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Summary 

Bacillus subtilis is a fascinating and versatile bacterium, characterized by its robustness, ease 

of genetic manipulation, lack of endotoxins, excellent fermentation properties, and by the 

vast amounts of protein it can secrete into the growth medium1,2. All these characteristics 

have made B. subtilis a ‘leader’ in the production of enzymes for the food, detergent, leather 

and paper industries3. Currently, enzyme production in B. subtilis and related bacilli accounts 

for more than 60% of the enzyme market4. Due to this indisputable success, B. subtilis has 

also become an attractive platform for the development of new high-value products, such as 

biopharmaceuticals biosensors, vaccines and other bio-products5. However, to this end the 

development of new generations of ‘super secreting’ B. subtilis strains that are capable of 

secreting high levels of complex heterologous proteins is necessary. In particular, the high-

level production of heterologous proteins poses significant challenges for the physiology of 

the cell. The resolution of such physiological bottlenecks will require a multidisciplinary 

approach6 that facilitates the characterization and elimination of current rate-limiting steps 

in protein expression and secretion, as well as detrimental protein production stress 

responses. Importantly, such stress responses do arise in particular upon the expression and 

production of heterologous proteins7. The major known production bottlenecks arise from 

the inability of heterologous proteins to cross the cytoplasmic membrane due to misfolding 

or aggregation, or from the degradation of these proteins prior or post membrane 

translocation8,9. Thus, optimizing strains in such a manner that the membrane integrity and 

overall cell homeostasis are maintained during high-level protein production is of great 

importance to obtain the highest possible product yields without interference with cell 

growth and viability. In this area, in particular the detailed characterization of membrane 

physiology during protein secretion has been limited by the low abundance and high 

hydrophobicity of most membrane proteins, which makes them difficult to study and 

quantify. 

As explained in Chapter 1 of this thesis, B. subtilis mainly employs two translocation pathways 

to transport proteins across the cytoplasmic membrane, which either rely on a membrane-

embedded protein-conducting channel or local membrane weakening10,11. In both scenarios, 

it is a natural challenge of any living cell, including B. subtilis, to maintain the integrity of its 

membrane and to prevent the loss of ions, nutrients and other important cytoplasmic 
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content. At the same time, the cell must prevent the accumulation of misfolded proteins. To 

prevent damage to the cell envelope B. subtilis has multiple ‘safe-keeping’ mechanisms that 

are activated in response to stressful conditions. These protective mechanisms include the 

CssRS and LiaRS envelope stress responsive two-component regulatory systems. The CssRS 

system controls the ‘clean-up crew’ of the membrane, as it determines the expression of the 

HtrA and HtrB proteins, which either remove or help to re-fold aberrantly folded proteins. 

This stress response is tightly linked to Sec-mediated protein translocation, which relies on 

the membrane passage of proteins in an unfolded state12–14. One the other hand, the LiaRS 

system controls a ‘membrane scaffold’. The function of the LiaRS system entails the 

maintenance of the membrane structure upon structural changes, such as stored curvature 

elastic stress (SCE). In particular the LiaRS-controlled proteins LiaI and LiaH are needed to 

mitigate the potentially detrimental effects of SCE. The LiaRS system has also previously been 

linked to Sec-mediated translocation of heterologous proteins13. Notably, however, LiaRS- 

and CssRS-controlled proteins are not the only factors employed by B. subtilis to mitigate 

membrane damage under stressful conditions.  

The PhD research described in this thesis was aimed at obtaining a deeper understanding of 

the effects of high-level Tat- and Sec-mediated protein translocation on the physiology of B. 

subtilis. Detailed insights into the respective secretion stress responses and the subsequent 

cellular adaptations would lay the foundation for engineering a next generation of B. subtilis 

‘super secreting’ strains. Accordingly, the experiments described in Chapters 2, 3, and 4 were 

aimed at dissecting the effects of TatAyCy-mediated translocation on the physiology of B. 

subtilis, while experiments described in Chapter 5 addressed the establishment of a workflow 

for absolute membrane protein quantification. This method was applied for the studies 

described in Chapter 6, which were aimed at the absolute quantification of membrane 

proteins in B. subtilis cells that overexpressed the immunodominant antigen IsaA of 

Staphylococcus aureus.  

