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Chapter 9 
 

Redox modulation of ComS affects competence  
development in Bacillus subtilis

Early events in the development of competence for genetic transformation in Bacillus 
subtilis are dominated by a quorum sensing event that leads to the liberation of the 

key-regulator ComK from a proteolytic complex. This process involves a small protein, 
ComS. Here, we present evidence that inhibition of competence under thioredoxin-de-
pletion is at least partly due to reduced transcription of the srf-operon, which harbors 
the comS gene. Overproduction of ComS, however, only partially bypasses this pheno-
type. We demonstrate that mutation of both cysteines in the ComS protein leads to a 
dramatic increase in ComK levels and in the timing of ComK accumulation, indicating 
the importance of these redox sensitive residues for the functionality of ComS. These 
novel observations focus interest on a possible interplay of thioredoxin A and ComS in 
the development of competence and the subsequent escape from the competent state.

Introduction

The ability of a bacterium to take up DNA from the environment and integrate it into its genome, 
known as competence for genetic transformation, has been identified in many bacterial species 
(Lorenz and Wackernagel, 1994). The process has been studied in great detail in the Gram-
positive soil bacterium Bacillus subtilis, making it into the paradigm for natural competence. 
Competence is a transient differentiation process that occurs at the onset of stationary growth 
phase, when nutrients become limiting and cell density is high. In order for cells to incorporate 
exogenous DNA, a complex uptake and integration machinery needs to be synthesized (reviewed 
in Chen and Dubnau, 2004). In B. subtilis, the expression of the genes encoding this machinery 
requires the presence of the competence transcription factor, ComK (van Sinderen et al., 1995b). 
All genes under the regulation of ComK that are required for natural transformation are referred 
to as “late competence genes”. In contrast, genes required for the activation of comK expression 
are called “early competence genes”. In addition to driving the expression of the late competence 
genes, ComK is required to stimulate its own expression. This auto-activation ensures a rapid 
increase in ComK levels once a certain threshold has been reached, and is critical for the segre-
gation into a competent and a non-competent subpopulation of cells in a competent culture (van 
Sinderen and Venema, 1994; Maamar and Dubnau, 2005; Smits et al., 2005b). To ensure proper 
timing of competence development, the production of ComK is tightly controlled at both the 
transcriptional and the post-translational level. The expression of comK is negatively regulated 
by the proteins CodY, AbrB and Rok, that all act by direct binding to the comK promoter region 
(Ratnayake-Lecamwasam et al., 2001; Hamoen et al., 2003a; Hoa et al., 2002). Despite this elab-
orate transcriptional control, limited amounts of ComK may be produced. To prevent untimely 
expression of the late competence genes, ComK is sequestered into a ternary proteolytic complex 
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consisting of the adapter protein MecA and the protease complex ClpC/ClpP, and is subsequently 
degraded (Turgay et al., 1998; Turgay et al., 1997). Eventually, the activation of a quorum sensing 
regulatory cascade leads to the breakdown of the proteolytic complex, release of ComK and the 
development of competence in stationary phase.
During growth, two quorum sensing molecules, CSF (a processed form of PhrC) and ComX, ac-
cumulate in the culture medium (Solomon et al., 1996). The combined action of the two pherom-
ones is required for the activation of ComA-dependent gene expression. ComA is the response 
regulator of the two component system ComP/ComA (Weinrauch et al., 1990). ComA-dependent 
activation is inhibited by at least two distinct regulatory mechanisms. Firstly, the response regu-
lator RapC prevents DNA-binding through protein-protein interactions (Core and Perego, 2003). 
Its action is antagonized by CSF, derived from the phrC gene located downstream of rapC (Solo-
mon et al., 1996).  Secondly, the Spx protein interferes with ComA-activation through an inter-
action with the RNA polymerase (Nakano et al., 2003b). In addition, an earlier study has linked 
Spx to competence development through enhancement of binding of MecA/ComK (Nakano et 
al., 2002). Spx also acts as a redox regulator by activating thioredoxin A (trxA) and thioredoxin 
reductase (trxB) transcription under oxidizing conditions (Nakano et al., 2005). 
Phosphorylated ComA (ComA~P) stimulates the expression of the comS gene, the open read-
ing frame of which is embedded in the srfA operon (Roggiani and Dubnau, 1993; D’Souza et 
al., 1994; Hamoen et al., 1995). ComS is a protein containing 46 amino acid  residues, with no 
apparent higher order structure (Schlothauer et al., 2003). It is required for the auto-activation 
of comK and, thus, for the expression of the late competence genes. This is achieved by bind-
ing of the N-terminal domain of ComS with MecA (Ogura et al., 1999). ComS thus releases 
ComK from degradation by the ClpC/ClpP proteolytic complex which, instead, targets the newly 
formed MecA/ComS complex for degradation (Turgay et al., 1998; Turgay et al., 1997). At least 
two proteins, PnpA and YlbF, have been implicated in the post-transcriptional modulation of 
ComS. (Luttinger et al., 1996; Tortosa et al., 2000). Recently, the PerR transcriptional regulator 
that responds to oxidative stress was shown to regulate srf/comS transcription by binding to the 
srf-promoter (Hayashi et al., 2005).

