining. Proteins that were identified by 
MALDI-TOF mass spectrometry in the medium fractions are indicated on the left. The positions of the 
flagellin (Hag) and lysozyme (Lyz.) protein bands are indicated by arrows. Molecular markers (M) are 
indicated on the right. 
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Since the release of cytoplasmic proteins upon hypo-osmotic shock in the �mscL 
strain was far greater than in the parental 168 strain, we performed immunoblotting to 
monitor the release of specific cytoplasmic proteins. For this purpose, we used antibodies 
against the relatively small TrxA protein (~11kDa) and the larger GroEL protein (~57kDa). 
The results, shown in Figure 4, revealed that both proteins were released from B. subtilis 
cells upon hypo-osmotic shock and this effect was much more pronounced for the �mscL 
strain, which is consistent with the results of the Coomassie-stained gels shown in figure 3. 
Densitometric analysis revealed that the hypo-osmotically shocked �mscL cells released 
about two-fold more GroEL than the hypo-osmotically shocked 168 cells, whereas this was 
about four-fold more in the case of TrxA. Most notable, the ratios between released and 
cell-retained TrxA and GroEL differed substantially as relatively much more TrxA (50 %) 
than GroEL (5 %) was released by the hypo-osmotic shocked �mscL cells (Fig. 4). These 
findings show that selective protein release occurs in hypo-osmotically shocked �mscL 
cells. In turn, this suggests that MscL serves to prevent the selective release of cytoplasmic 
proteins into a hypotonic environment. 

 
 

 

Figure 4. Release of TrxA and GroEL upon hypo-osmotic shock. Samples prepared for Fig. 3 were used 
for SDS-PAGE and subsequent immunoblotting with TrxA- and GroEL-specific antibodies. 5 µl Aliquots of 
cell lysate or external milieu fractions were loaded. The positions of mature TrxA and GroEL are indicated 
by arrows. Molecular markers (M) are indicated on the right. 
 



Chapter 7 
 

 144 

Selective release of proteins by osmotically shocked �mscL cells cannot be 

attributed to cell death or lysis  

In order to establish to which extent cell lysis might contribute to the observed 
release of cytoplasmic proteins into the medium of hypo-osmotically shocked cells, we 
monitored the viability of the cells that were subjected to this osmotic shock treatment. 
Three different methods were used to monitor and compare the integrity or viability of the 
hypo-osmotically shocked or iso-osmotically diluted cells: optical density measurements, 
calculation of the total numbers of CFUs, and direct microscopic visualization of live and 
dead cells. To monitor possible growth phase-dependent differences in sensitivity of the 
cells to the osmotic shock treatment, cells from exponential and stationary phase cultures 
were tested. Tables 1-3 display the outcomes of these experiments. As shown in Table 1, 
the differences in optical density between cell suspensions that were hypo-osmotically 
shocked or iso-osmotic diluted were similar for the �mscL strain and the parental strain 
168. This is true for both cells from exponentially grown cultures and from overnight 
cultures. The results in this Table, therefore, suggest that the levels of lysis in suspensions 
of osmotically shocked �mscL and wild-type cells are comparable. Interestingly, the OD600 
of hypo-osmotically shocked cells was consistently a little higher than that of iso-
osmotically diluted cells, which could indicate some swelling of the hypo-osmotically 
shocked cells. In order to assess possible differences in the levels of cell death, we 
calculated the numbers of CFUs for these same cell suspensions by plating the hypo- 

 

 

Figure 5. Microscopic analysis of cell viability. B. subtilis �mscL or 168 cells were suspended in high 
osmolarity medium and then either hypo-osmotically shocked in MQ (Hypo) or iso-osmotically diluted in 
buffer (Iso) for 10 min as indicated in “Materials and Methods”. Next, cells were stained with the dyes 
supplemented by the BacLight LIVE/DEAD bacterial viability test (Molecular Probes). Cells with intact 
membranes are stained green, cells with disrupted membranes are strained red. Both cells from exponential 
(Exp) or overnight (ON) cultures were analyzed 
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Table 1. Differences in OD600 between hypo-osmotically shocked or iso-osmotically diluted B. subtilis 
168 or �mscL cells. B. subtilis �mscL or wild-type 168 (168) cells were suspended in high osmolarity 
medium and then either hypo-osmotically shocked in MQ (shock) or iso-osmotically diluted in isotonic 
buffer (Iso) for 10 min as indicated in “Materials and Methods”. Both OD600 values of cells from exponential 
or overnight cultures were measured.  

 168 cells �mscL cells 
 Iso shock % difference Iso shock % difference 
       

ODs of  
Exponentially 
growing cells 

0,956 0,985 103,0 0,971 0,991 102,1 

       
ODs of cells from 
overnight culture 

0,938 0,969 103,3 1,012 1,030 101,8 

 
 
 
Table 2. Colony Forming Units (CFU’s) per ml of B. subtilis 168 or �mscL after hypo-osmotic shock or 
iso-osmotic dilution. B. subtilis �mscL or wild-type (168) cells were suspended in high osmolarity medium 
and then either hypo-osmotically shocked in MQ (shock) or diluted in iso-osmotic buffer (Iso) for 10 min as 
indicated in “Materials and Methods”. Differences in CFU’s between shocked and diluted cells are depicted 
as “Relative survival”. Both CFU’s of cells from exponential or overnight cultures were calculated. 
 

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

CFUs/ml of exp 
growing cells 

(x105) 

178±0 104±0 58,4 213±24 127±2 59,8 

       
CFUs/ml of cells 
from overnight 
culture (x105) 

774±94 690±5 89,1 854±51 785±4 91,9 

 
 
 

Table 3. Ratios of live to dead B. subtilis �mscL or 168 cells after hypo-osmotic shock or iso-osmotic 
dilution. Cells were suspended in high osmolarity medium and then either hypo-osmotically shocked in MQ 
(shock) or diluted in iso-osmotic buffer (Iso) for 10 min as indicated in “Materials and Methods”. Ratios of 
living and dead cells were determined with the BacLight LIVE/DEAD bacterial viability test (Molecular 
Probes). Both live:dead ratios of cells from exponential or overnight cultures were analyzed. Differences in 
live:dead ratios between shocked and diluted cells are depicted as “Relative survival” 
 

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

Ratio living:dead 
cells of  exp. 
growing cells 

0,85±0,05 0,79±0,08 92,0 0,83±0,08 0,77±0,08 92,8 

       
Ratio living:dead 
cells of cells from 
overnight culture 

0,52±0,04 0,42±0,10 82,3 0,52±0,08 0,45±0,04 86,7 
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osmotically shocked or iso-osmotically diluted cells on LB agar plates. The results of this 
experiment, shown in Table 2, indicated that there was a difference of about 10% in 
survival between overnight grown cells of B. subtilis 168 that were hypo-osmotically 
shocked or iso-osmotically diluted. This difference in survival was about 40% for the 
exponentially growing cells. Importantly, the difference between survival of the �mscL 
cells that were hypo-osmotically shocked or iso-osmotically diluted was indistinguishable 
from that of cells of the parental strain 168 (Table 2), indicating that the observed increase 
in protein release upon osmotic shock in the �mscL strain was not caused by an increase in 
cell lysis or cell death. As an ultimate test to measure the effects of hypo-osmotic shock on 
cell viability, we made use of a microscopic LIVE/DEAD screen. For this purpose, the 
hypo-osmotically shocked or iso-osmotically diluted cells were stained with dyes which 
allow a microscopic visualization of membrane integrity. Figure 5 displays representative 
field images of the microscopy data thus obtained. The ratio of live:dead cells, obtained by 
counting the live and dead cells in at least eight field images, are shown in Table 3. These 
ratios indicate that there was ~10% difference in viability between cells that were hypo-
osmotically shocked or iso-osmotically diluted. Also with this method we detected similar 
levels of relative survival of hypo-osmotic shock for �mscL and 168 cells. 
 
 

Death of MscL deficient cells depends on their “osmotic history” 

The finding that the MscL deficient cells remained viable upon hypo-osmotic shock 
raised the question to what extent MscL is actually needed to survive such conditions. This 
question was particularly relevant in view of recent studies from the groups of Setlow 
(Wahome and Setlow, 2006) and Bremer (Hoffmann et al., 2008), who reported that the 
viability of hypo-osmotically shocked �mscL cells was much lower than that of wild-type 
B. subtilis cells. Challenged by these seemingly contradictory results, we compared the 
protocols used to impose hypo-osmotic shocks and found that these were essentially 
different from the protocol that we had adapted from the published work on E. coli MscL 
(Ajouz et al., 1998; Berrier et al., 2000; Lunn and Pigiet, 1982; Vazquez-Laslop et al., 
2001). Importantly, in our protocol the cells were grown in the standard LB medium, 
harvested and re-suspended in high-osmolarity medium. By contrast, in the studies of the 
Setlow and Bremer groups, cells were grown in high-osmolarity medium and then exposed 
to hypo-osmotic conditions. In order to verify the impact of the different protocols, we also 
subjected the B. subtilis 168 and �mscL strains used in our studies to the hypo-osmotic 
stress conditions described by the Setlow and Bremer groups. The results of this 
comparison are shown in Figure 6. Clearly, the viability of the �mscL strain, measured by 
monitoring the OD600, was severely affected by the hypo-osmotic shock treatment, while 
the parental strain 168 was barely affected. CFU counts of the hypo-osmotically shocked 
or iso-osmotically diluted cell suspensions after 20 min also showed a dramatic drop in the 
relative viability of shocked �mscL cells compared to cells of the parental strain 168 
(Table 4). These results are thus fully consistent with those described by the Setlow and 
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Bremer groups. Since these groups also used NaCl instead of sucrose to obtain high-
osmolarity conditions, we also subjected the �mscL and 168 cells to our osmotic shock 
protocol, but using 1M NaCl instead of 20% sucrose in the high-osmolarity buffer. The 
results showed that use of NaCl or sucrose for this purpose made no difference, as there 
was no detectable difference in the (moderate) decrease in viability of hypo-osmotically 
shocked cells that had been equilibrated with either of these two substances. Thus, it seems 
that the presence of MscL is essential for the survival of a hypo-osmotic shock by cells that 
have grown for a prolonged period of time in media of high osmolarity, but not for the 
survival of cells that have been exposed to high osmolarity conditions for a relatively short 
period of time. 

 

 
Figure 6. Viability of B. subtilis �mscL or 168 exposed to hypo-osmotic shock after cultivation in a 
high-osmolarity medium. Cells from overnight cultures of B. subtilis �mscL or 168 grown in LB 
supplemented with 1M NaCl were inoculated in fresh LB with 1M NaCl. At OD600 of 0.7, the cells were 10-
fold diluted in the same iso-osmotic medium, or hypo-osmotically shocked by 10-fold dilution in LB without 
NaCl. Next, growth was continued for the indicated time and changes in optical density were monitored. 
Triangles, �mscL; Circles, 168; open triangles/circles represent data points from hypo-osmotically shocked 
cells; filled triangles/circles represent data points from iso-osmotically diluted cells. 
 
 
Table 4. Colony Forming Units (CFU’s) per ml of exponentially growing 168 or �mscL cells, diluted in iso-
osmotic buffer (Iso; LB with 1M NaCl) or hypo-osmotically shocked in low osmolarity medium (shock; LB 
without NaCl). Plated from cell suspensions shown in Figure 6 at time point 20 min. Differences in CFU’s 
between shocked and diluted cells are depicted as “Relative survival”. 

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

CFUs/ml of exp 
growing cells 

(x106) 

17±4,6 9,3±2,5 54,9 7,0±6 0,0±0 0 
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Taken together, our present observations show that the importance of MscL for cell 
survival under conditions of hypo-osmotic shock depends on the “osmotic history” of the 
investigated cells. When briefly exposed to conditions of high osmolarity, hypo-
osmotically shocked �mscL cells display an increased and specific release of cytoplasmic 
proteins into the external milieu. This protein release cannot be attributed to cell lysis or 
rupture, which confirms our idea that MscL serves to prevent the selective release of 
proteins, such as TrxA, when B. subtilis is exposed to a sudden hypotonic shock.  

 
 

DISCUSSION 

In search for novel pathways that contribute to secretome biogenesis in B. subtilis, 
we investigated a possible role of the large conductance mechanosensitive channel protein 
MscL. For this purpose, we compared protein secretion by MscL deficient and proficient 
B. subtilis cells, both during normal growth and under hypo-osmotic shock conditions. We 
did not detect any MscL-dependent difference in the extracellular proteome of B. subtilis 
during normal growth conditions. Unexpectedly, we discovered that under hypo-osmotic 
shock conditions specific proteins were released in the absence of MscL, which cannot be 
attributed to cell death or lysis. The presence of MscL, therefore, seems to prevent the 
specific release of proteins by B. subtilis cells during hypo-osmotic shock, which is an 
unprecedented observation. 

Our ongoing studies on the secretome of B. subtilis have, so far, resulted in the 
identification of about 200 secreted proteins and at least four different pathways that 
actively export these proteins from the cytoplasm. However, ~25% of the identified 
secreted proteins do not seem to travel via these known routes. These proteins end up in 
the medium due to cell lysis or take an as yet unidentified alternative pathway (Antelmann 
et al., 2000; Antelmann et al., 2001; Hirose et al., 2000; Tjalsma et al., 2000; Tjalsma et 
al., 2004; van Wely et al., 2001). The MscL channel seemed an attractive candidate for 
such an alternative route. Although this channel has hardly been studied in B. subtilis, its 
estimated pore size of 30Å, based on crystal structures of the Mycobacterium tuberculosis 
MscL complex, could potentially function as a gateway for the passage of small cytosolic 
proteins, approximately up to the dimensions of TrxA (Chang et al., 1998). Our results 
showed, however, that under standard laboratory growth conditions, no proteins were 
detectably secreted via MscL into the extracellular milieu of B. subtilis cells. Apparently, 
MscL is not involved in the export of these proteins, or it is closed during such standard 
growth conditions. These standard conditions are in fact very different from the ever 
fluctuating conditions that B. subtilis encounters in its natural habitat, the soil. In order to 
explore this idea, we adapted the protocol for hypo-osmotic downshock, as described for 
previous studies in E. coli, to investigate protein secretion under a condition where the 
MscL channel is likely to be open (Lunn and Pigiet, 1982). When we applied this protocol 
to B. subtilis 168 cells, we observed elevated amounts of several proteins in the 
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extracellular milieu of hypo-osmotically shocked cells compared to that of iso-osmotically 
diluted cells. Since we found that the viability of hypo-osmotically shocked cells is 
somewhat lower than the viability of iso-osmotically diluted cells, these increased protein 
amounts could possibly result from lysis of some of the shocked cells. Our observation, 
however, that the intensity of these protein bands was significantly increased in samples of 
the extracellular milieu of shocked �mscL cells compared to the extracellular milieu of 
shocked 168 cells cannot be attributed to cell lysis, since the relative viability of the �mscL 
cells was indistinguishable from that of 168 cells. Importantly, three independent methods 
clearly confirmed that there was no detectable difference in the relative cell viability of 
hypo-osmotically shocked �mscL and 168 cells. This implies that MscL deficient cells 
respond to severe osmotic stress by excreting part of their cytoplasmic content, including 
certain proteins. The question is whether this release of proteins serves a presently 
unknown purpose, or whether these proteins are spilt together with other cytoplasmic 
contents remains to be answered. Clearly, however, the observed protein release or spil is 
selective, which suggests the involvement of a selective pore of so far unknown nature. 
The criteria determining the specific release of cytoplasmic proteins are presently not clear, 
but size does not seem to play a major role as proteins ranging from 11 kDa (TrxA) to at 
least 80 kDa (see Fig. 3) are released under the hypo-osmotic shock conditions tested. 
Importantly, the fact that only the quantity, but not the composition, of the released 
cytoplasmic proteins changes upon hypo-osmotic shock indicates that the export of these 
proteins via the as yet hypothetical selective pore may also occur under standard laboratory 
conditions. Under the latter conditions the effect will however be less pronounced. Thus, 
release of cytoplasmic proteins via a selective pore can at least in part explain the 
occurrence of “cytoplasmic” proteins on the B. subtilis exoproteome.  

The response to hypo-osmotic shock in B. subtilis seems to differ from the 
equivalent response in E. coli. In particular, the additional protein release as observed in B. 
subtilis was not observed when E. coli �mscL cells were subjected to hypo-osmotic shock 
using the same osmotic shock protocol as was used in this study (Ajouz et al., 1998; 
Vazquez-Laslop et al., 2001). This observation seems to be consistent with studies of 
Levina et al. (Levina et al., 1999), who showed that �mscL cells of E. coli were not 
sensitive to lysis upon hypo-osmotic shock unless the gene encoding for an MscS channel 
was also deleted. In addition, B. subtilis possesses “only” 3 genes encoding for putative 
MscS channels, compared to the 6 that are present in E. coli (Pivetti et al., 2003). It seems, 
therefore, that E. coli is better equipped with mechanosensitive channels to face hypo-
osmotic shocks than B. subtilis.  

When we compared our protocol, based on studies with E. coli, with that of two 
recently published studies in B. subtilis by the groups of Setlow (Wahome and Setlow, 
2006) and Bremer (Hoffmann et al., 2008), we noted that the type of osmotic shock 
conditions used can have a strong influence on cell viability. �mscL cells that were 
exposed to high osmolarity for prolonged periods of time (i.e. during growth) were 
sensitive to cell lysis upon hypo-osmotic shock, while this was not the case for �mscL cells 
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that had been exposed to high osmolarity conditions for a relatively short period of time. 
Apparently the “osmotic history” of the investigated cells determines the importance of 
MscL for cell survival upon hypo-osmotic shock. Importantly, the Setlow group has 
reported previously that MscL has a protective role during log phase growth, and that the 
expression of mscL peaks during log phase and declines during stationary phase although 
significant levels of mscL expression are still detectable during stationary phase (Wahome 
and Setlow, 2006). We were able to confirm these findings also under our experimental 
test conditions by measuring the expression of mscL with the use of an mscL promoter-
GFP fusion (data not shown). Consistently, no difference in cell viability of the hypo-
osmotically shocked 168 and �mscL cells was observed during log phase or stationary 
phase. These results show that the lack of an effect on cell viability observed with our 
protocol is not related to the expression level of mscL, but rather to the experimental 
protocol used. Thus, whilst the protocols of the Setlow and Bremer groups illustrate the 
importance of mechanosensitive channels for maintaining the viability of cells that have 
adapted to high osmolarity conditions during growth, our protocol draws attention to the 
role of such channels under conditions of more rapidly fluctuating conditions.  

In conclusion, our observations show that the MscL protein does not contribute 
directly to the biogenesis of the B. subtilis exoproteome. Instead, MscL prevents the 
excessive release of particular proteins under conditions of hypo-osmotic shock in an 
unprecedented manner. This shows that B. subtilis contains a system for the release of 
cytoplasmic content, including proteins, under conditions of fluctuating osmolarity. This 
system is counteracted by MscL, which implies that the MscL channel impacts indirectly 
on the biogenesis of the B. subtilis exoproteome. Taken together, these findings provide 
important leads for further research into the mechanism(s) of cytoplasmic protein release 
by bacteria, which seems to occur in virtually all bacteria for which the exoproteome 
composition has been assessed by proteomics. Special focus should be attributed to the 
identification of the as yet hypothetical channels involved in this process. 

 
 

EXPERIMENTAL PROCEDURES 

Growth conditions and media 

Strains were grown with constant agitation (250 RPM) at 37ºC in Luria Bertani (LB) medium, 
consisting of 1% tryptone, 0.5% yeast extract and 1% NaCl, pH 7.4. If appropriate, media were supplemented 
with antibiotics at the following concentrations: erythromycin (Em), 2 �g/ml; chloramphenicol (Cm), 5 
�g/ml; kanamycin (Km), 20 �g/ml.  

 
Strains 

Strain B. subtilis 168 (trpC2) (Kunst et al., 1997) was used as the parental strain in these studies. A 
B. subtilis 168 strain lacking the mscL gene (originally named ywpC) was obtained from the B. subtilis 
functional analysis (BSFA) program. This strain, made in the laboratory of G. Rapoport, was constructed as 
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follows. A PCR fragment containing the 500 bp region upstream of the mscL gene was fused to a fragment 
containing the 500 bp region downstream of the mscL gene and cloned into a pMUTIN4mcs vector using the 
BamHI and HindIII sites. This plasmid was subsequently used to transform B. subtilis 168, thereby replacing 
the mscL gene with the pMUTIN vector in a double crossover recombination event, yielding strain �mscL. 
See also the Micado website for details (http://genome.jouy.inra.fr/cgi-bin/micado/index.cgi). The correct 
genomic replacement in the �mscL strain from the BSFA collection was verified by PCR.  

 
Proteomics 

Cells of B. subtilis were grown at 37°C under vigorous agitation in 1 liter of LB medium. At the 
onset of, and 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 gel 
electrophoresis (2D PAGE), gels were stained with the SYPRO Ruby protein gel stain (Molecular Probes 
Inc.), and protein spots were identified as previously described (Jongbloed et al., 2002). To visualize possible 
differences in extracellular protein composition, dual channel image analysis of stained gels was performed 
using the DECODON Delta 2D software (http://www.decodon.com). Each experiment was performed at 
least twice. Notably, all proteins identified in the present 2D PAGE studies were identical to previously 
identified proteins (Jongbloed et al., 2002). 

 
Osmotic shock protocol 

In order to measure the effects of hypo-osmotic shock on the secretome of MscL deficient or 
proficient B. subtilis 168 cells, we adapted the protocol from Lunn and coworkers (Lunn and Pigiet, 1982), 
which has been deployed in many studies in E. coli (Ajouz et al., 1998; Berrier et al., 2000; Vazquez-Laslop 
et al., 2001). Cells from an overnight culture were collected by centrifugation (10 min, 5000 g) and 
resuspended at OD600 = 5.0 in 1 ml high-osmolarity buffer (10 mM Tris-HCl, pH 7.6, 20% sucrose). After 10 
min incubation at room temperature, cells were again collected by centrifugation and resuspended in 1 ml 
fresh high-osmolarity buffer. Next, cells were either iso-osmotically diluted or hypo-osmotically shocked by 
diluting 200 µl of the cell suspension 5-fold in high-osmolarity buffer or distilled water, respectively, and 
continued incubation at room temperature for 10 min. The cells were then separated from the iso- or hypo-
osmotic buffers by centrifugation. Cell pellets were resuspended in 100 µl lysis buffer (0.5 M glycerol, 25 
mM Tris-HCl, pH 8.1, 10 mM EDTA, and 0.25 mg/ml lysozyme) and incubated 30 min at 37ºC. Next, 
concentrated gel loading buffer including reducing agent (Invitrogen) was added to the suspensions and the 
mixtures were boiled for 10 min. 500 µl Aliquots of the collected supernatant fractions were incubated 
overnight at 4ºC with 10% final concentration of TCA. The next day, the TCA-precipitated proteins were 
collected by centrifugation (20 min, 14.000 RPM, 4ºC), washed with acetone, resuspended in 50 µl 1x 
reducing gel loading buffer (Invitrogen) and boiled for 10 min. 5 µl Aliquots of the cells and media samples 
were subjected to SDS-PAGE. To extract all cellular proteins, cells from an overnight culture (OD600 = 1.0) 
were collected by centrifugation and resuspended in 100 µl lysis buffer. After incubation at 37ºC, addition of 
reducing gel loading buffer, and boiling for 10 min, 5 µl of the cell lysate thus obtained was loaded on the gel 
and subjected to electrophoresis. These experiments were repeated at least five times. 