At the beginning of this PhD research, the stress responses linked to TatAyCy-mediated 

secretion in B. subtilis were not yet clearly defined. This knowledge gap correlated with other 

questions that yet remain to be answered regarding Tat-dependent protein secretion. For 

instance, how is stability of the membrane maintained, while at the same time its structure 

must be disrupted to enable the passage of a fully folded Tat substrate? Or, what mechanism 

is employed by the cell to prevent the loss of vital ion gradients and other cytoplasmic content 
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during Tat-dependent protein translocation? Also, it was not known how minimal the TatAyCy 

translocase really is, which is considered as one of the most minimal Tat translocases 

identified to date. Would there be any other proteins that interact with this translocase? With 

all these questions in mind, the TatAyCy translocase was overexpressed to high levels by 

employing the SURE expression system15 and, subsequently, the experiments described in 

Chapters 2 and 3 were performed. 

For the experiments described in Chapter 2, a ‘combinatory’ approach was employed, which 

included affinity- and size exclusion chromatography, mass spectrometry and multiple 

biochemical methods. This enabled the identification and characterization of proteins 

interacting with the TatAyCy translocase. The results showed that the envelope stress 

responsive LiaRS system is actively involved in sensing the TatAyCy translocase levels in B. 

subtilis, and that the relationship between LiaRS and TatAyCy is rather intimate. This 

conclusion was supported by the fact that overexpression of other related membrane 

proteins, like TatAc or EfeB, failed to elicit the activation of LiaRS and the subsequent 

induction of LiaH. In turn, this demonstrated that LiaRS activation is dependent on specific 

types of stress. Moreover, it was also found that the stress-responsive protein LiaH directly 

interacts with the TatAyCy translocase. This observation was supported by the finding that 

the levels of LiaH, bound to the TatAyCy translocase, determine the size of the TatAyCy-LiaH 

complex, as exemplified by the results of size exclusion chromatography. Furthermore, the 

experiments described in this chapter show that LiaH can actively form a complex with 

TatAyCy, demonstrating that the TatAyCy translocase is not as ‘minimal’ as initially thought 

(Fig. 1). In accordance with the observed interaction, LiaH also has an active role during 

TatAyCy-dependent protein translocation, as the absence of LiaH leads to an altered secretion 

of the major TatAyCy substrates EfeB and QcrA. In particular, the LiaH deficiency led to a 

reduction of EfeB processing by signal peptidase and caused aberrant secretion of QcrA. These 

findings imply that LiaH has an important role in modulating TatAyCy activity. Additionally, it 

was demonstrated that the LiaRS system is hyper-responsive to high-levels of TatAyCy in the 

membrane. Altogether, the results presented in Chapter 2 imply that the LiaRS system does 

not only represent a membrane scaffold, but also a sentinel that keeps close track of changes 

in membrane stability during Tat-mediated protein translocation. However, the precise 

effects of LiaRS activation and, more specifically, of high-level LiaH expression on the 

composition and structure of the membrane remain yet to be elucidated. 
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Fig. 1: The LiaRS system actively senses the Tat translocase. TatAyCy-dependent protein translocation requires 
oligomerization of TatAy, which results in the local weakening of the membrane and leads to stored curvature 
elastic stress (SCE). Absence of an appropriate LiaRS response results in lowered secretion of mature EfeB and 
mislocalization of QcrA. In contrast, activation of the LiaRS response leads to the subsequent 
autophosphorylation of LiaS and phosphorylation of LiaR. Next, LiaS binds to the PliaI promoter, resulting in the 
upregulation of LiaH. In the next step, LiaH forms high-order oligomeric structures and interacts with TatAyCy, 
forming a scaffold that helps stabilize the membrane, resulting in the proper localization of QcrA and unimpaired 
secretion of EfeB (partially adapted from16.  
 