Figure 1. Schematic represen-
tation of the regulatory events 
affectecting competence 
development relevant to this 
study. Production of protein, 
or activation, is indicated with 
arrows. Negative regulatory 
events are indicated with per-
pendiculars. The ComK-pro-
teolytic complex is encircled. 
Boxes indicate the general 
status of cells. ComS* indi-
cates the functional form of 
the protein, as postulated in 
this study, and ComS the non-
functional form.
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Interestingly, the link between competence and the redox state of cellular proteins as suggested 
by the involvement of Spx and PerR in competence development, was recently underscored by 
the finding that cells depleted for TrxA show a significantly reduced expression level of late 
competence genes (Smits et al., 2005a). Thioredoxins are small, heat stable thiol-disulfide oxi-
doreductases that are involved in a large variety of processes (Arner and Holmgren, 2000; Smits 
et al., 2005a; Tanaka et al., 2000). Their active site comprises a canonical redox sensitive motif, 
consisting of two cysteines separated by two residues, the second of which is frequently a pro-
line. During catalysis, the active site cysteine residues undergo a reversible oxidation-reduction 
reaction. With few exceptions, such as redox regulators that act in the oxidative stress response, 
it seems that bacterial cytoplasmic proteins have evolved in such a way that they are biologically 
active only when their cysteines are reduced. Therefore, an important function of thioredoxins is 
to prevent the oxidation of cytoplasmic proteins, and reactivate oxidized proteins by reduction. 
In turn, thioredoxin is reduced by thioredoxin reductase, at the expense of NADPH (Holmgren, 
1989).
The regulatory network described above is schematically summarized in Figure 1.
In this work, we present evidence that redox control of competence development revolves around 
the production of functionally active ComS molecules. Using a previously characterized strain 
which can be depleted for TrxA (ItrxA; Smits et al., 2005a), we demonstrate that srf/comS-tran-
scription in such a strain is reduced throughout growth. Interestingly, overproduction of ComS, 
uncoupled from srf-transcription, only partially bypasses the ItrxA phenotype. Moreover, over-
production of a cysteine-less ComS leads to a stable overproduction of ComK, distinct from the 
transient overproduction provoked by the overproduction of wild type ComS, both in B. subtilis 
ItrxA and the parental strain B. subtilis 168. The presented data suggests that the cysteine resi-
dues of ComS play a role in the regulation of ComS activity, in a TrxA-dependent manner. If so, 
the redox regulation of ComS activity might constitute a new redox switch that contributes to the 
temporal regulation of competence.

Results

Thioredoxin depletion inhibits competence development
Thioredoxin A is an essential gene of B. subtilis (Kobayashi et al., 2003; Scharf et al., 1998), and 
is a key gene in redox homeostasis (Arner and Holmgren, 2000; Smits et al., 2005a). In a previous 
study, we analyzed the effects of thioredoxin depletion on global transcription levels in B. subtilis 
(Smits et al., 2005a). In order to be able to deplete cells for thioredoxin, the trxA gene was placed 
under the control of the IPTG-inducible Pspac promoter. In the course of that study, we observed 
that induction with 25 µM IPTG, although sufficient for cell viability, resulted in the depletion 
of TrxA to a level below the detection limit of Western blot. The expression profiling results 

Table 1. Transformation efficiencies of the ItrxA strain. 
Transformation frequencies were determined in a standard 
transformation assay as described (Hamoen et al., 2002). 
The transformability compared to wild type (B. subtilis 168) 
was calculated using the formula given in the table.

IPTG (mM)
 

transformation frequency transformability 
(ItrxA/168)*100168 ItrxA

25 5,7x10-2 3,7x10-4 0,65

50 6,2x10-2 5,1x10-3 8,2

100 5,6x10-2 3,5x10-2 62
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showed that the depletion of TrxA affected the expression of a wide range of genes, including the 
ComK regulon (Smits et al., 2005a). When tested for transformability, we observed that very few 
transformants could be obtained in a minimally induced ItrxA mutant (Table 1). To verify that 
the competence defect of minimally induced B. subtilis ItrxA was due to the limited availability 
of TrxA, the cells were grown in minimal media containing 25, 50 or 100 µM IPTG and tested 
for transformability. As predicted, the transformation frequencies increased progressively up to 
~62% of the wild type level when the concentration of IPTG in the medium was raised to 100 
µM (Table 1), conditions in which cellular levels of TrxA are similar to those in wild type (Smits 
et al., 2005a). In addition, the transformants obtained with cells grown in the presence of 25 µM 
IPTG no longer displayed the IPTG-dependent growth characteristic of the ItrxA strain, unlike 
transformants obtained with cells grown in the presence of 100 µM IPTG. This shows that the 
ItrxA mutation of the transformants obtained when grown in the presence of 25µM IPTG was 
somehow suppressed. The transformation assays clearly demonstrate an effect of TrxA levels on 
transformability. Combined with the results of Smits and coworkers (2005a) on the cellular level 
of TrxA in presence of 25 and 100 µM IPTG, this strongly suggests that cellular ComK levels are 
affected by TrxA depletion. Therefore, we assessed by means of Western blotting cellular ComK 
levels in the ItrxA strain, with different levels of induction. Figure 2A shows that upon minimal 
induction of the ItrxA strain, no ComK was detectable in the cells. In contrast, the ComK level 
increased significantly when the trxA gene was induced with 100 or 500µM of IPTG. 