 
Determination of cell viability by optical density measurements, colony 

forming unit counts, and LIVE/DEAD assays 

To establish the effects of osmotic shock treatment, we monitored possible changes in cell integrity 
and viability by three methods: measuring the change in optical density (OD) at 600nm, counting the total 
number of colony forming units (CFU), and direct microscopic visualization of live or dead cells with the use 
of a Live/Dead Kit (Molecular Probes). For this purpose, cells from overnight or exponentially (OD600 of 0.6-
0.9) growing cultures were collected by centrifugation, resuspended in high-osmolarity buffer and either 
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hypo-osmotically shocked or iso-osmotically diluted as described in the afore-mentioned osmotic shock 
protocol. Changes in the OD600 were determined using the total 1 ml of hypo-osmotically shocked or iso-
osmotically diluted cell suspensions 10 min after the cells had been diluted from a common stock solution in 
high-osmolarity buffer. The numbers of CFUs were then determined by plating 100 µl of the 104-fold diluted 
hypo-osmotically shocked or iso-osmotically diluted cell suspensions. Plates were incubated overnight at 
37ºC and the numbers of CFU’s were counted the next day. Finally, the direct microscopic analysis of live or 
dead cells was performed by labeling 500 µl of the shocked or diluted cell suspensions with 1 µl of the mixed 
loading dye supplemented in the BacLight LIVE/DEAD bacterial viability test, using the protocol of the 
supplier (Molecular Probes). Live (green) or dead (red) cells were visualized under the microscope using a 
UV light source and the appropriate filters. To obtain a good estimate of the overall green/red labeling within 
the entire culture, at least eight random field images on each microscopic slide were counted. In order to 
prevent cell death due to lack of nutrients during this procedure, 0.5% LB was added to the high-osmolarity 
buffer.  

 
SDS-PAGE and Western blotting  

The presence of TrxA, GroEL, PhoA, AmyQ and YwbN-Myc in growth medium and/or cell lysates 
was detected by Western blotting. Cellular or secreted proteins were separated by SDS-PAGE (using pre-cast 
Bis-Tris NuPAGE gels from Invitrogen), and proteins were then semi-dry blotted (75 min at 1 mA / Cm2) 
onto a nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, the TrxA, GroEL, PhoA and 
AmyQ proteins were detected with specific polyclonal antibodies raised in rabbits (Eurogentec). The YwbN-
Myc protein was detected with monoclonal antibodies against the Myc-tag (Gentaur). The detection of these 
antibodies was performed with fluorescent IgG secondary antibodies (IRDye 800 CW goat anti-rabbit from 
LiCor Biosciences) in combination with the Odyssey Infrared Imaging System (LiCor Biosciences). 
Fluorescence at 800 nm was recorded. Densitometric image analysis to quantify relative protein amounts as 
detected by SDS-PAGE and Western blotting was performed with the program ImageJ 
(http://rsbweb.nih.gov/ij/). 
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SUMMARY 

Bacillus subtilis strain 168 produces the extremely stable lantibiotic sublancin 168, 
which has a broad spectrum of bactericidal activity. Both sublancin 168 production 
and producer immunity are determined by the SP� prophage. While the sunA and 
sunT genes for sublancin 168 production are known for several years, the genetic 
basis for sublancin 168 producer immunity has remained elusive. Therefore, the 
present studies were aimed at identifying SP� gene(s) for sublancin 168 immunity. By 
a systematic deletion analysis, we were able to pin-point one gene, named yolF, as the 
sublancin 168 producer immunity gene. Growth inhibition assays on plates and in 
liquid cultures revealed that YolF is both required and sufficient for sublancin 168 
immunity, even when heterologously produced in the sublancin-sensitive bacterium 
Staphylococcus aureus. Accordingly, we propose to rename yolF to sunI (for 
sublancin immunity). Subcellular localisation studies indicate that the SunI protein is 
anchored to the membrane with a single N-terminal membrane-spanning domain that 
has a Nout-Cin topology. Thus, the bulk of the protein faces the cytoplasm of B. subtilis. 
This topology has not yet been reported for known bacteriocin producer immunity 
proteins, which implies that SunI belongs to a novel class of bacteriocin antagonists.  
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INTRODUCTION 

Lantibiotics are small post-translationally modified peptides with antimicrobial 
activity, which are produced by Gram-positive bacteria (Chatterjee et al., 2005; McAuliffe 
et al., 2001; Sahl and Bierbaum, 1998). In general, this class of bacteriocins is 
characterized by the presence of the unusual dehydrated amino acids 2,3-didehydroalanine 
(Dha) and/or 2,3-didehydrobutyrine (Dhb). With neighboring cysteine residues, Dha and 
Dhb can respectively form thioether-linked lanthionine and 3-methyllanthionine bridges 
(Guder et al., 2000; Nagao et al., 2006).  

Two major types of lantibiotics have been identified (Jung, 1991). Type A 
lantibiotics, such as nisin (Kuipers et al., 1993; Siegers et al., 1996), epidermin (Peschel 
and Gotz, 1996), and Pep5 (Meyer et al., 1995) are flexible, elongated, amphipathic 
molecules with a positive charge. They usually act by forming pores in the cytoplasmic 
membrane of a sensitive target organism in processes that may involve other molecules, 
like the cell wall precursor lipid II (Breukink et al., 1999; Wiedemann et al., 2001). In 
contrast, type B lantibiotics, such as cinnamycin (Fredenhagen et al., 1990) and mersacidin 
(Chatterjee et al., 1992) are globular, conformationally defined peptides that inhibit 
enzyme functions. Type A lantibiotics are further subdivided into type AI and AII 
lantibiotics on the basis of their structure; type AI lantibiotics are linear while type AII 
lantibiotics are globular at the C-terminal region. Type A lantibiotics are usually 
synthesized with an N-terminal leader peptide. Subsequently, they are translocated across 
the membrane by an ABC transporter. During membrane translocation the leader peptide is 
either cleaved by a protease domain of the ABC transporter, or by a separate protease 
(Guder et al., 2000). The leader sequences are thought to prevent lantibiotic activation 
prior to membrane translocation (Chakicherla and Hansen, 1995; van der Meer et al., 
1994). 

The sequenced Bacillus subtilis strain 168 is known to produce an extremely stable 
lantibiotic named sublancin 168, which exhibits bactericidal activity against other Gram-
positive bacteria, including important pathogens such as Bacillus cereus, Streptococcus 
pyogenes, and Staphylococcus aureus (Paik et al., 1998; Stein, 2005). Sublancin 168 was 
classified as a type AII lantibiotic, although it displayed the, for lantibiotics, extraordinary 
characteristic of having two disulfide bonds in addition to a �-methyllanthionine bridge 
(Paik et al., 1998). The gene encoding sublancin 168, named sunA, was identified by 
sequencing the SP� prophage region of the B. subtilis 168 chromosome (Lazarevic et al., 
1999). SunA is transcribed into a monocistronic mRNA (Serizawa et al., 2005). An operon 
of four successive genes (sunT, bdbA, yolJ, and bdbB) was found to be located downstream 
of sunA (Serizawa et al., 2005). The sunT gene, immediately downstream of sunA, encodes 
a bifunctional ABC transporter with an ATP-binding cassette domain and a proteolytic 
domain (McAuliffe et al., 2001). SunT is indispensable for sublancin 168 production. This 
ABC transporter is therefore thought to be required for sublancin 168 export from the 
cytoplasm and concomitant removal of the leader peptide (Dorenbos et al., 2002). The 
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bdbA and bdbB genes encode thiol-disulfide oxidoreductases. Whereas BdbA is 
dispensable for sublancin 168 production, BdbB is of major importance for this process 
(Bolhuis et al., 1999; Dorenbos et al., 2002; Kouwen et al., 2007). A possible role of the 
yolJ gene in sublancin 168 production has not yet been documented. 

Any bacterium producing a bacteriocin must be immune to its bactericidal activity. 
To date, two general mechanisms for bacteriocin producer immunity have been reported. 
Firstly, dedicated ABC transporters of the LanFEG type can actively pump bacteriocins 
out of the membrane thereby preventing their accumulation to toxic levels (Klein and 
Entian, 1994; McLaughlin et al., 1999; Peschel and Gotz, 1996; Rince et al., 1997; Otto et 
al., 1998; Okuda et al., 2008; Stein et al., 2004). Secondly, the bacterial cell can employ 
dedicated small producer immunity proteins of the LanI type that are usually weakly 
associated with the extra-cytoplasmic membrane surface. Such immunity proteins bind 
specific lantibiotics to intercept them before they can cause cell damage (Kuipers et al., 
1993; Saris et al., 1996; Siegers and Entian, 1995; Hoffmann et al., 2004; Stein et al., 
2005; Stein et al., 2003). An alternative type of producer immunity protein, NukH, was 
more recently described (Okuda et al., 2005; Okuda et al., 2008). Although the function of 
NukH resembles that of LanI, its topology is very different since NukH is a membrane 
protein with three transmembrane domains. In addition to these active immunity 
mechanisms, cells can also achieve resistance against lantibiotics by modifying the charge 
of the cell wall or cytoplasmic membrane. For example the D-alanylation of teichoic acids 
or the lysinylation of phospholipids will, respectively, make the cell wall or membrane 
more positively charged (Peschel et al., 1999; Peschel and Collins, 2001). As a 
consequence, bacterial cells with such modifications will be more resistant to cationic 
bacteriocins than cells lacking these modifications. 

Recent studies by Butcher and Helmann have shown that the yqeZ and yqfAB genes 
of the �W regulon confer resistance to sublancin 168 (Butcher and Helmann, 2006). 
However, full producer immunity to sublancin 168 is known to require gene functions of 
the SP� prophage (Hemphill et al., 1980), while none of the �W regulon genes implicated 
in sublancin 168 resistance are located on this prophage. Thus, it has remained unclear 
which SP� gene or genes are required for sublancin 168 producer immunity. Notably, our 
previous studies have shown that the ABC transporter SunT, the thiol-disulfide 
oxidoreductases BdbA and BdbB, and the YolJ protein of unknown function are fully 
dispensable for sublancin 168 producer immunity (Dorenbos et al., 2002). Moreover, none 
of the 187 SP� genes show homology to known bacteriocin producer immunity genes 
(Lazarevic et al., 1999).  

In the present studies, we have addressed the question which SP� gene or genes are 
required for sublancin 168 producer immunity. Our results show that only one of the 187 
genes of the SP� prophage, yolF, is both required and sufficient for immunity of B. subtilis 
to sublancin 168. We therefore propose to change the name of this gene to sunI. 
Interestingly, SunI (YolF) seems to belong to a new class of bacteriocin producer 
immunity proteins. 
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RESULTS 

YolF is indispensable for sublancin 168 producer immunity 

To identify which gene(s) on the SP� prophage would confer sublancin 168 
producer immunity, growth inhibition assays were performed in which strains potentially 
producing sublancin 168 were spotted onto a lawn of sensitive or immune indicator cells 
(Fig. 1). The applicability of this assay was demonstrated in the following series of base 
line experiments. First, B. subtilis 168 was used both as an indicator strain and as a 
producing strain. No zone of growth inhibition was formed around the spotted B. subtilis 
168 cells, confirming that this strain is resistant to the sublancin 168 it produces (Fig 1A). 
Next, we confirmed that the B. subtilis �SP� strain was not able to grow in the vicinity of 
the sublancin 168-producing parental strain 168 (Fig. 1A). In this case, a clear zone of 
growth inhibition was visible around the spot of B. subtilis 168 cells. Additionally, using a 
�sunA strain, we confirmed that growth inhibition of the plated �SP� strain was strictly 
dependent on the presence of an intact copy of the sunA gene for sublancin 168 in the 
spotted cells (Fig. 1A). Conversely, the producer immunity to sublancin 168 did not 
depend on the sunA gene, as no zone of growth inhibition was visible when B. subtilis 
�sunA was used as indicator strain and the parental strain 168 was used as sublancin 168 
producing strain (Fig. 1A). Taken together, these findings demonstrate that the sunA gene 
is responsible for the observed growth inhibition of cells lacking the SP� prophage, and 
that this gene does not play a role in sublancin 168 producer immunity. Furthermore, these 
findings also imply that a mutant strain lacking the gene(s) responsible for sublancin 168 
immunity will only be viable in a �sunA background. For this reason, all mutants that were 
constructed to identify determinants for sublancin producer immunity also lacked the sunA 
gene.  

As a first approach to identify the sublancin 168 immunity gene(s), two deletion 
mutants named ANC1 and ANC2 were constructed. These strains lacked, respectively, 23 
and 9 SP� genes, including the sublancin 168 locus. Sublancin 168 sensitivity of the ANC1 
and ANC2 strains was tested by using them as indicator strains and the parental strain B. 
subtilis 168 as the sublancin 168 producing strain. As shown in Fig. 1B, neither the ANC1 
strain, nor the ANC2 strain was able to grow in the vicinity of B. subtilis 168, showing that 
both strains were sensitive to sublancin 168. This suggested that at least one of the 9 genes 
deleted in the ANC2 strain was required for sublancin 168 producer immunity. As the five 
genes in the sublancin 168 locus (sunA, sunT, bdbA, yolJ and bdbB) were already known to 
be dispensable for sublancin 168 producer immunity ((Dorenbos et al., 2002); this study), 
we focused attention on possible roles of the four remaining deleted genes of B. subtilis 
ANC2 (i.e. yolC, yolD, uvrX and yolF) in immunity against sublancin 168. To narrow 
down the possibilities, BlastP analyses with the four respective amino acid sequences were 
performed to identify proteins of B. subtilis with potentially similar or overlapping 
functions. This revealed that YolC has a B. subtilis homologue named YozM (91% 
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identical residues and conservative replacements in a stretch of 111 residues), that YolD 
has a B. subtilis homologue named YozL (92% identical residues and conservative 
replacements in 97 residues), and that UvrX has three B. subtilis homologues, namely 
YobH (98% identical residues and conservative replacements in 201 residues), YqjW (59% 
identical residues and conservative replacements in 414 residues) and YozK (98% identical 
residues and conservative replacements in 115 residues). In contrast, no protein was 
identified with a high degree of similarity to YolF. The protein with the highest similarity 

 

 
 

Figure 1. Identification of the sublancin 168 immunity gene. (A) Sublancin 168 growth inhibition assay. 
Strains to be tested for sublancin 168 production were spotted on a lawn of indicator cells. The names of 
strains spotted to test for sublancin production are listed above the plate images. Names of the strains plated 
as indicators for sublancin sensitivity/immunity are listed below the plate images. (B) Sublancin immunity 
assays and schematic representation of deleted SP� prophage genes. The names of strains spotted to test for 
sublancin production are listed above the plate images. Names of the strains plated as indicators for sublancin 
sensitivity/immunity are listed below the plate images. SP� genes are indicated by arrows. The dashed lines 
indicate the respective parts of the SP� region that were deleted to construct the ANC1, ANC2, ANC3 and 
�sunA-�yolF strains. Potential transcriptional terminators are indicated as “balls on sticks” (Serizawa et al., 
2005). 
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to the YolF sequence is YnzG, both proteins sharing merely 51% identical residues and 
conservative replacements in a stretch of 68 residues. It is however noteworthy that the 
ynzG gene lies in an operon containing a gene for a delta endotoxin homologue, suggesting 
a potential role in the handling of this toxin. We therefore focused attention on a possible 
role of yolF in sublancin 168 producer immunity. For this purpose, we constructed the B. 
subtilis ANC3 strain by deletion of the five genes of the sublancin locus plus yolF, as well 
as the B. subtilis �sunA-�yolF strain. As shown in Fig. 1B, neither the ANC3 strain nor the 
�sunA-�yolF strain were able to grow in the vicinity of the B. subtilis 168 strain (Fig. 1B), 
showing that both strains are sensitive to sublancin 168. Furthermore, consistent with the 
applied approach of nested gene deletions, neither the ANC1, ANC2, ANC3 nor the 
�sunA-�yolF strain produced active sublancin 168 (Fig. 1B). Taken together, these results 
demonstrate that yolF is indispensable for the producer immunity of B. subtilis 168 against 
sublancin 168. 

 

YolF is sufficient to confer sublancin 168 immunity 

Since yolF was identified as being necessary for sublancin 168 producer immunity, 
we addressed the question whether it was also sufficient to confer immunity to the 
sublancin 168 sensitive �SP� strain. Notably, the �SP� strain does not contain any genes 
of the SP� prophage that could encode a YolF partner protein involved in sublancin 168 
producer immunity. Therefore, we expressed the yolF gene ectopically in B. subtilis �SP� 
using the promoter of the erythromycin resistance gene on the B. subtilis expression vector 
pGDL48. Genes placed under control of this promoter are usually expressed constitutively 
and at moderate levels, which precludes excessive overproduction of the respective gene 
product. The resulting plasmid was named pGDL-yolF. A negative control plasmid, 
containing the yolF gene in the opposite orientation, was named pGDL-yolFC. 
Interestingly, B. subtilis �SP� pGDL-yolF used as an indicator strain was fully resistant to 
the sublancin 168 producing strain 168 (Fig. 2). In contrast, B. subtilis �SP� pGDL-yolFC 
was as sensitive for the sublancin 168 produced by strain 168 as the B. subtilis �SP� strain 
(Fig. 2). Taken together, these results show that the yolF gene is not only necessary, but 
also sufficient to confer immunity to sublancin 168. 
 

 
 

Figure 2. YolF confers sublancin 168 immunity to an SP�-free B. subtilis strain. B. subtilis 168 was 
spotted on the plates for sublancin 168 production. The names under the pictures refer to the plated indicator 
strains to monitor sublancin 168 immunity. 
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Next, we verified these findings by growing the B. subtilis strains �SP�, �SP� 
pGDL-yolF and the parental strain 168 in liquid medium containing 90% of spent LB 
medium that was derived from an overnight culture with B. subtilis 168 (Fig. 3A). In this 
spent medium, B. subtilis 168 was growing slightly slower than in fresh LB medium (data 
not shown). Importantly, the B. subtilis �SP� strain was unable to grow in the spent 
medium of B. subtilis 168, whereas the B. subtilis �SP� pGDL-yolF strain did grow in this 
medium. This shows that the pGDL-yolF plasmid confers sublancin 168 immunity to B. 
subtilis �SP�. Nevertheless, growth of the B. subtilis �SP� pGDL-yolF strain on 
spentmedium of strain 168 was slightly slower than that of the parental strain 168. As 
demonstrated by Western blotting with specific antibodies against YolF, this reduced 
growth rate in sublancin 168-containing medium might be due to the fact that the pGDL-
yolF plasmid directs a slightly lower level of YolF production than the chromosomal yolF 
gene of the parental strain 168, especially in the exponential growth phase (Fig. 3B). 
 

 

Figure 3. YolF production is 
required for growth of B. subtilis 
on spent medium containing 
sublancin 168. (A) Growth of B. 
subtilis strains 168 (diamonds), 
�SP� (triangles) and �SP� pGDL-
yolF (squares) in spent medium of 
B. subtilis 168. Overnight grown 
cells were diluted to an OD600 of 0.1 
in spent medium of overnight 
grown B. subtilis 168 cells, 
supplemented with 10x LB. Next 
growth was continued for 7 hours 
and the OD600 was measured at 
hourly intervals. (B) Expression of 
YolF in cells of B. subtilis 168, B. 
subtilis �SP�, and B. subtilis �SP� 
carrying the pGDL-yolF plasmid. 
Samples were taken at 2.5 hours (t 
= -2.5) and 1 hour (t = -1) prior the 
transition point between exponential 
and post-exponential growth (t = 0) 
or 1 hour after the transition point (t 
= 1). Cell lysates were prepared and 
equal amounts of each lysate were 
separated by SDS-PAGE. YolF was 
detected by immunoblotting with 
specific antibodies against YolF. 
The position of YolF is indicated by 
an arrow. An additional band that 
cross-reacted with the YolF 
antibody is marked “X”, and can be 
regarded as an internal standard for 
sample loading.  
 



Sublancin 168 immunity 
 

 161 

 
Figure 4. Assessment of sublancin 168 immunity in B. subtilis or S. aureus by co-culturing with the 
sublancin 168 producing B. subtilis 168 Cm strain. B. subtilis 168 Cm (white bars) was co-cultured 
together with (A) B. subtilis �SP� Tc (black bars), (B) B. subtilis �SP� Tc pGDL-yolF (black bars), (C) S. 
aureus RN4220 Em (black bars), or (D) S. aureus RN4220 pGDL-yolF (black bars). The tested B. subtilis 
and S. aureus strains were grown overnight as separate pre-cultures. Upon dilution of the overnight cultures 
to an OD600 of 0.05 in fresh LB medium, the cells were mixed in a 1:1 ratio, resulting in co-cultures 
consisting of 50% B. subtilis 168 Cm and 50% of either B. subtilis �SP� Tc, B. subtilis �SP� Tc pGDL-yolF, 
S. aureus RN4220 Em or S. aureus RN4220 pGDL-yolF. Growth was continued and samples were plated at 
hourly intervals. Chloramphenicol, tetracycline, erythromycin or kanamycin resistant colonies were counted 
and used to calculate the number of colony forming units (CFU) per ml of culture for each strain at each time 
point of sampling.  
 