Another remarkable finding from the experiments described in Chapter 2 was the observation 

that the levels of the TatAyCy translocase are a limiting factor in Tat-mediated protein 

translocation. Consequently, overexpression of the TatAyCy translocase combined with high-

level expression of its cognate substrate EfeB, resulted in a significant increase in the secretion 

yields of this substrate. At the same time, this resulted in the lowered secretion of another 

Tat substrate, namely QcrA. These findings suggest that EfeB competes with QcrA for export 

via TatAyCy. Thus, this suggests that the TatAyCy translocase prefers certain substrates over 

others. Future research should be aimed at investigating the underlying mechanisms of this 

phenomenon.  

Unlike Chapter 2, which describes a combinatory approach aimed at identifying proteins that 

interact with the TatAyCy translocase, the research described in Chapter 3 exploited the 

possibility to metabolically label B. subtilis proteins, which allowed the relative quantification 

of the bacterium’s responses to high-level expression of the TatAyCy translocase. The results 

demonstrated that TatAyCy overexpression has pleotropic effects on the composition of the 

cytoplasmic, membrane, and extracellular proteomes. Additionally, these pleotropic effects 

lead to regulon heterogeneity as illustrated by Voronoi treemaps, suggesting that there were 
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different B. subtilis subpopulations committed to different physiological process17. Another 

physiological consequence of TatAyCy overexpression was the upregulation of the transition 

state regulator AbrB, leading to a delayed stationary phase, as exemplified by the observed 

downregulation of proteins involved in growth stage-dependent processes, such as biofilm 

formation, competence, and sporulation (Fig. 2). Furthermore, TatAyCy overexpression 

resulted in the activation of the SigD regulon, causing an upregulation of proteins involved in 

motility and chemotaxis. The latter findings suggest that TatAyCy-overexpressing cells have a 

higher energy expenditure and are actively in search of nutrients to support their growth. This 

notion was supported by the upregulation of multiple proteins involved in arginine synthesis. 

Subsequent growth studies to analyze to role of arginine in Tat-mediated protein secretion 

revealed that TatAyCy-overexpressing cells grown in the presence of high arginine 

concentrations displayed a shortened lag phase and an extended log-phase, indicating that 

arginine is either employed as an energy source during TatAyCy overexpression, or that this 

amino acid might be having another role. For instance, arginine could enhance protein folding 

prior to Tat translocation. However, the exact role of arginine during TatAyCy-mediated 

protein export remains yet to be elucidated. 

 
Fig. 2:  High-level TatAyCy expression results in a prolonged vegetative state characterized by the upregulation 
of proteins involved in swarming and swimming, while proteins involved in stationary phase-dependent 
processes, such as protease production, competence, biofilm formation and sporulation are downregulated.  
 

Another remarkable finding documented in Chapter 3 was the observation that LiaH was one 

of the most highly upregulated proteins in response to TatAyCy overexpression, further 
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supporting the findings described in Chapter 2. Importantly, the 14N/15N metabolic labelling 

demonstrated that TatAyCy overexpression resulted not only in the upregulation of LiaH, but 

also the upregulation of other members of the LiaRS regulon, including LiaR, LiaS and LiaF. 

Taken together, these results show that LiaRS activation represents one of the strongest 

physiological adaptive responses to Tat-mediated protein translocation in B. subtilis. 

Unlike the experiments documented in Chapters 2 and 3, where the TatAyCy translocase was 

overexpressed, the experiments described in Chapter 4 were aimed at obtaining a better 

understanding of the physiological role of the TatAyCy translocase. Previous studies had 

shown that under NaCl-limiting conditions, the absence of TatAyCy-dependent export of EfeB 

results in growth arrest and death of the majority of the bacterial population18,19. The reasons 

for the observed cell death and the subsequent recovery of part of the population remained 

however enigmatic. The data presented in Chapter 4 show that the absence of EfeB under 

these conditions leads to a massive oxidative stress response, evidenced by the upregulation 