TrxA does not affect ComK functionality
The absence of ComK in ItrxA cells when grown in presence of 25 µM IPTG either suggests 
that the quorum sensing regulatory cascade is affected by the depletion of TrxA, or that ComK 
auto-stimulation is disrupted. The latter hypothesis could be caused by ComK entrapment in 
the MecA/ClpCP proteolytic complex or by an impaired ComK functionality. It has been docu-
mented previously that a mecA mutation interferes with the ClpC/ClpP mediated degradation of 
ComK, leading to the overproduction of this protein (Kong and Dubnau, 1994). To investigate 
whether the deregulated expression of comK in the absence of MecA requires TrxA, we analyzed 
the amount of ComK in cells of an ItrxA mecA double mutant strain, grown in the presence 
of 25 µM of IPTG. As shown by Western blotting, the ItrxA mecA double mutant cells pro-
duced amounts of ComK comparable to those observed in mecA single mutant cells (Figure 2B). 
Consistent with their high level of ComK production, the ItrxA mecA double mutant cells were 
transformable with a similar frequency as the mecA single mutant cells (data not shown). These 
findings indicate that TrxA is not required for ComK activity per se. The effect of thioredoxin 
stress on competence development is therefore likely to occur at the early stages of competence 
development.

Figure 1. Immunological detection of ComK using ComK-specific antiserum and chemiluminescent detection of bound anti-
body Samples were taken 3 hours after the transition point into stationary growth phase. For all experiments (A and B), equal 
amounts of protein were loaded in each lane. A. Western blot against the ComK protein present in cells of Bacillus subtilis 
168 (wild type), and the IPTG inducible ItrxA. The ItrxA cells were grown in minimal medium in the presence of 25 µM IPTG, 
100 µM IPTG, and 500 µM IPTG, respectively. B. Western blot against the ComK protein present in B. subtilis 168, B. subtilis 
mecA, and B. subtilis ItrxA mecA mutant grown with 25 µM IPTG.
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ComK ComK

168 ItrxA
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TrxA depletion leads to a reduced srfA/comS expression
The above results indicate that the role of TrxA in the development of competence in B. sub-
tilis occurs at an early stage of the regulatory cascade. Therefore, we investigated whether the 
transcription of genes involved in the early stages of competence development were affected 
when cells were depleted for TrxA. In addition to the ComK regulon, several ComA~P regulated 
genes were down-regulated when TrxA was depleted, such as the rapC/phrC (respectively, 3- 
and 7-fold down-regulated ItrxA25; 1.5- and 2-fold down-regulated in ItrxA100) and the srfAA/
srfAB/comS/srfAC/srfAD operons (2.5-fold down-regulated in ItrxA25; no significant change in 
ItrxA100) (Smits et al., 2005a; Figure 3A). However, the reduction in comS mRNA level in the 
ItrxA strain grown in the presence of 25 µM IPTG was at the limit of the significance cut-off 
imposed in the array experiment, and it was unsure if this was sufficient to explain the com-
petence phenotype. To verify that the transcription of the sfrA operon is indeed reduced when 
TrxA is depleted, we compared the expression of a sfrA-gfp reporter strain (kindly provided by 
J.W. Veening, University of Groningen, The Netherlands) in the parental and ItrxA backgrounds, 
by means of a single cell analysis. The flow cytometric profiles demonstrated that transcription 
levels in the ItrxA strain grown in presence of 25 μM of IPTG are significantly lower than those 
in the parental strain. Furthermore, the expression of srfA is shifted towards the wild-type level 
when the TrxA level is increased by induction with 100μM IPTG (Figure 3B). Importantly, the 
temporal regulation, which is primarily caused by ComA~P in the parental strain (Hahn and 
Dubnau, 1991), is observed in all mutant strains  (Figure 3C). These results thus suggest that the 
effect of TrxA depletion does not affect ComA functionality.