 

As an ultimate test for the sublancin 168 immunity function of YolF, we performed 
co-culturing and competition experiments in liquid medium. Firstly, the sublancin 168 
producing B. subtilis strain 168 amyE::pX (CmR) was used to inoculate growth medium in 
a 1:1 ratio with the non-producing B. subtilis strain �SP� amyE::pXTC (TcR) with or 
without pGDL-yolF. The results of co-cultivation and subsequent transfer of samples to 
plates containing either chloramphenicol or tetracycline showed that the �SP� strain, 
which does not produce YolF, was able to survive only for a few hours in the presence of 
the sublancin 168 producing strain (Fig. 4A). In contrast, the �SP� strain producing YolF 
from the pGDL-yolF plasmid was not inhibited by the deleterious effects of the strain 
producing sublancin 168 (Fig. 4B). Notably, the observed growth of the B. subtilis �SP� 
pGDL-yolF strain was slightly slower than that of the parental strain 168, as was observed 
in the experiment shown in Figure 3. Secondly, to rule out the possibility that YolF might 
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require other B. subtilis proteins to fulfill its function in sublancin 168 immunity, we 
introduced the yolF gene into a bacterium that is naturally sensitive to sublancin 168, 
namely Staphylococcus aureus. For this purpose, the B. subtilis strain 168 amyE::pX 
(CmR) was used to inoculate growth medium in a 1:1 ratio with the S. aureus strain 
RN4220 containing either the pGDL-yolF plasmid (KmR) or the pMAD control plasmid 
(EmR). The results of these co-cultivation experiments confirmed that S. aureus RN4220 
lacking the yolF gene was only able to survive for a few hours in the presence of the 
sublancin 168 producing B. subtilis strain (Fig. 4C). In contrast, the introduction of pGDL-
yolF allowed S. aureus RN4220 to grow in the presence of B. subtilis 168 (Fig. 4D). Taken 
together, these findings show conclusively that yolF is both essential and sufficient for 
sublancin 168 immunity. 

 

Localization of YolF 

YolF is a small basic protein (pI 9.2) of 105 amino acids (12.1 kDa). To predict the 
localization of YolF, we first employed the SignalP 3.0 algorithm that identifies potential 
signal peptides for protein export from the cytoplasm (http://www.cbs.dtu.dk/services/). 
Although both Neural Network (NN) and Hidden Markov Model (HMM) algorithms in 
SignalP 3.0 resulted in a positive signal peptide prediction, the signal peptidase cleavage 
sites predicted by these algorithms differed (NN: cleavage between amino acid 21 and 22; 
HMM: cleavage between amino acid 26 and 27). Furthermore, the predicted signal 
peptidase cleavage sites in YolF (NN: VFL-N; HMM: RYS-F) differed considerably from 
the consensus signal peptidase cleavage sites in known signal peptides of B. subtilis (AXA-
A; (Tjalsma and van Dijl, 2005)). It therefore appeared more likely that YolF would be 
synthesized with an N-terminal transmembrane domain. Accordingly, predictions for 
transmembrane domains were conducted using the Topcons server (http://topcons.net). The 
SCAMPI, PRODIV, and PRO algorithms identified one potential N-terminal 
transmembrane domain between amino acids 3 and 23. The OCTOPUS algorithm 
identified an N-terminal transmembrane domain from residues 2 to 22. Furthermore, the 
MEMSAT3 algorithm (http://bioinf.cs.ucl.ac.uk/memsat/) predicted an N-terminal domain 
from residues 3 to 21. All these algorithms predicted that the YolF protein would have a 
Nout-Cin topology. To verify this prediction, we also applied two other algorithms, namely 
PrediSi (http://www.predisi.de/) which predicts signal peptides, and Phobius 
(http://phobius.cgb.ki.se) which discriminates between signal peptides and transmembrane 
domains. The predictions thus obtained supported the view that YolF does not have a 
cleavable signal peptide. Furthermore, Phobius indicated an N-terminal transmembrane 
domain between amino acids 6 and 25 with a Nout-Cin topology. Taken together, these 
predictions strongly suggested that YolF is a membrane protein with one N-terminal 
transmembrane domain, the bulk of the protein facing the cytoplasm. 
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Figure 5. Sub-cellular localization of YolF. Wild-
type B. subtilis 168 cells were grown overnight and 
separated from the growth medium by 
centrifugation. Next, the collected cells were 
fractionated into cell wall, cytoplasmic and 
membrane fractions as indicated under “Materials 
and Methods”. The proteins in each of these 
fractions were separated  by SDS-PAGE, transferred 
onto nitrocellulose membranes and used for 
immunodetection with specific antibodies against 
YolF or the control proteins LipA, TrxA, SipS and 
BdbD.  

 
Consistent with our predictions, YolF was recently identified as a membrane-

associated protein in a study on the composition of the B. subtilis membrane proteome 
(Dreisbach et al., 2008). To verify the localization of YolF in the membrane, we separated 
the proteins in the growth medium, cytoplasm, membrane and cell wall of B. subtilis 168 
and, subsequently, analyzed the presence of YolF by SDS-PAGE and immunoblotting with 
specific antibodies. The results clearly show that YolF is predominantly located in the 
membrane of B. subtilis (Fig. 5). Additionally, a small portion of the YolF protein was 
found in the cell wall fraction. However, this is most likely the result of some protoplast 
lysis during the fractionation procedure since a similar observation was made for the 
control membrane proteins BdbD and SipS, and the cytoplasmic protein TrxA. By contrast, 
the secreted control protein LipA was exclusively detected in the growth medium fraction 
(Fig. 5). 

To investigate the orientation of YolF in the membrane, we used a recently 
developed procedure based on the membrane impermeability of the thiol-specific cross-
linking reagent 4-acetamido-4'-maleimidyl-stilbene-2,2'-disulfonate (AMS) (Facey et al., 
2007). Since AMS is unable to cross the membrane, it can only be cross-linked to reduced 
cysteine residues on the extracytoplasmic side of the cell. The YolF protein possesses one 
cysteine residue, predicted to be located in the cytoplasm just behind the transmembrane 
domain at amino acid position 31. Therefore, we incubated cells from an overnight culture 
with AMS and monitored AMS binding to YolF via non-reducing SDS-PAGE. The results 
showed that the cysteine residue of YolF was accessible to AMS only when the cells were 
disrupted (Fig. 6). In protoplasts with an intact membrane, no YolF labeling with AMS 
could be observed. Similar AMS labeling results were obtained for the cytoplasmic control 
protein thioredoxin A (TrxA), which has two cysteine residues that are mainly present in a 
reduced state (Hochgrafe et al., 2005). In contrast, a fraction of the extracytoplasmic 
control protein BdbD was labeled with AMS even when the cytoplasmic membrane was 
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intact. It should be noted that no complete AMS labeling of BdbD is possible due to the 
fact that this protein is an oxidase with two cysteine residues that are disulfide bonded in 
the majority of molecules; only a fraction of BdbD becomes reduced as part of the catalytic 
cycle (Kouwen et al., 2007). Taken together, these observations show that the cysteine 
residue of YolF behaves like a cytoplasmic cysteine residue. It thus seems that YolF is 
indeed a membrane protein with an Nout-Cin topology, the bulk of the protein facing the 
cytoplasmic compartment.  

 

 
 

Figure 6. Topology of YolF. Wild-type B. subtilis 168 cells were grown overnight and collected by 
centrifugation. Next, equal amounts of cells were protoplasted in either the absence of the thiol-specific 
cross-linking reagent AMS, in the presence of AMS, or in the presence of AMS and 1% triton X-100. 
Notably, addition of triton X-100 results in protoplast lysis and, consequently, AMS-labeling of all proteins 
containing reduced cysteine residues. After washing, protoplasts were lysed and subjected to non-reducing 
SDS-PAGE to separate proteins with and without bound AMS. Subsequently, proteins were transferred onto 
nitrocellulose membranes and used for immunodetection with specific antibodies raised against YolF, TrxA, 
or BdbD. The two stripes mark fast migrating protein species without bound AMS and slow migrating 
protein species with bound AMS. Additional bands that cross-reacted with the TrxA, BdbD or YolF 
antibodies are indicated by “X”. C, control protoplasts without AMS labeling; I, AMS-labeled intact 
protoplasts; B, AMS-labeled protoplasts broken with triton X-100. 
 
 

DISCUSSION 

The present studies were aimed at identifying which B. subtilis 168 genes are 
responsible for producer immunity against the lantibiotic sublancin 168. By systematically 
narrowing down the chromosomal region that was known to contain the respective gene(s), 
we were able to pin-point one gene, named yolF, as the sublancin 168 producer immunity 
gene. Furthermore, we were able to show on plates and in liquid cultures that yolF is both 
required and sufficient to confer immunity against active sublancin 168, even in a 
heterologous host. We therefore propose to rename yolF to sunI for sublancin immunity. 
In silico analyses, sub-cellular fractionation and AMS cross-linking studies indicate that 
the SunI protein is anchored to the membrane with a single N-terminal membrane-
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spanning domain that has a Nout-Cin topology. Thus, the bulk of the protein faces the 
cytoplasmic compartment of the cell. Such properties have not yet been reported for known 
bacteriocin immunity proteins. This implies that SunI belongs to a novel class of 
bacteriocin antagonists.  

Sublancin 168 has a broad spectrum of bactericidal activity against Gram-positive 
bacteria, including staphylococci, streptococci and even other B. subtilis strains. Since its 
first discovery in 1980, it was known that the genes for sublancin 168 synthesis and 
producer immunity were located on the SP� prophage (Hemphill et al., 1980; Dorenbos et 
al., 2002). However, it took about 18 years before sublancin 168 and the gene encoding 
this bacteriocin were identified  (Paik et al., 1998), and it remained unclear until now 
which of the 187 genes on the SP� prophage would be required for sublancin 168 
immunity. This old question has now been answered by the identification of sunI as the 
sublancin 168 immunity gene. Recently, it was reported that genes in the �W regulon serve 
important functions in the protection of B. subtilis against sublancin 168 (Butcher and 
Helmann, 2006). Butcher and Helmann reported that the yqeZ and yqfAB genes, which are 
part of the �W regulon, confer sublancin 168 resistance to SP�-deficient B. subtilis strains. 
Consistent with its protective function, the yqeZyqfAB operon is induced by sublancin 168, 
as is the case for the entire �W regulon. Nevertheless, our present observation that the �SP� 
strain is not able to grow in a co-culture with the parental strain 168 shows that this natural 
�

W–dependent resistance mechanism provides insufficient protection for growth and 
survival in the presence of a sublancin 168 producing strain. In contrast, ectopic expression 
of sunI in the �SP� strain is fully sufficient to allow for growth of B. subtilis in the 
presence of sublancin 168, at least at the levels produced by the 168 strain. Additionally, 
sublancin 168 resistance was even observed in the naturally sublancin sensitive S. aureus 
strain RN4220 when sunI was heterologously expressed in this bacterium. The latter 
finding supports the view that SunI is the only B. subtilis protein required for sublancin 
168 producer immunity.  

So far, no studies on the biological function of SunI have been documented in the 
publicly available literature. Moreover, SunI does not show any significant sequence 
similarity to other proteins of a known function, and even small conserved sequence 
signatures such as a proteolytic triad appear to be absent. This makes it difficult to 
speculate how exactly SunI confers resistance to sublancin 168. Our topological analyses 
show that the SunI protein has an Nout-Cin orientation in the membrane with the bulk of the 
protein facing the cytoplasm. Strikingly, this topology has not yet been reported for known 
bacteriocin immunity proteins. All dedicated small bacteriocin immunity proteins have so 
far been detected in association with the extracytoplasmic membrane surface (Heidrich et 
al., 1998; Reis et al., 1994; Skaugen et al., 1997), or are embedded in the membrane 
(Okuda et al., 2005; Okuda et al., 2008). Indeed, ABC transporters involved in bacteriocin 
immunity do have cytoplasmic domains, but the SunI sequence does not display any 
similarity to known ABC transporters (Duan et al., 1996). In fact, the topology of SunI 
also makes it unlikely that it functions as a transporter, which removes sublancin 168 from 
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the membrane. Another possibility would be that SunI could function by modifying the 
cytoplasmic membrane to prevent entrance of sublancin 168, but this type of immunity is 
usually provided by larger lipoproteins at the extracytoplasmic side of the membrane 
(Klein and Entian, 1994; Kuipers et al., 1993). Thus only a few possible modes of action 
are still conceivable for SunI, all of which differ from the known bacteriocin immunity 
mechanisms. For example, SunI could cooperate with a transporter in the extrusion of 
sublancin 168 from the membrane or cytoplasm. This putative transporter would, however, 
not be SunT as SunI confers sublancin resistance to B. subtilis and S. aureus strains, which 
lack the SunT transporter. Alternatively, SunI might block the entrance of sublancin 168 to 
the membrane or cytoplasm, or SunI might even protect a dedicated target of sublancin 
168. 

The production of sublancin 168 from a prophage (i.e. SP�) is interesting from an 
evolutionary perspective since the presence of the sunA gene in the phage genome ensures 
the maintenance of this lysogenic phage in a B. subtilis population from the moment that 
phage infection and chromosomal insertion has occurred. This generates a necessity for the 
phage also to carry the sunI gene because, otherwise, infected host cells would pass away, 
which would be clearly disadvantageous from a phage’s perspective. From a host cell 
perspective, acquisition of the SP� prophage is also advantageous since the production of 
the potent bacteriocin sublancin 168 provides this cell with a clear competitive advantage 
over other cells, as illustrated in our co-cultivation experiments. The chromosomal 
localization of sunI directly next to sunA also seems to underscore the importance of SunI 
for immunity. It seems likely that evolutionary selective pressure has linked these two 
genes closely together, which is consistent with the notion that a spontaneously occurring 
loss of sunI would result in a non-viable situation for strains maintaining an intact sunA 
gene. Nevertheless, sunI and sunA are not located in the same operon, but transcribed from 
different promoters (Serizawa et al., 2005). Interestingly, sublancin 168, unlike many other 
bacteriocins, was recently reported to be already produced at exponential growth (Veening 
et al., 2008). This is in agreement with our present data showing that SunI is continuously 
produced . This ensures that sublancin 168 producing cells are immune to their own 
bacteriocin during all stages of growth.  

The reason why SunI differs from other known bacteriocin immunity determinants, 
especially also with respect to its topology, most likely relates to the fact that it protects 
against a unique type of bacteriocin. Sublancin 168 was originally classified as a type AII 
lantibiotic because of the presence of a methyllanthionine bridge and a leader peptide with 
the characteristic “double glycine” cleavage site motif of type AII lantibiotics (Paik et al., 
1998). Nevertheless, it is quite a special member of this bacteriocin subgroup (Chatterjee et 
al., 2005). The two unique disulphide bonds are not encountered in other lantibiotics and 
give sublancin a structure that is clearly distinct from any other known type of lantibiotic. 
It has therefore been proposed to classify sublancin 168 to a completely different group of 
lantibiotics (Nagao et al., 2006). Unfortunately, the mechanism of sublancin’s bactericidal 
activity is presently unknown and, thus, provides no clues for a possible mechanism by 
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which SunI provides immunity to sublancin 168. Our continuing efforts are therefore 
aimed at elucidating the mode of action of sublancin 168, which should also allow us to 
resolve the seemingly unique mechanism of producer immunity conferred by SunI. 

 
 
 

EXPERIMENTAL PROCEDURES 

Bacterial strains, plasmids and growth media  

The bacterial strains and plasmids used in this study are listed in Table 1. LB medium consisted of 
1% trypton, 0.5% yeast extract and 1.0% NaCl, pH 7.4. Where necessary, media were supplemented with 
antibiotics at the following concentrations: ampicillin (Ap), 100 µg/ml (Escherichia coli); kanamycin (Km), 
20 µg/ml (E. coli, B. subtilis, S. aureus); chloramphenicol (Cm), 5 µg/ml (E. coli and B. subtilis); tetracycline 
(Tc), 10 µg/ml (E. coli and B. subtilis); erythromycin (Em), 100 �g/ml (E. coli), 2 �g/ml (B. subtilis) or 5 
�g/ml (S. aureus). To visualize �-amylase activity (specified by the amyE gene), LB plates were 
supplemented with 1% starch. 

 
DNA techniques  

Procedures for DNA amplification, restriction, ligation and transformation of E. coli DH5� and 
TG90 were carried out according to standard laboratory procedures (Sambrook et al., 1989). Chromosomal 
DNA of B. subtilis was isolated according to Bron and Venema (Bron and Venema, 1972). B. subtilis was 
transformed as described by Kunst and Rapoport (Kunst and Rapoport, 1995). All primers used for PCR are 
listed in Table 2. PCR products were purified using the High Pure PCR Purification Kit (Roche Applied 
Science). 
 
Table 2. Primers used in this study 

Primer name Sequence (5'-3') 

Kana1 GTGAATTGGAGTTCGTCTTG 

Kana2 TATGGACAGTTGCGGATGTA 

ASP1 GCTTCTCCAACTAAACCAAC 

CRP2b CAAGACGAACTCCAATTCAC ATAAGAAGTAACCCGCCTTG 

CRP3 TACATCCGCAACTGTCCATA AAGCCTGTCTATCCATTAGG 

ASP4 TACTGAAAACCCTACGTACG 

CRP5 TACATCCGCAACTGTCCATA GCCCAGCTCTTTATTTAAGC 

ASP6 ACTTGTACCAAGGAGGATTTAG 

pYF1 TACATCCGCAACTGTCCATA GATTATCATAACTACATATTCCAT 

pYF2 GCTACTCAGTAAGCTTGCACT 

pSU1 ATATATACCATCATTGAATCGAGA 

pSU2 CAAGACGAACTCCAATTCAC AAAACTATCGTCAATTCTGCAGA 

Re1fw GGGGGGAATTCCATAAGAAAGAGTGATTATATGG 

Re2rvb GGGGGGAATTCACCTTCTATTGTAAGAAGGTACT 
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Table 1. Strains and plasmids used in this study 
Strains Relevant properties Reference 
 E. coli   
   DH5� F-, 	80dlacZ �M15 endA1 recA1 gyrA96 thi-1 hsdR17 (rk- mk+) 

supE44 relA1 deoR �(lacZYA-argF) U169 
Invitrogen Life 
Technologies, Inc. 

   TG90 Derivative of the TG1 strain which carries the pcnB80 mutation and 
replicates plasmids at a low copy number 

(Lopilato et al., 1986) 

   
 B. subtilis   
   168 trpC2 (Kunst et al., 1997) 
   168 Cm trpC2; amyE::pX; CmR This work 
   �SP� trpC2; �SP�; sublancin 168 sensitive (Dorenbos et al., 2002) 
   �SP� Tc trpC2; �SP�; amyE::pXTC; sublancin 168 sensitive; TcR This work 
   ANC1 trpC2, �yokA; �yokB; �yokC; �yokD; �yokE; �yokF; �yokG; �yokH; 

�yokI; �yokJ; �yokK; �yokL; �yolA; �yolB; �yolC; �yolD; �uvrX; 
�yolF; �sunA; �sunT; �bdbA; �yolJ; �bdbB; KmR 

This work 

   ANC2 trpC2; �yolC; �yolD; �uvrX; �yolF; �sunA; �sunT; �bdbA; �yolJ; 
�bdbB; KmR 

This work 

   ANC3 trpC2; �yolF; �sunA; �sunT; �bdbA; �yolJ; �bdbB; KmR This work 
   �sunA-�yolF trpC2; �yolF; �sunA; KmR This work 
   �sunA trpC2; �sunA; KmR This work 
   �SP� pGDL-yolF trpC2; �SP�; contains pDGL-yolF which allows for constitutive 

expression and translation of yolF; KmR 
This work 

   �SP� Tc pGDL- 
      yolF  

trpC2; �SP�; amyE::pXTC; contains pDGL-yolF which allows for 
constitutive expression and translation of yolF; KmR; TcR 

This work 

   �SP� pGDL- 
      yolFC 

trpC2; �SP�; contains pDGL-yolFC which does not express yolF; KmR This work 

   
 S. aureus   
   RN4220 Restriction-deficient derivative of NCTC 8325, cured of all known 

prophages 
(Kreiswirth et al., 1983) 

   RN4220 pGDL- 
      yolF 

RN4220 that contains pDGL-yolF for constitutive expression of yolF; 
KmR 

This work 

   RN4220 Em RN4220 that contains the pMAD vector for erythromycin resistance; 
EmR 

This work 

   
Plasmids   
   pDG783 pSB118 derivative; contains the kanamycin resistance marker from 

Streptococcus faecalis; ApR; KmR 
(Guerout-Fleury et al., 
1995) 

   pUC18 ApR, ColE1, 
80lacZ, lac promoter (Sambrook et al., 1989) 
   pUC-anc3-KmR- 
      pYF 

pUC18 derivative; contains the fragment anc3-KmR-pYF in the multiple 
cloning site of the plasmid 

This work 

   pUC-pSU-KmR- 
      pYF 

pUC18 derivative; contains the fragment pSU-KmR-pYF in the multiple 
cloning site of the plasmid 

This work 

   pCR®-BluntII  
      TOPO® 

KmR, ZeocinR, lac promoter, ccdB lethal gene for E. coli will be 
disrupted after blunt ligation of insert 

Invitrogen Life 
Technologies, Inc. 

   pCR-yolF pCR®-BluntII TOPO® derivative; contains the yolF gene This work 
   pGDL48 pSB118 derivative; contains the kanamycin resistance marker from 

Streptococcus faecalis; ApR; KmR 
(Meijer et al., 1995) 

   pGDL-yolF pGDL48 derivative; contains an expressed copy of the yolF gene This work 
   pGDL-yolFC pGDL48 derivative; contains a non-expressed copy of the yolF gene This work 
   pX Vector for the integration of genes in the amyE locus of B. subtilis; 

integrated genes will be transcribed from the xylose inducible xylA 
promoter; carries the xylR gene; ApR; CmR 

(Kim et al., 1996) 

   pXTC pX derivative in which the chloramphenicol resistance marker has been 
replaced with a tetracycline resistance marker; ApR; TcR 

(Darmon et al., 2006) 

   pMAD Shuttle vector for E. coli and S. aureus; contains the bgaB gene; EmR; 
ApR 

(Arnaud et al., 2004) 
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Construction of mutant strains 

To construct B. subtilis mutants with deletions in the SP� prophage, a “three-PCR protocol” was 
followed. First, the flanking regions of the deleted sequences were amplified by PCR. The primers 
representing the beginning and end points of the deleted sequences contained extensions that were 
complementary to the kanamycin resistance cassette (~900 bp) from plasmid pDG783. This cassette was 
amplified by PCR with the primers Kana1 and Kana2. Importantly, these primers were also complementary 
to extensions in the primers that represent the beginning and end points of deleted genomic sequences. In a 
subsequent PCR, the amplified flanking regions and the amplified kanamycin resistance cassette were fused. 
For this purpose, the three PCR-amplified fragments were purified and mixed in equal amounts (100ng) in a 
PCR mixture that also contained the distal primers of the amplified flanking regions. After 10 cycles with an 
optimal annealing temperature for Kana1 and Kana2, the annealing temperature was increased to the 
optimum for the distal primers and the PCR reaction was continued for 20 cycles. Next, B. subtilis was 
transformed with the kanamycin cassette fused on both sides to the amplified flanking regions, and 
kanamycin resistant transformants were selected on plates. The replacement of genomic sequences by the 
kanamycin resistance cassette in these transformants was verified by PCR.  

