
 

 

 University of Groningen

Genome engineering and protein secretion stress in the BACELL factory
Westers, Helga

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Westers, H. (2004). Genome engineering and protein secretion stress in the BACELL factory. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/f537013b-1845-4c10-918b-ac8064c7a476


   

 

CHAPTER 8 
 

 

SUMMARY AND GENERAL DISCUSSION 
 

 



 

 

154 

Genome engineering and protein secretion stress in the BACELL factory 

SUMMARY 

Bacillus subtilis is a soil bacterium that produces and secretes numerous 
enzymes, which hydrolyse a variety of polymeric substrates into degradation 
products. Such degradation products are subsequently taken up by B. subtilis 
as nutrients. This, together with the ability to produce robust endospores in 
response to harmful environmental conditions, makes that this bacterium is 
perfectly suited to survive in a complex and continuously changing environment. 
At present, B. subtilis is the best-characterised and genetically most amenable 
Gram-positive bacterium. The ability of B. subtilis to secrete large quantities of 
proteins directly into the growth medium, the ease with which it can be grown 
and its well-proven safety, makes B. subtilis a prime candidate for the 
production of heterologous proteins. Although B. subtilis and closely related 
Bacillus species are widely used in the biotechnological, pharmaceutical, 
detergents and food industries, their use as “Cell Factories” is often limited to 
the production of proteins of bacilli and other Gram-positive bacteria. The 
efficiency of the production and secretion of modified or heterologous proteins is 
generally lower.  

The research described in this thesis focused on the further optimisation of 
the B. subtilis cell (BACELL) factory for the production of diverse high-value 
protein products. Different model proteins (α-amylase, lipase, and human 
Interleukin-3) were used to investigate whether the production levels of a variety 
of proteins could be increased. Furthermore, studies were performed to 
characterise the secretion stress response of B. subtilis and to investigate its 
potential use as an indicator for the optimisation of protein production levels. A 
functional analysis of the sortase homologues of B. subtilis was performed to 
identify the possible role in the proteolytic release of membrane proteins into the 
extracellular medium.  
 

In chapter 2, the genome engineering of B. subtilis by removing large AT-rich 
regions and prophages from the genome is described. This removal may direct 
the consumption of substrates more towards the synthesis of both essential and 
desired gene products and significantly reduce the amount of by-products 
during protein purification. Step-wise deletion of 2 prophages (SPβ, PBSX), 3 
prophage-like regions, and the pks operon of B. subtilis resulted in a genome 
reduction of 7.7 % (332 genes). The genome reduction did not affect the growth 
and viability of the resulting ∆6 strain under laboratory conditions, which 
indicates that the deleted regions have not evolved into regions encoding 



 

 

155 

CHAPTER 8 

important indispensable functions. Furthermore, the primary metabolism, the 
essential process of protein secretion, competence development, and 
sporulation were not influenced by the large deletions. The capacity for high 
level production and secretion of AmyQ was not changed, suggesting that no 
large energy resources were redirected towards product formation. 
Furthermore, only few proteins were absent from the extracellular proteome, 
which indicates that the ∆6 strain is only marginally improved in terms of the 
removal of unwanted by-products. Importantly, however, it was shown that 
genome engineering is a feasible strategy for the functional analysis of large 
gene clusters, and that removal of dispensable genomic regions may pave the 
way towards an optimised Bacillus cell factory.  
 

The finding that genes involved in the production of the sibling killing factor SkfA 
are required for optimal production of extracellular LipA is documented in 
chapter 3. From the genome engineering studies described in chapter 2 it 
became apparent that deletion of five AT-rich islands and the pks operon from 
the B. subtilis genome resulted in reduced amounts of extracellular LipA. In this 
chapter the question was addressed which genes of the deleted regions are 
responsible for lowering the LipA production. It was shown that four genes from 
prophage 1 impact on the production of LipA at a post-transcriptional level. 
Remarkably, these four prophage 1 genes are skfA, skfB, skfC and skfD, which 
have been implicated in the production of the bacteriocin SkfA. It was observed 
that LipA is sensitive for degradation by extracytoplasmic proteases of B. 
subtilis. Importantly, the absence of eight proteases from B. subtilis resulted in 
at least three-fold higher extracellular LipA levels. The presence of skfA-D was 
required to protect LipA against this proteolytic degradation. As SkfA appears to 
be the only exported protein of the four SkfA-D gene products, it seems most 
likely that SkfA is the factor that protects LipA against degradation. Whether 
SkfA acts as a folding catalyst or a protease inhibitor remains to be determined.  
 