Overproduction of ComS leads to premature ComK expression and partially by-
passes the ItrxA mutation

Since the expression of the srf-operon, and therefore that of comS, was reduced in the ItrxA strain 
grown in the presence of 25 µM IPTG, we verified whether ComK production in this strain could 
be restored by a constitutive and ectopic expression of comS, under the same growth condi-
tions. For this purpose, we used a previously constructed ComS overproduction system based 
on constitutive expression from a pUB110-like vector, hereafter referred to as pComS (Hahn et 
al., 1996). Importantly, pComS can promote ComK synthesis and subsequent competence devel-
opment in a comS mutant strain (Hahn et al., 1996) and uncouples ComS expression from the 
regulatory mechanisms that act on srfA transcription. In the parental strain 168, the phenotype 
of ComS overproduction resembles that of a mecA mutant, including competence development in 
nearly all cells and in a medium-independent manner (Maamar and Dubnau, 2005; Hahn et al., 
1996). Moreover, the overproduction of ComS due to the presence of this plasmid is sufficient 
to suppress the competence defect caused by mutations in ylbF or pnpA, whose products are 
believed to act post-transcriptionally on ComS expression (Luttinger et al., 1996; Tortosa et al., 
2000). However, since a detailed characterization of ComK levels in strains carrying pComS has 
not been published, we first monitored the cellular levels of ComK in time when a pComS-har-
boring strain was grown to competence. Figure 4 shows that ComK is already present in the cells 
in late exponential growth phase (T-1). In contrast, in the parental control strain 168 ComK is 
not detectable before T+1, one hour after the transition point between exponential and stationary 
growth phase (T0). Interestingly, however, ComK levels in the pComS strain strongly decline in 
stationary growth phase. This may indicate either that i) ComK is less stable in this strain than 
in the parental strain, ii) transcription from the pUB110 promoter is reduced in stationary phase, 
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or iii) the overproduced ComS is no longer functional in stationary phase. Therefore, the subse-
quent experiments using pComS were conducted at T0, when ComK levels in pComS strains are 
still detectable.  
To establish whether ComS overproduction is sufficient to bypass the competence phenotype as-
sociated with TrxA depletion, we examined the cellular ComK levels by Western blotting at T0. 
Figure 5 shows that the ItrxA pComS strain grown in the presence of 25 µM IPTG still shows 
produces ComK, but at a strongly reduced level compared to the parental strain 168 contain-
ing pComS. When B. subtilis ItrxA pComS cells were grown in the presence of 100 µM IPTG, 
ComK levels increased close to the level of ComK in the B. subtilis 168 pComS strain. Mark-
edly, similar results were obtained when the experiments were conducted in TY medium (data 
not shown). This suggests that the depletion of TrxA still affects ComK production even when 
ComS is overproduced. Due to the plasmid-based ComS overproduction, PnpA and YlbF are 
no longer required for proper functioning of ComS. Therefore, we can rule out that the TrxA 
effect on ComS is mediated by PnpA or YlbF. Since the regulatory mechanisms that act on the 
promoter of the srf-operon appear to be intact, as seen from the increase in fluorescence in time 
in the srfA-gfp ItrxA indicator strain (Figure 3C), this suggests that the cytoplasmic amounts and 
the redox state of TrxA could modulate the regulatory pathways upstream of the production of 
ComK in yet another way. 

Figure 2. A. Sche-
matic representation 
of the transcriptional 
response in ItrxA strain 
grown with 25 µM IPTG 
compared to wild type 
for the genomic region 
of the surfactin operon 
(Smits et al., 2005a). 
Significantly down-
regulated genes are de-
picted in black, up-reg-
ulated genes in white. 
Gene names are given 
below, and fold regula-
tion above the arrows 
representing genes. 
N.C. = no significant 
change in transcription. 
Hairpins indicate puta-
tive terminator struc-
tures. B. Comparison of 
the expression levels of 
srfA in a wild type and 
ItrxA strain, grown in 
the presence of 25 or 
100 µM of IPTG. The 
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single cell analysis is shown for cultures at T1. Note that IPTG does not affect the profile in the absence of the ItrxA mutation, 
and that fluorescence is lower in strains carrying the mutation. C. Temporal regulation of srfA-promoter activity in a wild type 
and ItrxA strain grown in the presence of 25 µM of IPTG. The red curve indicates the single cell profile at the transition into 
stationary growth phase (T0). Subsequent hourly profiles are given in black (T1), green (T2) and purple (T3), respectively. 
Note that the temporal regulation is the same for both strains.
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Overproduction of a cysteine-less ComS leads to stable overexpression of ComK 
in a TrxA-independent manner