To construct the ANC1 mutant, a ~1200 bp fragment downstream of the bdbB gene was amplified 
using primers ASP1 and CRP2b. Next, a ~900 bp fragment downstream of the SP� prophage was amplified 
using primers CRP3 and ASP4. Both fragments were fused by PCR to the kanamycin resistance cassette, and 
the resulting product (~3000 bp) was used to transform competent B. subtilis 168 cells, resulting in the ANC1 
mutant.  

To construct the ANC2 mutant, a ~900 bp fragment downstream of the yolC gene was amplified 
using the CRP5 and ASP6 primers. The 5' sequence of the CRP5 primer was complementary to the Kana2 
primer. After purification, this PCR fragment was mixed with the fragment obtained with primers ASP1 and 
CRP2b (see above), and the amplified kanamycin resistance cassette. The three fragments were merged in a 
single PCR and the resulting fragment (~3000 bp) was purified and used to transform B. subtilis 168, 
resulting in the ANC2 mutant.  

To construct the ANC3 mutant, a 900 bp fragment upstream of the yolF gene was amplified using 
the pYF1 and pYF2 primers. The 5' sequence of the pYF1 primer was complementary to the Kana2 primer 
sequence. The amplified fragment was purified and mixed with the fragment obtained by PCR with the ASP1 
and CRP2b primers, and the amplified kanamycin resistance cassette. The three fragments were merged by 
PCR and, after purification, ligated to plasmid pUC18 cleaved with HincII. The resulting plasmid, pUC-
anc3-KmR-pYF, was used to transform competent B. subtilis cells, resulting in B. subtilis ANC3. The double 
cross-over integration of the kanamycin resistance cassette into the chromosome was verified by PCR using 
the Kana1 and ASP6 primers.  

To construct B. subtilis �sunA-�yolF, a ~900 bp fragment downstream of the sunA gene was 
amplified using the pSU1 and pSU2 primers. The 5' sequence of the pSU2 primer was complementary to the 
Kana1 primer. After purification, this PCR fragment was mixed with the PCR fragment obtained by PCR 
with the pYF1 and pYF2 primers and the PCR-amplified kanamycin resistance cassette. The resulting 
fragment (~3000 bp) was then ligated to HincII-cleaved pUC18. The resulting plasmid, pUC-pSu-KmR-pYF, 
was used to transform competent B. subtilis cells, resulting in the �sunA-�yolF strain. Double cross-over 
chromosomal integration of the kanamycin cassette was verified by PCR using the Kana1 and ASP6 primers.  

B. subtilis �sunA was constructed by transforming B. subtilis 168 with genomic DNA of the B. 
subtilis JH642 sunA::Km strain (Laboratory strain: HB61664; Butcher and Helmann, 2006) and selection of 
kanamycin resistant transformants.  

The plasmids pGDL-yolF and pGDL-yolFC were constructed as follows. The yolF gene, including 
its ribosomal binding site, but lacking the promoter sequences, was amplified using the Re1fw and Re2rvb 
primers. Both primers contained EcoRI restriction sites. The amplified fragment was ligated into the pCR®-
BluntII TOPO® plasmid (Invitrogen, Inc.), resulting in the pCR-yolF plasmid. After EcoRI excision of yolF 
from pCR-yolF plasmid, the gene was ligated to the EcoRI-cleaved plasmid pGDL48. Thus, two plasmids 
were obtained, which contained yolF in opposite orientations. In plasmid pDGL-yolF, the yolF gene is placed 
under the transcriptional control of the constitutive promoter of the truncated erythromycin resistance gene of 
pGDL48. Plasmid pGDL-yolFC contains yolF in the opposite orientation and, consequently, the promoterless 
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yolF gene of this plasmid will not be transcribed. The orientation and sequences of the inserts were checked 
by sequencing. 

The B. subtilis 168 Cm strain was constructed by transformation of B. subtilis 168 with plasmid pX, 
and subsequent selection of transformants in which the chloramphenicol marker was integrated into the amyE 
gene via a double cross-over recombination event. The amylase negative phenotype of chloramphenicol 
resistant transformants was checked on starch-containing plates. The B. subtilis �SP� Tc and B. subtilis 
�SP� Tc pGDL-yolF strains were constructed by transformation of B. subtilis �SP� or B. subtilis �SP� 
pGDL-yolF with the plasmid pXTC. Subsequently, transformants were selected in which the tetracycline 
marker was integrated into the amyE gene via a double cross-over recombination event. The amylase 
negative phenotype of tetracycline resistant transformants was checked on starch-containing plates.  

 
Sublancin 168 activity assay 

A sublancin 168-induced B. subtilis growth inhibition assay was performed on plates essentially as 
described by Dorenbos et al., 2002. Briefly, indicator strains and strains to be tested for sublancin 168 
production were grown overnight in LB broth containing the appropriate antibiotic(s). Overnight cultures of 
the indicator strains were then diluted 100-fold in LB, and 100 µl aliquots of the diluted cultures were plated 
on LB agar. After drying of the plates, 2 µl aliquots of undiluted overnight cultures of strains to be tested for 
sublancin 168 production were spotted. The plates were then incubated overnight at 37oC, and growth 
inhibition of the indicator strain was analyzed the next day. 

 
Spent medium growth experiments 

B. subtilis 168 was grown in LB medium overnight. Cells were removed by centrifugation (4000 g; 
10 minutes) and the supernatant was filtered with a 0.45 µm filter. The obtained spent medium was 
supplemented with 10x LB and sterile demineralised water to reach the desired spent medium percentage. 
Supplementation of the spent media with 10x LB was necessary to achieve growth of B. subtilis in the spent 
media. 

 
Co-culturing of B. subtilis and S. aureus strains 

B. subtilis 168 Cm, B. subtilis �SP� Tc or B. subtilis �SP� Tc pGDL-yolF were grown overnight as 
separate cultures in LB medium. In the morning, cultures were diluted to an OD600 of 0.05 in fresh LB 
medium and mixed in a 1:1 ratio, resulting in co-cultures consisting of 50% B. subtilis 168 Cm and 50% of 
either B. subtilis �SP� Tc or B. subtilis �SP� Tc pGDL-yolF. Upon mixing, growth was continued for eight 
hours. Samples for plating were taken at hourly intervals during growth. The samples thus obtained were 
diluted 104- or 106-fold, and plated on LB agar containing either chloramphenicol or tetracycline. After 
overnight incubation at 37oC, chloramphenicol and tetracycline resistant colonies were counted, and numbers 
of colony forming units (CFU) per ml of culture of each strain at the time of sampling were calculated. 

The same procedure was applied for co-culturing of B. subtilis 168 Cm with either S. aureus 
RN4220 Em or S. aureus RN4220 pGDL-yolF. In this case, the co-culture samples were plated on LB agar 
containing chloramphenicol, erythromycin or kanamycin.  

 
SDS-PAGE and Western blotting analyses 

The presence of YolF, LipA, TrxA, SipS and BdbD in cell lysates or sub-cellular fractions was 
assayed by Western blotting analysis using specific polyclonal antibodies. For this purpose, cellular proteins 
were separated by SDS-PAGE (using precast NuPAGE gels from Invitrogen), and then semidry blotted (1.25 
h at 100mA per gel) onto nitrocellulose membranes (Roche Molecular Biochemicals). Specific antibodies 
against YolF, BdbD or TrxA of B. subtilis were raised by immunisation of rabbits (Eurogentec, Belgium) 
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with C-terminally His(6)-tagged variants of these proteins, overproduced in E. coli. The overproduction and 
metal-affinity purification of these proteins was done essentially as described previously (Kouwen et al., 
2007). The detection of bound antibodies was performed with fluorescent IgG secondary antibodies (IRDye 
800 CW-conjugated goat anti-rabbit from LiCor biosciences) in combination with the Odyssey Infrared 
Imaging system (LiCor biosciences). Fluorescence was recorded at 800 nm. 
 

Subcellular localization of YolF 

Fractionation experiments were performed to localize the YolF protein and the control proteins 
LipA, TrxA, SipS and BdbD in B. subtilis. Cells were grown overnight in LB medium, collected by 
centrifugation, and re-suspended in protoplast buffer (100 mM Tris-HCl, pH 8.2; 20 mM MgCl2; 20% 
sucrose; 1 mg/ml lysozyme; 0.01% DNase; and Complete protease inhibitorsTM). After 30 min incubation at 
37°C, proteins released from the cells by protoplasting (i.e. the cell wall fraction) were separated from the 
protoplasts by centrifugation (10 min, 4000 g, 4°C). The protoplasts were re-suspended in disruption buffer 
(50 mM Tris-HCl, pH 8.2; 2.5 mM EDTA) and disrupted with glass beads using a bead beater. Cellular 
debris and unbroken protoplasts were removed by centrifugation (10 min, 4000 g, 4°C) and the supernatant 
was ultra-centrifuged (30 min, 200000 g, 4ºC). Next, the supernatant fraction with the cytosolic proteins was 
collected. The pellet was resuspended in solubilization buffer (20 mM Tris; pH 8.0; 10% glycerol; 50 mM 
NaCl; 0.03 % DDM) and incubated overnight at 4ºC. Non-solubilized membranes and solubilized membrane 
proteins were subsequently separated by centrifugation (15 min, 100000 g, 4 °C), and the supernatant 
fraction with the solubilized membrane proteins was collected. The sub-cellular fractions thus obtained were 
analyzed by SDS-PAGE, Western blotting and immunodetection with specific antibodies. 
 

Membrane topology of YolF 

To determine the subcellular location of free thiols in the cysteine-containing proteins YolF, BdbD 
and TrxA in B. subtilis, the membrane-impermeable thiol-specific cross-linking agent 4-acetamido-4'-
maleimidyl-stilbene-2,2'-disulfonate (AMS; Molecular Probes) was used. Cells were grown overnight in LB 
medium, collected by centrifugation, and re-suspended in protoplast buffer (20 mM potassium phosphate, pH 
7.5; 15 mM MgCl2; 20% sucrose, 1 mg/ml lysozyme) with or without 15 mM AMS. Protoplasting and AMS 
labeling were performed for 20 min at room temperature. Next, the protoplasts were washed twice in 
protoplast buffer to remove unbound AMS. In parallel, protoplasting was carried out in the presence of 15 
mM AMS and 1% triton X100, resulting in protoplast lysis and labeling of all proteins containing reduced 
cysteine residues. To separate proteins with and without bound AMS, all samples were analyzed by non-
reducing SDS-PAGE, Western blotting and immunodetection with specific antibodies. AMS binding resulted 
in apparent mass increases of 0.5 kDa per bound AMS molecule.  
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SUMMARY 

Bacillus subtilis strain 168 produces the extremely stable and broad-spectrum 
lantibiotic sublancin 168. The known sublancin 168 susceptible organisms include 
important pathogens, such as Staphylococcus aureus. Nevertheless, since its discovery, 
the mode of action of sublancin 168 has remained elusive. The present studies were, 
therefore, aimed at the identification of cellular determinants for bacterial 
susceptibility towards sublancin 168. Growth inhibition and competition assays on 
plates and in liquid cultures revealed that sublancin 168-mediated growth inhibition 
of susceptible B. subtilis and S. aureus cells is affected by the NaCl concentration in 
the growth medium. Added NaCl did not influence the production, activity or 
stability of sublancin 168 but, instead, lowered the susceptibility of sensitive cells 
towards this lantibiotic. Importantly, the susceptibility of B. subtilis and S. aureus 
cells towards sublancin 168 was shown to depend on the presence of the large 
mechanosensitive channel of conductance MscL. Taken together, our unprecedented 
results demonstrate that MscL is a critical determinant in bacterial sublancin 168 
susceptibility that may either serve as a direct target for this lantibiotic, or as a gate 
of entry to the cytoplasm.  
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INTRODUCTION 

Lantibiotics are small post-translationally modified peptides with antimicrobial 
activity that are produced by Gram-positive bacteria (Chatterjee et al., 2005; McAuliffe et 
al., 2001; Sahl and Bierbaum, 1998). The Bacillus subtilis strain 168 is known to produce 
an extremely stable lantibiotic named sublancin 168. This lantibiotic exhibits bactericidal 
activity against other Gram-positive bacteria, including important pathogens such as 
Bacillus cereus, Streptococcus pyogenes, and Staphylococcus aureus (Paik et al., 1998; 
Stein, 2005). Sublancin 168 is encoded by the sunA gene, which is located within the SP� 
prophage region of the B. subtilis 168 chromosome (Hemphill et al., 1980; Lazarevic et al., 
1999; Paik et al., 1998). Newly synthesized sublancin 168 is exported from the cytoplasm 
by the ABC transporter SunT, the gene of which is located immediately downstream of 
sunA (Serizawa et al., 2005). SunT also contains a proteolytic domain (McAuliffe et al., 
2001) and is, therefore, thought to be required both for sublancin 168 export and 
concomitant removal of the leader peptide (Dorenbos et al., 2002; Paik et al., 1998). It is 
noteworthy that sublancin 168 displays the extraordinary characteristic for lantibiotics of 
having two disulfide bonds in addition to a �-methyllanthionine bridge (Paik et al., 1998). 
The thiol-disulfide oxidoreductase BdbB, which is encoded by a gene downstream of sunA 
and sunT, appears to be of major importance for the formation of the disulfide bonds 
(Kouwen et al., 2007; Dorenbos et al., 2002).  

The cellular target(s) of sublancin 168 and the determinant(s) for producer 
immunity against this lantibiotic have remained elusive for a long time. Very recently 
however, we have identified the SunI protein (also known as YolF) as the immunity 
protein that protects producer cells against sublancin 168 (Dubois et al., submitted for 
publication). SunI was found to be both required and sufficient for sublancin 168 
immunity, even when produced in a heterologous sublancin-sensitive host organism. 
Interestingly, localization studies showed that the SunI protein is anchored to the 
membrane with a single N-terminal membrane-spanning domain with the bulk of the 
protein facing the cytoplasm. This is a topology that has not been reported before for other 
known bacteriocin immunity proteins (Dubois et al., submitted for publication).  

The present studies were aimed at identifying bacterial determinants that confer 
sensitivity to sublancin 168. To date, two major mechanisms for bactericidal lantibiotic 
activity have been reported. Type A lantibiotics, such as nisin (Kuipers et al., 1993; 
Siegers et al., 1996), epidermin (Peschel and Gotz, 1996), and Pep5 (Meyer et al., 1995) 
usually act by forming pores in the cytoplasmic membrane of sensitive target organisms in 
processes that may involve specific molecules, such as the cell wall precursor lipid II 
(Breukink et al., 1999; Wiedemann et al., 2001). In contrast, type B lantibiotics, such as 
cinnamycin (Fredenhagen et al., 1990) and mersacidin (Chatterjee et al., 1992), inhibit 
particular enzyme functions. On the basis of its leader peptide sequence, sublancin 168 was 
previously classified as a type A lantibiotic (Paik et al., 1998). Nevertheless, sublancin 168 
does not display the usual flexible, elongated and amphipathic molecular shape that is so 
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characteristic for other type A lantibiotics (Nagao et al., 2006), suggesting that sublancin 
168 might have a specific mode of action. Consistent with this idea, our present results 
show that the sublancin 168 sensitivity of B. subtilis and Staphylococcus aureus is 
determined by the presence of large-conductance mechanosensitive channels, which is an 
unprecedented finding.  

 
 

RESULTS 

Sublancin 168 activity is salt dependent. 

To study the activity of sublancin 168 under different growth conditions we made 
use of a previously developed sublancin growth inhibition plate assay. The essence of this 
assay, in which strains potentially producing sublancin 168 were spotted onto a lawn of 
sensitive or immune indicator cells, is demonstrated in Figure 1A. This Figure shows that 
the �SP� strain, that lacks all genes of the SP� prophage (including those for sublancin 
production and immunity), is not able to grow in the vicinity of the sublancin 168-
producing parental strain 168. This growth inhibition is strictly dependent on the presence 
of an intact copy of the sunA gene for sublancin 168 since no zone of growth inhibition is 
formed around �sunA spotted cells on a plated �SP� cell layer (Fig. 1A). As previously 
demonstrated (Dubois et al., submitted for publication), the sublancin 168 sensitivity of the 
�SP� cells is solely due to the absence of the sunI (yolF) immunity gene, since full 
sublancin 168 immunity can be restored by ectopic expression of sunI (Fig. 1A). To screen 
for possible sublancin 168 activity determinants, we deployed this assay to monitor the 
effects of growth medium composition on the activity of sublancin 168. It was thus noticed 
that the sublancin 168 activity was dependent on the type of growth medium used in the 
plate assays (data not shown). Upon inspection of the composition of the tested media, it 
was found that, in particular, the NaCl content seemed to differ. To investigate whether the 
NaCl concentration might influence the outcome of our sublancin growth inhibition assay, 
we performed a series of sublancin 168 activity assays in which the LB broth and agar 
media used for growth of the 168 and �SP� cells contained increasing concentrations of 
NaCl, ranging from 0 to 5%. The results of these experiments showed that the size of the 
growth inhibition zone of the �SP� cells is inversely correlated with the NaCl content of 
the growth medium. Next, we investigated whether this effect of NaCl was related to the 
plate assay or whether this also occurred in liquid media. For this purpose, we performed 
co-culturing and competition experiments in liquid medium by inoculation of the sublancin 
168 producing B. subtilis strain 168 amyE::pX (CmR) in growth medium in a 1:1 ratio with 
the non-producing B. subtilis strain �SP� amyE::pXTC (TcR). This was done both in LB 
medium containing the standard concentration of 1% NaCl and in LB medium containing 
5% NaCl. The results of co-cultivation and subsequent transfer of samples to plates 
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Figure 1. Sublancin 168-mediated growth inhibition of B. subtilis. A. sublancin 168 growth inhibition 
assay. Strains to be tested for sublancin 168 production were spotted on a lawn of indicator cells. The names 
of strains spotted to test for sublancin production are listed above the plate images. Names of the strains 
plated as indicators for sublancin sensitivity/immunity are listed below the plate images. B. NaCl-dependent 
growth inhibition by sublancin 168. Strain 168 was used as the spotted sublancin 168 producer, strain �SP� 
was used as the plated indicator for sublancin activity. The percentage of NaCl listed below each image 
indicates the amount of NaCl that was present in the LB agar plate and in the liquid LB cultures from which 
the plated or spotted cells were derived. C. Growth inhibition by sublancin 168 depends on the presence of 
MscL. The sublancin 168 producer B. subtilis 168 was spotted on a lawn of plated �SP��mscL indicator 
cells as described for panel B.  
 
containing either chloramphenicol or tetracycline showed that the �SP� strain was able to 
survive only for a few hours in the presence of the sublancin 168 producing strain when 
these strains were grown in standard LB medium (Fig. 2A). In contrast, when the co-
cultures were grown in LB containing 5% NaCl, the �SP� strain was not inhibited by the 
presence of B. subtilis 168 (Fig. 2B). As expected, the deleterious effect of the 168 strain 
on the �SP� strain was not observed when the sunA gene was deleted from the 168 strain 
(Fig. 2C). These findings were fully consistent with those obtained by the sublancin 168 
growth inhibition assays on LB agar (Fig. 1). Taken together, the results show that the 
NaCl concentration in the growth medium influences the outcome of sublancin 168 growth 
inhibition assays. This suggests that either the production of sublancin 168, the activity of 
sublancin 168 or the susceptibility of the target cells are influenced by the concentration of 
NaCl in the growth medium. 
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Figure 2. Assessment of salt-dependent sublancin 168 activity by co-cultivation in liquid cultures. Co-
cultures of B. subtilis 168 Cm (white bars) together with B. subtilis �SP� Tc (black bars) in LB containing 
1% NaCl (A) or 5% NaCl (B). Likewise, B. subtilis 168 �sunA (white bars) was co-cultured together with B. 
subtilis �SP� Tc (black bars) in normal LB containing 1% NaCl (C). The overnight grown strains 168 Cm, 
168 �sunA or �SP� Tc were diluted to an OD600 of 0.05 in fresh LB medium containing the required 
amounts of NaCl and mixed in a 1:1 ratio, resulting in co-cultures consisting of 50% B. subtilis 168 Cm or B. 
subtilis 168 �sunA plus 50% of B. subtilis �SP� Tc. Growth was continued and samples were plated at 
hourly intervals. Chloramphenicol, kanamycin and tetracycline resistant colonies were counted and used to 
calculate the number of colony forming units (CFU) per ml of culture for each strain at each time point of 
sampling. 
 
 

NaCl affects the sublancin 168 susceptibility of B. subtilis 

To explore the nature of the effect of NaCl, as observed in the sublancin 168 
activity assays, we first investigated a possible influence of NaCl on the production of 
sublancin 168. As an indication for this, we measured the activity of the sunA promoter in 
the B. subtilis 168 strain grown in LB medium with either 1% or 5% NaCl, using a 
transcriptional fusion between the sunA promoter and the GFP gene (PsunA-GFP). The 
results of this analysis show that the sunA promoter displayed similar average promoter 
activities in both media, although the 168 cells grew somewhat slower in LB medium with 
5% NaCl than in LB medium with 1% NaCl (Fig. 3). This indicates that the different 
outcomes in the sublancin 168 growth inhibition assays in the presence of 1% or 5% NaCl 
are not due to differences in the levels of sublancin 168 production by B. subtilis 168. 
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Figure 3. Promoter activity of sunA. Promoter activity of sunA was measured with a B. subtilis 168 strain 
expressing GFP from the native sunA promoter. Promoter activity is calculated as (GFP(t)-GFP(t-1)) / OD600. 
Cells were grown in LB containing 1% NaCl (triangles) or 5% NaCl (circles). Promoter activity is shown 
with filled triangles or circles; OD600 is shown with open triangles or circles.  

 
As an alternative, we investigated the possible direct effects of NaCl on the stability or 
activity of sublancin 168. For this purpose, we concentrated sublancin 168 by 
lyophilization of spent medium (without NaCl) from the sublancin producer B. subtilis 
168. By doing so, we increased the sublancin 168 concentration 50-fold. Figure 4A shows 
that a spotted concentrate of this spent medium inhibits the growth of plated �SP� cells, 
whereas a control concentrate from the spent medium of a �sunA strain does not inhibit the 
growth of plated �SP� cells. Next, we used the concentrate from the 168 spent medium to 
establish whether NaCl might directly affect the stability or activity of sublancin 168. For 
this purpose, the concentrated spent media were incubated overnight with or without 5% 
NaCl, prior to spotting. The very similar sizes of the resulting growth inhibition zones of 
�SP� cells on plates without NaCl (Fig. 4B) revealed that the activity of the concentrated 
sublancin 168 was not affected by overnight incubation with 5% NaCl. This indicated that 
the absence of sublancin 168-directed growth inhibition during growth on LB with 5% 
NaCl is not due to an irreversible inactivating effect of NaCl on sublancin 168. 

