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Stellingen 

I . Cell envelope stress responsive systems and other stress responsive 

systems can be activated by the expression of membrane protein

encoding genes even when apparently no membrane protein is being 

produced (this thesis). 

2. Successful overproduction of membrane proteins in Bacillus subtilis 

demands the careful balancing of many different stress responses 

within the cell, and manipulation of one stress responsive system can 

lead to shifts in the activity of other stress responsive systems that 

are potentially beneficial for membrane protein yields (this thesis). 

3. The integral membrane protease RasP impacts on different processes 

within the cell at the protein level (this thesis). 

4. De vettige structuur van membraaneiwitten zorgt ervoor dat 

overproductie en opzuivering van membraaneiwitten lang niet altijd 

gesmeerd verlopen. 

5. Negative results have significantly more impact on science than 

positive results. 

6. Leven met een kleurenblinde leidt tot een zekere mate van 

kleurendoofheid. 

7. De bezuinigingen op kunst en cultuur leiden misschien wel tot een 

verrijking van de schatkist, maar ook tot een verdere verarming van 

de samenleving. 

8. Het overproduceren van membraaneiwitten is zowel voor promoven

dus als bacterien een zeer stressvolle activiteit (dit proefschri�). 

9. 'It is the mark of an educated mind to be able to 

entertain a thought without accepting it' (Aristote/es) 

10. Er is dringend behoefte aan consensus over de implementatie van 

wetenschappelijke vaktermen in de Nederlandse taal (Neder/andse 

samenvatting van dit proefschri�). 
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Introduction 

Bacteria: a simple form of life? 

Bacteria are the oldest living organisms on this planet, and have always been considered 
as simple organisms from which the more complex forms of life have evolved. While 
eukaryotic cells have evolved multiple clearly defined membrane-enclosed compart
ments and organelles, which specialize in specific tasks and sequester certain processes 
and metabolites from the cytoplasm, bacteria have a much simpler structure. In their 
simplest form bacteria have a cytoplasmic compartment, in which DNA replication and 
transcription, protein synthesis and the vast majority of metabolic processes take place 
that keep the cell alive and functioning, and enable growth and cell division. This entire 
'soup' of components and processes is enclosed by the bacterial cell envelope consisting 
of a membrane and, in most cases, a cell wall. The cell envelope has a different compo
sition and structure in Gram-positive and Gram-negative bacteria (Figure I). 
This simple view on the bacterial cell has drastically changed during the last decades due 
to the venue of more sensitive methods for microscopy and cell imaging, and the devel
opment of novel molecular methods. It is becoming increasingly clear that the cytoplasm 
of bacteria is not merely a 'soup' where all components are randomly distributed, but it 
is a highly organized space where related processes are clustered together, and different 
regions exist that are specialized in certain tasks.These changed insights were sparked by 
the discovery of a wide variety of subcellular locations to which proteins and processes 
specifically localize. These discoveries include the existence of structures such as I) the 
cell division ring 'c and 2) the bacterial cytoskeleton 7

&4, as well as the observations 
of 3) compartmentalization of transcription and translation to the nucleoid1\ and 4) 
the existence of bacterial microcompartments within the cytoplasm 17 "°, where enzymes 
involved in metabolic processes are clustered and encapsulated.Additional findings have 
demonstrated that this high level of subcellular compartmentalization in bacteria is not 
exclusive to the cytoplasm: the bacterial membrane and cell wall are also highly organized 
and compartmentalized19·18• 

The bacterial cytoplasmic membrane is a key compartment of the cell 

The cytoplasmic membrane of Gram-positive bacteria is the lipid layer that separates 
the cytoplasmic content from the extracellular environment.The cytoplasmic membrane 
keeps vital biomacromolecules and solutes within the cell, and prevents toxic compounds 
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Figure I. Overview of the architecture of (A) a Gram-positive bacterial cell and (B) a 
Gram-negative bacterial cell. The main difference concerns the cell envelope, which 
in Gram-positive bacteria is composed of the cytoplasmic membrane surrounded by 
a thick layer of peptidoglycan. In contrast, Gram-negative bacteria have a thin pepti
doglycan layer localized in the periplasmic space, a compartment that is confined by 
the cytoplasmic membrane and the outer membrane. 

from entering the cell. Additionally, the membrane protects the cells against osmotic 
pressure changes. 
Importantly, the cytoplasmic membrane is more than just an inert barrier that separates 
the cytoplasm from the extracellular environment. Many proteins reside in the membrane 
that are actively involved in crucially important processes for the cell. Bacteria import 
nutrients into the cell and secrete proteins, peptides, metabolites and waste products 
into the extracellular environment. For this purpose the cytoplasmic membrane contains 
many channels and transporter proteins that specialize in the uptake and/or secretion of 
different proteins or other compounds' . Signals from the extracellular environment are 
passed through the membrane and enable the bacterium to respond to changes within 
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Figure 2. Different locations of proteins within the membrane. 

the extracellular milieu and to function as part of a community, which is important for 
prokaryotic developmental processes like biofilm formation, sporulation and compe
tence development for genetic transformation. In cell division, growth and sporu
lation the membrane is very important, as the membrane is used to properly localize 
the cell division site and to anchor the cell division machinery2•10• 14·52• Additionally, the 
membrane harbors many enzymes involved in the biosynthesis of lipids, teichoic acids 
and other components required for growth and division22 •7• Furthermore, there are 
several biochemical processes that make use of the membrane for different purposes. 
One important example of this is the maintenance of the membrane potential and ATP 

synthesis, which are essential for the generation, storage and distribution of energy for 
the entire cell4S.The proteins involved in these processes are part of the electron transfer 
chain, transporters of ions and protons and the ATP synthase complex. Other metabolic 
processes also make use of the membrane and its unique characteristics, such as its lipid 
composition, semi-permeability and location65• 

The bacterial membrane is no longer considered to be a uniform layer of phospho
lipids with randomly dispersed membrane proteins as was originally proposed in the 
fluid mosaic model61• Instead, it is a highly organized structure that contains different 
regions, where specific proteins and processes localize. Membrane proteins such as the 
cell division and sporulation proteins, DNA uptake machinery and chemoreceptors have 
been shown to specifically localize at the septum and/or the cell poles 19·34•39, whereas 
other membrane proteins - including the cytoskeletal components - localize in helical 
patterns around the cell (for reviews see references8 56 5�). and yet other proteins localize 
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homogeneously around the cell membrane (Figure 2f ''. Additionally, evidence has 
been found for the existence of bacterial lipid rafts and lipid spirals, in which particular 
lipids are concentrated. These rafts and spirals are hypothesized to enable the locali-
zation of membrane proteins to specific sites within the cell- 1" " • Moreover, it is well-
known that within the membrane, enzymes with related functions often form functional 
complexes "-,, where substrates are quickly transferred from one enzyme to another 
for further metabolism, or form functional machineries such as the cell division ring, the 
flagellar machinery and the DNA uptake machinery. 

Transduction of extracellular signals to the inside of the bacterium 

Bacteria need to detect and respond to extracellular signals and adapt to their environment 
in order to survive if this environment is subject to drastic changes. Therefore, specific 
signaling systems are used to detect changes in the environment of the bacteria, such 
as food depletion, change in osmotic pressure, temperature and the presence of 
other compounds and conditions that might be useful or harmful for the bacterium. 
Additionally, bacteria use signaling systems to communicate with surrounding bacteria 
in order to establish multicellular bacterial communities, such as biofilms. Generally, 
there are two major ways to transfer these important signals across the membrane 
and enable the bacterium to respond appropriately to environmental changes.These are 
the so-called two-component regulatory systems and extracytoplasmic function (ECF) 
sigma factors30 '8.The ECF sigma factors generally regulate the transcription of relatively 
large clusters of genes that are frequently also regulated by other sigma factor, whereas 
the two-component systems regulate very specifically the transcription of limited sets 
of genes •'• . 
Several ECF sigma factors - and some other alternative sigma factors - are activated 
through regulatory intramembrane proteolysis (RIP) (Figure 3A)1' 1-. In general, sigma 
factors are part of the RNA polymerase halo-enzyme, which is the complex of proteins 
that transcribes the DNA. Most organisms have multiple sigma factors, and these 
different sigma factors can all be incorporated into the RNA polymerase halo-enzyme, 
thereby directing transcription to different sets of genesn. As exemplified by the ECF 
sigma factor SigW of B. subtilis, ECF sigma factors are under 'silent' conditions seques
tered by anti-sigma factors ' ". These anti-sigma factors are usually membrane proteins 
which bind to the sigma factor and inhibit the incorporation of this sigma factor into the 
RNA polymerase holo-enzyme. For their activation, these sigma factors usually depend 
on RIP by proteases within the membrane. The RIP proteases become activated by an 
extracellular signal and cleave the anti-sigma factor within the membrane 1°. Through this 
cleavage, the anti-sigma factor is released into the cytoplasm, where it is degraded. The 
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Figure 3. Schematic representation of the signaling cascade in RIP-mediated activa
tion of an ECF a-factor (A) and in a bacterial two component regulatory system (B). 

degradation of the anti-sigma factor results in the release of its ECF sigma factor and, as 
a consequence, this sigma factor can be incorporated into the RNA polymerase holo
enzyme and initiate the transcription of an alternative set of genes. 
In two-component systems an integral membrane protein usually functions as the sensor 
of an extracellular signal. Upon stimulation this sensor displays a kinase activity by which it 
phosphorylates a cytoplasmic regulator protein that subsequently binds to DNA to alter 
the transcription of specific genes (Figure 3B), although responses other than DNA 
binding also occur6.2i_ While this is the basic mechanism employed by two-component 
systems, a wide variation in the organization and functioning of these signaling systems 
exists, where extra factors and extra steps are implemented to fine-tune these signals 
to integrate multiple signals and to have multiple outcomes• '3• Two-component systems 
are used to sense many different extracellular stress signals, but they are also extensively 
used in chemotaxis, quorum sensing, sensing of antimicrobials, virulence and invasion of 
the host9.26.46.S4.ss. 
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a-helix 13-barrel 

Figure 4. Schematic representation of the structure of a-helix and �-barrel membrane 
proteins. 

Membrane proteins 

As the membrane is a place where so many different processes take place, it is not 
surprising that in most organisms about 30% of all open reading frames (ORFs) are 
predicted to encode for integral membrane proteins"'. The vast majority of these 
membrane proteins consist of a-helical structures, which are hydrophobic and span the 
membrane (Figure 4) 18.JW.65. A particular sub-class of membrane proteins consists of 
�-barrels, which cross the membrane, and in the middle have a hydrophilic core that 
is shielded from the hydrophobic membrane by the �-sheets'. In this thesis, this latter 
category of membrane proteins is not considered, as they represent only a relatively 
small subset of the membrane proteins which are mainly employed as solute transport 
channels in the outer membrane of Gram-negative bacteria.These �-barrels have entirely 
different characteristics than the a-helical membrane proteins that are typically encoun
tered in the cytoplasmic membrane. 
The localization of proteins within the cytoplasmic membrane has several important 
implications. First of all, integral membrane proteins are adapted to the lipid environment 
and for this purpose they contain long stretches of hydrophobic residues that form 
a-helices within the membrane.The 3 D-structure of membrane proteins therefore does 
not only depend on the amino acid sequence of the protein, but also on interactions with 
the membrane that facilitate folding of the protein into conformations that it would not 
adopt in an aquatic environment. Therefore, proper folding of these proteins within the 
membrane is usually essential for their functionality and stability, as is the case also for 
non-membrane proteins that need to fold in order to be functional and stable in their 
respective subcellular compartments or the extracellular environment. 



Overproduction of membrane proteins is more challenging than overproduction 
of cytoplasmic and secreted proteins, because of the high hydrophobicity of these 
proteins, which often causes their aggregation in the cytoplasm of the overproducing 
cell. This may be stressful and even toxic to the host cell 5 1 6 24·40·53 67•68• The requirement 
for a lipid environment for the proper folding and function of membrane proteins also 
poses problems for many biochemical assays, which are usually performed in an aquatic 
environment. 

Bacillus subtilis: on attractive model organism for membrane protein overpro
duction 

Bacillus subtilis is a rod-shaped Gram-positive bacterium, which commonly lives in the soil 
and plant rhizosphere. It is a non-pathogenic bacterium, which has been awarded GRAS 
(generally regarded as safe) status by the US Food and Drug Administration. 8. subtilis is 
even used in the fermentation of soy beans into natto, a Japanese food product. Due to 
several characteristics 8. subtilis has become a model organism for many research and 
industrial purposes over the past decades. In particular, 8. subtilis can produce and secrete 
large amounts of proteins into the culture medium, and this organism is therefore exten
sively used as a 'cell factory' for the production of industrial enzymes and, to lesser 
extent biopharmaceuticals7·284�50·58 72.Additionally, 8. subtilis develops genetic competence 
for DNA binding and uptake, and it is therefore very amenable for genetic modification. 
The entire genome sequence of 8. subtilis was already published in 1 997 and all genes of 
B. subtilis that are essential by themselves were subsequently identifiedi,H_ As a conse
quence, B. subtilis has become the paradigm for research on Gram-positive bacteria, and 
vast amounts of detailed information on many different aspects of this bacterium are 
nowadays available 1 ·20•6 1 ·63•7 1 • 

In the research described in this thesis, 8. subtilis was used as a host for membrane protein 
overproduction, not only because of the above-mentioned reasons but also because 8. 
subtilis is closely related to Staphylococcus aureus. S. aureus is a Gram-positive opportun
istic pathogen that has developed resistance against most of the currently available antibi
otics 1 1 ·u_ Therefore, S. aureus infections are becoming increasingly difficult to combat and 
novel antibiotics are urgently needed. Essential membrane proteins are very interesting 
novel targets for antibiotics development, because these proteins are involved in pivotal 
processes within the cell, and can be accessed from the extracellular environment by 
pharmaceuticals. Therefore, we have used 8. subtilis to overproduce essential membrane 
proteins both from 8. subtilis and S. aureus. The proteins that were successfully overpro
duced can now be subjected to further research on their structure and function, and 
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they can be used for screening chemical compound libraries to identify inhibitors. It is 
anticipated that this will lead to the provision of new leads for novel antibiotic strategies. 

Scope of this thesis 

The overarching aim of the present studies was to dissect the bottlenecks encountered 
in membrane protein overproduction, and to improve the capacities of B. subtilis for 
overproduction of membrane proteins. 
In Chapter 2 an overview is given on the current knowledge of membrane protein 
overproduction and the potential to improve the overproduction of such proteins in the 
model organism B. subtilis. This chapter provides detailed insights into the possibilities 
and challenges for membrane protein overproduction in B. subtilis. 

In Chapter 3 the current knowledge on the different transport systems that bacteria 
and archaea use to translocate proteins across the membrane and to insert proteins 
into the membrane is reviewed. This is relevant for the studies described in this thesis, 
because protein transport processes are very important in the production of functional 
membrane proteins. 
In Chapter 4 two stress-responsive systems (the CssRS two-component regulatory 
system and the ow regulon) are identified that limit overproduction of specific membrane 
proteins in B. subti/is. Through the removal of these stress systems, large yields of some of 
these membrane proteins were obtained, whereas these proteins could not be produced 
in the strains that still contain these systems. The characteristics of the CssRS and ow 

regulon are explored and the results imply that both stress-responsive systems are inter
twined. 
In Chapter 5 the next step after membrane protein overproduction is explored, namely 
the purification of membrane proteins. For this purpose, newly developed His Mag 
Sepharose Ni beads were used in the purification of hexahistidine-tagged membrane 
proteins. Several crucial steps were identified which impact on the yield, purity and 
stability of the end-product. For different membrane proteins the differences that occur 
in these steps were assessed. 
In Chapter 6 the impact of the membrane proteases PrsW and RasP (the two proteases 
required for RIP of RsiW, the anti-ow factor) on the membrane proteome composition of 
B. subtilis was investigated. The results show that in the absence of RasP many membrane 
proteins involved in motility and chemotaxis accumulate in the membrane. This reveals 
a new level of regulation of motility and chemotaxis that occurs solely on the protein 
level.Additionally, certain competence-related proteins are shown to be present in lesser 
amounts in the absence of RasP, which is known to be required for competence devel-



opment.Also this effect is not related to any differential regulatory event at the transcrip
tional level, but solely takes place at the protein level. 
In Chapter 7 the ow regulon was redefined with the use of tiling arrays. Specifically, the 
differences in the transcriptomes of prsW and rasP mutant strains were compared to 
those in a sigW mutant strain to further explore the basis of the pleiotropic phenotypes 
of the rasP mutant. In accordance with the findings in Chapter 6, it was observed that 
there is no regulatory basis for this pleiotropic phenotype at the transcriptional level. 
Chapter 8 addresses the stress responses during membrane protein overexpression 
in B. subtilis. It was observed that at least in one case the expression of the membrane 
protein was blocked at the transcriptional level, which precludes a strong stress response. 
However, upon deletion of cssRS or sigW under the same conditions pronounced 
stress responses were observed. These data provide an exciting overview of the stress 
responses that occur in response to membrane protein expression, demonstrate that 
the expression of the induced membrane protein can be suppressed at the transcrip
tional level, and also provide an explanation on how interactions between the CssRS and 
SigW systems takes place as was already hypothesized in Chapter 4. 

