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SUMMARY 

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

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

In previous studies the composition of the so called secretome of B. subtilis was 
predicted which, by definition, includes all the secreted proteins and the protein secretion 
machinery (Sibbald et al., 2006; Tjalsma et al., 2004; Tjalsma et al., 2000). These 
predictions were based on the presence of signal peptide motifs that many secreted proteins 
have in common (von Heijne, 1990a; von Heijne, 1990b). It was thus established that at 
least four distinct pathways for protein export can be distinguished (Fig. 1). The grand 
majority of exported proteins appear to be exported via the general secretory (Sec) 
pathway. A limited number of proteins are transported via the twin-arginine translocation 
(Tat) pathway, the pseudopilin export pathway for competence development (Com 
pathway), and pathways involving various different ATP-binding Cassette (ABC) 
transporters dedicated to the secretion of bacteriocins and pheromones (Bacteriocin 
pathway). Extensive proteomics studies have confirmed that the majority of these predicted 
proteins are indeed exported to the outside of the cell (Antelmann et al., 2001; Antelmann 
et al., 2000; Antelmann et al., 2003; Hirose et al., 2000; van Wely et al., 2001). About 
50% of the identified exoproteins is probably secreted directly into the extracellular milieu, 
mainly via the Sec pathway. Another 25% of the identified proteins is probably also  
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Figure. 1. Protein export pathways in B. subtilis. Ribosomally synthesized proteins can be secreted via 
various pathways, depending on the presence (+SP) or absence (-SP) of an N-terminal signal peptide and 
specific retention signals. The majority of the extracellular proteins are secreted via the general secretion 
(Sec) pathway. Two proteins are secreted via the Twin-arginine (Tat) pathway. Pseudopilins, involved in 
competence, are exported via the Com pathway and bacteriocins are exported via ABC transporters. Proteins 
without an N-terminal signal peptide are predicted to remain in the cytoplasm. Yet, many of these proteins 
are found on the extracellular proteome. A few of these proteins (i.e. Hag) were found to escape the 
cytoplasm via the flagellar export machinery but most of them are expected to be released via cell lysis, or 
other as yet unidentified export systems. Adapted from Tjalsma et al. (Tjalsma et al., 2004).  

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

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

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

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

 
 

RESULTS 

Does MscL impact on the secretome of B. subtilis? 

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

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

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

 

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

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

 

 
 

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

 
 

 

Figure 4. Release of TrxA and GroEL upon hypo-osmotic shock. Samples prepared for Fig. 3 were used 
for SDS-PAGE and subsequent immunoblotting with TrxA- and GroEL-specific antibodies. 5 µl Aliquots of 
cell lysate or external milieu fractions were loaded. The positions of mature TrxA and GroEL are indicated 
by arrows. Molecular markers (M) are indicated on the right. 
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Selective release of proteins by osmotically shocked �mscL cells cannot be 

attributed to cell death or lysis  

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

 

 

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

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

ODs of  
Exponentially 
growing cells 

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

       
ODs of cells from 
overnight culture 

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

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

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

CFUs/ml of exp 
growing cells 

(x105) 

178±0 104±0 58,4 213±24 127±2 59,8 

       
CFUs/ml of cells 
from overnight 
culture (x105) 

774±94 690±5 89,1 854±51 785±4 91,9 

 
 
 

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

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

Ratio living:dead 
cells of  exp. 
growing cells 

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

       
Ratio living:dead 
cells of cells from 
overnight culture 

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

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

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

 

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

 168 cells �mscL cells 
 Iso shock Relative 

survival (%) 
Iso shock Relative 

survival (%) 
       

CFUs/ml of exp 
growing cells 

(x106) 

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

 
 

DISCUSSION 

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

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

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

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

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

 
 

EXPERIMENTAL PROCEDURES 

Growth conditions and media 

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

 
Strains 

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

 
Proteomics 

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

 
Osmotic shock protocol 

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

 
Determination of cell viability by optical density measurements, colony 

forming unit counts, and LIVE/DEAD assays 

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

 
SDS-PAGE and Western blotting  

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

 
 
 

ACKNOWLEDGMENTS 

The authors wish to thank Dirk Höper for contributing to the initiation of this 
project, and Erik Trip for experimental support. T.R.H.M.K., H.A., R.v.d.P., M.H. and 
J.M.v.D. were in parts supported by the CEU projects LSHG-CT-2004-503468, LSHG-
CT-2004-005257, LSHM-CT-2006-019064 and LSHG-CT-2006-037469, the transnational 
SysMO initiative through project BACELL SysMO, the European Science Foundation 
under the EUROCORES Programme EuroSCOPE, and grant 04-EScope 01-011 from the 
Research Council for Earth and Life Sciences of the Netherlands Organization for 
Scientific Research. H.A. and M.H. were supported by the “Deutsche 
Forschungsgemeinschaft”, the “Bundesministerium für Bildung, Wissenschaft, Forschung 
und Technologie”, and the “Fonds der Chemischen Industrie”.  

 