To investigate the possible effect of NaCl on the �SP� indicator cells, we also 
spotted the concentrated 168 medium on �SP� cells that were plated on LB agar plates 
containing 5% NaCl. The results show that �SP� cells plated on LB agar containing 5% 
NaCl were no longer sensitive to the spotted sublancin 168, in contrast to �SP� cells plated 
on LB agar containing 0% NaCl (Fig. 4B). Taken together, these findings indicate that 
NaCl does not influence the production, activity or stability of sublancin 168. Instead NaCl 
seems to influence the sublancin 168 susceptibility of B. subtilis.  
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Figure 4. NaCl influences the susceptibility of sublancin 168 sensitive cells. Sublancin 168 growth 
inhibition assays were performed with concentrated sublancin 168, indicated as “concentrate”, spotted on a 
lawn of plated �SP� cells. Concentrated sublancin 168 was obtained by lyophilization of spent medium from 
B. subtilis 168 cells. Before spotting, the concentrated sublancin 168 was incubated overnight with 0 or 5% 
salt, indicated by “NaCl in concentrate”. The NaCl content in the LB agar plates is indicated below the 
images.  
 
 

Sublancin 168 activity depends on the presence of MscL 

In search for possible cellular mechanisms that could be involved in the NaCl-
dependent susceptibility of target cells towards sublancin 168, we explored the available 
literature for known effects of NaCl on bacterial growth and survival. This drew our 
attention to a possible role of the mechanosensitive channels of ion conductance. These 
channels are located in the cytoplasmic membrane and catalyze the efflux of ions and 
osmolytes from the cytoplasm when cells encounter a downshift in the osmolarity of their 
environment (Blount et al., 1999; Martinac, 2001; Pivetti et al., 2003; Sukharev et al., 
1997). The opening or closing of these channels is dependent on the osmolarity (salt 
content) of the media in which cells are growing. At high osmolarity of the medium, the 
channels are likely to be closed, while at low osmolarity they are likely to be open. We 
therefore investigated a possible involvement of these channels in the observed NaCl-
dependent sublancin 168 susceptibility of B. subtilis. For this purpose, the gene encoding 
the largest mechanosensitive channel, named MscL, was deleted from the genome of the 
sublancin 168 sensitive strain �SP�. Then, sublancin 168 growth inhibition assays were 
performed with this strain to assess its susceptibility to sublancin 168 in the presence of 
different concentrations of NaCl. The results, shown in figure 1C, were striking since the 
growth of B. subtilis �SP��mscL was not at all inhibited by the sublancin 168 producer 
strain, irrespective of the of the absence or presence of NaCl (Fig. 1C). These results were 
confirmed by co-culturing experiments with the 168 and �SP��mscL strains in liquid 
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Figure 5. Sublancin 168 susceptibility of B. subtilis is determined by MscL. B. subtilis 168 Cm (white 
bars) was co-cultured with B. subtilis �SP��mscL (black bars) in LB containing 1% NaCl (A) or 5% NaCl 
(B). Overnight culturing of strains, mixing of strains, co-culturing and subsequent analyses were performed 
as indicated in the legend to Figure 2.  
 
 
media, which showed that growth of the �SP��mscL strain was not inhibited by the 
parental strain producing sublancin 168, irrespective of the NaCl concentration (Fig. 5). 
This shows that the susceptibility of the �SP� cells to sublancin 168 depends on the 
presence of the mscL gene. To investigate a possible effect of NaCl on the production level 
of MscL, we monitored the mscL promoter activity in B. subtilis cells during growth in LB 
medium containing 1% or 5% NaCl. This was done with a transcriptional PmscL-GFP 
fusion construct. The results of this analysis show that there is, on average, about 30-40% 
less mscL transcription when cells are grown in LB medium with 5% NaCl, compared to 
growth in LB with 1% NaCl (Fig. 6). However, even in the presence of 5% NaCl, the 
expression of mscL is still fairly high. Growth in LB medium with 5% NaCl does therefore 
not seem to prevent MscL production, which is consistent with our previous results on the 
effects of hypo-osmotic shock on MscL proficient and deficient cells (Kouwen et al., 
submitted). Taken together, these observations imply that the susceptibility of sensitive B. 
subtilis cells toward sublancin 168 is dependent on the production of MscL. 

 
MscL-dependent sublancin 168 susceptibility is conserved in Staphylococcus 

aureus  

Sublancin 168 has antimicrobial activity against a broad range of Gram-positive 
bacteria. The observed MscL-dependent sublancin 168 susceptibility of B. subtilis 
prompted us to investigate whether this phenomenon is specific for B. subtilis 168, or 
whether MscL is also involved in sublancin 168 susceptibility of other bacteria. Therefore, 
the sublancin 168 activity against the pathogenic Gram-positive bacterium Staphylococcus 
aureus was also investigated. As a first approach, the sublancin 168 producing B. subtilis  
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Figure 6. Promoter activity of mscL. Promoter activity of mscL was measured with a B. subtilis 168 strain 
expressing GFP from the native mscL promoter. Promoter activity is calculated as (GFP(t)-GFP(t-1)) / OD600. 
Cells were grown in LB containing 1% NaCl (triangles) or 5% NaCl (circles). Promoter activity is shown 
with filled triangles or circles; OD600 is shown with open triangles or circles  
 

 
strain 168 amyE::pX (CmR) was used to inoculate LB growth medium in a 1:1 ratio with 
the S. aureus strain RN4220 Em (EmR). NaCl was present at concentrations of either 1% or 
5%. The results of this co-cultivation and subsequent transfer of samples to plates (Fig. 7, 
A and B) were comparable to those obtained with the B. subtilis �SP� strain (Fig. 2, A and 
B). When grown in normal LB containing 1% NaCl, the S. aureus strain was only able to 
survive for a few hours in the presence of the sublancin 168 producing B. subtilis strain 
(Fig. 7A), whereas the S. aureus strain was hardly inhibited by the sublancin 168 
producing B. subtilis strain when grown in LB medium containing 5% NaCl (Fig. 7B). To 
confirm that this inhibitory effect was indeed due to the sublancin 168 produced by the B. 
subtilis 168 strain, we also co-cultured the �sunA strain with the S. aureus strain RN4220 
Em. Indeed, the results show that the S. aureus strain was hardly inhibited by the �sunA 
strain, although a slight inhibitory effect of B. subtilis on the growth of S. aureus was still 
detectable (Fig. 7, compare A and C). Notably, when we performed sublancin 168 growth 
inhibition assays on agar plates during which the �sunA strain was spotted on a lawn of 
plated RN4220 Em cells, a growth inhibition zone around the �sunA strain was still 
observed (data not shown). This indicated that B. subtilis also produces other antimicrobial 
factors to which S. aureus is sensitive, but sublancin 168 seems to represent the most 
effective anti-staphylococcal activity, as can be concluded from the strong inhibitory effect 
on the growth of S. aureus shown in Figure 7. Finally, we tested whether sublancin 168 
susceptibility of S. aureus was also dependent of MscL. For this purpose, we constructed 
an S. aureus RN4220 strain lacking the mscL gene, and performed subsequent co-culturing 
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experiments of this strain together with the sublancin producing strain B. subtilis 168. The 
results of this co-culturing showed that growth of the RN4220 �mscL strain was no longer 
inhibited by the deleterious effects of B. subtilis 168 producing sublancin (Fig. 7D). Also 
in this case, the RN4220 �mscL S. aureus strain was still slightly inhibited by the B. 
subtilis 168 strain, but this effect was comparable to the effect observed when the S. aureus 
RN4220 strain was co-cultured with the B. subtilis �sunA strain. This clearly shows that 
the S. aureus RN4220 �mscL strain is not sensitive to sublancin 168. Taken together, these 
observations demonstrate that the susceptibility of S. aureus to sublancin 168 is dependent 
on the presence of an MscL channel and that this feature is conserved in B. subtilis and S. 
aureus.  
 
 

 
 
Figure 7. Sublancin 168 susceptibility of S. aureus is determined by MscL. (A) Co-cultivation of B. 
subtilis 168 Cm (white bars) together with S. aureus RN4220 Em (black bars) in LB containing 1% NaCl 
(B). Co-cultivation of B. subtilis 168 Cm (white bars) together with S. aureus RN4220 Em (black bars) in LB 
containing 5% NaCl. (C) Co-cultivation of B. subtilis 168 �sunA (white bars) together with S. aureus 
RN4220 Em (black bars) in LB containing 1% NaCl. (D) Co-cultivation of B. subtilis 168 Cm (white bars) 
together with S. aureus RN4220 �mscL Em (black bars) in LB containing 1% NaCl. All strains were grown 
overnight and diluted to an OD600 of 0.05 in fresh LB medium containing the indicated amounts of NaCl and 
mixed at a 1:1 ratio. The number of colony forming units (CFU) per ml was calculated as described in the 
legend to Figure 2 and the “Materials and Methods” section.  
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DISCUSSION 

In the present manuscript we report on bacterial and environmental factors that 
determine bacterial susceptibility to the lantibiotic sublancin 168. Since its discovery in 
1980, the antimicrobial mechanism of this broad-range and highly stable lantibiotic has 
never been so much as hinted at. We now show that the susceptibility towards sublancin 
168 of sensitive cells is dependent on the NaCl content of the growth medium, whereas the 
production, stability and activity of the sublancin 168 seem to remain largely unaffected by 
NaCl. Furthermore, we show that MscL plays a critical and unprecedented role of in the 
mode of action of sublancin 168, since this channel is indispensable for sublancin 168 
susceptibility. As MscL determines sublancin 168 susceptibility both in B. subtilis and S. 
aureus, it is well conceivable that the respective mechanism is conserved in many of the 
sublancin 168 sensitive bacteria.  

Mechanosensitive ion channels are membrane-embedded channels that are present 
in all three domains of life, but are especially widespread among bacteria (Blount et al., 
1999; Martinac, 2001; Pivetti et al., 2003; Sukharev et al., 1997). So far, three families of 
mechanosensitive channels have been distinguished; named MscM (Mini), MscS (Small), 
and MscL (Large). These channels are activated at different levels of applied pressure 
(Berrier et al., 1996). The MscL channel opens at the highest applied pressure and also has 
the highest pore diameter (30 Å). Mechanosensitive channels catalyze the efflux of 
osmolytes or osmoprotectants upon hypo-osmotic shock (Berrier et al., 1992). When cells 
encounter a sudden downshift in osmolarity of their environment they respond by excreting 
ions and osmolytes from the cytoplasm in order to maintain an appropriate turgor pressure. 
The cells thereby protect themselves from death by lysis due to overpressure. Possession of 
effective osmo-regulatory protection mechanisms seems, therefore, of vital importance, in 
particular for soil-dwelling organisms that are frequently exposed to hypo-osmotic shocks, 
such as rain. In fact, it has been reported that B. subtilis cells lacking functional 
mechanosensitive channels, especially MscL, are severely comprised in their ability to 
survive a hypo-osmotic shock (Hoffmann et al., 2008; Wahome and Setlow, 2007). 
Notably, in the present studies we did not expose the cells to hypo-osmotic shock, but 
merely grew them in LB media with varying concentrations of NaCl. Furthermore, we also 
did not observe any difference in viability between the B. subtilis or S. aureus parental 
strains and their �mscL derivative strains under the applied conditions as long as sublancin 
168 was absent. It seems therefore unlikely that sublancin 168 exerts its bactericidal 
activity by blocking the MscL channels of sensitive organisms. Yet, the sublancin 168 
susceptibility was clearly shown to depend on the presence of MscL. Since an open state of 
the MscL channel is potentially hazardous for cells due to ion loss, and since a closed state 
of the MscL channel is more or less equivalent to the absence of MscL, it is very well 
conceivable that sublancin 168 susceptibility relates to an open state of the MscL pore. 
This would fit with the observed protective effect of salt against the detrimental effects of 
sublancin 168. In fact, this protective effect of salt was the prime reason for us to 
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investigate a possible involvement of MscL in bacterial susceptibility to sublancin 168. 
The MscL channels open at a certain level of pressure on the membrane, which is usually 
the result of cell swelling due to a difference in the osmolarity (or salt content) between the 
cytoplasm and the environment. The higher the salt content of the media, the less likely it 
is that mechanosensitive channels are open. Therefore, the observation that addition of salt 
to the media lowers the susceptibility to sublancin 168, apparently without affecting 
sublancin 168 production or activity, seems to indicate that the MscL channel needs to be 
in an open state to allow for bactericidal activity of sublancin 168. If so, sublancin 168 
might prevent the MscL pore from closing, which would result in cell death by leakage of 
ions from the cytoplasm. This putative mechanism would in fact be consistent with the 
classification of sublancin 168 as a group A lantibiotic, since lantibiotics of this class are 
known to create pores in the membrane. In this case, however, sublancin 168 would keep 
an already existing pore in an open state. Clearly, several alternative hypotheses can still be 
entertained. For example, MscL might function as a gate for sublancin 168 import into the 
cell, allowing it to perform bactericidal activity by interacting with an unidentified 
essential cytoplasmic target. Furthermore, MscL might be involved in an indirect process 
that is required to promote the bactericidal activity of sublancin 168.  

Interestingly, even though MscL is conserved in all Gram-positive organisms, not 
all of these organisms are inhibited by sublancin 168. This might be due to the existence of 
systems for lantibiotic producer immunity or natural lantibiotic resistance. Recently, we 
have identified the B. subtilis sublancin 168 producer immunity protein. This protein, SunI 
(YolF), was also found to give S. aureus immunity against sublancin 168 when 
heterologously expressed in this organism. SunI was shown to be a membrane protein with 
an Nout-Cin topology, the bulk of the protein facing the cytoplasm (Dubois et al., 
submitted). This topology was unprecedented for known lantibiotic producer immunity 
proteins but, notably, it seems compatible with all above-mentioned mechanisms by which 
MscL might confer susceptibility to sublancin 168. For example, SunI might close an 
MscL pore that is kept in an open state by sublancin 168, it might prevent interactions 
between sublancin 168 and MscL (or other compounds) in the membrane, or it might block 
the entry of sublancin 168 into the cytoplasm. If producer immunity proteins analogous to 
SunI are active in other Gram-positive bacteria, they may perhaps also be able to 
counteract the bactericidal effects of sublancin 168. A second and perhaps more likely 
possibility is the existence of effective resistance mechanisms. For example, it was shown 
that certain genes of the �W regulon confer sublancin 168 resistance to B. subtilis (Butcher 
and Helmann, 2006). Furthermore, an altered membrane or cell wall with an increased net 
positive charge might protect against the bactericidal effects of cationic lantibiotics, like 
sublancin 168 (Peschel et al., 1999; Peschel and Collins, 2001). Such a resistance 
mechanism has been shown to exist in Staphylococcus epidermidis which, indeed, is 
resistant to sublancin 168 (Paik et al., 1998).  

In conclusion, the present studies have focused a general interest on 
mechanosensitive channels as potential determinants for bacterial susceptibility towards 
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bacteriocins. Specifically, we have identified a critical role of the MscL channel in the 
susceptibility of B. subtilis and S. aureus towards the lantibiotic sublancin 168. Our 
findings suggest that this may be a conserved phenomenon in sublancin 168 sensitive 
organisms. Therefore, ongoing and future studies are aimed at identifying the precise 
mechanism by which MscL confers sensitivity to sublancin 168. Such studies will be 
important not only for understanding the mechanism by which sublancin 168 exerts its 
bactericidal activity, but they will also further our knowledge of mechanosensitive 
channels in general, which is important as these channels serve important functions in all 
domains of live, including humans.   

 

EXPERIMENTAL PROCEDURES 

Bacterial strains, plasmids and growth media  

The bacterial strains and plasmids used in this study are listed in Table 1. The standard LB medium 
consisted of 1% trypton, 0.5% yeast extract and 1% NaCl, pH 7.4. Where appropriate, the NaCl content of 
the LB medium was adjusted to concentrations ranging from 0 to 5%. S. aureus strains were grown in brain-
heart infusion broth (BHI) or tryptone soya broth (TSB). Where necessary, media were supplemented with 
antibiotics at the following concentrations: ampicillin (Ap), 100 µg/ml (Escherichia coli); kanamycin (Km), 
20 µg/ml (E. coli, B. subtilis, S. aureus); chloramphenicol (Cm), 5 µg/ml (E. coli and B. subtilis); tetracycline 
(Tc), 10 µg/ml (E. coli and B. subtilis); erythromycin (Em), 100 �g/ml (E. coli), 2 �g/ml (B. subtilis) or 5 
�g/ml (S. aureus). To visualize �-amylase activity (specified by the amyE gene), LB plates were 
supplemented with 1% starch. To visualize �-galactosidase activity, plates contained 5-bromo-4-chloro-3-
indolyl-beta-D-galactopyranoside (X-gal) at a final concentration of 80 µg/ml.  

 
Table 1. Strains and plasmids used in this study 

Strains Relevant properties Reference 
   

E. coli   
   DH5� F-, 	80dlacZ �M15 endA1 recA1 gyrA96 thi-1 hsdR17 (rk- 

mk+) supE44 relA1 deoR �(lacZYA-argF) U169 
Invitrogen Life 
Technologies, Inc. 

   TOP10 Cloning host for TOPO vector; F- mcrA �(mrr-hsdRMS-
mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(ara-
leu)7697 galU galK rpsL (StrR) endA1 nupG 

Invitrogen Life 
Technologies, Inc. 

   

B. subtilis   
   168 trpC2 (Kunst et al., 1997) 
   168 Cm trpC2; amyE::pX; CmR This work 
   �SP� trpC2; �SP�; sublancin 168 sensitive (Dorenbos et al., 

2002) 
   �SP� Tc trpC2; �SP�; amyE::pXTC; sublancin 168 sensitive; TcR This work 
   �mscL trpC2; pMUTIN4mcs::mscL; double crossover deletion of 

mscL; EmR 
BSFA collection 
strain BFS1257 

   �SP��mscL trpC2; �SP�; pMUTIN4mcs::mscL; EmR This work 
   �sunA-�yolF trpC2; �yolF; �sunA; KmR This work 
   �sunA trpC2; �sunA; KmR This work 
   

S. aureus   
   RN4220 Restriction-deficient derivative of NCTC 8325, cured of all 

known prophages; rsbU-; agr- 
(Kreiswirth et al., 
1983) 

   RN4220 Em RN4220 that contains the pMAD vector for erythromycin 
resistance; EmR 

This work 

   RN4220 �mscL RN4220 derivative; rsbU-; agr-; ∆mscL This work 
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Table 1. continued  
Plasmids Relevant properties Reference 
   pDG783 pSB118 derivative; contains the kanamycin resistance 

marker from Streptococcus faecalis; ApR; KmR 
(Guerout-Fleury et 
al., 1995) 

   pUC18 ApR, ColE1, 
80lacZ, lac promoter (Sambrook et al., 
1989) 

   pX Vector for the integration of genes in the amyE locus of B. 
subtilis; integrated genes will be transcribed from the xylose 
inducible xylA promoter; carries the xylR gene; ApR; CmR 

(Kim et al., 1996) 

   pXTC pX derivative in which the chloramphenicol resistance 
marker has been replaced with a tetracycline resistance 
marker; ApR; TcR 

(Darmon et al., 2006) 

   TOPO pCR®-Blunt II-TOPO® vector; KmR Invitrogen Life 
Technologies, Inc. 

   pMAD shuttle vector for E. coli and S. aureus with thermosensitive 
ori in S. aureus; contains the bgaB gene; EmR; ApR 

(Arnaud et al., 2004) 

   pMAD-mscL pMAD plasmid with the flanking regions of S. aureus mscL; 
EmR; ApR 

This work 

   BaSysBio II Ligation-independent cloning vector based on pDG1727 for 
Promoter-GFP activity analysis; ApR, SpR 

Eric Botella, Kevin 
Devine, Annette 
Hansen, Mark Fogg, 
Tony Wilkinson, 
unpublished 

   

 
DNA techniques  

Procedures for DNA amplification, restriction, ligation and transformation of E. coli DH5� were 
carried out according to standard laboratory procedures (Sambrook et al., 1989). Chromosomal DNA of B. 
subtilis was isolated according to Bron and Venema (Bron and Venema, 1972). B. subtilis was transformed 
as described by Kunst and Rapoport (Kunst and Rapoport, 1995). S. aureus was transformed by 
electroporation as described by Kreiswirth et al. (Kreiswirth et al., 1983). All primers used for PCR are listed 
in Table 2. PCR products were purified using the High Pure PCR Purification Kit (Roche Applied Science). 

 
Table 2. Primers used in this study 

Primer Sequence (5’-3’) 
  

pSU1 ATATATACCATCATTGAATCGAGA 
pSU2 CAAGACGAACTCCAATTCAC AAAACTATCGTCAATTCTGCAGA 
pYF1 TACATCCGCAACTGTCCATA GATTATCATAACTACATATTCCAT 
pYF2 GCTACTCAGTAAGCTTGCACT 
Kana1 GTGAATTGGAGTTCGTCTTG 
Kana2 TATGGACAGTTGCGGATGTA 
mscL-F1 CATAGCAAACCATGAAATTGT 
mscL-R1 TCACGTCAGTCAGTCACCATGGCATTACACTCAACCTCTCTTTTT 
mscL-F2 TGCCATGGTGACTGACTGACGTGATTTTTAAATAAAAAGAGATGG 
mscL-R2 GCAAATCTGAGATTAGCAACA 
sunA Fwd CCGCGGGCTTTCCCAGCCAAATAGTTAGTATTAAAGAGTCAGAC 
sunA Rev GTTCCTCCTTCCCACCGTTTGCAATCCGGATTACATT 
mscL Fwd CCGCGGGCTTTCCCAGCTTAAAGAAATTATTCCTCACC 
mscL Rev GTTCCTCCTTCCCACCTATATTTGTAAAGAAAAAAAGAC 
  

Note: The 5' sequences of primer pSU1 (printed in italics) is complementary to the Kana1 primer. The 5' 
sequences of primer pYF1 (printed in italics) are complementary to the Kana2 primer. Sequences for linkage 
of amino acids are shown in bold.  Sequences for ligation-independent cloning are shown underlined.  
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Construction of B. subtilis mutant strains 

To construct B. subtilis �sunA-�yolF, a ~900 bp fragment downstream of the sunA gene was 
amplified using the pSU1 and pSU2 primers and a 900 bp fragment upstream of the sunA gene was amplified 
using the pYF1 and pYF2 primers. Notably, the 5' sequence of the pSU2 pYF1 primers contains extensions 
that are complementary to the kanamycin resistance cassette (~900 bp) from plasmid pDG783. This cassette 
was amplified by PCR with the primers Kana1 and Kana2. Importantly, these primers were also 
complementary to extensions in the primers that represent the beginning and end points of deleted genomic 
sequences. In a subsequent PCR, the amplified flanking regions and the amplified kanamycin resistance 
cassette were fused. For this purpose, the three PCR-amplified fragments were purified and mixed in equal 
amounts (100ng) in a PCR mixture that also contained the distal primers of the amplified flanking regions. 
After 10 cycles with an optimal annealing temperature for Kana1 and Kana2, the annealing temperature was 
increased to the optimum for the distal primers and the PCR reaction was continued for 20 cycles. The 
resulting fragment (~3000 bp) was then ligated to HincII-cleaved pUC18. The resulting plasmid, pUC-pSu-
KmR-pYF, was used to transform competent B. subtilis 168 cells, resulting in the �sunA-�yolF strain. 
Double cross-over chromosomal integration of the kanamycin cassette was verified by PCR. 