Chapter 9 illustrates the relevance of research on membrane proteins for addressing 
fundamental biological questions. In this chapter the discovery of the membrane protein 
Sunl (previously known as YolF) is desribed. Sunl is shown to be required for immunity 
against the !antibiotic sublancin 168, which is produced by B. subtilis 168. The results 
provide novel insights into the mode of action of this !antibiotic and the protective 
mechanism against it. 
In Chapter I O  the results of the previous chapters are discussed and integrated, 
resulting in a comprehensive overview of the processes and stress-responsive systems 
that impact on membrane protein overproduction. 
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Towards the development of Bacillus subtilis as a 

cell factory for membr ane proteins and protein 

complexes 

Background: The Gram-positive bacterium Bacillus subtilis is an important 

producer of high quality industrial enzymes and a few eukaryotic proteins. 

Most of these proteins are secreted into the growth medium, but success

ful examples of cytoplasmic protein production are also known. Therefore, 

one may anticipate that the high protein production potential of 8. subtilis 
can be exploited for protein complexes and membrane proteins to facilitate 

their functional and structural analysis.The high quality of proteins produced 

with 8. subtilis results from the action of cellular quality control systems that 

efficiently remove misfolded or incompletely synthesized proteins. Paradoxi

cally, cellular quality control systems also represent bottlenecks for the pro

duction of various heterologous proteins at significant concentrations. 

Conclusion: While inactivation of quality control systems has the potential 

to improve protein production yields, this could be achieved at the expense 

of product quality. Mechanisms underlying degradation of secretory proteins 

are nowadays well understood and often controllable. It will therefore be a 

major challenge for future research to identify and modulate quality control 

systems of 8. subtilis that limit the production of high quality protein com

plexes and membrane proteins, and to enhance those systems that facilitate 

assembly of these proteins. 

Introduction 

History 

Bacillus subtilis is a sporulating rod-shaped Gram-positive bacterium (Figure I ), which 

thrives in the soil. Like most of its closest relatives 8. subtilis is non-pathogenic, and 8. 

subtilis has even been awarded GRAS (Generally Recognized As Safe) status by the US 

Food and Drug Administration.The first known application of 8. subtilis dates back more 

than a thousand years, when it was already used to produce natto, a Japanese food 

product consisting of fermented soybeans. Nowadays, 8. subtilis is best known as a source 

of useful enzymes and fine biochemicals, and as an attractive host for the production of 

heterologous proteins. Many different enzymes, l ike proteases and amylases, originating 

from B. subti/is and related Bacillus species are being used in industry for a wide range of 
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Figure I. Scanning electron microscopic image of B. subtilis I 68. 

different applications22•67• 1 1 1 . 1 1 2· 1 35· 1 86• Importantly, 8. subtilis is able to produce and secrete 
large quantities of proteins into the culture medium. Therefore, this organism is widely 
regarded as a prolific "cell factory" for industrial enzymes and biopharmaceuticals 1 35 "· 

B. subtilis is genetically highly amenable as it develops genetic competence for DNA 
binding and uptake. This is one of the prime reasons why bacilli have been extensively 
used in both applied and fundamental scientific research for more than SO years. In 
1 990 a European-Japanese research collaboration was started, with the aim to sequence 
the entire genome of B. subtilis strain 168. This has led to the publication of the entire 
annotated genome sequence in 1 997 1 ' .A subsequent international project has led to the 
identification of all essential genes in 8. subtilis . Today, B. subtilis is one of the best under
stood of all living organisms, and it has become the paradigm for research on Gram
positive bacteria. Detailed data sets on the transcriptome' 1�-l, proteome' ', secretome 1 '1 

and metabolome;• of B. subtilis are available, representing a rich source of information 
for research on Bacillus species. Importantly, the relatively close relationships between 
B. subtilis and clinically relevant Gram-positive pathogens also make this organism highly 
relevant for research on potential targets for novel antimicrobials and anti-infectives. 

Bacillus subtilis as a host for protein production 

Currently, the most commonly used bacterial host for industrial production of hetero
logous proteins is Escherichia coli.Advantages of its use as a production host for proteins 
are that it can be grown easily in large fermentations, and that it is genetically amenable 
and able to produce large quantities of proteins. However, in E. coli the produced proteins 



usually accumulate within the cells where they have a high potential to aggregate, resulting 
in the formation of inclusion bodies. To acquire the protein, the inclusion bodies need to 
be separated from the cell and the proteins subsequently need to be recovered from the 
inclusion bodies. Moreover, the outer membrane of £. coli, and of Gram-negative bacteria 
in general, contains lipopolysaccharide (LPS or endotoxin), which is highly pyrogenic 
and needs to be totally removed before the produced proteins can be used for clinical 
purposes. 
B. subtilis has excellent fermentation capacities that are equal to, if not better, than those 
of E. coli. In addition, B. subtilis is also capable of producing large quantities of proteins. 
However, in contrast to E. coli, B. subtilis lacks an outer membrane and is able to secrete 
proteins directly into the medium. Therefore, the secreted proteins can be purified 
easily from the medium in their active form, which simplifies the downstream processing 
considerably.Although most of the proteins that are commercially produced by B. subtilis 

are secreted into the medium, there are also successful examples of cytoplasmic protein 
production in B. subti/is69• 

Like all living organisms, B. subtilis has cellular quality control systems. These facilitate the 
production of high quality proteins, and remove misfolded and incompletely synthesized 
proteins3t 71. Unfortunately, cellular quality control systems also represent significant 
bottlenecks in heterologous protein production 1 6  1 �.This poses a fascinating challenge for 
cell factory engineering since inactivation of quality control systems can improve protein 
production yields, but these improved yields might be at the expense of product quality. 
Clearly, a reduced product quality would be an unwanted effect, especially if the product 
is a biopharmaceutical. Notably, the mechanisms underlying the degradation of secretory 
proteins in B. subtilis are nowadays fairly well-understood and, in many cases, the yields of 
"fragile" secretory proteins could be improved significantly by engineering of the cellular 
machinery for protein quality control 1 H. Successful strategies for engineering of B. subtilis 

to improve protein production include the knockout of extracellular and/or intracellular 
proteases 1 76· 182• 1 83, overexpression of chaperones and folding catalysts97• 164• 1 79• 1 81 , overex
pression of components of the secretion machinery, and/or modification of the cell wall 
microenvironment76 1 52• Besides engineering the host, also the expression system used to 
produce the protein can be modified in order to improve production and/or secretion, 
for example by the use of strong or inducible promoters 1 9•79•88• Another strategy is to 
modify the protein that is being produced itself, for example by selecting an optimal 
signal peptide' 1 H, or by rendering the protein less sensitive for degradation through site
specific mutagenesis 120• The latter protein modification approach has the disadvantage 
that it can affect the functionality and folding of the protein. 
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Function 

Cell envelope and cellular processes 

cell wall 
transport/binding proteins and lipoproteins 
signal transduction (sensors) 
membrane bioenergetics 
motility and chemotaxis 
protein secretion 
cell division 
sporulation 
germination 
transformation/competence 

Intermediary metabolism 

metabolism of carbyhydrates 
metabolism of amino acids 
metabolism of nucleotides and nucleic acids 
metabolism of lipids 
metabolism of coenzymes and prosthetic groups 
metabolism of phosphate 
metabolism of sulphur 

Information pathways 

DNA restriction/modification and repair 
transcription and regulation 
ribosomal proteins 
protein modification 
protein folding 

Other functions 

Unknown 

Number of proteins 

522 

40 

305 

30 

35 

20 

1 5  

8 

1 3  

47 

9 

62 

1 7  

1 2  

7 

1 2  

9 

4 

2 1  

2 

6 

I 

4 

8 

60 

490 

Table I .  Overview of determined and predicted functions of membrane pro
teins in B. subtilis. The numbers of membrane proteins belonging to each functional 
category are shown. 

Over all, it has become clear that a wide range of approaches for modification of B. 
subtilis can be applied to further improve this important cell factory for production 
of cytoplasmic and secretory proteins. Nevertheless, there are still many proteins that 



remain recalcitrant to such approaches. These include membrane proteins and proteins 
that are part of cytoplasmic or membrane-associated protein complexes. 

The membrane proteome as a resource for biomedical and biotechnologicaly 

relevant proteins 

To maintain the cellular homeostasis, the cytoplasmic membranes of bacteria are largely 
impermeable to ions, the majority of nutrients and signaling molecules.The vital commu
nication between the cytoplasm, transmembrane compartments and the extracellular 
milieu is facilitated through membrane-embedded proteins. They typically account for 
about 30% of open reading frames in prokaryotic and eukaryotic genomes , and they 
carry out a diverse range of functions in vital processes such as cellular growth and 
division, maintaining cell integrity, energy transduction, signal sensing and transduction, 
cell-cell interactions, and transmembrane transport processes (Table I). Membrane 
proteins are without any doubt the most important group of proteins in terms of current 
drug targets. Despite their functional and biotechnological importance, the study of 
membrane proteins has remained difficult due to their hydrophobicity.Accordingly, they 
generally require detergents to remain soluble upon extraction from the membrane. The 
presence of detergents, however, complicates the biochemical and structural analysis 
of membrane proteins. Consequently, high-resolution structural data is available for 
only very few membrane proteins, while X-ray crystal structures are available for daily 
increasing numbers of soluble proteins. To date, only the most abundant membrane 
proteins have been characterized in some detail. 
Not only the analysis of the properties of individual membrane proteins is difficult, but 
the same applies even more so to complexes of membrane proteins as well as the 
entire membrane proteome. Thus, the analysis of membrane proteomes, in general, 
has so far been relatively unproductive compared to analyses of cytosolic proteomes, 
cell wall proteomes and exoproteomes. This also applies to the 8. subtilis membrane 
proteome55· 153• 16 1 • First studies to investigate the 8. subtilis membrane proteome were 
undertaken by Bunai et au� and by Dreisbach et a1.ss To this end, different methods 
for membrane protein solubilization were combined with gel-based, semi-gel-based and 
gel-free proteomics techniques (Figure 2). More than 700 proteins were identified in the 
8. subtilis membrane; 1 2 2 of these proteins contain predicted N-terminal signal peptide
like sequences that may serve in membrane targeting. From the membrane proteins that 
were identified by Eymann et al., 268 proteins contain at least one potential membrane 
spanning domain55, and 1 34 contained four or more potential transmembrane domains. 
Notably, most detected membrane proteins of 8. subtilis are still of unknown function 
and this is in fact also true for a multitude of membrane proteins in other species. The 
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Figure 2 .  Workflow for the analysis of membrane proteins via I D  gel LC-MS/MS. The 
current workflow for analysis of the B. subtilis membrane proteome involves several steps. First 
bacteria are cultivated under appropriate conditions and samples are withdrawn. Next, the har
vested cells are disrupted, and the membrane fraction is enriched in successive centrifugation 
steps. Membrane proteins are separated by one-dimensional SOS PAGE, excised from the gel, and 
digested with an appropriate protease. The peptides thus obtained are analyzed by liquid chroma
tography and mass spectrometry for protein identification. Different approaches can be employed 
for quantitative membrane proteomics. For B. subtilis, these have so far involved stable isotope 
labeling with amino acids (SILAC) such as 1 3C6- 1 5N2 lysine, and '-N/ 1 5N metabolic labeling. 

functionally defined proteins are permeases and transporters, dehydrogenases, subunits 
of respiratory complexes, oxidoreductases, ATP-synthase components, two-component 
signal transduction proteins, penicillin-binding proteins, signal peptidases and proteins 
involved in cell motility, cell division, autolysis, chemotaxis, and osmoregulation. 
Several of the identified B. subtilis membrane proteins have potential biotechnological 
appl ications. For example, cytochrome P450-like proteins can be exploited for the 
bioconversion of a wide range of substrates80• Other identified B. subtilis membrane 
proteins, especially the essential ones, may represent potential new targets for the devel
opment of novel antimicrobial or anti-infective drugs. 

Production of membrane proteins 

Due to their roles in key cellular processes, membrane proteins represent interesting 
subjects for fundamental scientific research on their structure-function relationships. 
In  addition, these proteins are crucially important from a pharmaceutical perspective, 
because they are drug targets that are relatively easy to address being exposed on the 



extracytoplasmic side of the membrane. Thus, pharmaceuticals acting on these proteins 
do not always need to enter the cell. Unfortunately, most membrane proteins are naturally 
present in relatively low amounts in the cells. This makes it difficult to obtain such 
proteins in sufficient amounts for functional and structural analyses. Moreover, achieving 
high-level expression of membrane proteins has turned out to be very difficult. Several 
high-throughput screens for membrane protein overproduction have been performed, 
most of them using £ coli as the expression host44•45• 168• In some of these studies a clear 
correlation was found between the success of expression and the number of predicted 
transmembrane helices1'96• However, in contradiction with these results, a screen on 
overexpression of £ coli inner membrane proteins in £ coli indicated that there is no clear 
correlation between the ability to overproduce a membrane protein and protein size, 
the number of transmembrane helices or specific sequence characteristics33• Remarkably, 
in yet another screen for expression of 49  £ coli membrane proteins it was even found 
that the majority of successfully expressed proteins had a high number of transmem
brane helices5\ Furthermore, it was proposed that not only properties of the protein 
itself would determine whether a particular membrane protein could be overproduced 
successfully. Other important parameters were the £ coli strain used for overproduction, 
the type of detection/purification tag fused to the overproduced protein, and N-terminal 
or C-terminal fusion of such a tag to the overproduced protein><.Another problem is that 
in most cases the produced proteins mainly accumulate in the cytoplasm and aggregate. 
In fact, there are only very few examples where it was shown that a large amount of the 
protein was inserted correctly in the membrane45•47•96• It is thought that the presence of 
high amounts of proteins in the membrane can affect the integrity of the membrane and 
thereby have a toxic effect on the cells. However, although cytoplasmic accumulation 
can prevent this toxicity, the purification of overproduced membrane proteins from the 
cytoplasm is not preferred for most applications, since the protein may either be folded 
incorrectly, inactive, or both. Notably, the overproduced membrane proteins can be hard 
to purify and the proteins can be readily lost during purification or subsequent crystal
lization for structural analyses. Therefore, there is a clear and generally recognized need 
for systems to overproduce correctly membrane-inserted membrane proteins in large 
amounts. 
To date, it is unknown to what extent B. subtilis is exploitable for high-level membrane 
protein production. However, membrane protein biogenesis usually requires the same 
general secretion (Sec) pathway that is used by bacteria to direct the vast majority of 
exported proteins to extracytoplasmic cellular locations or the growth medium (for 
reviews, see 106• 158).This seems also to be true for B. subtilis 15116 1• Since the Sec pathway of 
B. subtilis has a huge capacity for protein secretion, often to commercially significant gram 
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per liter levels, there is presently n o  reason to assume that the B .  subtilis Sec pathway 

wil l  be less effective in inserting proteins into the cytoplasmic membrane. Thus, it can 

be anticipated that B. subtilis will turn out a highly suitable host for membrane protein 

production at high levels. 

Protein complexes and the interactome 

For many years, B. subtilis has been a widely appreciated model organism in studies on 

basic cellular processes, such as cell division, DNA replication, and cell differentiation. 

Thus, this organism was a logical choice for subsequent functional genomics, transcrip

tom ics and proteomics research on these cel lular processes.As the next step in reaching 

a more global molecular understanding of cel lu lar processes, new proteomics and 

systems biological methodologies are currently being explored for analyzing post-trans

lational modifications, protein stability/degradation and protein interaction networks'. 

The proteome of any living organism is divided into structured protein interaction 

networks, all together known as the interactome. Such networks represent functional 

protein complexes (e.g. chaperones), molecular machines (e.g. the Sec translocase for 

protein translocation across the membrane), or highly dynamic cellular pathways (e.g. 
energy transducing systems). High-throughput approaches in yeast and other organisms 

have revealed that most proteins interact with only few other proteins. In  contrast, 

relatively small numbers of proteins, the so-called "interaction hubs", have multiple 

interacting partners and thus seem to participate in multiple protein complexes or 

protein superstructures26·5 1 • 1 26• Furthermore, the available data indicates that flexible 

protein networks exist in which protein complexes are composed of core proteins and 

peripheral proteins that readily assemble and disassemble. Thus, the interaction hubs in 

protein networks can be divided into "date hubs" that are mainly involved in dynamic 

interactions, and "party hubs" that are involved in permanent interactions. Interestingly, 

the party hubs often seem to be connected, which suggests that they represent the cores 

of h ighly clustered functional modules 1 • It should be noted that interactome studies 

have so far been predominantly focused on soluble proteins, and only little, if any, data is 

available for protein networks in membranes. 

lnteractome studies in B. subtilis have mainly involved smal l-scale protein networks 

that are related to DNA replication and chromosome dynamics1• 122, cell division36 and 

cell morphogenesis J_ These networks were defined by iterative cycles involving yeast 

two-hybrid screening ("interactome walking") 12 1• 1 22.The data has been deposited in the B. 
subtilis protein interaction database "SPiD"3·7 1 • 



Production of protein complexes 

One major challenge for postgenomic research is to produce protein complexes in suffi
cient amounts for biochemical and structural studies. Several studies have shown the 
feasibility of purifying endogenous complexes for structure determination, including RNA 
polymerase II I and the ribosome II i e•. In addition, technical advances such as Tap-tagging 
have allowed easier purification of large multiprotein complexes3 1  49.This latter approach 
is currently restricted by the low abundance of many complexes within the cell. However, 
large scale functional characterization and structure determination of macromolecular 
complexes requires the purification of the different subunits in large quantities and their 
assembly into a functional entity. One way to obtain protein complexes from individual 
proteins in vitro involves producing highly purified and soluble proteins at high concen
trations and subsequent formation of protein complexes, which are suitable for further 
biochemical and crystallographic studies. This technique of in vitro reconstitution from 
separately purified components can be used to study small or mid-size assemblies. 
The major drawback of this technique is that it is relatively slow and often requires 
refolding steps. In many cases, proteins that form complexes in cells remain at least 
partially unfolded in the absence of their normal cellular partners in a heterologous 
expression system. Frequently, creation of a protein complex from individual proteins 
is not a simple task and carries along many technical problems. Firstly, over-expression 
of only one protein from a complex may be the cause for its insolubility 1 36• Secondly, 
posttranslational modifications can not be reproduced during such in vitro experiments 
and further studies may not be successfu1 ' 1q. In addition, it is often necessary to produce 
two or more proteins at the same time to obtain proper folding and/or interaction �, .To 
overcome some of these difficulties new methods for over-expression of two or more 
proteins in different hosts have been developed. Co-expression can be achieved by using 
two or more plasmids each of which bears a gene coding a subunit of a protein complex 
and a different selection marker. Another way is the introduction of several genes into 
one expression vectoru6• In bicistronic vectors, despite the presence of ribosome binding 
sites for each gene, the expression of the second gene is usually much lower. Insertion of 
a promoter in front of the second gene may improve the yields of the second product:87• 

Additionally, construction of a plasmid bearing four genes coding for protein subunits 
was reported.This method uses LINK sequences and ligation-independent cloning (UC), 
which avoids PCR.Thus, the generation of unwanted mutations can be avoided 1 36• 
Efficient production of protein complexes requires suitable purification steps. In 
comparison with conventional methods like ion-exchange chromatography, size exclusion 
chromatography or hydrophobic interaction chromatography, affinity tags represent 
highly efficient tools for complex purification under mild elution conditions 5 1.The use of 
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different fusion tags can help to identify protein complexes. A  clear disadvantage of this 

method is that the presence of a fusion tag may prevent the interaction with another 

protein of the complex. Furthermore, mass spectrometry is usually used for identifi

cation of proteins in the complex89• 

The new expression systems, from the common binary expression to the more compli

cated multi-expression systems for production of protein complexes, are well suited 

for structural proteomics high-throughput strategies as used for the SPINE (Struc

tural Proteomics In Europe) and E-meP (European Membrane Protein consortium) 

projects. Structural proteomics projects are creating large amounts of data that have to 

be organized and archived. Recently, the Laboratory Information Management System 

(LIMS) for structural biology and genomics was developed 1 tS_ I n  addition, an integrated 

LIMS system, such as the Protein Information Management System (PIMS) is currently 

being developed in Europe2. 1 3 • This system can also handle complicated data, such as 

information on expression of protein complexes. 