The accumulation of malfolded α-amylase AmyQ in the cell envelope of B. 
subtilis is known to provoke a so-called secretion stress response that is 
regulated by the CssRS two-component system. This system controls the 
expression of two housekeeping proteases, HtrA and HtrB. By definition, 
secretion stress in B. subtilis includes all stimuli that trigger a CssRS-dependent 
cellular response. In the work described in chapter 4 two-dimensional gel 
electrophoretic analyses were employed to study changes in the extracellular 
proteome of B. subtilis in response to secretion stress. Strikingly, the levels of 
only two proteins in the extracellular proteome, HtrA and YqxI, were significantly 
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upregulated by secretion stress. It was shown that the extracellular proteins 
HtrA and YqxI are prone to extracytoplasmic proteolysis, which results in low 
extracellular levels of these proteins in the absence of secretion stress. Notably, 
HtrA was detected as a membrane protein as well as an extracellular protein. 
The increased extracellular level of the HtrA protease under secretion stress 
conditions was shown to be controlled through transcriptional regulation, 
whereas that of YqxI turned out to be determined post-transcriptionally in an 
HtrA-dependent manner. In conclusion, it seems that HtrA promotes, directly or 
indirectly, the folding of YqxI into a protease-resistant conformation after its 
translocation across the membrane and/or secretion into the medium. 
 

The studies described in chapter 5 were aimed at determining the possible role 
of TepA in secretion stress management. Previously, the B. subtilis TepA 
protein was implicated in supporting high-level AmyQ secretion. A B. subtilis 
strain was constructed that lacks the entire tepA gene. Unexpectedly, the 
secretion of AmyQ by this tepA deletion strain was not affected. The expression 
of a transcriptional htrB-lacZ gene fusion and the cellular and secreted levels of 
AmyQ were monitored simultaneously using a collection of tepA mutant strains. 
It was demonstrated that TepA was dispensable for secretion stress 
management. In addition it was observed that the levels of AmyQ varied within 
the tepA mutant strains due to the genetic instability of plasmid pKTH10 that 
was used for overproduction of AmyQ. This phenomenon was successfully 
exploited as a tool to monitor the relationship between the intensity of the 
secretion stress response and the level of AmyQ production. The analysis of the 
htrB-lacZ expression levels in these strains revealed that the intensity of the 
CssRS-dependent secretion stress response in B. subtilis is correlated to the 
level of AmyQ production. Based on these observations, it is proposed that the 
secretion stress response can be employed to monitor the biotechnological 
production of a variety of secretory proteins by the Bacillus cell factory. 
 

In chapter 6 studies are presented that were aimed at answering two important 
questions. Firstly, whether α-amylase translocation across the membrane is 
required to trigger a secretion stress response, and secondly, whether the 
CssRS-dependent response is a general protein secretion stress response. 
Experiments with an α-amylase variant that is not translocated across the 
membrane, revealed that non-translocated AmyQ does not provoke a protein 
secretion stress response. By using human Interleukin-3 and lipase as model 
proteins, it was demonstrated that the CssRS-dependent response is a general 
secretion stress response that can be triggered both by homologous and 
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heterologous secretory proteins. However, the intensity of the protein secretion 
stress response reflected the production levels of the respective proteins only 
partly. Importantly, degradation of human Interleukin-3 by extracellular 
proteases has a major impact on the production level, but only a minor impact 
on the intensity of the secretion stress response. 
  