Thioredoxin A is thought to be a key player in maintaining the cellular redox state and in the pre-
vention of the formation of illegitimate disulfide bonds in cytoplasmic proteins. Reduced thiore-
doxin has been shown to be an efficient reductant of disulfide bonds (Krause et al., 1991). The 
data from the ItrxA pComS bypass experiment suggest that TrxA does not solely act via proteins 
binding to the promoter of srfA (Figure 5). In addition, this data implies that redox regulation 
may occur directly via ComS. In the 46 amino acids protein sequence of ComS, two cysteine 
residues are present (D’Souza et al., 1994; Hamoen et al., 1995). To evaluate the possibility that 
these cysteines may be involved in the formation of disulfide bonds, we ran an in silico prediction 
of the disulfide bonding probability of these two cysteine residues in ComS, using the Cyspred 
algorithm (Fariselli et al., 1999). According to this neural network predictor, both cysteines have 
a high probability of forming a disulfide bond (Cys22, probability to be bonded = 74.1%; Cys42 
probability to be bonded = 80.2%). Furthermore, the “Cysteines Bonding State and Connectivity 
Predictor” (Vullo and Frasconi, 2004); http://cassandra.dsi.unifi.it/disulfind/) predicts that these 
two cysteines form a disulfide bond. Considering these predictions, we assessed the effect of 
mutation of the cysteine residues of ComS on competence development in B. subtilis. To this end, 
we introduced point mutations in the pComS plasmid, resulting in plasmids pComS22 (contain-
ing the C22S mutation), pComS42 (containing the C42S mutation) and pComS2242 (containing 
both the C22S and C42S mutations). Although obtained in E. coli and confirmed by sequencing, 
the C22S and C42S mutations could not stably be maintained in B. subtilis (data not shown). 
We therefore focused our study on the pComS2242, which could be stably maintained in B. 
subtilis. Similar to a pComS strain, the expression of ComK in pComS2242 containing cells 
is already detectable early in growth (T-1). Strikingly, higher levels of ComK were detected in 
the pComS2242 strain compared to the pComS strain. These levels increase rapidly until they 
reached approximately maximal intensity already at T0. However, in contrast with the decrease 
of ComK in a pComS strain in stationary phase, cells containing the pComS2242 plasmid dis-
played constantly high levels of ComK that are similar to the ComK level in the parental strain 
at T3 (Figure 4). This makes it unlikely that the lower ComS levels in the pComS strain are due 
to reduced expression from the pUB110 promoter, since the same promoter is driving ComS2242 
expression. Interestingly, the level of TrxA in all these strains, including the parental strain, 
remained largely unaltered through time (Figure 4). This indicates that the variations observed 

Figure 3. Western blot analy-
sis of ComK and TrxA in Bacil-
lus subtilis 168 cells, pComS 
containing cells (pComS), 
and pComS2242 containing 
cells (pComS2242) in a time 
course experiment. The time 
scale is given in relation to 
T0, the transition point be-
tween the exponential and 
stationary growth phase. 
Equal amounts of protein 
were loaded in each lane. 
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in ComK levels are not dependent on the TrxA level, but on the ComS or ComS2242 produced 
in the strains.
Finally, in order to investigate whether the removal of the cysteine residues had an effect on the 
TrxA dependent expression of ComK, we monitored ComK levels in an ItrxA pComS2242 strain 
at two levels of trxA induction. As shown in Figure 5, all strains harboring the pComS2242 plas-
mid showed comparable levels of ComK, whether TrxA was depleted  (25 µM IPTG) or not (100 
µM IPTG). Since overproduction of the wild type ComS protein still shows a TrxA-dependency 
in ComK expression, this implies that at least one or both cysteine residues are required for the 
ComS-mediated regulation of competence development. Taken together, these results strongly 
suggest that TrxA acts directly or indirectly on competence development in B. subtilis through 
redox regulation of ComS.

Discussion

In the present studies we have investigated the role of the essential protein thioredoxin A (TrxA) 
in the development of competence in B. subtilis. TrxA is the primary regulatory protein involved 
in the control of the cellular redox state in B. subtilis (Scharf et al., 1998; Smits et al., 2005a). 
Depletion of TrxA results in a pleiotropic response, involving not only thioredoxin and thiore-
doxin-interacting proteins, but also oxidative stress response, redirection of sulfur metabolism 
and blockage of stationary phase differentiation processes (Smits et al., 2005a). Our experiments 
show that depletion of TrxA, via an IPTG-inducible ItrxA mutant, leads to a competence null 
phenotype, as the key regulatory protein ComK is no longer synthesized. Addition of increased 
amounts of IPTG in the growth medium resulted in the reappearance of ComK and related trans-
formability to a level comparable to the parental strain 168. Here, we present evidence that TrxA 
is directly involved in the events leading to the expression of comK, without affecting the inher-
ent ability of ComK to activate its own expression. Supporting this idea is the data that ComK is 
overproduced in a mecA mutant, irrespective of the cellular TrxA level. Moreover, overproduc-
tion of plasmid-encoded ComS (pComS) is not sufficient to bypass the effect of TrxA depletion 
on ComK production.
The flow cytometric analysis of a srfA-gfp reporter strain confirmed that the expression of the 
srfA/comS locus is significantly reduced upon TrxA-depletion. Part of this response may be at-
tributed to known redox sensitive regulators, PerR and Spx. PerR has recently been shown to be 
responsible for the down regulation of the srf-operon in response to H2O2 treatment (Hayashi 
et al., 2005), and Spx is a protein that was initially identified as a bypass mutation for the com-
petence deficient phenotype of clpXP mutants (Nakano et al., 2001). However, since nor perR 
gene transcription nor landmark members of the PerR regulon are affected by a depletion of 
TrxA (Smits et al., 2005a), it seems unlikely that this protein is responsible for the observed 