Most of the methods and techniques for production of protein complexes that have been 

mentioned above use as the host E. coli, Saccharomyces cerevisiae, baculovirus-infected 

i nsect cells or mammalian cells. Further development of efficient production systems 

for protein complexes seems to require the identification of new expression hosts with 

better characteristics. Clearly, B. subtilis is one of such candidate hosts with ample possi

bil ities for improving the level and qual ity of protein complex production. 

Mechanisms and bottlenecks for membrane protein and protein complex 
biogenesis 

Membrane protein biogenesis 

Membrane protein biogenesis in Gram-positive bacteria l ike B. subtilis is a largely 

unstudied field of research. The large majority of our knowledge on this process in 

Gram-positive bacteria is based on bioinformatic studies and comparisons with other 

organisms, while only a l imited number of experimental studies exist. In general, it is 

believed that membrane protein insertion in Gram-positive organisms follows similar 

principles as resolved for the Gram-negative E. coli (Figure 3). 

Targeting to the membrane 
In all prokaryotic cells, the biogenesis of proteins starts with translation of the mRNA 

at the ribosome in the cytoplasm. While cytoplasmic and most secreted proteins are 

completely translated in the cytoplasm, complete translation of integral membrane 



SRP 

SecYEG 

Figure 3. Scheme of membrane protein targeting and insertion by the Sec translocase 
andYidC. The bacterial Sec translocase is a protein complex in the cytoplasmic membrane, which 
comprises a peripheral motor domain SecA, the protein-conducting channel SecYEG, and the ac
cessory proteins SecDF(YajC) and YidC. Membrane proteins are cotranslationally targeted to the 
Sec translocase as ribosome-bound nascent chanins by the SRP in a GTP-dependent fashion. GTP 
hydrolysis at Fts Y and SRP effects the release of the ribosome-nascent chain complex from SRP to 
the SecY subunit of the Sec translocase. Next, chain elongation at the ribosome is directly coupled 
to the SecY-mediated insertion of the nascent membrane protein into the cytoplasmic membrane. 
During membrane insertion, newly synthesized transmembrane segments of nascent membrane 
proteins contact YidC, which may facilitate the lateral release of these hydrophobic segments into 
the lipid bilayer and/or assist in their folding and assembly. Translocation of large polar extracel
lular regions through the SecYEG translocation pore is effected by SecA at the expense of ATP. 
YidC also acts as a Sec-independent membrane protein insertase for a number of small membrane 
proteins. These proteins are either targeted directly to YidC, or possibly util ize SRP and FtsY for 
targeting. How SRP discriminates betweeen SecYEG- and YidC-dependent targeting of nascent 
membrane proteins is unknown. Abbreviation:PMF, proton motive force. 

proteins poses problems to cells, as these hydrophobic proteins are prone to aggregation 
and misfolding.Therefore, at an early state once the first transmembrane segment (TMS) 
or signal peptide emerges from the ribosome, it is bound by a ribozyme, denoted as SRP 
("signal recognition particle") 1 7 1  in eukaryotes or Ffh ("fifty four homolog") in bacteria. In 
eukaryotes, this results in a translational arrest, whereas in prokaryotes this phenomenon 
has not been observed. Subsequently, the SRP (Ffh) - ribosome - nascent chain complex is 
co-translationally targeted to the membrane, where it binds to the SRP (FtsY ) receptor 
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(in 8. subtilis also denoted as  Srb) "'. In E. coli, FtsY i s  bound to  the heterotrimeric SecYEG 
complex, and it has been suggested that a cascade of G TP-binding and hydrolysis events 
by the heterodimeric Ffh-FtsY complex effect the release of the nascent chain from SRP 
and the subsequent transfer to the SecYEG translocation channel. 

Insertion of membrane proteins 

Initially two models for membrane protein insertion were postulated: auto-insertion and 
protein-mediated insertion. The first mechanism proposes the spontaneous insertion of 
TMS into the lipid bilayer driven by hydrophobic interactions and in some cases directed 
by the proton motive force (PMF). Evidence for such a mechanism was based mostly 
on in vitro experiments with small membrane proteins such as Pf3 1 29 and M 1 3 ' both 
coat proteins of bacteriophages, that seemed to insert spontaneously in protein-free 
liposomes. However, in recent years, it has become clear that these proteins do not 
insert spontaneously in viva but rather use a pathway that depends on a membrane 
protein termed YidC. Complex multispanning membrane proteins, however, depend on 
the general protein translocation pore SecYEG for insertion. Membrane proteins show 
enormous structural variations in number of TMSs, hydrophobicity of the TMSs, the 
membrane topology of the TMSs, the length and polarity of the translocated domains 
and loops, and the oligomeric state of membrane proteins in their functional state. 

Ca-translational membrane insertion via the SecYEG complex 

The SecYEG complex consists of three conserved integral membrane proteins SecY, 
SecE and SecG. The structure of a monomeric SecYEG complex from Methanacaccus 

jannaschii has been solved by X-ray crystallography' , while a low resolution cryo
electronmicroscopy structure of a ribosome-bound dimeric SecYEG complex has 
been solved from E.coli " \ Currently, there is a controversy about the functional oligo
meric state of the SecYEG complex, but experimental evidence demonstrates that in 
cells, SecYEG complexes assemble as oligomeric, mostly dimeric, entities. The SecYEG 
complex fulfills a dual function, i.e., it both catalyzes the translocation of secretory 
proteins across the membrane and the membrane insertion of membrane proteins into 
the lipid bilayer. Secretory proteins are translocated as unfolded polypeptides through 
an aqueous channel in the SecYEG complex, and this process is driven by ATP binding 
and hydrolysis by the molecular motor protein SecA that associates with the SecYEG 
complex (see also below). On the other hand, most membrane proteins insert into the 
membrane in a co-translocational fashion, which means that while the protein is synthe
sized at the ribosome, it is concomitantly inserted into the lipid bilayer via the SecYEG 
complex. Large extracellular loops of membrane proteins, however, need to be translo-



cated completely across the membrane and, depending on their length and polarity, this 
translocation event requires the activity of SecA. Newly synthesized TMSs are thought 
to first enter the central pore in the SecYEG complex whereupon they are released into 
the lipid bilayer via a lateral opening (gate) in the SecYEG complex.Although the subunits 
of the 8. subtilis and E. coli SecYEG complexes exhibit a high sequence similarity78• 1 48• 1 62, 

these proteins do not seem to be functionally exchangeable 1 50• 

A very important subunit of the Sec translocase involved in both protein translocation 

and membrane insertion is SecA, a cytosolic homodimeric ATPase, which binds to the 
cytosolic loops of the SecYEG complex. Protein translocation is strictly dependent on 
SecA, whereas membrane proteins without large extracel lu lar domains insert in  a SecA
independent manner. SecA is however needed to drive the translocation of extracel
lu lar polar domains of membrane proteins. The ATPase activity of SecA is highly stimu
lated by the presence of membranes, SecYEG and a translocation-competent precursor 
protein '02• 8. subtilis and E. coli SecA are only partially exchangable in functional terms, 
suggesting some degree of species specificity. In general, the degree of functional 
exchangeabil ity within the Gram-positives is higher than between Gram-positive and 
-negative bacteria 1 °1 . Interestingly, some Gram-positive bacteria such as Bacillus anthracis, 
Corynebacterium diphtheriae, Listeria monocytogenes, Staphylococcus aureus, Staphylococcus 
epidermidis, Streptococcus gordonii, Streptococcus parasanguis, and mycobacteria, contain two 
paralogous SecA proteins. One of these paralogues (SecA I )  is involved in  the general 
housekeeping functions of protein translocation, whereas the other paralogue (SecA2) 
is required for the secretion of a subset of secretory proteins only. SecA2 proteins have 
sofar not been implicated in membrane protein insertion20• 

SecDFYajC is another heterodimeric membrane protein complex that was found to 
associate with the SecYEG channel in E. coli and that is needed for efficient protein trans
location in vivo. Homologues of all three proteins were identified in 8. subtilis, but these 
differ in two aspects from the equivalent E. coli proteins. Firstly, SecDF of 8. subtilis is a 
single polypeptide and secondly, the yrbF gene, which encodes for the YajC homologue of 
B. subtilis, is located in a locus separate from secDF1 5• 

YidC mediated membrane protein insertion 
Proteins homologous to the Alb3/0xa I /YidC superfamily are found in al l  domains of 
life and were shown to facil itate the insertion of some membrane proteins indepen
dently of the SecYEG complex. Oxa I and Alb3 are proteins of the inner membrane of 
mitochondria and the thylakoidal membrane of chloroplasts, respectively.The E. coliYidC 
is the best described member of this protein family and functions as a membrane protein 
insertase for a specific subset of proteins. YidC is involved in the membrane insertion 
of some of the subunits of the major energy transducing complexes in the cytoplasmic 
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membrane, and i t  catalyzes the membrane insertion of the small bacteriophage coat 
proteins that were previously thought to insert spontaneously. YidC can either function 
on its own, or co-operate with the SecYEG complex to facilitate membrane protein 
insertion. The membrane insertion of subunit c of the E. coli ATP synthase solely requires 
YidC "°, whereas CyoA, a subunit of the cytochrome o oxidase, requires both YidC and 
SecYEG 18• Some Gram-positive bacteria, such as B. subtilis, contain two paralogues of the 
YidC protein. In B. subtilis, these YidC paralogues are known as Spolllj and YqjG ,,,_ The 
exact role of these two proteins in membrane protein insertion is unknown although 
Spolllj seems to fulfill a specific function in sporulation. However, gene inactivation 
studies have shown that the presence of only one of the two proteins (Spolllj or YqjG) 
is essential for viability. Previous studies suggest that these proteins impact on post
translocational stages in protein secretion rather than membrane protein insertion, 
although from the conserved function of Oxa I /Alb3/YidC family a function in membrane 
protein insertion is expected �,. Importantly, these membrane protein insertases may 
also function at the post-insertional stage. YidC may facilitate the proper folding of the 
newly inserted membrane protein and stabilize these proteins prior to their assembly 
into oligomeric membrane protein complexes as suggested for the formation of the 
ring-like F

0
-sector of the Fl

0
-ATPase 1"". 

Protein complex biogenesis - the bacterial divisome 

In B. subtilis, as well as in all living cells, genes involved in a given cell function are activated 
at the time of execution of that function.Also, the genes encoding proteins that function 
in complexes are co-expressed, and temporal cascades of gene expression control 
multiprotein structure biogenesis. These multiprotein structures have a crucial role to 
direct complex processes during the cell life cycle. Studies on the formation of these 
protein superstructures require the most advanced technologies of molecular biology. 
In general, these multiprotein structures are built from more or less stable proteins 
and sub-complexes and some of them are amenable to purification, typically by affinity 
methods, and to subunit identification by mass spectrometry. One of the most exten
sively studied protein structures in B. subtilis is the divisome, a structure that is composed 
of division proteins and proteins involved in their biogenesis. Therefore, the divisome 
serves an important model function for studies on B. subtilis as a producer of protein 
complexes. 
Cell division in bacteria is a complex process involving the coordinated participation 
of a group of proteins which assemble at the division site into a multiprotein complex 
called the divisome (for reviews, see 1 2 5162 17�).This process has been best studied in two 
bacterial model systems: E. coli and B. subtilis. The earliest apparent event in cell division is 
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Figure 4. DivlVA oligomers form a two-dimensional network as judged from cryo
negative stain transmission electron microscopy images. A. Freshly purified DivlVA 
appears as a 'doggy-bone' shaped particle. B. A tentative model for the hexameric DivlVA ol igomer. 
C. Furhter oligomerization of DivlVA 'doggy-bones' leads to two-dimensional network formation. 
D. A tentative model for the two-dimensional DivlVA network' •1• 

the formation of an FtsZ ring (Z-ring) at the future septum site. In 8. subtilis, the MinC and 
MinD proteins form a complex which blocks the formation of the Z-ring at the cell poles, 
whereas the nucleoid blocks the septation at mid-cell. The topological control of MinCD 
activity is provided by DivlVA in 8. subtilis29·50 and by oscillating MinE in E. co/i39•57· 1 27• DivlVA 
can form oligomers which serve as building blocks in the formation of higher order 
assemblies giving rise to two-dimensional lattices in a time-dependent manner (Figure 
4) 1 ""· DivlVA is stably associated with the cell poles, to which it recruits MinCD, probably 
by direct interaction with MinD8 1 • 10'1. The initiation of septation is a complex process 
involving many proteins and their complexes as well as specific cell cycle conditions, such 
as DNA replication and segregation.The protein complexes respectively involved in these 
processes are known as the replisome and segresome. The FtsZ protein assembles into 
a cytokinetic ring on the inner surface of the cytoplasmic membrane at the place where 
division will occurrn°. The Z-ring structure provides the framework for the recruitment 
or assembly of about ten membrane and cytoplasmic proteins, uniquely required for cell 
division. Some of these are required for biogenesis of the new hemispherical poles of 
the two daughter cells. In E. coli, during cell division the proteins assemble in a defined 
order as follows: FtsZ, FtsA/ZipA, (FtsE, FtsX), FtsK, FtsQ, (FtsB, Ftsl), FtsW, Ftsl, FtsN, 
AmiC and EnvC, where the proteins in parentheses assemble simultaneously (Figure 
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Figure 5. Formation of the divisome protein complex in E.. coli and in 8. subtilis. A 
Model for the assembly of proteins into the septa! ring of E coli. First, FtsZ forms a Z-ring. FtsA and 
ZipA are recruited next, independently from one another. Once both FtsA and ZipA have localized, 
the remaining proteins join in the ring in the order indicated. . Model for assembly of proteins 
into the septa! ring during vegetative growth of B. subtilis. The assembly of late vegetative division 
proteins (Ftsl, DivlB, DivlC and Pbp2B) is not linear and these components appear to assemble in 
a completely interdependent manner. 