B. subtilis �sunA was constructed by transforming B. subtilis 168 with genomic DNA of the B. 
subtilis JH642 sunA::Km strain (Laboratory strain: HB61664; Butcher and Helmann, 2006) and selection of 
kanamycin resistant transformants. 

The B. subtilis 168 Cm strain was constructed by transformation of B. subtilis 168 with plasmid pX, 
and subsequent selection of transformants in which the chloramphenicol resistance marker was integrated 
into the amyE gene via a double cross-over recombination event. The amylase negative phenotype of 
chloramphenicol resistant transformants was checked on starch-containing plates. The B. subtilis �SP� Tc 
strain was constructed by transformation of B. subtilis �SP� with the plasmid pXTC. Subsequently, 
transformants were selected in which the tetracycline resistance marker was integrated into the amyE gene 
via double cross-over recombination events. The amylase negative phenotype of tetracycline resistant 
transformants was checked on starch-containing plates. 

A B. subtilis 168 strain lacking the mscL gene (originally named ywpC) was obtained from the B. 
subtilis functional analysis (BSFA) program. This �mscL strain was constructed in the laboratory of Prof. G. 
Rapoport according to a protocol described in detail on the Micado website (http://genome.jouy.inra.fr/ cgi-
bin/micado/index.cgi). Briefly, a PCR fragment containing the 500 bp region upstream of the mscL gene was 
fused to a fragment containing the 500 bp region downstream of the mscL gene and cloned into a 
pMUTIN4mcs vector using the BamHI and HindIII sites. This plasmid was subsequently used to transform 
B. subtilis 168, thereby replacing the mscL gene with the pMUTIN vector in a double crossover 
recombination event, which yielded strain �mscL. Strain �SP��mscL was constructed by transformation of 
strain �SP� with genomic DNA of strain �mscL and selection for erythromycin resistant transformants. 
Correct deletion of mscL from the genomes of the �mscL and �SP��mscL strains was verified by PCR. 

 
Deletion of the mscL gene in S. aureus 

Mutants of S. aureus were constructed using the chromosomal integration-excision approach 
described by Arnaud et al. (Arnaud et al., 2004). Primers for the downstream (mscL-F1/mscL-R1) and 
upstream (mscL-F1/mscL-R1) regions of mscL (Table 2) were designed to obtain PCR products of 524 and 
522 bp, respectively, including a 24 bp linker. These PCR products were linked in 10 PCR cycles. The 
resulting 1025 bp product was directly ligated into the TOPO-vector (Invitrogen) according to the 
manufacturer’s protocol. This construct was digested with BamHI and the 1030 bp product was ligated into 
the chromosomal integration-excision vector pMAD, resulting in pMAD-mscL. Competent S. aureus 
RN4220 cells were transformed with the pMAD-mscL plasmid, and grown on TSA-plates containing 
erythromycin and X-GAL for 48h at 30°C. To obtain cells with a chromosomally integrated copy of pMAD-
mscL, blue colonies were used to inoculate overnight cultures in BHI medium. Next, 10 ml BHI was 
inoculated with 100 µl overnight culture, grown for 1 hour at 30°C and then transferred to 42°C for 6 hours. 
To select cells with a chromosomally integrated copy of pMAD-mscL, dilutions (1000x) of the culture were 
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plated on TSA plates with erythromycin and X-GAL and incubated for 48 hours at 42°C. To subsequently 
obtain cells that had excised pMAD-mscL from the chromosome, blue colonies with integrated pMAD-mscL 
were used to inoculate overnight cultures in BHI medium at 42°C. Next, 10 ml BHI was inoculated with 10 
µl of the overnight culture and growth was continued for 6 hour at 30°C. Dilutions (1000x) of the cultures 
were plated on TSA plates with X-GAL and incubated at 42°C for 48 hours. White colonies were tested for 
erythromycin sensitivity and checked for the presence or absence of mscL by colony PCR. The correct 
deletion of mscL was confirmed by PCR on isolated genomic DNA using the Bacterial Genomic DNA 
Isolation Kit (Sigma). 

 
Sublancin 168 activity assay 

A sublancin 168-induced B. subtilis growth inhibition assay was performed on plates essentially as 
described by Dorenbos et al., 2002 (Dorenbos et al., 2002). Briefly, indicator strains and strains to be tested 
for sublancin 168 production were grown overnight in LB broth containing the appropriate antibiotic(s). 
Overnight cultures of the indicator strains were then diluted 100-fold in LB, and 100 µl aliquots of the diluted 
cultures were plated on LB agar. After drying of the plates, 2 µl aliquots of undiluted overnight cultures of 
strains to be tested for sublancin 168 production were spotted. The plates were then incubated overnight at 
37oC, and growth inhibition of the indicator strain was analyzed the next day. 

 
Co-culturing of B. subtilis and S. aureus strains 

B. subtilis 168 and S. aureus strains were grown separately overnight in LB medium. In the 
morning, cultures were diluted to an OD600 of 0.05 in fresh LB medium. Next, specific strains to be tested 
together were mixed in a 1:1 ratio; resulting in co-cultures consisting of 50% sublancin producing cells (B. 
subtilis 168 Cm) and 50% non-producing cells (either B. subtilis �SP� Tc, B. subtilis �SP��mscL, S. aureus 
RN4220 Em, or S. aureus RN4220 �mscL). Upon mixing, growth was continued for eight or nine hours. 
Samples for plating were taken at hourly intervals during growth. The samples thus obtained were diluted 104 
or 106 fold, and plated on LB agar containing specific antibiotics that permit growth of only one of the two 
co-cultured strains. After overnight incubation at 37oC, resistant colonies were counted, and numbers of 
colony forming units (CFU) per ml of culture of each strain at the time of sampling were calculated. In case 
of the S. aureus RN4220 �mscL strain, which does not contain an antibiotic resistance marker, no antibiotics 
were present in the plates used to determine the CFU numbers of this strain. Specifically, the CFU number of 
the �mscL strain was calculated by subtraction of the CFU number of the co-cultivated antibiotic resistant 
strain from the total CFU number of the two co-cultivated strains. The presence of B. subtilis and/or S. 
aureus in samples used for plating was inspected by light microscopy. 

 
Lyophilization of spent medium 

The concentration of sublancin 168 in spent medium of B. subtilis 168 cells was increased by 
lyophilization. For this purpose, B. subtilis 168 or the negative control strain �sunA were grown in 25 ml of 
LB broth containing 0% NaCl. At an OD600 of 2.5, cells were separated from the growth medium by 
centrifugation and medium fractions were frozen in liquid nitrogen. The frozen growth media were 
lyophilized for 4 days under vacuum using a freeze dryer. After this period, the lyophilized medium was 
resuspended in 500 µl demineralized water and filtered (0.22 µm) before use. 2 µl of the concentrate was 
spotted on agar plates. 

 
Promoter activity assay 

The promoter regions of mscL and sunA were amplified by PCR from genomic DNA prepared from 
B. subtilis 168 using the primers described in Table 2. The resulting PCR fragments were prepared for 
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ligation-independent cloning using T4 DNA Polymerase (Novagen) and dTTP (Aslanidis and de Jong, 1990). 
The BaSysBioII cloning vector was digested with SmaI, purified from an agarose gel and prepared for 
ligation-independent cloning using T4 DNA polymerase (Novagen) and dATP. 1 �l of the treated vector and 
3 �l of the treated insert were mixed and left to anneal at room temperature before transformation of E. coli. 
The resulting constructs PmscL-GFP, PyolF-GFP and PsunA-GFP were used to transform B. subtilis 168 and 
transformants were selected on LB plates containing spectinomycin.  

The resulting strains were grown overnight in LB containing 1% or 5% NaCl and diluted 1:100 in 
the same medium three hours before the start of the growth experiments. The bacteria were then further 
diluted in the same medium to a starting optical density at 600 nm (OD600) of 0.01 and put in triplicates in the 
wells of a 96 well black optical bottom microtitre plate (Nunc). Before starting the experiment the OD’s of 
the wells at 977 nm and 900 nm were measured to allow light path correction to 1 cm. The OD600 and 
fluorescence (excitation 485/20, emission 528/20) of the strains were measured for 14 hours in the Biotek 
Synergy 2 plate reader (37°, variable shaking). For each of the resulting data points the blank of neat LB 
(average of 3 wells) was removed and each point was corrected for light path of 1 cm using the following 
equation (0.18/(OD977 - OD900)). The average of the three samples was then calculated. The fluorescence data 
was processed by calculating the average of the three samples and subtracting the background fluorescence 
of the parental strain 168, which does not contain a copy of the GFP gene, from each sample. The promoter 
activity was calculated using the following equation: (GFP(t) – GFP (t-1))/O.D. (t). Each experiment was 
repeated at least three times.  
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Pathways for protein secretion in B. subtilis  

In the last decade, B. subtilis has been broadly deployed for secretome prediction 
and analysis studies (Antelmann et al., 2000; Antelmann et al., 2001; Antelmann et al., 
2003; Hirose et al., 2000; Tjalsma et al., 2000; Tjalsma et al., 2004; van Wely et al., 
2001). This work has resulted in the establishment of several different pathways for protein 
secretion of which the Sec pathway was clearly the most preferred route. Despite these 
findings, not all secreted proteins that are found in the growth medium of B. subtilis can be 
explained by the existence of these pathways alone. This suggests that there are still 
unknown pathways that contribute to protein secretion in B. subtilis. Furthermore, these 
previous proteomic studies were performed under laboratory conditions with limited 
variation, which does very little to mimic the changing environments that B. subtilis 
encounters in the soil. It is therefore likely that the actual secretome of B. subtilis is far 
from fully understood. A few hints to the truth of that statement are encountered in this 
thesis. 

In chapter 7, the large conductance mechanosensitive channel protein MscL was 
investigated for its possible contribution to protein secretion. The predicted pore diameter 
of this channel of about 30 Å is potentially large enough to allow the passage of small 
proteins. In fact, it has been suggested that the MscL channel of E. coli is able to secrete 
small proteins such as the thioredoxin protein TrxA (Ajouz et al., 1998; Berrier et al., 
2000; Lunn and Pigiet, 1982). Based on the size of the crystallized B. subtilis TrxA-dimer 
that is described in chapter 6, the size of the monomeric B. subtilis TrxA would be 
approximately 30x30x30 Å, indicating that the MscL pore might just be large enough for 
the passage of this protein and other proteins with similar or smaller sizes. However, no 
direct evidence for protein export via the MscL channel could be obtained through 
proteomics. Conversely however, the results in chapter 9 indicate that MscL may serve as 
the cellular entry gate for the lantibiotic sublancin 168, which would then travel through 
this pore from the outside to the inside of the cell. Notably, the exact contribution of the 
MscL channel to the secretion of proteins in B. subtilis is very difficult to assess due to the 
difficulty in distinguishing secreted proteins from proteins released by cell lysis. While 
there is no conclusive evidence for protein export via MscL, there was also no indication 
found that MscL would not be able to secrete proteins. Intriguingly, the analysis of an 
mscL mutant strain in chapter 7 revealed the existence of a new, as yet unidentified, 
pathway for selective protein release.  

The determination of protein release via this unidentified channel was carried out 
under osmotic shock conditions. This may not be the situation that is encountered by cells 
during standard laboratory culturing, but it is for sure a situation that is frequently 
encountered in the ecological nice that B. subtilis inhabits – the soil - for example during 
rain. It might even also be encountered by B. subtilis during industrial fermentations in 
large fermentors were fluctuations in pressure and osmosis are hard to prevent. These 
studies therefore show that the actual secretome of B. subtilis is likely to be far more 
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complex than so far encountered under standard laboratory growth conditions. Future 
secretome research on establishing the secretome of B. subtilis should therefore also focus 
on these alternative, ecologically and environmentally relevant growth conditions of B. 
subtilis that differ substantially from the standard culture conditions in the laboratory. 

Another, often overlooked view in studies on secretome biogenesis is the possible 
interdependency of established secretion pathways. The ability of proteins to use multiple 
pathways for secretion has not been truly explored before and there are no reported cases 
of proteins that are able to travel via multiple routes. The results obtained using the hyper-
secreted LipA protein in chapter 3 are thus unprecedented. The LipA hyper-secreting 
strain was serendipitously obtained during the studies described in chapter 2 and was 
shown to secrete LipA via two distinct routes: the general Sec pathway and the Tat 
pathway. Although this mutant produced LipA at much higher levels than the wild-type 
strain, it does illustrate that the same type of protein can be secreted via different pathways. 
This might then also be the case for other proteins that are secreted at elevated levels under 
particular, as yet unidentified, conditions. Most likely, this would require the presence of 
appropriate recognition signals for both secretion pathways as seems to be the case for Lip, 
which has a signal peptide that can be accepted by both the Sec and the Tat pathway. It 
was previously established experimentally that the Sec pathway transports most of the 
secreted proteins of B. subtilis (Antelmann et al., 2001; Tjalsma et al., 2000; Tjalsma et al., 
2004). This was mostly determined on the basis of dependency on SecA for processing of 
these secreted proteins. SecA dependency has been shown for many potential Tat 
substrates, including LipA, and these were then disregarded as possible Tat substrates. 
Although this might still be correct, the results obtained for the hyper-produced LipA in 
chapter 3 call for a careful reinvestigation of the Tat-independent secretion of the 69 B. 
subtilis proteins with potential RR-motifs in their signal peptides.  

Taken together, the results presented in this thesis focus on the possibility that 
secretion pathway choice can be determined by environmental (e.g. osmotic shock) and 
intracellular conditions (e.g. hyper-production). This provides new views on the 
established protein secretion pathways and urges the search for new routes that contribute 
to secretome biogenesis in B. subtilis. This search for new secretion routes and the 
identification of the environmental or cellular conditions that influence the usage of 
particular secretory pathways will be a challenge for future studies. An important challenge 
will be the establishment of a more complete picture of the secretome of B. subtilis that 
will not only provide insights on how this organism copes with the ever-changing 
environments of its natural habitat, but will also provide valuable leads for more 
controllable secretion systems within industrial protein production settings.  

 

 

 



Summary and general discussion 
 

 195 

Disulfide bond handling in B. subtilis 

Numerous secreted proteins found in nature are dependent on the formation of 
disulfide bonds for their stability and function (Collet and Bardwell, 2002; Ritz and 
Beckwith, 2001). Especially eukaryotic organisms secrete many proteins that contain such 
bonds. B. subtilis was found to secrete only a few proteins that contain disulfide bonds (i.e. 
ComGC and sublancin 168) (Dorenbos et al., 2002; Meima et al., 2002). However, for its 
purpose as production host of heterologous proteins, the study of disulfide bond formation 
in B. subtilis is very relevant. For a long time it was believed that the formation of disulfide 
bonds occurred spontaneously due to exposure to oxidation. This paradigm changed 
however with the discovery of specially evolved enzymes known as thiol-disulfide 
oxidoreductases (TDORs) that facilitate their formation and breakage. The current view is 
that each of these TDORs are unique enzymes that function either as oxidases, reductases 
or isomerases in fixed, separate pathways. The combined work presented in this thesis 
shows that this view is too simplistic and needs expansion (reviewed in chapter 1). In 
addition, several findings are reported that give a more profound understanding of disulfide 
bond formation in B. subtilis.  

The oxidation pathway in Gram-negative bacteria is mainly based on studies in E. 
coli and is thought to be represented by a central periplasmic thiol-disulfide oxidoreductase 
(DsbA) which is kept oxidized by a fixed partner quinone oxidoreductase (DsbB) located 
in the cytoplasmic membrane. In Gram-positive bacteria, mainly based on research on B. 
subtilis, this pair-wise role was thought to be played by the thiol-disulfide oxidoreductase 
BdbD and the quinone oxidoreductase BdbC, both located in the membrane. These TDORs 
were both shown to be required for the oxidation of ComGC and E. coli PhoA (Bolhuis et 
al., 1999; Meima et al., 2002). However, the data presented in this thesis show that the 
actual situation is not as straightforward as previously believed. When the TDOR systems 
of all the low-GC Gram-positive bacteria were compared in chapter 2, it became clear that 
they had evolved differently. Some members of this phylum – the Firmicutes - such as B. 
subtilis and Bacillus cereus, indeed contain BdbD-BdbC pairs, while others contain only a 
BdbC homologue (e.g. Bacillus clausii and Bacillus halodurans) or only a BdbD 
homologue (e.g. Staphylococcus aureus and Staphylococcus epidermidis). Interestingly, 
when the S. aureus BdbD homologue (DsbA) was functionally expressed in B. subtilis it 
was found to be able to complement for both BdbD and BdbC in at least three Bdb-
dependent processes (chapter 2). Thus, the S. aureus BdbD homologue did apparently not 
need a BdbC homologue for reoxidation. Importantly, studies with cells grown in minimal 
medium (chapter 2) revealed that S. aureus DsbA can be reoxidized by active redox 
compounds in the medium instead of redox-active partner proteins. This indicated that 
TDORs in bacteria have evolved in various ways and do not conform to one single format. 
In fact, it became evident that the “standard” B. subtilis laboratory strain (168) is actually 
an exceptional case in the sense that it uniquely carries the genes for two additional 
oxidative TDORs, BdbA and BdbB, which are not encountered in other bacteria (chapter 
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2). BdbB is homologous to BdbC and BdbA has a topology that resembles the topology of 
BdbD. Since the bdbA and bdbB genes are located on the SP� prophage, it was assumed 
that they are exclusively required for the formation of the disulfide bonds in the lantibiotic 
sublancin 168, which is also encoded by the SP� prophage (Paik et al., 1998; Stein, 2005) 
(chapter 8&9). The studies in chapter 2 together with previous work (Dorenbos et al., 
2002) show that this is not exactly the case. Although BdbB is of primary importance for 
the secretion of active sublancin 168, its paralogue BdbC was also found to contribute to 
active sublancin 168 secretion (Dorenbos et al., 2002) (chapter 2). Furthermore, BdbA 
was found to be dispensable for sublancin 168 production and, in fact, the biological 
function of BdbA is as yet unknown. Although BdbA resembles BdbD with respect to 
membrane topology and the presence of a typical TDOR active site, it is questionable 
whether BdbA does function as an oxidative TDOR. Importantly, the remarkable finding 
that the presence of BdbB is sufficient for the production of active sublancin 168 revealed 
that even in B. subtilis, which does contain both the BdbD and BdbC proteins, the 
combined use of these two TDORs is not always required. Together, this led to the 
proposition that TDORs behave as functional modules that can act both independently and 
in a concerted manner (chapter 2). Their activity is determined by their molecular context 
and the combined presence of other TDORs (chapter 1). Recent observations by the 
groups of Bardwell and Collet indicate that this paradigm is likely to apply also for E. coli 
(Vertommen et al., 2008). It was shown that, next to the central oxidase DsbA, the 
disulfide isomerase DsbC can also participate in protein oxidation. The substrate 
specificities of these TDORs, like those of Gram-positive bacteria, are not fixed either but 
also seem to depend on the presence of other TDORs. Functional TDOR modules as 
encountered in B. subtilis and other Low-GC Gram-positive bacteria thus seem to represent 
a common theme in disulfide bond formation and illustrate the complexity in disulfide 
bond formation that can also be expected in other organisms.  

In contrast to E. coli, B. subtilis has not been shown to contain a protein disulfide 
isomerase pathway. At least it does not contain direct homologues of the E. coli 
isomerases. However, B. subtilis does contain reductive TDORs in the cytoplasmic 
membrane, which have been shown to be involved in reducing apocytochrome c and spore 
cortex proteins (Moller and Hederstedt, 2006). Interestingly, the central TDOR in this 
system, CcdA, together with an associated TDOR (ResA or StoA) can be seen as a 
functional and structural homologue of the E. coli DsbD TDOR, which transfers electrons 
to the disulfide isomerase DsbC (Katzen et al., 2002). Previously, the homologue of 
another such CcdA-associated TDOR, YneN, was shown to perform protein disulfide 
oxidoreductase-like activity in Brevibacillus choshinensis (B. brevis). Incubation of non-
native human epidermal growth factor (hEGF) containing incorrect disulfide bonds with B. 
choshinensis cells over-expressing YneN, or co-expression of the two proteins, increased 
the final yield of active hEGF protein (Miyauchi et al., 1999; Tanaka et al., 2003). 
However, co-expression or deletion of the B. subtilis YneN together with the expression of 
E. coli PhoA by B. subtilis did not have any detectable effect on the yield of active PhoA 
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(Dorenbos et al., unpublished observations, chapter 5). It remains therefore an intriguing 
issue whether B. subtilis contains a system for protein disulfide isomerase activity or not.     

Irrespectively of whether the CcdA-associated TDORs have protein disulfide 
isomerase activity or not, it is possible that these TDORs have an (indirect) influence on 
oxidative protein folding since there is crosstalk between the reductive and oxidative 
TDORs in the membrane. Hederstedt and co-workers have established that mutations in 
bdbC or bdbD suppress mutations in ccdA and resA, which affect the reduction of 
apocytochrome c (Erlendsson and Hederstedt, 2002). Whether this crosstalk takes place 
only indirectly via shared substrates such as apocytochrome c, or also directly, would be an 
interesting topic for future study. The effects of mutations in CcdA or ResA on the 
oxidative folding of PhoA have for example not yet been tested. Further evidence for 
TDOR cross talk was generated in chapter 5 where it was observed that depletion of the 
cytoplasmic reductase TrxA influenced the redox state of BdbC. This influence of electron 
transport from TrxA is likely to be directed via the reductive membrane TDORs as was 
shown for E. coli DsbD (Katzen and Beckwith, 2000; Ito and Inaba, 2008). Direct electron 
transport from TrxA to BdbC can, however, not be excluded eventhough interactions 
between oxidative TDORs and thioredoxins have not (yet) been reported in literature.  