the PerR and SigB regulons. This observation connects with the previous finding that EfeB 

converts ferric iron to ferrous iron at the expense of H2O2. It thus appears that this activity at 

the extracytoplasmic side of the membrane is crucial for cell viability, depending on the 

conditions. The experiments presented in Chapter 4 also show for the first time that, most 

likely as a consequence of the severe oxidative stress, the tatAyCy-deficient bacteria were 

starving. Interestingly, in the recovery phase, EfeB was secreted Tat-independently, most 

likely via the Sec pathway. In this respect it is noteworthy that the transcriptomics analysis 

showed a downregulation of the genes involved in heme biosynthesis. Thus, it is conceivable 

that heme-deficiency would preclude the folding of EfeB prior to translocation, turning it into 

a substrate for the Sec pathway. Furthermore, the results from this study also showed that 

LiaH was mildly induced in the tat mutants upon recovery from the lysis phase, suggesting 

that the absence of EfeB led to membrane damage which was sensed by the LiaRS system and 

mitigated in the surviving population by LiaH. This observation further underlines the 

importance of the LiaRS response in the bacterial adaptation to secretion stress as shown in 

Chapters 2 and 3.  

Another striking result from the studies presented in Chapter 4 was that tat mutants 

catabolize arginine during the lysis phase. In contrast, genes involved in arginine synthesis and 

uptake were upregulated during the recovery phase. Similar to the results shown in Chapter 

3, arginine supplementation led to enhanced growth of the tat mutant bacteria and 



Chapter 7 

 202 

suppressed the lysis phase. In fact, the growth rate of tat mutants became similar to that of 

the wild-type upon arginine supplementation. These outcomes further highlight the 

importance of arginine in Tat-mediated translocation. Unexpectedly, it was found that the tat 

mutants contained more intracellular Na+ ions, most likely as a result of the downregulation 

of the Mrp sodium extrusion system and the antiporter NhaC. Interestingly, this effect was 

ameliorated in the recovery phase. Consequently, tat mutants are less efficient in releasing 

Na+ from the cytoplasm, which may have resulted in a lowered proton-motif-force (pmf) and 

less ATP generation. Furthermore, K+ levels in the tat mutants were lower compared to the 

wild-type during the lysis phase. In contrast, the K+ levels were similar to those of the wild-

type during the recovery phase. However, the mechanism(s) by which the tat mutants 

equilibrate the Na+/K+ levels to close to wild-type levels upon recovery is currently unclear and 

should be investigated.  

In contrast to the studies presented in Chapters 2-4, where biochemical, transcriptomics and 

relative protein quantification methods were employed, the experiments presented in 

Chapters 5 and 6 were aimed at absolute quantification of membrane proteins. In particular, 

Chapter 5 describes for the first time the absolute quantification of membrane proteins in a 

living organism. To this end, a shotgun proteomics approach was developed that involved 

spiked-in internal standards (UPS2) prior to digestion of the membrane protein fraction. 

However, due to the fact that the UPS2 standards used in this study do not necessarily have 

the same properties as membrane proteins, two chromosomally encoded proteins with 

different physicochemical properties were tagged with the SNAP tag for quantification. 

Additionally, to guarantee the successful enrichment of the membrane protein fraction, 

multiple buffers were employed to deplete soluble proteins, while allowing the precipitation 

of hydrophobic proteins. Subsequently, targeted proteomics and immunoassays were 

performed to determine whether the enrichment of membrane proteins was successful. 

Importantly, the results showed that this method does not provide a bias towards the number 

of transmembrane domains present in the identified membrane proteins. Additionally, this 

approach in combination with the S-trap technology led to the identification of a substantially 

higher number of membrane proteins compared to previous studies. Nevertheless, this 

absolute membrane quantification method only covered ~40% of the membrane proteome, 

indicating that it will be necessary to further increase the sensitivity and accuracy of this 

method. In spite of the latter limitation, the pipeline presented in Chapter 5 can help to gain 
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further insights into the changes in the membrane proteome as a consequence of protein 

secretion stress.  