SA) 3. The assembly of the Z-ring depends on FtsA and/or ZipA, while the localization of 
the latter pair of proteins depends on FtsZ64 1

-"'. FtsK does not require any downstream 
proteins to assemble at the Z-ring. Ftsl and FtsB localize in a co-dependent fashion23.The 
localization of the last protein from this set, EnvC, depends on all of the other proteins. 
This hierarchical localization of division proteins in E.coli is likely to reflect a sequence of 
protein-protein interactions that lead to the assembly of the protein complexes of the 
divisome. 8. subtilis has homologues of most of the E.coli division proteins, including FtsZ, 
FtsA, ZipA (possible functional homologue of 8. subtilis EzrA), Ftsl, Y gbQ (DivlC in 8. 
subtilis), FtsQ (DivlB in 8. subtilis), FtsW (Y laO in 8. subtilis), and Pbp3 (Pbp2 B in 8. subtilis) 
(for review, see �3). However, SepF is only present in B. subtilis '. In contrast to the hierar
chical localization of division proteins in E. coli, in 8. subtilis the equivalent division proteins 
are recruited in a more concerted manner (Figure SB) (for review, see ,.). DivlB, DivlC, 
Ftsl, Pbp2 B and probablyY laO are all completely interdependent in their assembly at the 
division site and depletion of FtsA, DivlC, Ftsl or Pbp2 B, abolishes the positioning of the 
other cell division proteins at mid-cell. The first three proteins from this division protein 
set, DivlC, Ftsl and DivlB, seem to form one or more different oligomers 1• 1.The possible 
role of Ftsl is to stabilize DivlC through formation of a DivlC-FtsL complex 11 and DivlB 
has a role in Ftsl turnover .The function of Y laO is closely connected to Ftsl and likely 
to include targeting of cognate PBPs (penicillin binding proteins). 
The dynamics of division protein complexes have been interrogated by mapping and 
mutation analysis. Many of these physical interaction studies have been complemented 



by genetic and phenotypic screens51• Microtubule and cytoskeletal superstructures have 
also been subject to proteomic analyses. Genome-wide datasets and ever-more-complex 
networks built from such data seem to quickly overload human intuitive capacity. Inevi
tably, these vast amounts of information must be captured and processed in mathe
matical models, as has been done in the physical sciences for many years. User-friendly 
interfaces for simulation of biological systems have been created that will certainly be 
widely used to explore the manifestations of biochemical and genetic networks. The cell 
cycle has in fact long been subject to modelling efforts, which have become increasingly 
sophisticated and coupled to experimental tests of model predictions.A good example 
of intensive modelling is the oscillation of the MinCDE complex in E coli which has 
been analysed using simple reaction-diffusion mathematical models73.99· 1 1 3 as well as more 
advanced mathematical models•b· 1 47• 

The dynamics of division protein complexes have been interrogated also by mapping and 
mutation analyses. It is clear that a complete appreciation of the mechanism of divisome 
assembly in B. subtilis will require a much deeper understanding of the protein-protein 
interactions that take place between divisome proteins both before localization at the 
division site and during assembly of the divisome. Many of these physical interaction 
studies have been complemented by genetic and phenotypic screens53• Some of the 
septasomal proteins were expressed, purified and used for biochemical and crystallo
graphic studies (for reviews, see90 92).Although a huge amount of data about the divisome 
exists, development of an efficient B. subtilis production system for protein complexes 
will be required for the in vitro reconstitution of this and other crucial cell cycle protein 
complexes. In turn, the knowledge thus generated is likely to lead to important insights 
and tools for removal of bottlenecks in the production of protein complexes in B. subtilis. 

Molecular chaperones 

Molecular chaperones are cellular components, which assist folding processes of proteins 
by interacting with non-native polypeptide chains in a non-covalent manner.This definition 
excludes classical enzymes involved in catalyzing protein folding with covalent reactions, 
although in some folding factors these both types of activities can be distinguished; there 
may be an enzyme domain and a chaperone domain in the same component. Chaperones 
are typically cytosolic proteins or multiprotein complexes involved in protein folding 
assistance in various cellular processes. The roles of microbial molecular chaperones in 
protein folding assistance, aggregation prevention, protein quality control, chaperone
assisted protein degradation and the heat shock response have been extensively studied 
with cytosolic and secreted protein substrates and proteomes 107, but in the context of 
membrane protein folding and assembly, information on such functions of chaperones 
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is scarce. Although most of the mechanistic studies of bacterial chaperones have been 
carried out with E. coli, the available information can also be applied to other bacterial 
systems including B. subtilis. When proteins are overexpressed in bacteria, regardless of 
whether they are cytosolic, secreted or membrane proteins, a general problem is the 
formation of insoluble aggregates of predominantly misfolded proteins, so called inclusion 
bodies. Co-overexpression of chaperones may help in controlling the folding process of 
overexpressed proteins and thereby decrease aggregation. 

General cytoplasmic chaperones 

Two major cytosolic chaperones with a general role in bacterial cytoplasmic protein folding 
are GroEUGroES and DnaK/DnaJ.The GroEL chaperonin and its co-factor GroES form a 
ring-shaped ATP-dependent protein folding machine and a 'folding-friendly' environment 
in the GroEUGroES cavity for newly translated proteins. Proteomic studies have identified 
in B. subtilis 2 8  potential GroEUGroES substrates, all cytosolic proteins�Z, and in E. coli 

the GroE-dependent proteins account for about I 0% of all cytoplasmic proteins�1• The 
bacterial signal recognition-like particle (SRP) is a chaperone-like component involved 
in co-translational targeting of extracytoplasmic proteins, including membrane proteins, 
to the Sec translocase25·72. 105• 1 1 9• Since the co-translational targeting process is strictly 
controlled by SRP and SRP-bound nascent polypeptides can stay insertion competent for 
long times, it may be that general intracellular molecular chaperones are needed in limited 
extent for the folding and aggregation prevention of extracytoplasmic proteins in normal 
conditions. However, when misfolded and aggregated secretory or membrane proteins 
are formed in the cytosol under stress conditions, and when proteins are overexpressed, 
chaperones are found associated with the protein aggregates. This is consistent with the 
general property of these folding factors to interact with non-native polypeptide chains. 
Overexpression of membrane proteins fused to green fluorescence protein in E. coli 

resulted in accumulation of cytosolic multiprotein aggregates consisting of the produced 
protein, GroEUGroES and DnaK/DnaJ chaperones, cytoplasmic proteases as well as 
precursors of several periplasmic and outer membrane proteins 16 • On the other hand, it 
has been shown that GroEL forms in vitro a soluble complex with bacteriorhodopsin (BR) 

and the complex-bound BR folds in the presence of ATP to its functional native confor
mation.This folded BR can be transferred efficiently to liposomes� 1 i9• In a similar GroEL
dependent manner the phage lambda holin is delivered to liposomes•0• These results 
suggest that GroEUGroES may affect membrane protein assembly in bacterial cells. The 
DnaK chaperone, its co-chaperone DnaJ and the trigger factor, a ribosome-bound protein 
with a dual chaperone and peptidyl-prolyl cis-trans isomerase activity, have overlapping 
functions in the folding of nascent polypeptides�9• Effects of co-overexpression of these 
general chaperones on inclusion body formation and membrane insertion of the overex-



pressed CorA magnesium transporter in E. coli have been studied30.An interesting finding 
was that CorA inclusion body formation was prevented by co-overexpression of DnaK/ 
Dnaj30• CorA was also inserted into the cytoplasmic membrane more efficiently in DnaK/ 
Dnaj overexpressing cells. In contrast, co-expression of GroEUGroES, SRP or the trans
location ATPase SecA had little or no effect on CorA inclusion body formation. In 8. 
subtilis these chaperones are required for heat shock survival 118, but their significance for 
the folding of nascent polypeptides and aggregation prevention is still unclear. However, it 
has been demonstrated that overexpression of both GroEUGroES and DnaK chaperone 
systems in the hrc repressor null mutant of 8. subtilis improves secretion of a single 
chain antibody fragment and decreases inclusion body formation in the cytosol 18 1 • This 
suggests that co-overexpression of molecular chaperones decreases aggregation of 
heterologous proteins and increases their yields also in 8. subtilis expression systems. 
Further studies are needed to find out whether chaperone co-expression can enhance 
yields of membrane proteins expressed in 8. subtilis. 

Dedicated chaperones 
In addition to the general molecular chaperones, bacteria contain many other chaperones 
with more dedicated roles in protein folding. CsaA is a secretion-related chaperone-like 
protein of 8. subtilis, which suppresses the growth defects of E. coli mutants of the major 
chaperones, interacts with the SecA translocation ATPase and stimulates translocation 
of prePhoA into E. coli membrane vesicles bearing the 8. subtilis translocase 1 03• 1 17• 1 18• It is 
not known whether CsaA has any role in the targeting and chaperoning of membrane 
proteins.The 8. subtilis ClpX, a chaperone belonging to the AAA+ superfamily of ATPases, 
modulates the assembly of the tubulin-like protein FtsZ independently of its protease 
partner ClpP and ATP hydrolysis and thereby regulates the formation of the Z-ring and 
cell division 1 71• ClpX inhibits FtsZ polymerization, increases the pool of soluble FtsZ in 
the cell and affects the dynamics of the cell septum formation. There is also evidence 
that some proteases involved in protein quality control are chaperones. The membrane
bound HtrA and FtsH are examples of proteases having chaperone-like properties8• 1 38 1 43• 

The formation of correct protein structures is often not only dependent on the proper 
chaperones but additionally various foldase enzymes assist folding processes both in the 
cytosol and the periplasmic space.As an example, in 8. subtilis, the peptidyl-prolyl cis-trans 
isomerase PrsA affects the posttranslocational folding and stability of proteins at the 
membrane-cell wall interface94•95, 16'1· 166, 169• 
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Protein quality control and protein turnover 

B. subtilis has an extensive quality control system for protein production. This system 
can respond to the presence of misfolded or incompletely synthesized proteins by 
activating proteases that remove these proteins. The biotechnological advantage of the 
quality control system is that it enables the production of high quality proteins with few 
impurities of misfolded side-products. However, it can also represent one of the major 
bottlenecks for the production of especially heterologous proteins. Besides their role 
in protein quality control, proteases are also involved in the removal of cleaved signal 
peptides and in the processing of precursor proteins in order to acquire the active 
mature forms of these proteins. Furthermore, proteases are highly important for many 
regulatory processes within the cell. 

Cytoplasmic protein quality control 
Nascent proteins often expose strands of amino acids that are susceptible for degradation 
or aggregation. Usually cytoplasmic proteins fold rapidly, thereby hiding the susceptible 
parts of the protein from their surface and rendering the protein intrinsically stable and 
resistant against degradation. Many proteins do not fold rapidly enough by themselves, 
and their folding is catalyzed by chaperones.Also, under conditions where the presence 
of misfolded or unfolded proteins is induced (for example by heat-shock, overproduction 
of proteins, or production of heterologous proteins) the chaperones can enhance the 
folding process and thereby prevent the accumulation of these proteins in the cytoplasm. 
The function of the cytoplasmic protein quality control system is to remove the proteins 
from the cytoplasm that are not folded correctly (Figure 6A). In addition to malfolded 
proteins, this system eliminates "unemployed" proteins, which are no longer integrated 
into functional complexes and thereby are no longer protected against proteolytic 
attack' . In both prokaryotic and eukaryotic organisms the Clp proteases (caseinolytic 
proteases) appear to play pivotal roles in cytoplasmic protein quality control63 178· 1 84.The 
Clp proteases generally function as complex molecules. These consist of Clp ATPase 
subunits forming hexameric rings that are attached to two central heptameric rings 
of ClpP subunits. Thereby, the ClpP subunits form a central proteolytic chamber8i 1 7 • It 
seems that the entrance to the proteolytic chamber is too small for folded proteins to 
enter. Accordingly, it is generally believed that misfolded proteins are first unfolded by 
the Clp ATPases and, subsequently, transferred to the central proteolytic chamber. There, 
they are degraded by the ClpP protease subunits.The exact mechanism of entry and exit 
of proteins and peptides into and from the ClpP chamber is a subject of ongoing study. 
In 8. subtilis it appears that the ClpP peptidase indeed is a key component in the protein 
quality control system, and a knockout of clpP renders B. subtilis highly susceptible for 
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protein aggregation''. Accordingly, clpP mutants do not grow at high temperatures . 
Due to the degradation of several regulators of important cellular processes by ClpP, 
mutations in clpP result in a pleiotropic phenotype, which includes loss of motility, compe
tence development and sporulation 1 1  • There are three distinct Clp ATPases known in 8. 
subtilis (ClpC, ClpX and ClpE), which are all able to form functional complexes with 
ClpP6 1 •98• 1 1 4• ClpCP, ClpEP and ClpXP each appear to have different substrate specificities. 
Moreover, these substrate specificities can additionally be modified by adaptor proteins• , 
which are used by the cell to target ClpP degradative activity towards specific proteins. 
By this mechanism, the action of ClpP in processes, like competence development and 
sporulation, is modulated. 
The Clp proteases belong to the class Ill heat shock proteins.All genes encoding for this 
class of proteins, except clpX, are regulated by the repressor CtsR. CtsR is present at 
a basal steady-state level in the cells, and several proteins can influence its degradation 
(e.g. ClpCP, ClpEP) or modify its activity (e.g. McsA, McsB) i.Via these mechanisms the 
activity of Clp proteases is upregulated when misfolded proteins or protein aggregates 
start to accumulate. 
In addition to the Clp proteases, also other proteases are present in the cytoplasm, 
such as HlsUV, Lon and the membrane-associated FtsH protein. These proteases, which 
also depend on ATPase activity, belong to the same superfamily of proteins, the AAA+ 
superfamily. Many more (putative) proteases and peptidases, not belonging to the AAA+ 
superfamily, are present in the cytoplasm of 8. subtilis, including several metalloproteases. 
They however do not seem to be very important for general cytoplasmic protein quality 
control in 8. subtilis. 

Integral membrane protein turnover and quality control 
The first evidence of membrane protein degradation in 8. subtilis has come from 
proteomic studies, which showed the presence of predicted membrane proteins in the 
culture medium9 '0• For some of these proteins it has been shown that their release 
from the membrane probably depends on cleavage by type I signal peptidases ($Pases; 
Figure 68). For most of these proteins, however, it is still unknown which proteases are 
responsible for their release'.Type I SPases are proteases that remove the signal peptides 
from secretory proteins after their translocation from the cytoplasm to the extracellular 
environment. Five type I SPases are present in 8. subtilis: SipSTUVW. of which SipS and 
Sip T are of major importance for protein secretion and SipU, SipV and SipW only seem 
to have minor roles 5 1".The type I SPases are membrane proteins with their active site 
located at the extracytoplasmic side of the membrane. The consensus sequences for type 
I cleavage in 8. subtilis are well defined' 5'. However, in several of the proteins that were 



found in the medium such a cleavage site was absent, and the deletion of SPase-encoding 
genes did not affect the presence of most of these proteins in the medium·. 
Several examples are currently known of cleavage of membrane proteins within the 
membrane itself. Most of these concern Regulated lntramembrane Proteolysis (RIP; 
Figure 6B). In this process, a membrane protein is cleaved in order to release the 
cytoplasmic part as well as the proteins interacting with this cytoplasmic part, which 
can subsequently engage in processes, such as gene transcription. An example of this 
process is the cleavage of RsiW, an anti-sigma factor that modulates the activity of ow. 
RsiW appears to be cleaved in two steps by PrsW (site- I -proteolysis) and RasP (site-2-
proteolysis) in order to release ow •1 

ll1. Another example of RIP in B. subtilis concerns 
the maturation of the sigma factor oK: pro-oK is activated through site-2-proteolysis by 
the membrane protease SpolVFB.To start this process, the SpolVFB itself is activated by 
site- I proteolysis of SpolVFA, the repressor of SpolVFB. Site- I proteolysis of SpolVFA 
can be catalyzed either by SpolVB or by the CtpB protease27·32• 132• 

Protein quality control of membrane proteins involves different stages. Mistargeted or 
misassembled integral membrane proteins likely already aggregate in the cytoplasm due 
to their high hydrophobicity. Therefore, quality control of integral membrane protein 
insertion may at least partially occur via cytoplasmic protein quality control mechanisms. 
Within the membrane at least one mechanism of quality control for integral membrane 
proteins is known to exist . This involves the proteolytic activity of FtsH, a membrane
anchored member of the AAA+ superfamily. The proteolytic domain of FtsH is exposed 
in the cytoplasm. The known substrates of FtsH include both short-lived regulatory 
proteins in the cytosol and unassembled subunits of membrane protein complexes in 
the membrane77• FtsH has been shown to degrade SecY when not assembled in a stable 
complex with SecE7.Also, the subunit a of the proton ATPase F0 sector6 t.e and the protein 
of unknown function Y ccA8• are membrane proteins that become degraded by FtsH 
when not properly assembled. A remarkable property of FtsH is its ability to dislocate 
substrate proteins from the membrane to allow their degradation -7 • 

FtsH, like other AAA+ family members, forms homohexameric complexes 13·85· 100• It has 
been shown that the FtsH homohexamer of E coli forms a complex with membrane 
embedded HflKC complexes.The entire supercomplex of FtsH and HflKC is also known 
as the FtsH holoenzyme 13•84•86.The function of HflKC is thought to be inhibition of FtsH
mediated proteolysis of membrane proteins, thereby increasing the capacity to degrade 
soluble substrates. lnterestingly,Y ccA, a protein that itself is degraded by FtsH, is another 
modulator of FtsH proteolytic activity towards integrated membrane proteins85• Notably, 
HflKC seem to be absent from 8. subtilis. In contrast, a protein with a low level of sequence 
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similarity to £. coli Y ccA is encoded by the B. subtilis genome. In the absence of functional 
data, it is presently unclear how the activity of FtsH is modulated in this organism. 
In addition to FtsH, the membrane-bound metallo protease HtpX has been implicated in 
the quality control of £. coli membrane proteins, like SecY 1 1• Interestingly, a homologue of 
HtpX, known as Y krL, is present in B. subtilis.The presumed role ofY krL in protein quality 
control awaits detailed investigations. 