To study interactions between thioredoxin and its substrates, we have established 
the mixed disulfide fishing technique for B. subtilis in chapter 6. Thioredoxin variants 
with single or double cysteine-to-serine mutations were purified and shown to be able to 
trap stable interactions between thioredoxin and possible substrates. This technique can 
now be used in future studies to generate a more complete picture of the TDOR interaction 
networks in B. subtilis. 
 

 

Secretion of heterologous proteins by B. subtilis 

The natural capacity of B. subtilis to secrete many industrially relevant enzymes in 
high amounts into its growth medium, and the relative ease by which it is cultured and 
genetically manipulated, have made B. subtilis one of the preferred hosts for industrial 
protein secretion (Meima et al., 2004; Schallmey et al., 2004; Zeigler and Perkins, 2008). 
While several strategies have been developed to allow the efficient production of relevant 
proteins by B. subtilis, serious bottlenecks do exist, especially when heterologous proteins 
are produced by B. subtilis. These bottlenecks include the efficient expression of the 
heterologous gene, the translocation of the foreign proteins across the plasma membrane, 
the release of the exported proteins from the cell surface into the surrounding medium and 
the correct formation of disulfide bonds (Meens et al., 1997; Puohiniemi et al., 1992; 
Saunders et al., 1987; Sarvas et al., 2004). In this thesis several strategies are presented 
that may help in relieving these bottlenecks. 

When it was attempted in chapter 2 to express the S. aureus DsbA lipoprotein in B. 
subtilis using the native dsbA ribosomal binding site (RBS) and signal sequence, no 
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detectable DsbA production was observed. This might either be related to inefficient 
recognition of the dsbA RBS by the translation machinery of B. subtilis, or to a poor 
recognition of the lipoprotein signal peptide of DsbA by the secretion machinery of B. 
subtilis. In contrast, when the ribosomal binding site and signal sequence were replaced 
with those encoding for the B. subtilis lipoprotein MntA, good DsbA production in B. 
subtilis was achieved. The use of expression and targeting sequences of native proteins of 
B. subtilis to direct the production of heterologous proteins in this bacterium seems 
therefore a good strategy, and the present approach seems very well suited for the 
production of lipoproteins. Alternatively, this approach may be applicable for the 
introduction of relevant heterologous protein folding catalysts at the membrane-cell wall 
interface.  

Importantly, certain heterologous signal peptides are efficiently recognized in B. 
subtilis, and these can even be used to direct the translocation of particular heterologous 
proteins, as was shown in chapter 4. In this chapter, the signal sequence of a 
Staphylococcus hyicus lipase was shown to direct the efficient translocation of E. coli 
PhoA produced in B. subtilis substantially more efficiently than the authentic PhoA 
secretion signal. 

Interestingly, in chapter 3 we serendipitously obtained a B. subtilis mutant that 
secreted the native extracellular esterase LipA in over a 100-fold increased amounts 
compared to wild-type levels, without any signs of inefficient translocation. This suggests 
that the LipA secretion signals can potentially also be used for the efficient translocation of 
other proteins. Furthermore, it is tempting to speculate that the LipA hyper-producing 
strain itself could also be used as a host for the secretion of other proteins. It would 
therefore be very interesting for future studies to characterize the mutation(s) that lead(s) to 
the increased LipA production, and to try to adopt this strain for the development of a new 
expression system for protein production.  

An additional strategy for more efficient secretion of heterologous proteins by B. 
subtilis is presented in chapter 4 where the secretion of E. coli PhoA fused to the pro-
peptide of the S. hyicus lipase was tested. Pro-peptides are generally known to serve in the 
post-translocational folding process to achieve an active and stable form of the secretory 
protein (Sarvas et al., 2004; van Dijl et al., 2001). However, it was observed in chapter 4 that 
the presence of the pro-peptide also resulted in significantly improved export of PhoA from 
the cytoplasm, while a control PhoA protein expressed without this pro-peptide remained to a 
larger extent membrane attached. This is consistent with the previously reported observation 
that prolip supports the efficient secretion of E. coli OmpA both by B. subtilis and 
Staphylococcus carnosus (Meens et al., 1993; Meens et al., 1997). Taken together, the use of 
dedicated pro-peptides in combination with pre-peptides, such as the ones mentioned above, 
seems therefore an efficient strategy for heterologous protein secretion by B. subtilis.  
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Secretion of disulfide bond-containing proteins by B. subtilis.   

The above discussed strategies for increased protein targeting and translocation 
across the membrane were shown to contribute greatly to increased heterologous protein 
secretion in B. subtilis. There is one process that occurs after translocation that will 
however still comprise a bottleneck in the production of many heterologous proteins. This 
process is the correct formation of disulfide bonds. B. subtilis is inefficient in forming 
disulfide bonds, and since many biopharmaceutical proteins depend on these bonds for 
their activity and stability, this obstacle puts a serious limitation to the use of B. subtilis for 
heterologous protein production. A large emphasis in this thesis was therefore put on this 
issue. 

The formation (oxidation) of disulfide bonds is catalyzed by TDORs. Although this 
enzymatic activity is much faster and more specific than the spontaneous oxidation by 
oxygen, there still seems to be a threshold to the level of TDOR activity. Accordingly, 
when heterologous proteins containing disulfide bonds are produced in B. subtilis in high 
amounts, it is likely that this system gets overloaded, resulting in incorrect disulfide 
oxidation and misfolding of the proteins. These incorrectly folded proteins are then quickly 
degraded in the highly proteolytic extracellular environment of B. subtilis. This is 
illustrated in chapter 4 by studies on the disulfide bond containing preprolip-PhoA when 
secreted by B. subtilis. Although the PhoA protein is efficiently translocated across the 
membrane, the many degradation products indicated that a large fraction of the secreted 
proteins was apparently not correctly folded. 

The most straightforward solution to solve this bottleneck would appear to 
artificially increase the number of copies of the oxidative TDORs in the cytoplasmic 
membrane. Previous secretion studies in B. subtilis showed, however, that the increased 
expression of either one of the four bdb genes did not result in better protein folding of E. 
coli PhoA (Darmon et al., 2006; Dorenbos et al., 2002; Meima et al., 2002). Even the 
combined expression of different Bdb proteins was shown to have no beneficial effects on 
the levels of active PhoA obtained (chapter 5 and unpublished observations).  

In chapter 2 we discovered that not all organisms contain the same TDOR 
pathways. An alternative was therefore presented by introducing TDORs in B. subtilis 
from a pathway that did not depend on the same quinone oxidoreductases as the Bdb 
proteins. And indeed, introduction of the DsbA protein from either S. aureus or S. carnosus 
in B. subtilis resulted in higher levels of active extracellular PhoA (chapter 5). The 
addition of cysteine (which can serve to reoxidate DsbA as described in chapter 2) to the 
medium was shown to increase the extracellular PhoA levels even further. This showed 
that it is possible to combine different pathways for disulfide bond formation in order to 
increase the oxidative potential of the cell. 

Finally, we reasoned that instead of increasing the level of oxidative TDORs, it 
might also be possible to decrease that of the reductive ones, in order to achieve higher 
levels of disulfide bond formation. This was indeed shown to be the case when the 
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cytoplasmic reductase TrxA was depleted, but not when we depleted any other cytoplasmic 
or membrane reductases (chapter 5). Depletion of TrxA was shown to result in a higher 
level of BdbD oxidation, suggesting that this might be due to less electron transport from 
TrxA to BdbC/BdbD (chapter 5). It should be noted that we did not test the depletion of 
CcdA and ResA since these proteins were shown to be involved in reducing cytochrome c 
(Erlendsson et al., 2003; Schiott et al., 1997). In retrospect, it is interesting to also test the 
depletion of these two TDORs to investigate whether the depletion effect of TrxA on 
BdbD/BdbC is directed via the CcdA/ResA pathway or directly at the level of the BdbC/D 
proteins.  

The studies in this thesis were focused on optimized production of oxidative 
TDORs and depletion of the reductive ones. There is however likely to be a limit to how 
far such alterations can be imposed upon cells before the level of this oxidation becomes 
toxic. For example, when we depleted the cells of TrxB, the TrxA reductase, severe growth 
defects were observed (unpublished results). Also, TrxA is essential for growth and 
viability under most conditions (Moller and Hederstedt, 2008; Mostertz et al., 2008). 
Further increase in the level of disulfide bond formation by B. subtilis should therefore be 
obtained via alternative strategies. In this light, it is interesting to note that in B. brevis, the 
overproduction of members of the reductive TDOR pathway (YneN, CcdA and even 
TrxA) resulted in improved production levels of active hEGF, which contains three 
disulphide bonds (Miyauchi et al., 1999; Tanaka et al., 2003). This is supposedly due to 
the isomerase activity of these proteins. This method however required the incubation of B. 
brevis cells for two to three days with the medium containing the hEGF. Such an approach 
does not seem feasible for B. subtilis. Even if the homologous pathway of these proteins in 
B. subtilis would have protein disulfide isomerase activity, the incorrectly folded proteins 
would be degraded very rapidly. Future studies to asses the contribution of the reductive 
TDOR pathway on protein isomerization could however potentially be carried out using a 
total protease knockout strain such as the WB800 strain (Murashima et al., 2002), or in the 
presence of protease inhibitors (Westers et al., 2008). This may eventually reveal that B. 
subtilis strains with an even higher capacity to secrete proteins with disulfide bonds can be 
obtained. Nevertheless, when the above described strategies were combined for the 
production of E. coli PhoA by B. subtilis, hardly any breakdown products of PhoA were 
observed, indicating that most of the PhoA was correctly folded. It will now be important 
to test and employ this strategy for the production of other useful proteins that contain 
disulfide bonds, in order to make full use of the production potential of B. subtilis.   
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Sublancin 168 

B. subtilis secretes various compounds with antimicrobial activity (Stein, 2005). 
One of the most interesting of these is sublancin 168. Sublancin 168 is an extremely stable 
lantibiotic with two disulfide bonds in addition to its methyl-lanthionine bridge. This 
lantibiotic exhibits bactericidal activity against other Gram-positive bacteria, including 
important pathogens such as Bacillus cereus, Streptococcus pyogenes, and Staphylococcus 
aureus (Hemphill et al., 1980; Paik et al., 1998). This property makes sublancin 168 a 
possible candidate for a new therapeutic antibiotic. The fact that its producer, B. subtilis 
168, has also received a GRAS status from the US food and drug administration would 
certainly contribute to such a development. Although the genes encoding for sublancin 168 
(sunA) and for its transporter (sunT) were described already several years ago (Paik et al., 
1998), other factors like sublancin 168 maturation, producer immunity of B. subtilis 168 
against its own product, and the target or mode of action of sublancin 168, has remained 
largely unexplored. With the work described in this thesis a more complete picture of the 
requirements for sublancin 168 production and function emerges.  

The sunA and sunT genes are located abreast on the SP� prophage region. Further 
downstream in the same operon as sunT lie the bdbA, yolJ and bdbB genes, while directly 
upstream of sunA lies the yolF gene. Chapter 2 documents that only the TDORs BdbB and 
to a minor extent BdbC are involved in the formation of the disulfide bonds in sublancin 
168. This refutes the previous assumptions that BdbA and BdbB might act as a TDOR pair 
in this process, or that BdbD is involved. Furthermore, unpublished data showed that YolJ 
is essential for sublancin 168 production, possibly functioning as a glycosyltransferase 
(Dorenbos, Dubois, Quax and van Dijl, unpublished observations). Thus, in order to 
become active, the exported sublancin 168 is probably both glycosylated and oxidized.  

Chapter 8 describes how B. subtilis maintains immunity against its own produced 
active sublancin 168. The YolF protein was found to be both required and sufficient for 
sublancin 168 immunity and was therefore renamed SunI. The, for immunity proteins, 
unprecedented shape of SunI – a single membrane spanning domain with the majority of 
the protein in the cytoplasm – seems to indicate that it belongs to a novel class of 
lantibiotic immunity proteins. The mechanism by which SunI confers immunity remains as 
yet unknown, but it is likely to interact with either sublancin 168 itself or with the target of 
sublancin 168. 

Indications for a possible target of sublancin 168 were obtained in the studies 
described in chapter 9. These studies revealed that the sensitivity of target cells to 
sublancin 168 is inversely correlated with the NaCl concentration in the growth medium 
and dependent on the presence of the mechanosensitive channel protein MscL. Since MscL 
is likely to be open when the environmental concentrations of NaCl are low, this seemed to 
indicate that sublancin 168 activity is dependent on an open state of the MscL pore. 
Different models for the mode action of sublancin 168 can now be entertained. Sublancin 
168 could function in blocking the MscL pore and thereby perhaps causing cell lysis. This 
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however seems unlikely since this physiological situation will be equivalent to the deletion 
of the mscL gene. Clearly �mscL cells were not affected in viability under the conditions 
used to investigate the mode of action of sublancin 168 (chapter 9). An alternative 
mechanism could be that MscL indirectly affects the activity of sublancin 168 when it 
would be involved in a separate, for sublancin 168 activity required, process. Another 
possibility would be that sublancin 168 requires the MscL channel for cellular entrance so 
that it can perform its, as yet unknown, action within the cell. This mode of action would 
seem to be fit with the topology of the immunity protein SunI as described in Chapter 8. A 
final possible mode of action for sublancin 168 could be that it interacts with the MscL 
pore and prevents it from closing. This would increase the membrane permeability for ions 
and/or other essential cytoplasmic compounds, which would have a severely detrimental 
effect on cell viability. Thus, it is conceivable that SunI provides immunity to sublancin 
168 via interaction with MscL thereby antagonsing the detrimental effect(s) of sublancin. 
Future studies that focus on mapping possible interactions between MscL, SunI and 
sublancin 168 should allow the investigation of these alternatives and provide further clues 
on the mode of action of this unique and interesting lantibiotic.  
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SAMENVATTING 

De bacterie Bacillus subtilis fungeert als een belangrijk modelorganisme voor 
onderzoek naar mechanismen van eiwituitscheiding (secretie) in Gram-positieve 
bacteriën. Daarnaast wordt B. subtilis toegepast in de biotechnologische industrie als 
een “cellulaire fabriek” voor productie van diverse toepasbare eiwitten. In de 
afgelopen jaren is reeds veel kennis verzameld over de routes voor eiwitsecretie in B. 
subtilis en bruikbare methoden voor eiwitproductie en secretie zijn ontwikkeld. 
Desondanks blijkt het moeilijk te zijn om een groot aantal eiwitten met behulp van B. 
subtilis te produceren, met name soortvreemde eiwitten, die meerdere 
disulfidebruggen bevatten. Dit beperkt de toepasbaarheid van B. subtilis in bio-
farmaceutische productieprocessen. 
Dit proefschrift beschrijft onderzoek naar mechanismen van eiwitsecretie in B. 
subtilis met een sterke nadruk op de secretie van eiwitten met disulfidebruggen. 
Mechanismen die disulfidebrug-vorming bevorderen of voorkomen zijn onderzocht 
en verschillen met andere bacteriën, waaronder de belangrijke ziekteverwekker 
Staphylococcus aureus, zijn verkend. Daarnaast is de efficiëntie van uitscheiding en 
vouwing van zowel soorteigen als soortvreemde eiwitten met disulfidebruggen in B. 
subtilis onderzocht. Dit heeft geleid tot de ontwikkeling van nieuwe strategieën voor 
verbeterde productie van deze eiwitten. Ook zijn diverse, tot dusver onderbelichte, 
aspecten van eiwitsecretie in B. subtilis onderzocht, zoals de overloop van eiwitten 
vanuit de hoofdroute voor eiwitsecretie naar een nevenroute en de mogelijke secretie 
van eiwitten via nog onbekende routes. Tenslotte is in detail gekeken naar het 
werkingsmechanisme van een antibacterieel eiwit van B. subtilis, het bacteriocine 
sublancin 168. Er is onderzocht hoe B. subtilis dit eiwit met disulfidebruggen maakt 
en zich zelf tegen de antibacteriële werking beschermt. In zijn totaliteit heeft het 
beschreven onderzoek geleid tot nieuwe fundamenteel-wetenschappelijke en 
toepasbare inzichten in de mechanismen voor eiwitsecretie in B. subtilis. 
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Bacteriën.  

Bacteriën zijn overal. Er is nauwelijks een plek op deze wereld te vinden die niet 
door bacteriën wordt bewoond. De verscheidenheid van bacteriën is daarom ook enorm 
groot. Vele soorten bacteriën zijn in of op het menselijk lichaam aanwezig en vervullen 
daar vaak nuttige functies. Sommige bacteriesoorten waarmee we in aanraking komen 
kunnen echter ziekteverwekkend zijn en deze bacteriën worden daarom ook regelmatig 
besproken in het nieuws. Voorbeelden hiervan zijn Staphylococcus aureus (MRSA), 
Legionella pneumophila, Mycobacterium tuberculosis of Salmonella enterica. Het imago 
van “bacteriën” is hierdoor daarom vaak negatief. Wat we ons echter vaak niet realiseren is 
dat veel soorten waarmee we, vaak dagelijks, in aanraking komen echter juist nuttig zijn 
voor de mensheid. Bacteriën worden bijvoorbeeld gebruikt voor de fermentatie van allerlei 
voedingstoffen. Tijdens deze fermentatie groeien de bacteriën op die grondstoffen en 
scheiden ze stoffen uit die de grondstof afbreekt en omzet in andere producten met een 
verbeterde houdbaarheid, smaak of voedingswaarde. Zo worden bepaalde bacteriesoorten 
al duizenden jaren gebruikt voor de fermentatie van grondstoffen als melk, vlees, fruit en 
groenten, resulterend in producten als kaas, yoghurt, worst, sojasaus, en zuurkool. Omdat 
verschillende bacteriesoorten verschillende stoffen uitscheiden krijg je verschillende 
soorten producten wanneer je deze laat groeien op de grondstof. Zo krijg je bijvoorbeeld 
verschillende soorten kazen, of kwark i.p.v. yoghurt. Deze klassieke biotechnologie heeft 
vooral bestaan uit het selecteren van de juiste organismen voor het gewenste product, vaak 
op basis van trial and error. In de laatste decennia zijn echter de technieken ontwikkeld om 
bacteriën gericht stoffen te laten maken die we graag willen hebben. Voorbeelden hiervan 
zijn specifieke smaak- of voedingstoffen, wasmiddelen, en medicijnen zoals insuline of 
groeihormonen. In deze modernere vorm van biotechnologie worden specifieke 
bacteriestammen gekweekt in vaten met rijk groeimedium onder controleerbare 
omstandigheden. Door gericht de bacterie te laten produceren wat jij wilt en zo min 
mogelijk andere producten is deze modernere vorm van biotechnologie veel lucratiever en 
milieuvriendelijker dan bijvoorbeeld de chemische technologie, die vaak een hoop giftige 
bijproducten oplevert. Deze vorm van moderne biotechnologie heeft zijn nut al bewezen 
voor verscheidene producten in de bio-farmaceutische industrie. Hoewel de eerste 
kinderprobleempjes getackeld zijn, is dit nog steeds allerminst eenvoudig doordat een hoop 
kennis over de productieprocessen nog vergaard moet worden. In dit proefschrift wordt 
daaraan een bijdrage geleverd. 

 
DNA en Eiwitten 

Bacteriën zijn ééncellige organismen die hun waterige celinhoud (het cytoplasma) 
bijeenhouden door een celmembraan met daaromheen vaak een celwand. Bacteriën hebben 
geen celkern. Het DNA van een bacterie bestaat meestal uit een enkel ringvormig 
chromosoom dat zich vrij in de cel beweegt. Daarnaast hebben bacteriën vaak een of meer 
kleine ringvormige plasmiden die ook uit DNA bestaan. Het DNA bevat, net als bij andere 
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organismen, het bouwplan voor de productie van eiwitten. Een stukje DNA dat afgelezen 
en vertaald kan worden in een eiwit wordt een gen genoemd. Elk type gen draagt de 
informatie (codering) voor de productie van een specifiek type eiwit. Het zijn deze eiwitten 
die dan vervolgens een bepaalde functie uitvoeren. Eiwitten zijn essentiële bouwstenen van 
elke cel en liggen aan de basis van vrijwel alle functies in de natuur. Het zijn ook in de 
meeste gevallen de eiwitten die verantwoordelijk zijn voor de omzettingen van het ene 
product in het andere. Eiwitten die een bepaalde omzettingsreactie kunnen uitvoeren, zoals 
het afbreken van vetten, worden enzymen genoemd. Eiwitten zijn dus vaak de actieve 
componenten, die worden geproduceerd in de biotechnologie. Waspoeder is niet veel 
anders dan een preparaat van enzymen in wateroplosbare gecoate bolletjes, maar ook het 
hormoon insuline dat ingezet wordt als geneesmiddel voor diabetici is een eiwit. Om 
bacteriën te gebruiken voor de biotechnologische productie van specifieke nuttige eiwitten 
is het allereerst zaak om in kaart te brengen hoe, en welke, eiwitten door bacteriën worden 
gemaakt en vervolgens om de bacterie zo aan te passen dat hij maakt wat wij willen. 

 
Bacillus subtilis 

Het modelorganisme dat in dit proefschrift is gebruikt om het proces van bacteriële 
eiwitproductie te onderzoeken is de bacterie Bacillus subtilis. Deze bacterie komt van 
nature voor in de grond en rondom de wortels van planten waar hij leeft van rottend 
plantenmateriaal. B. subtilis is een Gram-positieve bacterie, wat inhoudt dat hij een dikke 
celwand heeft. Dit kan zichtbaar gemaakt worden tijdens een zogenaamde Gram-kleuring, 
waarbij het kleuringsresultaat “positief” is. B. subtilis is een van de best bestuurde 
bacteriën in de microbiologie omdat dit micro-organisme een aantal interessante 
eigenschappen heeft. Zo is B. subtilis uitgebreid bestudeerd om zijn opvallend vermogen 
tot het produceren van hitteresistente sporen. Deze sporen worden gemaakt tijdens groei-
limiterende condities en zorgen ervoor dat de bacterie jarenlang in een soort slaaptoestand 
kan overleven en weer kan groeien wanneer de condities verbeterd zijn. Daarnaast vertoont 
B. subtilis de uitzonderlijke eigenschap om van nature DNA uit zijn omgeving op te nemen 
en, wanneer dit genoeg gelijkenis vertoont met het eigen DNA, het eigen DNA zelfs 
hiermee te vervangen. Hierdoor is het dus relatief eenvoudig om de samenstelling van de 
genetische informatie van B. subtilis aan te passen en zo de functies van specifieke genen 
te bestuderen. Er is daarom veel kennis verzameld over deze specifieke bacterie wat als 
een goed referentie kader dient voor verder onderzoek.  

