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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 

 



Thiol-disulfide oxidoreductase modules 
 

 33 

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 



Thiol-disulfide oxidoreductase modules 
 

 51 

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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