Extracytoplasmic quality control and secretion stress 
B. subtilis secretes high amounts of proteases into its medium, which degrade proteins 
that do not fold properly or that fold slowly (Figure 6C). The importance of the 
presence of these extracellular proteases in relation to (industrial) protein production 
is illustrated by the application of the WB800 strain, which lacks eight extracellular 
proteases. &' Practically all extracellular proteolytic activity is abolished in this strain.The 
use of the WB800 strain has enabled the production of various heterologous proteins, 
which normally are rapidly degraded after secretion. Interestingly, even the production of 
homologous proteins can be boosted by removal of these proteases. 
Secretion stress occurs when misfolded and/or aggregated proteins accumulate at the 
membrane-cell wall interface (Figure 6C). This can be caused for example by overpro
duction of secretory proteins, or by depletion or inactivation of PrsA.The two-component 
system CssRS (Control of secretion stress regulator and sensor) plays a pivotal role in 
the response to secretion stress, as it responds to the accumulation of misfolded proteins 
at the membrane-cell wall interface38•74• 1 75 • Upon stimulation of CssRS several proteins 
are up regulated, including the proteases HtrA and HtrB'd. HtrA and HtrB are negatively 
auto- and cross regulated and can substitute at least partially for each others activity 23• 

HtrA and HtrB are both membrane-bound serine proteases with their active site located 
at the extracellular side of the membrane. Notably, HtrA has also been detected in the 
medium of the cells due to cleavage of the transmembrane segment, whereas HtrB is 
not detected in the medium .Whether there is a functional role for HtrA in the medium 
remains to be determined. A double knockout of htrA and htrB causes up regulation 
of transcription of cssR and cssS and results in growth defects and temperature sensi
tivity38 ' , indicating that both proteases have important roles in combating the detri
mental effects of heat. Because the active sites of membrane-associated HtrA and HtrB 
are located very close to the membrane, it is possible that HtrA and HtrB can cleave 
the extracellular domains of integral membrane proteins. However, until now there is no 
documented evidence of such events. In addition to the transcriptional up regulation of 
htrA and htrB also other genes are up regulated in a response to secretion stress. These 
include genes for a putative Mg2+-transporter (yqxL), several cytoplasmic chaperones and 



the /ia/HGFSR operon ',. The latter operon also seems to be involved in the response to 
cell envelope stress induced by several antibiotics . 
Finally, a protein that seems to be involved in extracytoplasmic protein quality control 
is WprA, a cell-wall bound protease. Notably, WprA is processed into two cell wall 
proteins: CWBP52, with a serine protease activity domain, and CWBP23 ,  which may have 
chaperone-like activity ' 1 1 ".Although the WprA processing products are cell-wall bound, 
they are also found in the culture medium . Production of a-amylase from Bacillus licheni
formis by 8. subtilis is enhanced in a knockout of wprA 1 45• Altogether, it is thought that the 
WprA CWBP52 product degrades various secretory proteins before they are released 
into the medium. By contrast, the CWBP23 product may assist in folding of several cell 
wall-bound proteins 1 •5.WprA has been shown to be responsible for the degradation of 
at least one membrane protein: a site-specific mutant of SipS (D 146A) ' . The importance 
of WprA for the stability of other membrane proteins remains to be determined. 

Conclusions - Perspectives for production of membrane proteins and pro
tein complexes in B. subtilis 

As outlined in this review, B. subtilis is capable of producing and secreting large amounts 
of high quality proteins. Much is already known about the mechanisms that affect the 
biogenesis, membrane translocation and stability of these proteins. In contrast, our 
current understanding of the biogenesis of membrane proteins and protein complexes in 
B. subtilis is still relatively limited. Nevertheless, the high potential of 8. subtilis for protein 
production gives confidence that this versatile host organism can also be exploited 
for producing protein complexes and membrane proteins in order to facilitate their 
functional and structural analysis. Future research towards achieving these goals needs 
to focus on the identification and modulation of those quality control systems that are 
counter-productive with respect to the production of high quality protein complexes and 
membrane proteins, and on enhancement of the activity of those systems that facilitate 
the assembly of these proteins. This will require the characterization and engineering of 
I )  the cellular machinery required for the assembly of cytoplasmic protein complexes 
and membrane proteins, and 2) the relevant quality control mechanisms in the cytoplasm 
and membrane that govern protein degradation. Such research will most likely result in 
the development of entirely new protein production strategies.We consider this feasible, 
because previous research has successfully identified key bottlenecks in the secretory 
pathway of Bacillus, and has demonstrated that different proteins are affected by these 
bottlenecks to very different extents. In many cases, this concerned components of 
quality control systems 1 6• 1 8·37·74• 1 34· 1 54• Major available resources to further enhance the 
Bacillus cell factory include a detailed knowledge about all essential genes of B. subtilis, as 
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well as a collection of more than 3000 mutant 8. subtilis strains• . These mutants can be 
used to monitor the functionality of expressed proteins from 8. subtilis and other Gram
positive bacteria through complementation. Importantly, the mutant collection includes 
strains that lack one or more cytoplasmic, membrane-associated or secreted proteases. 
The latter strains can be employed to prevent product degradation. Other available 
resources include previously developed strains, vectors, tools and techniques for a rapid 
and accurate identification of the specific production bottlenecks of cytoplasmic protein 
complexes and membrane proteins that are currently either recovered in low quality 
(e.g. mis-translated, aggregated, misfolded, degraded) and/or at low concentrations.With 
the exception of E. coli, such combined resources are presently not available for other 
bacterial expression systems, such as Laetococcus /aetis. In conclusion, 8. subtilis seems 
perfectly placed for future application as an expression system for the production of 
protein complexes and membrane proteins, especially those derived from Gram-positive 
bacteria and pathogens. Research in this direction will certainly result in technical strat
egies to overcome current bottlenecks, and lead to the development of super-producing 
strains. 
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Protein transport across and into cel l  membranes in 

bacteria and archaea 

In the three domains of life, the Sec, YidC/Oxa l and Tat translocases play 
important roles in protein translocation across membranes and membrane 
protein insertion. While extensive studies have been performed on the en
doplasmic reticular and Escherichia coli systems, far fewer studies have been 
done on archaea, other Gram-negative bacteria and Gram-positive bacteria. 
Interestingly, work carried out to date has shown that there are differences in 
the protein transport systems in terms of the number of translocase compo
nents and, in some cases, the translocation mechanisms and energy sources 
that drive translocation. In this review, we will describe the different systems 
employed to translocate and insert proteins across or into the cytoplasmic 
membrane of archaea and bacteria. 

Introduction 

All living cells are compartmentalized, irrespective of whether they belong to the 
eukaryotic, prokaryotic, or archaeal domains of life. The most complex cells are found 
in eukaryotes, and these contain a number of membrane-bound organelles, such as the 
endoplasmic reticulum (ER), nucleus, mitochondrion, peroxisome, golgi, nucleus, and 
lysosome. In total, there are over ten aqueous compartments and ten membrane subcel
lular locations in eukaryotic cells, each containing a unique set of proteins. Cells of 
bacteria and archaea are simpler with fewer aqueous compartments and intracellular 
membranes. Gram-negative bacteria contain at least four subcellular locations (cytoplasm, 
inner membrane, periplasm, and outer membrane), while Gram-positive bacteria and 
archaea each contain at least three subcellular locations (cytoplasm, membrane and cell 
wall). 
Proteins are sorted to their correct intracellular destinations or the extracellular space 
from their site of synthesis, which is typically in the cytoplasm. This process can be very 
complex, as in the case of a chloroplast protein localized to the thylakoid lumen, which 
involves protein import into the chloroplast across the outer and inner membranes, 
followed by translocation across the internal thylakoid membrane. 
Approximately 25% of all proteins in a cell must cross at least one membrane to be 
properly localized and roughly 20-25% of all proteins are membrane proteins that must 
insert into the lipid bilayer. Archaea, bacteria, and eukaryotes possess specialized trans
locases and insertases that catalyze the translocation of proteins into the membrane. 
The Sec machinery operates to insert proteins into the ER of eukaryotes and into 
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the cytoplasmic membrane (plasma membrane) of bacteria and archaea, but it  cannot 
translocate folded substrates across the membrane. In contrast, the Tat (twin-arginine 
translocation) system functions to translocate folded proteins across the cytoplasmic 
membrane in bacteria and archaea as well as across the chloroplast thylakoid membrane 
in eukaryotes. The Y idC/Oxa I insertase inserts proteins into the membrane in 
mitochondria, chloroplasts and bacteria and, possibly, certain archaea. Whereas the Sec 
system can function both in the insertion of proteins into the membrane and the translo
cation of proteins across membranes, the Y idC system is dedicated primarily to inserting 
proteins into the membrane, while the Tat system functions to translocate proteins both 
into and across membranes. 
The focus of this review is to discuss what is our current state of knowledge regarding 
how proteins are transported in bacteria and archaea. Here, we review the mechanisms 
by which proteins are selected for protein translocation and targeted to the translocase in 
the membrane.We will also discuss the insertases used to insert membrane proteins and 
the different translocation complexes used to transport folded and unfolded substrates 
while maintaining the membrane permeability barrier.The transport of proteins in the ER 
and Escherichia coli systems are only briefly discussed (see 2,s 1 . i oa. t 1  i .m for recent reviews 
of these systems). 

Membrane proteins 

Integral membrane proteins come in two basic structures: helix bundle and �-barrel 
configurations. The a-helical integral membrane proteins can span the membrane with 
different numbers of transmembrane helices and in different orientations relative to 
the membrane. Transmembrane segments can vary in length, but they are typically 
20-30 residues long, and the hydrophilic loops connecting the transmembrane regions 
usually are short1q • The orientation of integral membrane proteins tends to follow the 
"positive inside rule" with lysine and arginine residues enriched in cytoplasmic rather 
than extracytoplasmic regions. This "positive inside rule" is obeyed by bacterial inner 
membrane proteins, eukaryotic plasma membrane proteins, thylakoid membrane 
proteins, and mitochondrial inner membrane proteins6576 200• Positively charged residues 
flanking the transmembrane helices are determinants of membrane protein topology, 
i.e., the topology can be manipulated by changing the location of the positively charged 
residues bordering the transmembrane segments (for review, see Dabley1 ). The other 
basic structure of integral membrane proteins is encountered in �-barrel proteins.These 
proteins contain �-sheets arranged in such a way that two or more peptide backbones 
are placed side by side and stabilized by hydrogen bonding. �-Barrel proteins are found 
mostly in the bacterial outer membrane and the mitochondrial outer membrane. The 



reader is referred to Ruiz et a/.1 55 for a review of the assembly of �-barrel proteins into 
the outer membrane of bacteria. 

Topology prediction programs 

The experimental determination of the three dimensional (3D) structure of membrane 
proteins is very difficult, primarily because procedures for producing large quantities of 
properly folded membrane proteins and for subsequent crystallization are often not 
successful. Consequently, the development of computational methods for predicting the 
topology of membrane proteins has been of great importance in attempts to obtain a 
better understanding of the function(s) of membrane proteins. 
The first prediction programs were based on hydrophobicity plots, as the membrane 
spanning a-helices generally consist of stretches of hydrophobic amino acids60,79. ios, 1 96• 

This strategy was improved by the inclusion of the "positive inside rule" in the predic
tions, which enables the prediction of the in-out topology' '1

• Based on these residue
based principles, several prediction programs were developed (e.g. Toppred 96 197). 

The second generation of prediction programs considers the protein sequence as a 
whole, instead of as single residues. Several successful prediction programs (e.g. TM HMM, 
HMMTOP) are based on hidden Markov Models (HMM) 1 35• 1 72• 1 84, but there are also many 
other successful model-based approaches (e.g. MEMSAT,Toppredll,TMAP. PHDtm)86• 1 35. I S\ 
All of these programs calculate the most probable topology of a protein based on the 
odds of each amino acid of the protein being positioned at a certain location (intra
or extra-cytoplasmic or in the membrane). In general, these model-based prediction 
programs score better than the residue-based prediction programs 1 1 6.Two new prediction 
programs have recently been introduced that are not based on the statistical chances 
that residues are localized at a certain site but, rather, on the energetics of membrane 
insertion and the "positive inside rule" (SCAMPI, TopPred6G) 1 1• 

Further improvements of the model-based predictions have been achieved through the 
use of artificial neural networks (MEMSAT 3, PHDtm) and by the inclusion of HMM 
models for signal peptide predictions to discriminate signal peptides from transmem
brane helices (Phobius, MEMSAT 3)84•85•92. 1 54• 1 94• Additionally, more and more programs 
have been developed to include evolutionary information; for example based on the 
recognition of evolutionary conserved profiles or on multiple-sequence alignments of 
homologs (e.g. Polyphobius, PRODIV- TMHMM, PHDtm)91 194. 
All of the above-mentioned topology prediction programs are based on the assumption 
that a membrane protein consists of intra- and extracellular loops with alternating 
a-helices and that these a-helices have to completely span the membrane in an orien
tation that is largely perpendicular to the membrane surface. However, in reality, protein 
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structure is often more complex than is assumed by the prediction program and includes 
short membrane spans and long tilted membrane spans, helices that only partially insert 
into the membrane, and kinked helices. The recently developed program OCTOPUS is 
currently the only available online membrane protein topology prediction program that 
can predict some of these more complex features of membrane-inserted helices· 15• 

Signal recognition particle targeting pathway 
The first step in the biogenesis of membrane proteins is the targeting of proteins to the 
membrane. In this step, the signal recognition particle (SRP) system plays a primary role 
(Figure [ ). This SRP targeting system was initially discovered through studies on the 
ER system. The SRP is composed of six protein subunits and a 7S RNA (Table I )' 1• It 
binds to the ribosome-bound nascent chain when the signal peptide emerges from the 
ribosome. The binding of SRP arrests protein synthesis'02, thereby enabling the nascent 
chain/SRP complex to be targeted to the membrane before the nascent chain grows too 
large and achieves a folded conformation, thus rendering it incapable of being translo
cated across the membrane. Targeting of the nascent chain to the membrane is achieved 
by recognition of the SRP-nascent chain-ribosome complex by the membrane-associated 
SRP receptor. The ER SRP receptor (SR) is a dimer composed of a membrane-embedded 
subunit (SR�) and a peripherally membrane-associated subunit (SRa) 76• Both the SR and 
SRP have G TPase activity0

•. The interaction of SRP with its receptor occurs only when 
both have bound guanosine-5'-triphosphate (GTP). Binding of the ribosome to the Sec6 I 
channel for protein translocation across the membrane causes the release of SRP from 
the ribosome-nascent chain complex and stimulates the hydrolysis of GTP which, in turn, 
promotes the dissociation of SRP from the SR 8'. It has recently been shown that the 
SRP RNA can stimulate the interaction of SRP with the SR when the SRP is bound to a 
signal sequence . In this fashion, RNA stimulates the GTPase activities of the SRP and 
SR complex. 
In E. coli, the SRP targeting system is critical for the membrane insertion of many -
but not all - inner membrane proteins '. The system is much simpler in E. coli than in 
eukaryotes. The E. coli SRP is composed of Ffh (54 homologs) and a 4 .SS RNA; the E. 
coli SRP receptor is FtsY, which is homologous to the SRP receptor (SRa) (Figure I , 
Table I) (for review, see "'). In E. coli, Ffh, 4 .SS RNA, and FtsY are all essential for cellular 
growth fl • Many secretory proteins, on the other hand, are targeted to the membrane 
by the SecB pathway. These proteins bind to SecB in the cytoplasm and are then targeted 
to SecA, localized at the inner membrane surface. 



A B 

ER 

Figure I .  Signal recognition particle (SRP) targeting pathway.A. SRP binds to the ribo
some-nascent chain complex when the signal peptide emerges from the ribosome and targets 
the complex to the membrane by binding to its receptor on the membrane. The endoplasmic 
reticulum (ER) SRP receptor is a dimer with a peripheral membrane protein subunint (SRa) and 
an integral membrane protein subunit (SR�)- B. in bacteria and archaea, the SRP receptor FtsY 
contains only one protein subunit. which is homologous to subunit SRa in the ER. 

SRP membrane targeting in Gram-positive bacteria 

Not surprisingly, the SRP system which targets proteins for secretion in Bacillus subtilis 
and other Gram-positive bacteria is homologous to the system in E coli (Figure 
I B). However, E coli proteins can be targeted to the Sec translocase either via the 
SRP pathway or by SecB targeting. This latter pathway is absent from all Gram-positive 
bacteria. Proteomic studies have indicated that many secretory proteins in 8. subtilis are 
likely to be targeted to the Sec translocase by the SRP pathway2 7• Interestingly, the extra
cellular accumulation of individual proteins was found to be affected to different extents 
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Translocation components Endoplasmic Archaea E. coli B. subtilis 

and targeting reticulum 

SRP RNA 7S 7S 4.5S scRNA 

SRP protein subunits SRP54, SRP 1 9, Ffh, SRPl 9  Ffh Ffh, HBsu 

SRP9/ l 4, SRP 68/75 

SR a, J3 FtsY FtsY FtsY 

Sec translocase Sec6 1 aJ3y SecYEJ3 SecYEG SecYEG 

Associated subunits Sec62/63, Sec7 1 /72, SecDF SecDFYajC SecDFYajC 

TRAM 

Motor ATPase Bip SecA SecA 

YidC system YidC YidC SpolllJ,YqjG 

Tat translocase TatA,TatC TatA,TatB, TatAdCd, 

TatE,TatC TatAyCy 

Table I .  The translocation and targeting components in the ER, archaeal and bacterial 
plasma membrane. SRP, signal recognition particle; ER, endoplasmic reticulum; scRNA, small 
cytoplasmic RNA. 

by depletion of Ffh or FtsY, and the observed SRP-dependence of certain secretory 
proteins did not seem to correlate with signal peptide length or hydrophobicity.This is a 
remarkable finding, because the SRP of B. subtilis is known to have a clear preference for 
the most hydrophobic signals' 1 q. These findings suggest that other, yet unidentified, deter
minants in secretory proteins are probably also important in terms of SRP dependence. 
The high-level production of secretory proteins also resulted in elevated cellular Ffh and 
FtsY levels, which is due to post-transcriptional regulation ,-. 
The SRP in B. subtilis consists of Ffh, the small cytoplasmic (sc)RNA, and the non-specific 
DNA-binding protein HBsu, and it can bind to the SRP receptor FtsY (Table 1) 1 20• 1 2 1 · 1 29• 174• 

Ffh and FtsY are paralogs sharing a homologous G TPase domain. Its scRNA of 2 7 1  nucle
otides contains the three conserved domains (I, 11, and IV) of the eukaryotic 7S RNAm. 
The ffh, hbs, ftsY and scr genes are essential in B. subti/is99 1 19, as well as in other Gram
positives like Staphylococcus aureus and Streptococcus pneumoniae&1 118• However, it should 
be noted that Ffh and FtsY can be depleted to sub-detection levels without any major 
effects on growth and cell viability when B. subti/is cells are grown in broth- 1 1• A third 
paralog of Ffh and FtsY, named FlhF, is present in B. subtilis and a number of other Gram
positive and Gram-negative bacteria (but not in E. co/i)11• FlhF has been implicated in type 
Ill secretion system ( T3SS)-like flagellar protein targeting systems. Indeed, the mutation 
of f/hF in Bacillus cereus results in strong motility and secretion phenotypes since FlhF is 
involved in assembly of the flagellum, cell motility and regulation of protein secretion 1 13. 