Sortases are known to covalently link proteins to the cell wall of Gram-positive 
bacteria. A C-terminal LPXTG motif followed by a hydrophobic stretch of 
residues and a positively charged tail is common in substrates of sortases. The 
work described in chapter 7 was aimed at the functional analysis of the two 
sortase homologues that are encoded in the genome of B. subtilis, YhcS and 
YwpE. The gene encoding yhcS is adjacent to a gene encoding its likely 
substrate, YhcR. Another possible substrate is the phosphodiesterase YfkN. 
YhcR has a C-terminal LPDTS sequence, whereas YfkN has a C-terminal 
LPDTA sequence, both followed by a hydrophobic stretch and a positively 
charged tail. These studies indicate that, unlike YwpE, the sortase-like protein 
YhcS has a role in the sorting of YfkN and YhcR to the cell wall of B. subtilis. 
Notably, despite their putative proteolytic activity, YwpE and YhcS do not impact 
on the capacity of B. subtilis to secrete proteins at high levels into the growth 
medium.  

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

As described in chapter 1, the fact that B. subtilis is amenable to molecular 
genetics for functional analyses made the identification and characterisation of 
the components that are involved in the protein translocation process possible 
(reviewed in Tjalsma et al., 2000). One of the latest interesting results was the 
identification of the Tat pathway of B. subtilis, involved in the export of folded 
proteins, by searching for homologues of the Tat proteins of Escherichia coli in 
the genome sequence of B. subtilis (Jongbloed et al., 2000).  Furthermore, very 
recently methods were used to fuse the components of the Sec machinery with 
the Green Fluorescent Protein (GFP) to determine the cellular distribution of the 
fusion proteins (Campo et al., 2004). Much of this work has been performed 
within European research consortia belonging to the BACELL (Bacillus Cell 
Factory) organisation that focuses on the promulgation of Bacillus-oriented 
research, in particular on enhancing the exploitation potential of the Bacillus 
Cell Factory for biotechnological applications. These studies also revealed that 
cellular quality control systems are involved in the efficient removal of misfolded 
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or incompletely synthesized proteins. Paradoxically, these systems are major 
bottlenecks for high-level production of commercially interesting proteins and 
actually relate to different stages in the secretion process. Importantly, the 
limiting factors seem to differ for each individual heterologous protein produced 
by B. subtilis (Bolhuis et al., 1999). Different bottlenecks that were identified 
sofar are translocation rate-limiting signal peptidase activities (van Dijl et al., 
1992; Tjalsma et al., 1997), PrsA-dependent protein folding (Kontinen and 
Sarvas, 1993), and both cell wall-associated proteolysis (Stephenson and 
Harwood, 1998) and extracellular proteolytic activity (Simonen and Palva, 1993; 
Ye et al., 1999). Taken the data of the studies together, it seems that the 
engineering of B. subtilis cell factories requires a protein-specific approach, 
which might limit the general applicability of present and future optimisations to 
some extent (Bolhuis et al., 1999). The concept of a single uniform expression 
host cell will probably be replaced by a toolbox of special-purpose Bacillus 
strains equipped with different desired functions. A nice example of such a 
specific phenomenon that affects the production levels of a certain protein is 
presented in chapter 3. Here, it is shown that the production levels of LipA 
depend on the presence of four skf genes in B. subtilis. Most probably, the 
production of LipA or engineered derivatives of this protein with novel catalytic 
properties can be optimised by a further characterisation of the function of the 
Skf proteins in the protection of LipA against degradation by extracytoplasmic 
proteases of B. subtilis. 
 