Figure 4. Western blot analysis of ComK in 
Bacillus subtilis cells extracts from pComS, 
pComS2242, ItrxA pComS, and ItrxA 
pComS2242 strains. The ItrxA cells were grown 
in the presence of 25µM IPTG and 100µM 
IPTG. Samples were taken at T0, the transition 
point between the exponential and stationary 
growth phase. Equal amounts of protein were 
loaded in each lane.
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down-regulation of the srf-operon. Next, Spx was reported to interfere with ComA~P dependent 
activation, through an interaction with RNAP (Nakano et al., 2003b). Notably, the activity of 
Spx is induced under oxidative stress and depends on the bonding state of its cysteine residues 
(Nakano et al., 2003a). As the depletion of TrxA results in a more oxidizing cytoplasm (Smits et 
al., 2005a), Spx could therefore be a strong candidate for the reduction of the srfA/comS expres-
sion in the ItrxA strain grown with 25 µM of IPTG. However, since a double mutant demonstrates 
a severe growth defect under the conditions tested, we were unable to verify this hypothesis in 
vivo. Interestingly, the flow cytometry data show that the temporal regulation of the surfactin 
operon remains the same as in the wild type (Figure 3), which could indicate that the quorum 
sensing dependent activation of the srf-operon via ComA~P is still functional. This would argue 
against a role for Spx at this level.
A pComS harboring strain is known to overexpress ComK in a medium-independent manner 
(Hahn et al., 1996), although data on the cellular ComK levels in such a strain were never pub-
lished. In this study, results of the ectopic expression of comS clearly demonstrates that the 
temporal profile of ComK production in such a pComS strain is distinct from that of the parental 
strain B. subtilis 168: a substantial level of ComK could be detected early in growth, and the 
ComK level was rapidly decreasing in stationary growth phase. Surprisingly, the overproduc-
tion of a cysteine-less form of the plasmid-expressed ComS was observed to result in a stable 
expression of ComK, distinct from that of the overproduction of the wild type ComS protein. 
This suggests that the presence of cysteine residues is of critical importance for the functionality 
of the ComS protein  and the temporal profile of ComK expression (Figure 3). Notably, the ComS 
molecules produced by the pComS plasmid may exist in two forms, the oxidized/closed and the 
reduced/linear form. In the ComS variants expressed from pComS2242 only the equivalent of 
the reduced form is produced. It is tempting to speculate that ComS needs to be linear or void 
of any secondary structure in order to regulate the proteolysis of ComK, and that the protein 
could be inactivated through the modulation of the cysteine residues, most likely via S-S bridge 
formation. Interestingly, it was previously reported that ComS might be a linear molecule under 
the conditions used for NMR structure determination (Schlothauer et al., 2003). An intriguing 
observation was the apparent instability of the single cysteine mutants, pComS22 and pComS42 
in B. subtilis. Since predictions indicate that each cysteine possesses a high thiol-reactivity, the 
overproduction of ComS proteins lacking one cysteine residue might give rise to detrimental 
interactions of these mutant proteins with other cellular components. If so, cells accumulating 
secondary mutations in pComS22 or pComS42 would have a selective advantage over cells con-
taining the intact plasmids. Positive selection with the antibiotic kanamycin would then lead to 
a population still containing the resistance marker of the plasmid but not producing the single 
cysteine mutant ComS proteins. Notably, a previous alanine scanning mutagenesis performed on 
ComS did not reveal clear phenotype for the single cysteine mutants (Ogura et al., 1999). Several 
explanations for this difference can be envisaged. Firstly, the authors made use of chromosomal 
integrations of a construct consisting of the srf-promoter in front of comS, thereby keeping the 
temporal regulation of comS expression intact, but possibly interfering with regulation at the 
mRNA level. Secondly, the effects of single cysteine mutants may have gone undetected since 
TrxA was still present. Using the alanine scanning mutagenesis two domains critical for compe-
tence development were identified. It was found that the N-terminal domain of ComS can interact 
with MecA, but no clear role for the C-terminal domain was presented. Interestingly however, 
this C-terminal domain locates around the Cys42 residue of ComS, Cys22 being located outside 
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of the two identified domains. This raises the possibility that the effects observed originate from 
a steric effect on the Cys42 residue. 
Despite the presence of high ComK levels (Figure 3), we failed to obtain transformants for the 
pComS2242 strain (data not shown). In contrast, the pComS strain shows a high transformation 
frequency. In cells that are in the competent state, cell-division is prevented and Z-ring formation 
is blocked (Haijema et al., 2001). For these cells to resume growth after reaching the competent 
state, the levels of ComS need to decrease in order to favor the degradation of ComK by the 
MecA/CplCP proteolytic complex. In a wild type strain this could be in part accomplished by 
oxidation of its cysteine residues. However, the plasmid pComS2242 seems to lead to constitutive 
high levels of an equivalent of the reduced, presumed functional, form of ComS, which might 
interfere with the transition from the competent to a non-competent state. In support of this 
hypothesis, a recent study demonstrated that a lowering of ComS levels is required for cells to 
escape the competent state (Suel et al., 2006). Since pComS2242 containing cells will produce 
constant amounts of the reduced-like active form of ComS, it is possible that this ComS-medi-
ated negative feedback loop is altered, rendering the cells unable to escape from competence. 
Together, these observations make it tempting to regard redox modulation of ComS as a novel 
determinant for the escape from competence. Considering the role of ComS in the initiation of 
competence (D’Souza et al., 1994; Hamoen et al., 1995), the protein may be a key player deter-
mining a “window of opportunity” for cells to become competent.
We found that plasmid-based overproduction of ComS is not sufficient to bypass the TrxA-de-
pendency of competence development. However, the overproduction of the cysteine-less variant 
of ComS renders ComK production independent of TrxA, leading to ComK overproduction early 
in the growth phase (Figure 3). In addition, the temporal regulation of srfA-gfp expression, which 
is supposed to originate from ComA-dependent activation of the operon, is similar in ItrxA and 
wild type strains. Together, these results raise the possibility that TrxA might control the break-
age of disulfide bonds in ComS and, thereby, modulates its function in the release of ComK from 
the proteolytic complex. Whether the effects of TrxA on competence are due to a direct interac-
tion with ComS or this is mediated via another protein remains to be established. In this respect, 
it is iteresting to note that the redox sensitive protein Spx was previously reported to affect the 
ComS-dependent release of ComK from the MecA/CplCP complex (Nakano et al., 2002).
Through this study, we show that the redox regulation of competence development revolves 
around the production of functional ComS. Firstly, we showed that the expression of the srf-
operon, and therefore presumably that of the embedded comS, is significantly reduced under 
TrxA-depletion conditions. Secondly, we presented indirect evidence that the prevention of di-
sulfide bonding of the cysteines in ComS is of crucial importance for its function in competence 
in B. subtilis. This might constitute a novel redox switch that contributes to the regulation of 
competence development and the ability of cells to escape from the competent state. 