The structure of B. subtilis FlhF has been determined>, and unlike the situation in 8. cereus, 
B. subtilis FlhF does not seem to be involved in protein secretion and is even dispensable 
cell motility1 18• 

Strikingly, Streptococcus mutans can survive without ffh, ftsY and scr, although the mutant 
strains are acid- and salt-sensitive, which is probably due to inefficient integration of the 
Fl0 ATPase into the membrane4 1 •73· 103• The levels of several important chaperones and 
proteases are increased in these mutants, whereas protein synthesis seems to be down
regulated, which suggests that the S. mutans cells can somehow adapt to the absence of 
the SRP pathway71 • 

The SRP pathway in archaea 

In archaea, the SRP targeting pathway represents an intermediate between the SRP 
system of the bacteria and Eukarya. Just like the SRP pathway, which is essential for the 
insertion of membrane proteins in E coli and B. subtilis, archaeal SRP has been proven to 
be essential by showing that the ffh gene is indispensable for cell viability 1 52• 

The archaeal SRP is composed of SRP54/Ffh, SRP 19 homologs and a 7S-like SRP RNA, 
which works as a framework for the assembly of SRP protein components (Table 
1)223• Despite the overall lack of sequence conservation, archaeal SRP RNA has a very 
similar secondary structure to its counterpart in Eukarya, except for the presence of an 
additional helix (helix I) formed by pairing the S' end and 3' end of the RNA, and the 
absence of helix 6 that is found in the eukaryotic molecule9 1 • The structure of the SRP 
complex in Methanococcus jannaschii is consistent with the view that the association 
of SRP RNA with the SPR54 NG domain plays a prime role in regulating the ordered 
sequence of events in protein targeting71• 

SRP54/Ffh performs the main function in the SRP pathway since it is responsible for the 
binding of the nascent chain and SPR receptor 1• 149• Unlike the eukaryotic SRP54 , some 
archaeal SRPS4/Ffh proteins are missing the conserved threonine at the GTP binding site, 
which suggests a mechanism of GTP hydrolysis that differs from the eukaryotic SRP54223• 

The targeting of ribosome-nascent chain complexes to the membrane is mediated by the 
interaction between the NG domain of SRP54 and SR. It has been shown that these two 
GTPases interact tightly through a "twinning" of their GTP substrates56·62• 

SRP 1 9  is found in all archaea, which suggests that SRP 1 9  may play a role in the archaeal 
SRP system. In Eukarya, SRP 1 9  is involved in SRP assembly and facilitates the binding of 
SRP54 to the SRP RNA by interacting with SRP RNA helix 8 1 5•47·7 1 . 1 8 1 • Nevertheless, it 
was shown that, unlike in Eukarya, archaeal SRP 1 9  is not strictly required for the binding 
of archaeal SRP RNA to SRP54/Ffh 15• 1 1 5·2 16

• The SRP 1 9-independent binding of archaeal 
SRP RNA and SRPS4/Ffh seems to reflect the stability of the SRP complex, which may be 
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required for growth at extreme temperatures or pH values, or in highly saline environ
ments . The structure of the SRP complex from Pyrococcus (uriosus > revealed that the 

SRP54 signal sequence-binding domain (M domain) is l inked to the GTPase domain (NG 

domain) by a flexible a-helix, which l ikely helps its scanning for newly synthesized signal 
sequences. 

Archaea do not have the eukaryotic SRP components SRP9/ 1 4, which are responsible for 

the translational pause in Eukarya, or the components SRP68/72, which are involved in 
the docking of nascent chain-SRP complexes to the ER membrane in Eukarya 109 17l.203_ It 

is thus possible that the tRNA-like structure of the archaeal SRP RNA Alu domain could 

directly contact the ribosome without SRP9/ 1 4  14. 

All archaea contain the SRP receptor FtsY (Table l).This SRP receptor has a C-terminal 

nucleotide-binding domain that is highly conserved in the SRa of Eukarya and the bacterial 

FtsY11•. 1n contrast, the N-terminal region of the archaeal FtsY has no sequence similarity 

to its eukaryotic and bacterial counterparts. However, most archaeal FtsY proteins 

contain clusters of positively charged residues. For the £ coli FtsY, it has been suggested 

that these charged residues facilitate the binding to negatively charged head groups of 

the phospholipids at the surface of the membrane 5 1 42 210• Between these charged motifs 

in the archaeal FtsY are hydrophobic residues that are implicated in interactions with the 
hydrophobic core of the lipid bilayer. Interestingly, the structure of FtsY in its free and 

GDP · magnesium-bound form differs from the structure of bacterial FtsY as it contains 

a long N-terminal helix" . 

Functionally, the FtsY in archaea is more similar to its bacterial counterparts than to 

the eukaryotic SRP.As in bacteria , the archaeal FtsY can be detected both in a soluble 

cytoplasmic state and a membrane-bound state ' •.Additional ly, the archaeal FtsY also 

works alone as an SRP receptor without any inner membrane partner 

The Sec pathway 

The main machinery for protein export and membrane protein insertion in £ coli is the 

Sec translocase-mediated pathway 41 • The Sec translocase is comprised of the SecYEG 

translocation channel and the accessory components, SecA, SecDFYajC, and YidC 

(Figure 2, Table I). SecA is the motor ATPase and is essential for driving the export 
of proteins across the inner membrane in £ coli" and for translocation of hydrophilic 

domains of certain inner membrane proteins . Exported proteins are translocated 

through the center of the Sec channel as a loop, with the N- and C-terminal ends located 

at the cytoplasmic surface of the membrane. SecA is believed to promote protein export 

by driving the substrate into the SecYEG channel through a power-stroke or Brownian 

ratchet mode-of-action1 ' . The protein chain is moved across the channel in steps of 
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Figure 2 .  The translocation machineries of the Sec pathway. A. In Escherichia coli, the 
translocation apparatus comprises SecYEG, SecDF. SecA andYidC. B. In the ER, the Sec translocase 
comprises the Sec6 I a�y translocation channel, Sec62/Sec63 complex, containing Sec62, Sec63, 
SEc7 I ,  and Sec72 components, and chaperone Bip. C . In Bacillus subtilis, the Sec translocase com· 
ponents are SecYEG, SecDF and SecA. O. In archaea, the Sec translocase components are SecYE� 
and SecDF. 

20-25 residues as SecA undergoes a series of conformational changes through cycles 
of ATP binding and hydrolysis at the membrane surface54• 166• 188, SecDF improves protein 
export and membrane protein insertion efficiency in vivo although these components are 
not absolutely essential15· 1 38• YidC is required for membrane protein insertion of certain 
Sec-dependent substrates and for membrane insertion of Sec-independent substrates 
(for review, see Kiefer and Kuhn%). YidC is particularly important for the biogenesis of 
inner membrane respiratory chain complexes 41 " 1 ,  but it typically does not play a critical 
role for the export of the protein across the inner membrane 159• 

The translocation components in the ER are the Sec 6 1  a�y translocation channel, Sec62/ 
Sec63/Sec7 1 /Sec72 components, translocation-associated membrane protein (TRAM), in 
some cases Bip (Figure 28, Table 1)5 1

·
145

• Sec6 I a and Sec6 I y are homologous to the 
bacterial SecY and SecE, respectively90• Sec6 1 a�y and, in some cases, TRAM facilitate 
co-translational protein translocation. It is believed that an SRP-targeted protein is pushed 
through the channel in an N- to C-terminal direction, as the protein is being synthesized 
one amino acid at a time. For post-translational protein export, the Seca�y channel 
mediates the insertion of the exported protein across the membrane, but this process 
also requires the Sec62/Sec7 1 /Sec72 components for protein targeting to the translo-
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cation site . The ATPase Bip in the ER lumen drives the polypeptide through the Seca�y 

channel . Thus, unlike the SecA ATPase in £. coli, which functions from the cytoplasmic 

side of the membrane, Bip acts from the extracytoplasmic side of the membrane. 

As in E. coli, the most important machinery for the secretion of proteins and insertion 

of membrane proteins in Gram-positive bacteria is the Sec machinery. Similar to £. coli 

and the ER system, proteins are targeted to the Sec-translocase by a signal peptide, 

consisting of a positively charged N-terminus (N-region), a hydrophobic core (H-region) 

and a cleavage site (C-region). In general, signal peptides in Gram-positive bacteria are 

longer and more hydrophobic than £. coli signal peptides 19'. The increased hydropho

bicity of B. subtilis signal peptides has been shown to be critical for efficient targeting 

to the Sec translocase in B. subtilis, whereas in £. coli this high hydrophobicity is not 

requiredm. Again identical to the situation in £. coli, SecA, SecY and SecE are essential 

for survival of B. subtilis (Figure 2C, Table I). SecG is dispensable, although its absence 

resu lts in cold-sensitivity and secretion defects9 '"'·. In accordance with the fact that 

SecG is not essential for growth, the sequence of SecG is much less conserved among 

Gram-positive and Gram-negative bacteria, and SecG is even total ly absent from several 

Gram-positive species. SecE is substantial ly smaller in Gram-positive bacteria than in 

Gram-negative ones, with the SecE of the former consisting of only one membrane span, 

which corresponds to the C-terminal membrane span of the E. coli SecE. In E. coli, the 

two N-terminal membrane spans of SecE are important in preventing the degradation 

of SecE by FtsH ' , but they are dispensable for protein translocation.The major compo

nents of the Sec-translocases in E. coli and B. subtilis are quite similar, hybrid translocases 

(combining SecY, SecE, SecG and SecA from both bacteria) can form stable complexes; 

however, these hybrid complexes are very inefficient in terms of substrate recognition 

and translocation in E. coli ··. 

Differences found in the Gram-positive Sec pathway 

Some Gram-positive bacteria and mycobacteria (mostly pathogenic species) contain 

two secA genes. Interestingly, usually only the most conserved secA gene is essential for 

transport of the vast majority of exported proteins and cell survival, while the other copy 

is involved in the secretion of a specific subset of proteins (for reviews, see Rigel and 

Braunstein 47 and Sibbald et al. 7 1  ). One exception is Corynebacterium glutamicum, for which 

both copies of secA are essential for survival 33.A second secY gene has also been found in 

several Gram-positive bacteria with two secA genes9· 147•208• In a number of these species, 

such as Streptococcus gordonii, the secY2 gene is located in an operon containing other 

genes that are required for translocation of the SecA2/SecY2 dependent proteins9· 177·208• 

In S. gordonii, two of these genes encode SecE and SecG paralogues, respectively' 1 • This 



finding suggests that the other genes may also encode proteins that are part of a novel 
accessory Sec translocase that functions in parallel or in concert with the canonical Sec 
translocase. 
Proteins secreted by SecA2 or SecA2/SecY 2 are often involved in virulence9 37• Some of 
these proteins are totally dependent on secretion by the accessory Sec translocase9·37 67, 

whereas other proteins can be secreted either by the accessory or the canonical Sec 
pathway37.Although it seems that glycosylation in the cytoplasm can prevent proteins from 
being translocated by the canonical Sec translocase, studies on the GspB glycoprotein 
from S. gordonii have shown that such proteins can be translocated by the accessory Sec 
translocases8 1 1

• Just how proteins are specifically targeted to the accessory secretion 
pathway is currently unknown, but Sec pathway specificity is at least in part determined by 
subtle differences in the SecA and SecA2 subunits, as unique contacts between SecA2 and 
the other components of the accessory Sec system seem to preclude cross-functioning 
with the canonical Sec system 1°. Some of the proteins that depend on this pathway have 
a conventional signal peptide, whereas other proteins either have a signal peptide with an 
atypically long N-region, or seem to lack a signal sequence altogether8• 1 l .24·36•67· 1 47• 

Homologs of the SecDFYajC complex are also present in 8. subtilis and other Gram
positive bacteria. Interestingly, in 8. subtilis, SecD and SecF are present as a 'Siamese twin', 
i.e. as a fusion of these two homologous proteins, called SecDF20• This Siamese twin 
unit seems to be ubiquitous among the Firmicutes, but it can also be found in several 
other Gram-positive and Gram-negative species. Knockout of secDF in 8. subtilis results in 
cold-sensitivity, and reduces the capacity to secrete overproduced proteins20. Therefore, 
it is believed that SecDF increases the efficiency of protein translocation by an as yet 
unknown mechanism. 
While most studies on the Sec pathway in Gram-positive bacteria have dealt with 
exported proteins, very few studies have addressed the requirement of the Sec pathway 
for membrane protein insertionm. Notably, however, good progress has been made in 
the analysis of the membrane proteome of Gram-positive bacteria, such as 8. subtilis, 
and in this context Bunai and co-workers were first to report the SecA requirement 
of I I integral membrane proteins with one or two transmembrane segments on the 
basis of proteomic studies 26• As new and improved tools for the analysis of membrane 
proteins by proteomics have become available, it can be anticipated that they will soon be 
applied to the dissection of the roles of Sec pathway components in membrane protein 
biogenesis in organisms such as 8. subtilis and S. aureus27•50-70•207• 
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Localization and structure of SecYEG complexes 

The subcellular localization of SecA and SecY in B. subtilis was investigated using green 
fluorescent protein (GFP) fusions, and also by immunofluorescence for SecY. The results 
of these studies indicated that the membrane-bound Sec translocase (as in E. coli) may 
be present in a spiral-like structure along the cell31• Interestingly, in the coccus-shaped 
Gram-positive bacterium Streptococcus pyogenes, the Sec translocase was found to be 
located at only one specific site, the Exportal, that has been defined as a microdomain 
specialized in secretion1 �0 1 1 • The mechanisms by which these distributions are accom
plished and the purpose of these arrangements are still poorly understood, although it 
has been proposed that the concentrated secretion at specific sites might enable bacteria 
to coordinate protein translocation and subsequent folding 1 5 • Consistent with this idea, 
the HtrA protease, which is involved in the maturation of a secreted cysteine protease 
(SpeB), was localized exclusively to the ExPortal of S. pyogenes 1 • However, it remains 
to be shown whether extracytoplasmic folding catalysts that assist in the folding of 
Sec-dependently translocated proteins are also localized at the Exportal. 
To understand how SecA functions in protein export, the structure of this protein 
was determined by X-ray crystallography. More than five structures of SecA have been 
identified from a number of Gram-positive (8. subti/us and M. tuberculosis) and Gram
negative bacteria (Thermus thermophilus, E. coli and Thermotoga maritima)60• 1 3 1 1 33- 1 70 1 93 22 · • 

Most of the SecA structures are in the dimeric state, but there are also several structures 
of monomeric SecA. Briefly, SecA is composed of five functional regions (for review, see 
Papanikou et al. ' '): two nucleotide binding domains (NBD I and NBD2), a pre-protein 
crosslinking domain (PPXD), an a-helical scaffold domain (HSD), and a C-terminal trans
location domain (HWD and IRA I ). The SecA structure revealed two different conforma
tions based on the distance between PPXD and HWD, one in the closed state (Figure 

Figure 3. Structure of the SecA and the SecY (Sec6 1 )  channel.A C. Different conforma
tions of SecA with the view from the cytosol: A. the closed conformation. B. the open conforma
tion. C. the SecY-binding conformation. The pre-protein crosslinking domain (PPXD) is shown 
in green, the a-helical scaffold domain (HSD) in blue, the nucleotide biding domains (NBD2 and 
NBD I )  in yellow and red, respectively. D. The two-helix finger of SecA at the cytoplasmic entrance 
of the SecYEG complex.The finger is highlighted in orange and indicated by an arrow. SecYEG is 
colored red, except for the TM2 and TM7 segments, which are in blue and the 'plug' in yellow. r: 
The hydrophobic pore ring within the center of the SEc6 I apy channel. The view is from cytosol. 
The N- and C-terminal halves are in red and green, respectively. The residues comprising the hy
drophobic pore ring are highlyighted in yellow and indicated by an arrow. F the lateral gate region 
within the Sec6 I apy complex is indicated by an arrow at the interface ofTM2b and TM7.The view 
is from cytosol, as in D. The figures were constructed using the coordinates from the protein da
tabase. PDB accession numbers A. I M6N, . I TF2, C, D. 3DIN, E, F, I RHS. 
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JA) and one in the open state (Figure JB).While Osborne et al. 3 have proposed that 
the groove between the PPXD and HSD is the substrate binding region, Cooper et al. 