B. subtilis is ook geliefd als gastheer bacterie voor de productie van eiwitten in de 
biotechnologische industrie. B. subtilis is eenvoudig te kweken in kweekflessen of in grote 
fermentoren. B. subtilis is als “veilig” gelabeld en producten die met deze bacterie zijn 
gemaakt zijn daarom geschikt voor consumptie. Een van de belangrijkste aspecten van B. 
subtilis is dat hij van nature een aantal eiwitten produceert die een nuttige toepassing voor 
de mensheid hebben, zoals enzymen voor de wasmiddelen- of papierindustrie. Daarnaast 
kan B. subtilis deze eiwitten in grote hoeveelheden produceren en deze rechtstreeks in het 
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groeimedium uitscheiden, wat de opzuivering van deze eiwitten aanzienlijk vereenvoudigt. 
Om deze redenen wordt B. subtilis ook gebruikt in de biotechnologische industrie als 
gastheer voor de productie van eiwitten uit andere organismen (heterologe eiwitten) 
waarmee deze eiwitten minder gemakkelijk te produceren zijn. Hiertoe worden dan de 
genen die coderen voor deze eiwitten in B. subtilis gezet waarna B. subtilis ook deze 
eiwitten kan maken. 

 
Eiwitsecretie 

De uitscheiding van eiwitten door bacteriën naar hun omgeving wordt eiwitsecretie 
genoemd. B. subtilis scheidt van nature een grote verscheidenheid aan eiwitten uit. Een 
groot deel van deze eiwitten zijn enzymen die grote macromoleculen afbreken in kleinere, 
die de cel vervolgens kan opnemen als voedingstof. Ook scheiden bacteriën eiwitten uit om 
de competitie aan te gaan met andere bacteriën door bijvoorbeeld eiwitten uit te scheiden 
die schadelijk zijn voor concurrerende bacteriën (antibiotica). 

Het proces van eiwit uitscheiding is complex. Eiwitten die bestemd zijn voor 
secretie in het externe milieu van de bacterie worden geproduceerd met een soort 
“postcode”, signaalpeptide genaamd. Dit signaalpeptide wordt in de cel herkend door een 
machinerie die het eiwit naar de celmembraan geleidt. Daar wordt het eiwit over de 
celmembraan naar buiten getransporteerd, waarna het signaalpeptide eraf wordt gehaald en 
het eiwit wordt gevouwen tot zijn actieve vorm. Elk van deze stappen is kritiek. Als een 
stap niet efficiënt lukt, word er uiteindelijk minder van het actieve eiwit uitgescheiden. 
Wanneer B. subtilis wordt gebruikt voor de productie van eiwitten in grote hoeveelheden 
wordt het eiwitsecretie-systeem zwaar belast, wat soms lijdt tot stress en verkeerde 
eiwitvouwing. Kennis van deze processen is daarom belangrijk in de biotechnologische 
industrie zodat de cel beter kan worden geoptimaliseerd voor eiwit productie. Daarnaast 
worden sommige signaalpeptiden beter herkend dan andere. De keuze van het juiste 
signaalpeptide bepaalt dus ook de uiteindelijke opbrengst. In dit proefschrift is aan deze 
zaken aandacht besteedt.  

Eerdere studies hebben ook uitgewezen dat B. subtilis verschillende routes gebruikt 
om eiwitten uit te scheiden. De meeste eiwitten worden uitgescheiden via de algemene 
secretie (Sec) route maar B. subtilis heeft ook nog een aantal andere, meer gespecialiseerde 
eiwitsecretie routes ter beschikking zoals de Tat route. De eiwitten die via deze routes gaan 
hebben elk hun eigen soort signaalpeptide. Als je een specifiek eiwit wilt produceren is het 
dus belangrijk te weten via welke route de secretie verloopt en wat hieraan ten grondslag 
ligt. Ondanks de al opgedane kennis over eiwit secretie in B. subtilis worden er toch 
eiwitten in het medium van B. subtilis gevonden die zonder bekende signaalpeptiden zijn 
geproduceerd. Dit suggereert dat B. subtilis ook gebruik maakt van vooralsnog onbekende 
secretieroutes. In dit proefschrift is de eiwitsecretie in B. subtilis verder in kaart gebracht.  
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Disulfidebruggen 

Naast het gebruik van B. subtilis voor de productie van eiwitten die van nature in 
deze bacterie voorkomen, wordt B. subtilis ook gebruikt in de industrie voor de productie 
van een aantal heterologe eiwitten. Voor de meeste heterologe eiwitten is dit echter nog 
niet goed mogelijk. Een van de voornaamste redenen hiervoor is het feit dat veel 
heterologe eiwitten bepaalde verbindingen hebben, disulfidebruggen genaamd, die B. 
subtilis niet efficiënt maakt. Vrijwel alle potentieel farmaceutisch humane eiwitten hebben 
disulfidebruggen, terwijl de meeste eiwitten die van nature in B. subtilis voorkomen deze 
niet hebben. De secretiemachinerie van B. subtilis is daardoor waarschijnlijk niet optimaal 
ontwikkeld om deze verbindingen efficiënt te maken waardoor deze heterologe eiwitten 
niet goed in B. subtilis gevouwen worden. 

Disulfidebruggen ontstaan wanneer bepaalde type bouwstenen (cysteines) van 
eiwitten onderling aan elkaar worden gekoppeld via een chemische binding. Het eiwit 
krijgt daardoor zijn juiste structuur en activiteit. Vroeger dacht met dat deze bruggen 
spontaan werden gevormd in de aanwezigheid van zuurstof, maar het is nu bekend dat een 
speciale klasse van enzymen, thiol-disulfide oxidoreductases (TDORs), hiervoor 
verantwoordelijk is. Deze enzymen zorgen dat eiwitten met disulfidebruggen op het juiste 
moment worden gevouwen. Meestal zijn TDORs aan de buitenkant van de celmembraan 
betrokken bij disulfidebrug vroming. Cytoplasmatisch gelokaliseerde TDORs zijn 
daarentegen vaak betrokken bij het verbreken van deze verbindingen in eiwitten. Hoewel 
B. subtilis wel TDORs bezit, kunnen ze blijkbaar toch niet efficiënt genoeg de 
disulfidebruggen vormen in de heteroloog geproduceerde eiwitten in B. subtilis. Om B. 
subtilis toch geschikt te maken voor de productie van heterologe eiwitten met 
zwavelbruggen is onderzoek naar de werking van thiol-disulfide oxidoreductases en de 
mogelijkheid voor alternatieve productie methoden vereist. Dit is daarom een van de 
focuspunten in dit proefschrift.  

 

Dit proefschrift. 

Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding in de specifieke 
achtergronden van het beschreven onderzoek. Speciale nadruk wordt gelegd op het feit dat 
TDORs als modules kunnen fungeren, die binnen de bacteriële cel in verschillende 
combinaties bij verschillend processen betrokken kunnen zijn. In hoofdstuk 2 van dit 
proefschrift wordt geïnventariseerd welke soorten thiol-disulfide oxidoreductases (TDORs) 
voor de vorming van disulfidebruggen aanwezig zijn in B. subtilis en in verwante Gram-
positieve bacteriën. Een fylogenetische verwantschapsanalyse laat zien dat Gram-positieve 
bacteriën in verschillende clusters zijn in te delen aan hand van de TDOR modules die ze 
bevatten. B. subtilis heeft bijvoorbeeld de BdbD and BdbC TDOR modules ter 
beschikking, terwijl de verwante bacterie Staphylococcus aureus een DsbA module heeft. 
Om de functie van deze TDOR modules te vergelijken is het S. aureus DsbA eiwit in B. 
subtilis geproduceerd, in de aan- of afwezigheid van de verschillende Bdb TDORs. 
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Functionele analyse van deze modules laat zien dat de specificiteit van deze modules 
varieert voor verschillende processen, waarbij disulfidebruggen worden gemaakt. Ook 
wordt in dit hoofdstuk beschreven dat BdbD afhankelijk is van BdbC voor zijn activiteit, 
terwijl DsbA activiteit afhangt van zogenaamde redox-actieve stoffen in het groeimedium. 
Dit impliceert dat de TDOR systemen in Bacillus en Staphylococcus soorten anders zijn 
geëvolueerd. 

In hoofdstuk 3 wordt een mutante B. subtilis stam beschreven die toevallig was 
ontstaan in de studies beschreven in hoofdstuk 2. Deze stam hyper-produceert het lipase 
LipA eiwit in grote hoeveelheden. Onder normale condities wordt LipA gesecreteerd via 
de Sec secretie route, terwijl hyper-geproduceerd LipA voornamelijk via de Tat secretie 
route naar buiten gaat op grond van een nog niet eerder beschreven overloop-mechanisme. 
Daarnaast blijkt dat de twee andere bekende Tat substraten in B. subtilis elk hun eigen Tat 
route hebben terwijl de overloop-secretie van hyper-geproduceerd LipA via beide Tat 
routes gaat. Dit mechanisme suggereert dat de keuze van secretieroute wellicht afhangt van 
de intracellulaire en omgevingscondities. Daarnaast biedt het een mogelijke verklaring 
voor de eerdere waarnemening dat meerdere eiwitten potentiële Tat signaalpeptiden 
hebben maar toch Sec-afhankelijk gesecreteerd worden. Wellicht kunnen deze eiwitten 
onder specifieke condities toch via de Tat route gesecreteerd worden. 

In hoofdstuk 4 wordt de invloed van verschillende signaalpeptiden op de secretie 
van een heteroloog disulfidebrug bevattend eiwit in B. subtilis beschreven. Als modeleiwit 
is het enzym alkalisch fosfatase PhoA van Escherichia coli gebruikt dat twee disulfide 
bruggen bevat. De resultaten laten zien dat met het gebruik van het signaalpeptide van een 
Staphylococcus hyicus lipase eiwit het E. coli PhoA veel beter wordt gesecreteerd in B. 
subtilis dan wanneer het authentieke signaalpeptide van PhoA wordt gebruikt. Daarnaast 
leidt het gebruik van een zogenaamd propeptide van het S. hyicus lipase, in combinatie met 
het signaalpeptide, tot een nog betere secretie van het PhoA door B. subtilis. 
Transcriptionele analyse van de B. subtilis gastheer cellen laat zien dat er geen secretie- of 
membraanstress optreedt wanneer deze peptiden worden gebruikt. Deze gegevens 
impliceren dat het gebruik van de S. hyicus lipase signaal- en propeptiden een zeer 
bruikbare methode is voor het secreteren van heterologe eiwitten in B. subtilis. 

In hoofdstuk 5 worden studies beschreven die gericht waren op het verder 
verbeteren van de secretie van actief E. coli PhoA in B. subtilis. In dit geval werd 
onderzocht of de vorming van de disulfidebruggen in PhoA verbeterd kan worden door 
aanpassing van de TDOR-activiteit in de B. subtilis gastheercellen. Drie complementaire 
strategieën bleken succesvol: (1) verlaging van het niveau van de cytoplasmatisch 
gelokaliseerde TDOR thioredoxine (TrxA); (2) introductie van de heterologe TDOR DsbA 
van S. aureus; en (3) toevoeging van redox-active stoffen aan het groei medium. Het 
gecombineerde gebruik van deze drie strategieën resulteert in ~3.5 keer meer secretie van 
actief PhoA wat laat zien dat dit een bruikbare methode is voor de efficiënte 
biotechnologische productie van eiwitten met disulfidebruggen in B. subtilis. 

In hoofdstuk 5 wordt ook beschreven dat er een interactie bestaat tussen het 
cytoplasmatische TrxA en de TDORs aan de buitenkant van de cel. In hoofdstuk 6 wordt 
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verder ingegaan op de werking van het TrxA eiwit door de interacties van TrxA met 
andere eiwitten te visualiseren. Hiertoe werden substraat bindingstudies uitgevoerd met het 
gezuiverde TrxA eiwit en drie TrxA eiwitvarianten met een gemuteerd katalytisch domein. 
Met behulp van deze eiwitten kunnen stabiele interacties van TrxA met substraat-eiwitten 
worden gevisualiseerd. Daarnaast wordt in dit hoofdstuk beschreven dat een van de 
mutante TrxA eiwitten ook in een stabiele conformatie aan eenzelfde TrxA eiwit bindt, wat 
het geschikt maakte voor kristallografie analyses. De verkregen kristalstructuur van dit 
eiwit geeft informatie over de werking van het katalytische domein van TrxA en de manier 
waarop B. subtilis TrxA aan substraten bindt. 

Van ongeveer 25% van de eiwitten die B. subtilis uitscheidt is nog onbekend via 
welke route deze eiwitten in het medium terechtkomen. In hoofdstuk 7 wordt de potentiële 
rol van het mechanosensitieve kanaaleiwit MscL in de eiwitsecretie in B. subtilis 
onderzocht. Dit kanaal fungeert als uitlaatventiel op het moment dat de druk in de cel te 
hoog wordt, bijvoorbeeld wanneer de cel opzwelt tijdens een plotselinge verlaging van de 
osmotische waarde van de omgeving. De resultaten in dit hoofdstuk laten zien dat MscL 
waarschijnlijk niet direct betrokken is bij eiwitsecretie in B. subtilis. Tijdens een hypo-
osmotische shock werden echter wel specifieke eiwitten, zoals TrxA, door de cel 
uitgescheiden in de afwezigheid van MscL. Dit impliceert dat MscL de uitscheiding van 
specifieke eiwitten voorkomt tijdens een hypo-osmotische shock en dat er een nog niet-
geïdentificeerd selectief eiwit-uitscheidingssysteem werkzaam is in B. subtilis.  

In hoofdstukken 8 en 9 worden studies beschreven aan het lantibioticum sublancin 
168. Dit eiwit met twee disulfidebruggen wordt van nature (alleen) door B. subtilis 
gemaakt. Het vertoont antibacteriële activiteit tegen een groot aantal Gram-positieve 
bacteriën, waaronder een aantal belangrijke ziekteverwekkers zoals Bacillus cereus, 
Streptococcus pyogenes en S. aureus. Ondanks dat dit eiwit al geruime tijd geleden in de 
literatuur is beschreven, was er niets bekend over hoe dit eiwit werkt en hoe B. subtilis zich 
zelf beschermt tegen het zelf geproduceerd sublancin 168. In hoofdstuk 8 wordt de 
ontdekking van het immuniteitseiwit YolF beschreven door middel van groei-inhibitie en 
competitieproeven. Dit eiwit bleek zowel noodzakelijk als voldoende voor immuniteit 
tegen sublancin 168. De bepaalde topologie van sublancin suggereert dat dit eiwit 
onderdeel is van een nieuwe klasse van lantibiotische immuniteitseiwitten.  

In hoofdstuk 9 wordt beschreven dat de mate van de door sublancin 168 
veroorzaakte groeiremming afhangt van de zoutconcentratie in het kweekmedium. 
Toegevoegd NaCl had geen effect op de productie, activiteit of stabiliteit van sublancin 
168 maar verlaagde daarentegen de gevoeligheid van cellen voor dit lantibioticum. 
Daarnaast bleek de gevoeligheid van cellen af te hangen van de aanwezigheid van het 
mechanosensitieve kanaaleiwit MscL. Deze resultaten laten daarom zien dat MscL een 
kritieke factor is voor bacteriële gevoeligheid voor sublancin 168, in de zin dat het kan 
fungeren als een direct aangrijpingspunt voor dit lantibioticum of als een sluis naar de 
binnenkant van de cel. 

In hoofdstuk 10, tenslotte, worden de onderwerpen die in dit proefschrift zijn 
besproken geïntegreerd en in een breder perspectief geplaatst.  
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Dankwoord (acknowledgements)  

Dit is hem dan, mijn proefschrift. Vaak zie je de woorden “eindelijk” voorkomen in 
deze secties van proefschriften maar in de mijne dus niet. Hoewel vier jaar een lange tijd 
is, heb ik het toch netjes binnen de tijd weten af te ronden. En ondanks dat ook ik niet aan 
de gebruikelijke AIO-dips ben ontsnapt, voelt het toch alsof de tijd voorbij is gevlogen. 
Daarnaast is het ook nog eens een mooi dik boekje geworden waar ik trots op ben. Maar 
een woord van dank is zeker op z’n plaats, want een hoop mensen hebben direct of indirect 
een bijdrage geleverd aan de totstandkoming van dit proefschrift.  
 

In de eerste plaats gaat mijn dank uit naar mijn promotor Jan Maarten van Dijl. 
Dank dat je me hebt overgehaald, want zo was het wel, om bij jou als promovendus te 
beginnen. Hoewel ik niet eens zo gek veel labervaring had, was de “sollicitatie” toch al een 
½ jaar voor mijn afstuderen rond. Hoewel ik in het eerste jaar nog steeds veel twijfel had 
over het project bleek onze samenwerking uitstekend te werken. Jouw eindeloos optimisme 
en bron van (vaak) goede ideeën was een welkome combi voor mijn kritische en 
planmatige aanpak. Ik blijf me verbazen over hoe je toch altijd weer de positieve kant van 
een, in mijn ogen, negatief resultaat kon zien. Naast de wetenschappelijke discussies heb ik 
ook in dat opzicht veel van je geleerd. Maar ook op het persoonlijk vlak vond ik onze 
samenwerking erg plezierig verlopen. Dank voor je vertrouwen door de jaren heen en je 
functie als klankbord in vele persoonlijke gesprekken. Het was een zeer leerzame maar ook 
leuke tijd. Ook de vele buitenlandse congressen waren krenten in de pap (Parijs, San 
Diego, Marlburg, Greifswald, Dublin, Barcelona, Athene, Oslo, Kopenhagen). En ook van 
onze aansluitende korte vakantie in Californië heb ik genoten. Kortom, ik voel me 
geprezen met zo’n promotor en wil je bedanken voor dit alles. Tenslotte bedankt voor de 
geboden kans om nog twee jaar in het lab te blijven, waarin ik naast het onderzoek mij ook 
mede kan richten op de algemene coördinatie van het lab.  
 

I would like to thank my co-promoter, Jean-Yves Dubois. Especially at the start of 
the project you were very helpful in reacquainting me with the lab work again and have 
been always a willing target for any scientific question. Thanks as well for both the useful 
scientific discussions and many fun chats at after work drinks. I hope you are happy back 
in France in your new job and that good times await you. If I’m ever in the neighborhood, I 
will come and pay you a visit! 
 

I would also like to thank the reading committee of my thesis, Prof. Dr. Henk 
Busscher, Prof. Dr. Arnold Driessen and Prof. Dr. Colin Harwood for their critical reading 
and evaluation of my thesis. Many thanks especially to Colin Harwood for also 
coordinating the European Bacell Health program of which my PhD project was part of. It 
has been a great pleasure working within this community.  
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Dan mijn dank aan mijn paranimfen, Mark en René, voor de ondersteuning tijdens 
de promotiedag maar ook voor de goede vriendschap die we naast het werk hebben 
opgebouwd. Ik heb genoten van de vele kaartavonden, LAN-parties, biertjes, vakanties en 
andere dingen die we gezamenlijk hebben ondernomen. We hebben met z’n drieën aan de 
basis gestaan van de MolBac groep en we zijn min of meer gelijk begonnen aan onze AIO 
projecten vier jaar geleden. Ik vind het daarom leuk dat we, ondanks de drukte van de 
afronding van jullie eigen promoties, het ook samen zo kunnen voltooien. Bedankt voor de 
mooie tijd. Jullie zijn er ook bijna! 
 

Ook dank aan mijn office mates, Mark, René, en later Monica, voor de goede 
werksfeer. Ik heb genoten van de vele, vaak onzinvolle, maar altijd boeiende gesprekken. 
 

Thanks to all the people of the Molecular Bacteriology lab for the motivating 
working environment. When I joined the MolBac group we were only with 4 members 
(Jan Maarten, Jean-Yves, Mark and me). It has been very nice to see how you all joined the 
group and how we have steadily grown to over 20 people in the 4 years that have followed. 
I have enjoyed working with you all and also the many activities we had outside the lab: 
drinks, film nights, card games, BBQ’s, Sinterklaas, squash games, motorbike rides, the 
outing to Poland, and many others. Good luck with all your projects and your future 
careers. 
 

Ook wil ik Annemieke, Rianne en Erik bedanken voor de energie en toewijding die 
ze hebben gestoken in het halfjaar dat ze als master-student hun onderzoeksproject deden 
binnen mijn AIO project. Ik vond het erg plezierig om met jullie samen te werken. Ik denk 
ook dat we kunnen terugkijken op 3 geslaagde projecten die zich ook voor elk van jullie 
hebben vertaald in een mooi coauteurschap. Dank voor jullie bijdragen. 
 

I would like to thank the many collaborators in the field with whom I have worked 
together on different projects. Without these nice collaborations, many chapters of this 
thesis would not have been possible. Many thanks to Dörte Becher, and also Susi Wolff 
and Andreas Otto, from the Greifswald lab for the collaboration we had on the TrxA 
substrate fishing. Thanks for all the work on this project (which wasn’t always easy with 
my samples) and for the welcome reception you gave me when I came to visit your lab for 
a week. I’m sorry that the project did not give publishable results in the end but who knows 
what the future might bring. Thanks to Juni Andréll and Elisabeth Carpenter for the very 
nice TrxA crystal structures and the joint paper that we wrote. Thanks to Ulrike Mäder and 
Georg Homuth for working together on the LipA story. Your excellent work and 
suggestions greatly contributed to the paper. Thanks to Haike Antelmann for performing 
proteome analysis on so many of our strains. Your 2D gels have improved many chapters 
of this thesis. Thanks to Allan Nielsen for our nice collaboration on the PhoA secretion. 
Finally I would like to thank Ronald Dorenbos. Although we have met each other only 
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once, the work described in your thesis (together with its continuation by Jean-Yves) has 
been the basis of the disulfide bond work described in this thesis.  
 

Tot slot dank aan al mijn vrienden en familie voor de interesse in het werk met de 
“beestjes”. Hoewel niemand nog steeds echt begrijpt wat ik nou eigenlijk doe en ik ook 
nooit zo’n zin had om dat te proberen uit te leggen, toonde iedereen toch immer weer 
belangstelling. Maar nu ben ik dan echt klaar met “studeren”. Pa en Ma, en ook pseudo Pa 
en Ma (Opa en Oma), bedankt dat de deur altijd open stond, en de koelkast altijd vol. Met 
de afronding van dit proefschrift krijg ik er weer een mooi papiertje bij, wie had dat 
gedacht 20 jaar geleden hè? � Ook jullie mogen trost zijn op dit boekje!  
 

Dear Emma, I’m glad you decided to do your postdoc in our lab, otherwise we 
might not have met. Although it is not always handy to date someone from your own lab, I 
think we have done pretty well so far. Thanks for all your love, your endless patience and 
delicious meals to come home to, after spending another long day in the lab. Also thanks 
for the English grammar checks and feedback on scientific issues. Although it makes it 
difficult not to discuss work at home, it is nice to be able to even share that with you.  
 

 
Thanks to you all, dank voor alles, 

 
Thijs 
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