The Bacillus Minimal Genome Group attempted to generally improve B. subtilis 
as a production host for (heterologous) proteins through minimising the 
functional genome. In an unprecedented genome engineering effort, described 
in chapter 2, it was shown that about 8 % of the B. subtilis genome can be 
deleted without affecting essential cell functions. Moreover, the cells containing 
these deletions were capable of maintaining full protein production and 
metabolic capabilities as demonstrated by flux analysis. Because all the ten AT-
rich islands of the B. subtilis genome and the three clusters involved in the non-
ribosomal synthesis of peptide-antibiotics could be removed individually, a 
further reduction up to 12 % of the genome is feasible. Most probably, further 
minimisation will be necessary to observe significant increases in the production 
level of recombinant proteins but, clearly, the elimination of contaminating by-
products is evident from every additional deletion. Many of the genes on 
prophage(-like) regions were predicted to be obtained by Horizontal Gene 
Transfer (HGT) (Garcia-Vallvé et al., 2000; Table at 
http://www.fut.es/~debb/HGT/bsub.d/HGTList.html). The table with proposed 
horizontally transferred genes for B. subtilis contains many other genes that are 
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clustered and form possible targets for a further minimisation of the genome. 
Moreover, genetic regions that are found to be not or only lowly expressed in 
macro- and micro-array experiments seem very good additional targets for 
deletion. Whereas only 270 genes were found to be indispensable for growth 
under standard laboratory conditions (Kobayashi et al., 2003), it has to be taken 
into account that B. subtilis has a high number of paralogous genes, which 
could take over the role of each other. Large deletions in the B. subtilis genome 
will greatly facilitate the discovery of essential gene functions, which have not 
been found with the single knock-out approach. In a non-redundant background 
of the minimised genome the functional analysis of these essential genes will be 
easier.  
 

In this thesis the secretion stress of B. subtilis has been extensively described 
and an industrial application for this response was proposed. As stated in 
chapter 5, the secretion stress response can be used to monitor AmyQ 
production levels. However, in chapter 6 it is shown that the correlation 
between the amounts of produced human Interleukin-3 and the intensity of the 
secretion stress response is biased by the proteolytic degradation of this 
protein. It would be very interesting to know whether the translocated precursor 
form of a protein or the mature form triggers the secretion stress response. 
Another challenge is to study whether the CssRS system can be bypassed by 
fusing a Tat-specific signal peptide to the protein of interest. If accumulation of 
malfolded protein is considered to provoke secretion stress, high-level 
production of proteins that are translocated in a folded conformation by the Tat-
pathway will not trigger a secretion stress response.  
 

Although much is known about the working mechanism of the CpxRA system in 
E. coli (Raivio and Silhavy, 1999), the precise activation and response 
mechanisms of the homologous CssRS two-component system of B. subtilis 
remain to be elucidated. The Cpx pathway has been shown to sense and 
respond to diverse stresses (Snyder et al., 1995; Danese and Silhavy, 1998; 
Otto and Silhavy, 2002) and in this way it plays a major role in surface sensing 
and adhesion (Otto and Silhavy, 2002). The CssRS two-component system has 
only been shown to be involved in the heat-shock response and the clearance 
of high-levels of misfolded proteins (Darmon et al., 2002). A further in-depth 
characterisation of the CssRS two-component system of B. subtilis may reveal 
other functions similar to or completely distinct from those of the CpxRA-
system. It has to be noted that, while some functions of the CssRS system 
could be of minor importance for B. subtilis under laboratory conditions of 
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growth, they could be of major importance for survival in the natural 
environments of B. subtilis, such as the plant rhizosphere. Furthermore, an 
appropriate CssRS-mediated stress response could be of major relevance in 
other members of the Bacillus family, like the pathogens Bacillus anthracis and 
Bacillus cereus, which have to protect themselves against the various defence 
systems of the host organism. 
 

In conclusion, the observations described in this thesis provide novel insights 
into the optimisation of B. subtilis as a cell factory. It has been shown that the 
secretion stress response is also triggered by proteins other than α-amylases 
and the possibilities for industrial application of this response have been 
studied. With the currently described techniques, which are widely used in the 
genomics and proteomics areas, the road is paved to further optimise the B. 
subtilis production strains that already exist. Although methods like genome 
minimisation aim at a general improvement of B. subtilis as a cell factory, still, 
every recombinant protein is unique and may therefore need special 
adaptations to the production system. By employing the current knowledge 
about promoters, plasmids, fermentations, signal peptides, secretion 
machineries, proteases and chaperones, and a large collection of mutant 
strains, it has become possible to rationally choose and design an optimal 
production system. Using all advantages of B. subtilis, in a few years it should 
be feasible to bring an FDA approved pharmaceutical protein that is produced in 
Bacillus to the market (Westers et al., 2004b). 
 

 