,a have proposed - on the basis of electron paramagnetic resonance (EPR) studies - that 
this binding site is located on the opposite side of PPXD. However, it should be noted 
that these structures were determined in the absence of the Sec translocation channel. 
In 2008, the structure of the SecA/SecYEG complex from T. maritima, a Gram-negative 
bacterium, was solved to 4 .5 A'�1

• The structure of the SecA/SecYEG complex showed 
one SecA bound to one copy of SecYEG. This structure revealed a SecA clamp region 
formed by PPXD, NBD2 , and part of the HSD that may be involved in capturing the 
substrate (Figure JC). When SecA binds to the SecYEG complex, SecYEG undergoes 
a conformational change that primes the channel for translocation (Figure JD). The 
SecA binding also causes the lateral gate of the SecYEG channel to open up towards 
the center of the lipid bilayer and the plug to move away from the center of the channel 
toward the periplasmic side of the membrane (Figure JD). Interestingly, there is a 
two-helix finger in SecA near the entrance of the SecYEG channel (Figure JD) which 
the authors suggest moves up and down in each ATP hydrolysis cycle to drive the 
exported protein through the SecYEG complex. Subsequent studies with SecA, SecYEG 
and a substrate trapped in the channel using disulfide crosslinking were able to identify 
which region of the two-helix finger of SecA can contact the peptide substrate during 
protein translocation ' 1

• 

The structure of the Sec channel (Sec YE complex) from the Gram-negative bacterium 
T. thermophilus was recently solved to 3 .2A resolution with bound Fab fragments of the 
monoclonal antibody'82• Tsukazaki et al. 1 87 found that the transmembrane helices TM6, 
TM8, and TM9 of the Sec YE complex from T. thermophilus were shifted about I oA relative 
to the Methanococcus jannischii Sec YE� complex that lacks the Fab fragment and SecA 
They proposed that the structure of the Sec YE channel is in the pre-open state that may 
mimic the conformation when SecA is bound; the Fab fragment contacts cytoplasmic 
loops C4 and CS of SecY, which is the same region to which SecA can be crosslinked. 
The region of SecA that contacts Sec YE in T. thermophilus has been named motif IV 181 • 

Despite recent progress, a number of issues still remain to be addressed in the struc
tural area of the Sec complex. For example, the structure of the SecA/SecYEG complex 
suggested that a two-helix finger is important as it is localized at the entrance of the 
SecYEG translocation channel. The hypothesis is that the SecA two-helix finger moves 
back and forth during the ATPase cycle and these movements are involved in translo
cation of the substrate. This needs to be tested.Another important question requiring 
an answer is whether the SecA/SecYEG structure corresponds to the state following 
capture of a substrate in the respective organism from which this translocase has been 



derived. The deterimination of the structure of SecA/SecYEG with a bound substrate 
would be helpful in proving this.Also, more experimental data are needed to establish the 
structure of the substrate binding site of SecA. The determination of the structure of a 
SecA/substrate complex would be helpful to show whether the groove between PPXD, 
NBD2, and part of HSD is the binding site for the substrate. 

The archaeal Sec translocase 

As in bacteria and eukaryotes, archaea use the Sec translocase to export secretory 
proteins across the membrane and to insert proteins into the membrane. The archaeal 
Sec translocase is composed of SecY, SecE and Sec6 I �  (Figure 2D, Table I). secY genes 
are found in all archaeal genomes and, like its eukaryal and bacterial counterparts, the 
SecY protein of archaea spans the membrane ten times3 3 18 1 • Complementation experi
ments using a conditionally lethal E coli SecY mutant transformed with an archaeal secY 
gene suggest that the archaeal SecY can functionally replace the bacterial SecY.3 The 
SecY in archaea is, however, more similar to the eukaryotic Sec6 I a than the bacterial 
SecY3 1 • Likewise, the archaeal SecE is more like eukaryotic Sec6 1 y in that it has a single 
transmembrane domain at the C-terminus3 1 • In contrast to the clear homology between 
Sec6 I ay in eukaryotes and Sec YE in Bacteria, Sec6 1 � and SecG do not resemble 
each other at all.31 In archaea, the Sec6 I �  homologue was first found by PSI-BLAST 
searches31 .97• The structure of the archaeal Sec translocase was solved in 2004 in M. 
jannaschii at a resolution of 3 .2 A 1 87• This first structure of a protein-conducting channel 
was a landmark achievement. The structure showed that the Sec translocase forms a 
clamshell-like structure within the membrane. SecY forms the core of the channel, while 
SecE and Sec6 1 � help to stabilize it in the membrane. In the center of the channel is a 
constriction point comprised of a pore ring, 3 -5 A in size, through which the hydrophilic 
region of the exported protein is believed to pass (Figure JE). The translocation 
channel also has an opening on one side via the TM2b/TM7 interface region, which the 
authors called the lateral gate (Figure JF). In an earlyer study, this region had been 
shown to bind the signal peptide 1 37• Based on these results, in 2004 van den Berg et a/.1 37 

proposed that the signal peptide initially binds to the lateral gate prior to exiting the 
channel and integrating into the lipid bilayer. 
Based on the structure of the Sec translocation channel, it was hypothesized that the 
transmembrane segments of membrane proteins would exit the channel through the 
lateral gate.While the lateral gate is closed in the M.jannaschii Sec channel, it is believed 
to open up by "breathing action" to allow the transmembrane segments to integrate 
into the lipid bilayer. The structure of the T. maritima SecYEG/SecA complex showed 
that the lateral gate is more open toward the centerw. Currently, there is no evidence 
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that this TM2b/TM7 interface region undergoes structural changes or that the opening is 
triggered by the incoming transmembrane segment. 
While the same SecYE�/Sec6 I a�y complex is used in archaea and ER, the eukaryotic 
associated subunits Sec62/63, Sec7 I /72 and TRAM have not yet been identified in 
archaea ' 1 1 3".At the same time, bacterial associated subunits, like SecD and SecF, are found 
in many archaea with high conservation, while homologs of SecA have not yet been 
discovered. The apparent absence of SecA implies that archaea may use an accessory 
protein, such as an ATPase, that is different from SecA as an energy-transducing source 
for protein transport or these organisms may even rely entirely on the ion gradient 
across the membrane to drive protein translocation. Another possibility is that the 
energy source is derived from G TP hydrolysis, with the protein pushed through the Sec 
translocation channel as the protein is being synthesized, as is proposed in the ER system 
for the SRP targeted proteins. 
Although the archaeal SecDF shows high similarity to bacterial SecDF in terms of 
membrane topology and positioning of conserved sequence elements, there are differ
ences in the large extracytoplasmic domains of these proteins, especially in the SecD 
proteins\ These differences may be due to the function of the loop in bacteria, which 
seems to modulate SecA during the protein translocation step5253 127.Accordingly, there is 
no need for conservation of this loop region in archaea due to the absence of SecA58 1 �0• 

YidC-pathway 

Operating in parallel with the Sec pathway is the evolutionarily conservedY idC pathway, 
which is found not only in bacteria and some archaea (Table I), but also in mitochondria 
and chloroplasts' ·' i. Y idC is an essential protein in E. coli that is required for the 
membrane insertion of proteins that were previously thought to insert spontaneously 1 59• 

Y idC functions as a membrane insertase to mediate membrane protein insertion (Figure 

4A) 16B. It can also function cooperatively with the SecY EG translocase to mediate the 
membrane integration of proteins'"° 1 67• In the Sec pathway, SecDFYajC physically links 
Y idC to the Sec translocase1 16

• Interestingly, residues 2 15-265 within the periplasmic 
domain of the E. co/i Y idC are required for Y idC to interact with SecF' 1 • 
A number of Sec-dependent and Sec-independent substrates have been shown to require 
Y idC for insertion, including subunit 2 of cytochrome bo3 oxidase (CyoA) and subunits a 
and c (of the Fl0 ATP synthase)% ' 10• This explains to a large extent whyY idC depletion 
causes a large perturbation in the assembly and activity of the Flo ATP synthase and 
cytochrome bo oxidase10 ' · 190·

1 9 1
• 
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Figure 4. The YidC pathway. A. YidC can function on its own to mediate membrane protein 
insertion. B. Membrane topology ofYidC in E. coli with six transmembrane segments and a large 
periplasmic domain between transmembrane helices I and 2. C . Membrane toplogy ofYidC in 8. 
subtilis. D. Predicted membrane topology ofYidC in Euryarchaeota. 

Structural studies on the E. coli YidC 

In terms of structural studies on Y idC, all we know so far is that the E. co/i Y idC, similar 
to the Y idC homologs from most Gram-negative bacteria, spans the membrane six 
times with a large periplasmic domain located between the first two transmembrane 
segments (Figure 48) 156• The structure of the periplasmic domain has been determined 
by X-ray crystallography and found to form a �-super sandwich fold 1 30 1 16• Crosslinking 
methods have revealed that TM3 of Y idC is in the proximity of the substrate during 
membrane biogenesis98 214, while intrinsic fluorescence spectroscopy studies showed that 
the substrate binding to Y idC causes a conformational change in Y idC98•206. A  debatable 
issue is whether Y idC functions as a monomer or oligomer during membrane protein 
insertion. Purified Y idC appears as a monomer and dimer on a blue native polyacryl
amide gel, and purified Oxa I ,  the mitochondrial homolog, is a tetramer 123· 189• 
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Based on cryo-electron microscopy and cross-linking studies, Kohler et a/.100 recently 
proposed that Y idC forms dimeric insertion pores on translating ribosomes 1 68• In their 
model, the insertion pore is formed at the interface of two Y idC molecules with trans
membrane segment (TS) 2 and 3 of one Y idC subunit interacting with TS2 and TS 3 of the 
other subunit. Supporting evidence for this model is provided by the fact that a dimeric 
Y idC or a dimeric Oxa I can be form via disulfide crosslinking by adding an oxidizing 
agent to the Y idC sample; Y idC contains a single cysteine at position 4 2 3  in TM3, and 
Oxa I contains a single cysteine in TM I corresponding to TM2 ofY idC. Likewise, a critical 
role of TM2 and TM3 in Y idC function is supported by genetic studiesnm_ Clearly, it is 
important to provide further biochemical and structural data to support this model. It 
will be necessary to obtain a high-resolution structure of Y idC in order to determine 
the structural basis of the Y idC insertase and chaperone functions. Knowledge of the 
structure will reveal whether Y idC has a lateral gate, as seen with the Sec translocation 
channel. 

Gram-positive YidC 

All Gram-positive bacteria have at least one gene encoding a Y idC homolog within their 
genome, but most also contain a second gene for a Y idC homolog. Generally, the Y idC 
proteins of Gram-positive bacteria are shorter than their homologs in Gram-negative 
bacteria 1m 1 • Typically, many of the former span the membrane five times (Figure 4C) 

and are synthesized with a cleavable signal peptide that is processed by the lipoprotein 
signal peptidase. The C-terminal domain contains five transmembrane helices that are 
conserved in all bacterial, mitochondrial, and chloroplasts membersrn. The transmem
brane segments of the B. subtilis Y idC homologs are numberd 2-6 since they correspond 
to their respective transmembrane segments in the Gram-negative bacterial Y idC. In 8. 
subtilis, two paralogs ofY idC are present: SpolllJ andY qjG. The presence of either one of 
these proteins is sufficient for cell survival, indicating that they can complement for each 
other, at least partially 1 8· 180• Consistent with their role in membrane protein integration, 
depletion of SpolllJ in cells lackingY qjG leads to decreased stability of specific membrane 
proteins, such as CtaC and FtsH, although the stability of other membrane proteins 
tested to date remains unaffected'80. ln addition, SpolllJ-depleted cells lackingY qjG display 
a post-translocational defect in protein secretion.This phenotype is most likely indirectly 
caused by a defect in membrane protein biogenesis. 
A sporulation defect is observed in the absence of SpolllJ.This defect cannot be comple
mented by native Y qjG, but it can be complemented by some mutated forms of Y qjG29• 

This sporulation defect is possibly caused by impaired or incorrect integration of the 
SpolllAE protein into the membrane, while the correct integration of this protein is 



required for completion of the sporulation process -1 169.These findings demonstrate that 
SpolllJ and Y qjG have only partially overlapping substrate specificities29· 1 1 8· 1 80, and cannot 
fully complement for each other. 
Analogous to B. subtilis, two paralogs ofYidC have been identified in S. mutons;Y idC I and 
Y idC2 49 n_ Attempts to simultaneously delete yidCI and yidC2 have all failed, indicating 
that the presence of at least one of these proteins is required for cell survival. Interest
ingly, the deletion of yidC2 (but not of yidC I )  in S. mutans leads to a similar phenotype as 
the deletion of members of the SRP pathway. In one study, combining a yidC2 deletion 
with deletions in genes for the SRP pathway resulted in barely viable strains'1, which 
suggests that Y idC2 can compensate for the absence of the SRP pathway, thus enabling 
survival of S. mutans without a functional SRP. This result also implied that Y idC2 in S. 
mutons might have a similar function as its homolog Oxa I p  in yeast mitochondria. In 
these organelles, the missing SRP pathway is functionally replaced by Oxa Ip  to which the 
mitochondrial ribosomes bind directly for cotranslational insertion of proteins into the 
inner membrane. Support for this view was recently obtained by studies showing that 
Y idC2 from S. mutans and Oxa I p from yeast mitochondria can reciprocally complement 
each other in vivo6' . 

YidC in Euryarchaeota 

Genes for Y idC homologs have been found in the genome sequences of Euryarchaeota, 
but not in the genome sequences of other archaea 1 39 2 •. The euryarchaeotal Y idC 
homologs are predicted to lack two of the trans membrane segments ( corresponding to 
transmembrane 4 and 5 of the E. coli Y idC) that are present in the bacterial, mitochon
drial and chloroplasts homologs (Figure 4D) 1 39• Transmembrane segments 2, 3, and 4 
are homologous to transmembrane segments 2, 3 ,  and 6 of the Gram-negative bacteria) 
Y idC, respectively. No functional studies have been reported yet on the archaeal Y idC 
homologs. Therefore their relevance for membrane protein integration remains to be 
established. 

Tat pathway 

A third widely conserved translocation system is the twin-arginine translocation (Tat) 
system. The Tat translocase can transport fully folded proteins across membranes, 
whereas the Sec translocase can only transport proteins that are in an unfolded 
state5 1 • 1 24• 1 32· 148• 162.The Tat translocase is found in many bacteria, archaea, and plant chloro
plasts. Usually, only a small subset of proteins are transported via the Tat system to the 
inner membrane, the periplasm or the extracellular environment75• However, in some 
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� Figure 5. Protein export by the twin-arginine translocation (Tat) pathway. A. Pro
posed mechanism of export by the Tat pathway. RR twin arginine motif in the signal peptide of 
a protein translocated via Tat. B. Membrane topology for TatA, TatE, TatB, and TatC in E coli. C. 
Membrane toplogy for TatA and TatC in B. subtilis. D. the membrane topology ofTatA and TatC in 
the Archaeon Holobacterium sp. NRC- 1 .  N N-terminus, C C-terminus. 

archaea, almost all proteins appear to be secreted via the Tat system48 1 52.The Tat pathway 
also seems to be responsible for the transport of many proteins in Streptomyces and 
Mycobocterium species 1 12. 1 4 1  157•20-4·205• Importantly, the Tat pathway that is found in several 
bacterial pathogens is required for their virulence in plants and humans25·28·43·44• 1

06- 153. 
Signal peptides targeting proteins to the Sec or Tat translocases are quite similar in 
overall structure. However, the N-domain of Tat signal peptides contains a typical twin
arginine motif, ZRRXcpcp, where Z designates a hydrophilic residue, X can be any residue, 
and cp is a hydrophobic residue i :1'.The H-domain is usually less hydrophobic than that in 
Sec signal peptides39.A prerequisite for a protein to be directed to the Tat system is the 
presence of the Tat signal peptide, as the twin-arginine residues facilitate recognition by 
the Tat translocase (Figure SA) . Nevertheless, in many cases, the Tat-signal peptide by 
itself cannot determine pathway selectivity. Certain Tat signal peptides can target fused 
Sec substrates to the Sec pathway'81. However, the introduction of positive charges at 
the N-terminus of the mature protein to be exported prevents translocation by the 
Sec pathway, but not the Tat pathway 83• Consistently, the C-region ofTat signal peptides 
often contains positively charged residues that help avoid translocation via the Sec trans
locase 1 6· 1 8·40·82. Based on the known properties ofTat signal peptides, the Tatfind algorithm 
was developed for systematic whole-genome searches to identify Tat-dependent trans
ported proteins 1 5  • 

The composition of the Tat translocase is variable. In Gram-negative bacteria, three distinct 
proteins are required for Tat-mediated translocation: TatA, TatB and TatC. Escherichia coli 
additionally contains a TatA paralog namedTatE, which is dispensable for protein transport 
via the Tat pathway (Figure 58,Ta.ble I). Notably,TatB is absent in most Gram-positive 
bacteria and archaea209

• Thus, the minimal Tat translocase is composed of one TatA and 
one TatC subunit. However, additional copies of TatA and/or TatC are often found (e.g. 

B. subtilis contains three TatA homologs and two TatC homologs, but no TatB homolog). 

Structural features of the Tat complexes and the translocation pore 

TatA and TatB are predicted co consist of a transmembrane helix, a hinge-region, a 
cytoplasmic amphipathic helix, and a cytoplasmic domain with variable length (Figure 
58). Although both proteins are related, the overall sequence conservation is poor 
(only one amino acid is invariably conserved). The cytoplasmic domain is larger in TatB 
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proteins than in TatA proteins· . TatC contains six transmembrane spans, with both the 
N- and C-terminus facing the cytoplasm'�\ The amino acid sequence conservation in 
TatC protein is better than in the TatA/8-like proteins but, even so, there are only 1 5  
well-conserved amino acids in TatC. 
Some structural information is currently available on the translocation pore of the 
Tat-translocase in £ coli, which probably consists of a large ring-shaped multimer ofTatA 
proteins with variable size69· 1 28· 163.Tat8 andTatC are involved in signal peptide recognition 
and targeting of proteins to the TatA pore (Figure SA) 1 -2 1 .7s. i is_TatC seems to be mainly 
involved in the initial signal peptide recognition, whereas TatB seems to be required for 
the transfer of the protein from TatC to TatA. 1 The exact mechanism of signal recog
nition, docking to the TatA-pore and subsequent translocation remains to be elucidated. 
Notably, the exact mechanism by which the Tat translocase facilitates translocation is a 
matter of debate 1 32· ' 48.Although likely, it is not known with absolute certainty whether 
TatA is the pore69, or whether the pore comprises all the components (TatABC) 1 4R_ 

The variously shaped TatA multimers that have been observed were isolated after 
detergent treatment and may not actually occur in the membrane. To help understand 
the mechanism by which proteins are translocated by the Tat translocase, researchers 
need to obtain an atomic structure of the Tat machinery, as this structure would clarify 
how the Tat machinery transports differently sized folded substrates, while preventing 
leakage of solutes and ions across the membrane. 