Materials and methods

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in Table 2.
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Chemicals and enzymes
All chemicals used were of analytical grade and, unless indicated otherwise, obtained from Merck (Darmstadt, Ger-
many), Baker Chemical Co. (Phillipsburg, NJ, USA) or Duchefa (Haarlem, The Netherlands). Enzymes for molecular 
biology were purchased from Roche Molecular Biochemicals (Mannheim, Germany), Life Technologies (Breda, The 
Netherlands) or New England Biolabs (Beverly, MA, USA), and used according to the supplier’s instructions.

Media and growth conditions
For transformation and the competence test experiments, B. subtilis strains were grown in minimal salts (MM) that 
consisted of (per liter): 2 g of K2SO4, 10.8 g of K2HPO4, 6 g of KH2PO4, 1 g of sodium citrate, and 0.02 g of MgSO4. After 
adjustment of the pH to 7.0 and sterilization, the following components were added to complete the minimal medium 
used in transformation experiments (per 50 ml): 0.5% glucose, 0.02% casamino acids, 1.4 mg/ml L-tryptophan, and 2.2 
mg/ml ferric ammonium citrate. When approproate, media were supplemented with the suitable antibiotics. Erythro-
mycin (Em) and spectinomycin (Sp) were purchased from Sigma Chem. Co. (St. Louis, MO, USA) and were used for B. 
subtilis at 0.5 µg/ml and 100 µg/ml respectively. Kamamycin was purchased from Roche Molecular Biochemicals and 
used for B. subtilis at a final concentration of 10 µg/ml. When appropriate, IPTG (Isopropyl-b-D-thiogalactopyrano-
side) was added to the growth media at 25 µM, unless stated otherwise. 

DNA manipulations
Chromosomal DNA from B. subtilis was isolated according to Bron and Venema (1972). Minipreparations of plasmid 
DNA from E. coli were obtained by the alkaline lysis method (Sambrook et al., 1989). All cloning procedures were 

Table 2. List of strains, plasmids and primers used in this study.

B. subtilis strains Relevant genotypes Reference
168 trpC2

ItrxA Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the trxA gene; trxA-lacZ, Emr, P

spac
-trxA Smits et al., 2005

∆mecA trpC2 mecA::specR Kong et al., 1994
∆mecA ItrxA trpC2 trxA::pMUTIN2 mecA::specR; IPTG dependent This study
pComS Derivative of 168; contains the pComS plasmid; Kmr This study
pComS2242 Derivative of 168; contains the pComS2242 plasmid; Kmr This study
ItrxA pComS trpC2 trxA::pMUTIN2 pComS ; IPTG dependent This study
 ItrxA pComS2242  trpC2 trxA::pMUTIN2 pComS2242 ; IPTG dependent  This study