To illustrate the application potential of the pipeline presented in Chapter 5, the experiments 

described in Chapter 6 were performed with the objective to quantify the effects of Sec-

dependent heterologous protein production in B. subtilis. To this end, the staphylococcal 

antigen IsaA was overexpressed in the genome-reduced B. subtilis strain IIG-Bs27-27-24, also 

referred to as ‘midiBacillus’. From the results, it can be concluded that this method enables 

the quantification of more than half of the predicted midiBacillus proteome. Furthermore, 

some membrane proteins were detected in very low quantities, suggesting that these 

proteins might be present only in specific bacterial subpopulations. These results in 

combination with the findings described in Chapters 3 and 4, reinforces the view that high-

level secretion or absence of a functional translocase results in population heterogeneity and 

perhaps even bistable situations20–22. Further research should be aimed at elucidating the 

regulatory mechanisms involved in the development of this heterogeneity and in 

characterizing the differences between IsaA-producing and non-producing subpopulations. 

This would probably show what proteins characterize high-producing bacteria and provide 

important clues for strain improvement.  

Interestingly, the studies documented in Chapter 6 enabled the quantification of IsaA 

secretion into the growth medium. This showed that the Sec machinery of the midiBacillus 

strain can secrete 2.41 molecules of IsaA per minute. However, a significant number of IsaA 

molecules was found to accumulate in the membrane (72 molecules per cell), suggesting that 

the Sec translocase might be a limiting factor in IsaA secretion, similar to what was evidenced 

for the TatAyCy translocase in Chapter 2. Alternatively, it may be that the cellular level of 

signal peptidases was insufficient to process the high number of IsaA molecules produced. 

Consequently, co-overexpression of Sec components and signal peptidases might be exploited 

to boost the production levels of IsaA. Additionally, this work enabled a detailed 

characterization of the secretion stress in response to IsaA production. Remarkably, the IsaA 

production response entails the upregulation of numerous proteins with unknown function, 

highlighting the need to elucidate the biological roles of these proteins for future construction 

of super-secreting strains. Also, high-level IsaA production led to a lowered abundance of 

respiratory proteins in the membrane and the differential regulation of multiple transporters. 

These findings indicate that cells employ numerous mechanisms to overcome the membrane 
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stress caused by high-level IsaA production. In this context, it is noteworthy that LiaH was 

among the upregulated proteins also in this study, highlighting its relevance in the adaptation 

of B. subtilis to protein secretion stress.  

Concluding Remarks  

The results presented in this PhD thesis provide new information on the physiology of Bacillus 

subtilis in response to high levels of protein production. First of all, the TatAyCy translocase 

was found to closely interact with the stress responsive protein LiaH. In turn, LiaH was shown 

to have an important role in TatAyCy-mediated secretion. Most likely, this relates to the need 

for membrane weakening to allow the Tat-mediated membrane passage of fully folded 

proteins.  However, the exact role of LiaH during Tat-mediated translocation remains yet to 

be elucidated. Importantly, this finding opens the doors for further structural analyses to 

dissect TatAyCy-mediated protein translocation. Also, the knowledge obtained from the 

present studies highlights the importance of TatAyCy in the prevention of oxidative stress at 

the membrane surface. Furthermore, a role of arginine during TatAyCy-mediated protein 

secretion was unveiled, shedding new light on the changes in metabolism during Tat-

dependent translocation. This finding can potentially be applied to achieve heterologous 

protein secretion via the B. subtilis Tat pathway in the future. In this respect, arginine might 

be a limiting factor for TatAyCy-facilitated protein secretion. Lastly, the work presented in this 

thesis enabled the absolute quantification of the membrane proteome of B. subtilis. This 

milestone achievement allowed a quantitative analysis of the consequences of Sec-

dependent heterologous protein production. As a result, the pipeline described in this thesis 

can now be applied to obtain more detailed physiological insights into the different 

components of bacterial protein secretion stress responses, and it may enable the 

establishment of predictive mathematical models to bypass counterproductive secretion 

stress responses23.   
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