 srfA-gfp PsrfA-gfp; Cmr Unpublished,  
J.W. Veening

 ItrxA srfA-gfp  trpC2 trxA::pMUTIN2 This study
Plasmids Relevant features
pUC18 ApR, ColE1, φ80lacZ, lac promoter Sambrook et al., 1989
pComS multicopy plasmid for overproduction of ComS; Kmr Hahn et al, 1996

pComS22 multicopy plasmid for overproduction of ComS where the 
cysteine residue at position 22 was replaced by serine; Kmr This study

pComS42 multicopy plasmid for overproduction of ComS where the 
cysteine residue at position 42 was replaced by serine; Kmr This study

pComS2242
multicopy plasmid for overproduction of ComS where the 
cysteine residues in position 22 and 42 were replaced by 
serine; Kmr

This study

Primers Sequence (5’ > 3’ )
C22f GAA TCT ATA TCC TCA ATC AGC TTG

C22r TAT AGA TTC TCC GCT GGG CCG

C42f TTC TCC TGG AGG GAG AAG TAG C

C42r CCA GGA GAA GTA CAG CGG GGA
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carried out according to Sambrook et al. (1989). PCR products were purified using the Roche PCR purification kit 
(Mannheim, Germany).

Transformation assays
B. subtilis cells were tested for transformability essentially as described (Hamoen et al., 2002). Cells were grown to 
competence and transformed with chromosomal DNA obtained from B. subtilis strain OG1 (trp+). Subsequently, trp+ 
transformants were selected on minimal agar without tryptophan. Viable count was obtained by plating 105x  diluted 
sample on minimal agar supplemented with tryptophan.  

Construction of cysteine mutants of ComS
A HindIII/BamHI DNA fragment was excised from the pComS plasmid (Hahn et al., 1996), and ligated in a HindIII 
/ BamHI -cleaved pUC18 plasmid, yielding plasmid pUComS. Next, a PCR using the C22f and C22r primers was car-
ried out, amplifying the entire pUComS plasmid and inserting a point mutation (C to G) at position 2 of the codon 
for the cysteine at position 22 of ComS. After DpnI digestion, to remove methylated DNA (pComS), the plasmid was 
introduced in Escherichia coli DH5a. The point mutation was verified by sequencing, and the plasmid carrying the 
point mutation was named pUComS22. Next, a PCR using the C42f and C42r primers was carried out on pUComS and 
pUComS22, amplifying the entire plasmid and inserting a point mutation (C to G) at position 2 of the codon for the 
cysteine at position 42 of ComS. Again, after DpnI digestion, to remove methylated DNA, the plasmids were introduced 
in E. coli DH5a. The point mutations were verified by sequencing, and the plasmids carrying the point mutations were 
named pUComS42 and pUComS2242, respectively. Finally, the HindIII/BamHI DNA fragment from pUComS22, pU-
ComS42 and pUComS2242 were excised from the plasmid and re-introduced into a pComS lacking the HindIII/BamHI 
fragment, leading to pComS22, pComS42 and pComS2242, respectively.

SDS-PAGE and Western blot analyses
The presence of proteins in cell lysates was checked by SDS-PAGE, followed by blotting onto nitrocellulose or poly-
vinylidene difluoride membranes (Roche Molecular Biochemicals) and subsequent detection of the proteins using ap-
propriate polyclonal antibodies (anti-TrxA and anti-ComK antibodies). Protein samples were prepared as follows; 1 ml 
aliquots of cells were harvested, and spun down. The pellet was lysed in 50 µl buffer A (20% sucrose, 10mM tris-HCl 
pH 8.1, 10 mM EDTA, 50mM NaCl) containing 1 mg/ml lysozyme for 10 minutes at 37°C. 50 µl of 2x SDS sample 
buffer was added and the samples were boiled for 5 minutes. Detection of bound antibodies was performed with chemi-
luminescent detection with horseradish peroxidase-conjugated anti-rabbit IgG and the ECL Western blotting analysis 
system (Amersham Biosciences, Rosendaal, The Netherlands) or the Signal West Dura extended-duration substrate 
(Pierce).

Single cell analyses
Cells were 100x diluted in 0.2 µM filtered MM and directly measured on a Coulter Epics XL-MCL flow cytometer 
(Beckman Coulter, Mijdrecht, NL) operating an argon laser (488 nm) essentially as described (Smits et al., 2005b). 
For each sample at least 20,000 cells were analyzed. Data containing the green fluorescent signals were collected by a 
FITC filter and the photomultiplier voltage was set between 700 and 800 V. Data was captured using EXPO32 software 
(Beckman Coulter, Mijdrecht, NL) and further analyzed using WinMDI 2.8 software (http://facs.scripps.edu/software.
html). Figures were prepared for publication using WinMDI 2.8 and Corel Graphics Suite 11. To distinguish back-
ground fluorescence from GFP specific fluorescence, parental strain B. subtilis 168 was also analyzed with each flow 
cytometric experiment. 
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