Multiple Tat translocases in the Gram-positive B. subtilis 

Interestingly, although TatA and TatB have different functions within Gram-negative 
Tat translocases, mutations in TatA in £ coli have been found to enable Tat-mediated 
transport in the absence of TatB. This finding indicates that TatA is intrinsically capable 
of performing the function of TatB . Additionally, the TatAd protein from 8. subtilis can 
complement for the absence of eitherTatAE orTatB in E. coli' .These findings, plus the fact 
that TatB is missing from most Gram-positive bacteria, indicate that the Gram-positive 
version ofTatA performs the functions of both TatA and TatB in organisms lacking a tat8 
gene . 
Two independently operating Tat translocases exist in 8. subtilis, namely TatAdCd and 
TatAyCy (Figure SC, Table I). Despite this abundance of Tat translocases in 8. subtilis, 
however, only two proteins have been identified that are exclusively transported by 
these translocases: the Dyp-type peroxidase YwbN is secreted via TatAyCy, and the 
phosphodiesterase PhoD is secreted by TatAdCd P • A third Tat substrate, the esterase 
LipA, can be secreted both via the Sec and Tat pathways, with Tat-dependent secretion 
being most evident under conditions of LipA hyper-production 10 • Tat-dependent LipA 



secretion seems to be facilitated both by TatAdCd and TatAyCy. These findings indicate 
that the two Tat translocases of 8. subtilis have overlapping but non-identical substrate 
specificities. The function of a third TatA subunit in 8. subtilis denoted TatAc, is not clear, 
since no proteins have been found that are secreted in a TatAc-dependent manner87 sa. 

The archaeal Tat pathway 

Little is currently known about the archaeal Tat pathway, and most information is derived 
from genomic sequencing. The Tat components (TatA and TatC) in archaea are similar to 
those found in E. coli and chloroplasts. Similar to most Gram-positive bacteria,TatB is not 
detectable in archaea, although it is clearly required for Tat translocation in E co/i1�. The 
TatC in archaea is homologous to the TatC in bacteria and chloroplasts, but only a limited 
number of residues are well-conserved. Remarkably, most sequenced haloarchaea have 
a Tat component that is a natural fusion of two TatC subunits (Figure 50) 1 9·48· 1 79• The 
function of the TatC-TatC fusion protein may be related to the Tat translocation under 
high salt conditions, since this component seems to be specific to haloarchaea. 
As observed in many Gram-positive bacteria, there can be multiple copies of the Tat 
components in archaea. The haloarchaeon, Haloferax vo/canii, has been shown to have 
two TatA homologs and two TatC homologs, with three of these being essential for 
cell viabilit/9• At the same time, the number of these components is not related to 
the number of the Tat substrates. For example, Su/folobus so/fataricus, which has only 5 
predicted Tat substrates, has three copies ofTatA and two copies ofTatC. In comparison, 
Ha/obacterium sp. NRC- 1 ,  which encodes 68 putative Tat substrates, has only one copy of 
TatA and two copies ofTatC. One possible explanation is that this observed bias towards 
Tat-dependent protein transport in haloarchaea, such as Halobacterium, may relate to 
the fact that many secretory proteins have to fold rapidly to prevent aggregation under 
highly saline conditions. Therefore, these proteins would fold in the cytoplasm and be 
transported by the Tat pathway 1 9 1 5'. Interestingly, the bias towards Tat-dependent protein 
transport in the haloarchaeon H. vo/canii seems so strong that it even exports soluble 
C-terminally anchored membrane proteins and lipoproteins via Tat61• However, many 
of the observed putative substrates for the Tat translocase in archaea, in general, are 
cofactor-binding proteins, and these need to be folded before translocation to allow for 
cofactor assembly. For example, all the predicted Tat substrates in T. acidophilum and T. 
vo/canicum are Rieske iron-sulphur proteins. 
A recent study in the haloarchaeon Haloarcu/a hispanica showed that the secretion of 
a Tat-dependent substrate, a-amylase, does not depend on the proton motive force, as 
it does in the chloroplasts and bacterial systemH 1 1  , but rather on the sodium-motive 
force 1o-t.A similar electrical gradient may drive transport in the halophile Halobacterium 
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sp. NRC- 1 ,  which is predicted to use the Tat pathway for the translocation of more than 
90% of its secreted proteins . One possible explanation may be the high extracellular 
salt concentration imposed by its particular lifestyle. Interestingly, Tat dependent trans
location in E. coli has been shown recently to be able to rely on the electrical transmem
brane gradient, independent of the pH gradient . 

Summary 

The emerging studies reviewed in this paper reveal remarkable differences in the ways a 
number of bacteria and archaea insert and translocate proteins across the cell membrane 
as compared to the well-established E. coli and ER systems. These differences illustrate 
the importance of examining protein export and membrane biogenesis in a variety of 
different organism to search for conserved principles.A common theme is that there are 
multiple copies of the translocation components in Gram-positive bacteria and archaea. 
Having multiple copies of the translocation components, such as SecY, SecA, Y idC, TatA, 
or TatC, may have to do with different substrate specificities making protein export 
or membrane protein insertion more efficient for certain substrates. Furthermore, the 
expression of different multiplied translocation components can be regulated in different 
ways, providing the cells with the possibility to fine-tune their translocation machinery 
to particular needs as dictated by environmental conditions. In many cases, certain trans
location components can contribute to the virulence of pathogenic bacteria. Also, in 
contrast to the situation in the widely studied bacteria, such as E. coli and B. subtilis, the 
Tat translocation system can play a mainstream role for the export of proteins in certain 
other Gram-positive bacteria and archaea. 
One of the most important recent developments in the field is the elucidation of struc
tures of the Sec complex from theArchaeon M.jannaschii and the Gram-negative bacteria 
Thermatogus maritima and Thermus thermophilus, and a SecA/SecY EG complex from I 
maritima. These structures as well as recent biochemical studies reveal how the trans
locase can function to move polypeptides through the center of the channel via the pore 
ring and how it allows the exit of transmembrane segments into the lipid bilayer. Eluci
dation of the SecA/SecY EG structure revealed a two-helix finger that may be involved in 
translocating the substrate through the channel. 
Taken together, the observations reviewed in this paper indicate that there are still plenty 
of opportunities for new discoveries in the field of protein insertion and translocation 
across cell membranes, in particular in organisms that live in extreme and challenging 
ecological niches. Studies on protein translocation in these organisms are likely to deepen 
our insights in the structure and function of protein translocation machineries that are 
conserved in all three domains of life. 
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Stress-responsive systems set specific limits to the 

overproduction of membr ane proteins in Bacillus 

subtilis 

Essential membrane proteins are generally recognized as relevant potential 
drug targets due to their exposed localization in the cell envelope. Unfortu
nately, high-level production of membrane proteins for functional and struc
tural analyses is often problematic. This is mainly due to their high overall 
hydrophobicity. To develop new concepts for membrane protein overproduc
tion, we investigated whether the biogenesis of overproduced membrane 
proteins is affected by stress response-related proteolytic systems in the 
membrane. For this purpose, the well-established expression host Bacillus 
subtilis was used to overproduce eight essential membrane proteins from 
B. subtilis and Staphylococcus aureus. The results show that the ow regulon 
(responding to cell envelope perturbations) and the CssRS two-component 
regulatory system (responding to unfolded exported proteins) set critical 
limits to membrane protein production in large quantities. The identified 
sigW or cssRS mutant 8. subtilis strains with significantly improved capacity 
for membrane protein production are interesting candidate expression hosts 
for fundamental research and biotechnological applications. Importantly, our 
results pinpoint the interdependent expression and function of membrane
associated proteases as key parameters in bacterial membrane protein pro
duction. 

Introduction 

Membrane-embedded proteins are crucial for cellular homeostasis and life. Membrane 
proteins generally account for about 30% of the open reading frames in both prokaryotic 
and eukaryotic genomess. , and they are involved in a wide range of different tasks.These 
include vital processes such as energy transduction, phospholipid biosynthesis, protein 
translocation, cell wall biogenesis, cell division, and control of cell shape�9

• Importantly, 
membrane proteins are partially exposed to the extracytoplasmic environment, which 
makes them readily accessible to drugs. For this reason, membrane proteins have become 
a major class of proteins in terms of current drug targets. Essential membrane proteins, 
which are indispensable for cell proliferation under specific conditions, are especially 
interesting from the pharmaceutical and biomedical perspectives because they represent 
prime targets for chemotherapy. 
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Unfortunately, progress in the area of membrane protein research has so far been slow. 

This has been attributed primarily to the high hydrophobicity of membrane proteins, which 

complicates high-level production, purification and crystallization . Consequently, yields 

are often frustratingly low, as underscored by a series of elegant screens for membrane 

protein overproduction in Escherichia co/i10· 1 1 • 16·54• Moreover, the accumulation of overpro

duced proteins in biological membranes may affect bilayer integrity, which would be toxic 

for the producing cell .Additional l imitations are potentially caused by saturation of the 

cellular machinery for insertion of proteins into the membrane, or by saturation of the 

membrane itself, resulting in the cytoplasmic accumulation of overproduced membrane 

proteins, as well as native membrane proteins '. Such overproduced proteins are usually 

misfolded and/or inactive, and they have a high tendency to form insoluble (micro)aggre

gates. These practical problems focus attention on the fundamental question of which 

cellu lar mechanisms set the key l imits to membrane protein production. 

In the present studies, we show that important problems in membrane protein overpro

duction can be overcome by using different strains of the Gram-positive bacterium 

Bacillus subtilis as expression host, and we identify two key mechanisms that set limits to 

membrane protein production in  this organism. B. subti/is is highly appreciated for biotech

nological applications because it has a large capacity to secrete high-quality proteins into 

the culture medium, and because it has the status of generally recognized as safe- 1 
• 

Furthermore, B. subtilis is amenable to genetic engineering, and many expression systems 

are available2· 1 7·34•47·50·5 1  .This prompted us to investigate whether the secretion machinery 

of B. subtilis, which is also involved in membrane protein biogenesis , can be exploited 

for membrane protein overproduction. As model proteins for our studies, we selected 

essential membrane proteins that have a good potential to serve as targets for novel 

antimicrobial drugs.Accordingly, we not only overproduced 8. subtilis membrane proteins, 

but also their orthologues from the important human pathogen Staphylococcus aureus. 
Studies on these essential proteins are considered to be of major relevance, since S. 
aureus is rapidly gaining resistance against all available antibiotics and novel antibiotics 

against this pathogen are urgently needed . The results of the present studies with 

homologous membrane proteins from B. subtilis and S. aureus show that, like in other 

expression hosts, bottlenecks in membrane protein production also do exist in 8. subtilis. 
Importantly however, at least some of the encountered bottlenecks can be overcome, 

because they relate to two dispensable membrane-associated stress responsive systems: 

the aw regulon and the CssRS two-component regulatory system. Thus, the removal of 

at least one of these stress responsive systems can result in drastically improved yields 

of particular membrane proteins. 
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Figure I .  Predicted topologies of membrane proteins and their overproduction in 
8. subtilis. A. Topologies of the selected membrane proteins from B. subtilis and S. aureus were 
assessed with the MEMSAT3 and Octopus algorithms. B. Induced overproduction of membrane 
proteins from B. subtilis (B) and S. aureus (S) in the B. subtilis strains 1 68 or I O  1 2. Black arrow heads 
indicate the predicted electrophoretic mobil ities according to the mass of the proteins. 
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Results 

Overproduction of essential model proteins 

Previous studies have shown that 27 1 genes of B. subtilis are essential for growth under 

favorable laboratory conditions . These include 29 genes for membrane proteins. From 

these 29 we selected four proteins - with differing predicted membrane topologies - as 

model proteins for the present studies, namely CdsA, PgsA, Rny and PlsY (Figure I A). 

These proteins raised our interest, because they are highly conserved in other bacteria, 

but not in humans, and because they are known to be essential for viability in other 

bacterial species ' .Additional ly, their biochemical properties are poorly characterized 

and structural information is completely lacking. 

For controlled expression of the selected membrane proteins, we applied the subtil in

inducible SURE expression system in the two commonly used B. subtilis strains, 1 68 and 

I O 1 2. Although these strains are generally considered to be highly simi lar, substantial 

Di lution 2 1 0  2 1 0  20 

1 _  

- --
-- --- ---

vvr non-Induced I n<luced Purlfi ed Rny 

Figure 2. Quantitative immunoblotting analysis of B. subtilis Rny. The Rny levels in the 

parental strain 8. subtilis 1 68 (WT) and the Rny overproducing strain 8. subti/is 1 68 amyE::spaRK 
pNZ89 I 0::8 Rny that was "induced" with subtilin or "non-induced" was quantified via immuno

blotting with antibodies against 8. subti/1s Rny. Samples with known amounts of 8. subtilis Rny puri

fied from a recombinant £. coli strain were used for calibration. 



differences were observed with regard to production of the model B. subtilis membrane 
proteins and their orthologues from S. aureus (Figure I B). To detect overproduced 
proteins by Western blotting, all genes were provided with the coding sequences for the 
Strepll tag. Only two proteins, namely PgsA and PlsY from S. aureus, were overproduced 
in both strains. Three other proteins were readily produced in one strain but not in the 
other (PgsA, Rny and PlsY from B. subtilis), and three proteins could not be detected in 
either of the strains (CdsA from B. subtilis and S. aureus, and Rny from S. aureus; Figure 

I B and data not shown). At present, we do not know whether this is due to lack of 
overproduction of these proteins, or degradation of the Strepll tag. However, Strepll tag 
degradation seems unlikely in the case of S. aureus Rny, since the detection of this tag 
correlated consistently with the detection of Rny with specific polyclonal antibodies. 
As demonstrated by quantitative immunoblotting, using purified B. subtilis Rny for 
calibration, B. Subtilis 168 amyE::spaRK pNZ89 I 0::B Rny overproduced Rny -45-fold to 
a level of about 4 mg per litre upon subtilin induction (Figure 2). Judged by the signal 
intensity, we believe that the production levels of other Strepll tagged proteins are at 
least in the same range as shown for Rny or higher (Figure I B).Without induction, Rny 
was overproduced -7-fold to about 0.63 mg per liter. These findings show that some, 
but not all, membrane proteins can be readily overproduced in B. subtilis, and that there 
are strain-specific differences in productivity. Because of these differences, all further 
expression experiments were conducted using both the 168 and IO 1 2  strains. 
To pinpoint the bottlenecks in membrane protein overproduction, we first tested 
a mutant strain that overproduced cytoplasmic chaperones, which was accomplished 
through removal of the hrcA gene, resulting in upregulation of GrpE, DnaK, DnaJ, GroEL 
and GroES. Unfortunately, this mutation had negative effects on membrane protein 
overproduction.Additionally, the effects of a lowered protease production by deletion of 
the genes for eight extracellular proteases were compared to the effects of growing cells 
in medium supplemented with Complete Protease Inhibitors (Roche) to inhibit protease 
activity. Interestingly, only growth in medium supplemented with protease inhibitors 
had a mildly positive effect on the amounts of membrane proteins produced, whereas 
knockout of the eight major extracellular proteases resulted in reduced productivity 
(data not shown). These findings directed our attention to stress-responsive systems 
in the B. subtilis cell envelope, which are known to involve protease activity: the CssRS 
two-component regulatory system and the ow regulon. 

The CssRS system sets limits to membrane protein overproduction 

The CssS sensor and CssR regulator proteins form a two-component regulatory system 
that responds to the accumulation of malfolded secretory proteins at the membrane-cell 
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Figure 3. Membrane protein overproduction in cssRS, rasP, prsW and sigW mutant 
strains. Overproduction of membrane proteins was assessed in the parental B. subtilis strains 1 68 
and I O  1 2  (WT) and in strains with specific mutations. Strains containing a cssRS::spec deletion 
mutation. b Strains carrying rasP.·:tet, prsW::b/eo, or sigW::bleo deletion mutations. Black arrow 
heads indicate the predicted electrophoretic mobility according to the mass of the proteins. 



wall interfaceis. Stimulation of CssRS results in upregulation of two membrane-associated 
proteases, HtrA and HtrB, which have catalytic sites located at the extracytoplasmic 
side of the membrane1H8

. To investigate possible interference of the CssRS system with 
membrane protein overproduction, cssRS deletion mutants of 8. subtilis 168 and I O  1 2  
were used. Indeed, deletion of cssRS resulted in major improvements in membrane 
protein production (Figure JA). Most strikingly, knockout of cssRS now permitted the 
production of S. aureus Rny, albeit only in the I O  1 2  strain. Furthermore, deletion of 
cssRS resulted in the production of large amounts of 8. subtilis Rny in the I O  1 2  strain 
and 8. subtilis PlsY in the 168 strain. On the other hand, the cssRS deletion resulted in 
production of neither CdsA from 8. subtilis nor S. aureus (not shown).This deletion even 
interfered with the production of S. aureus PgsA in the 168 strain (Figure JA). Taken 
together, these findings show that the CssRS system impacts significantly on membrane 
protein overproduction and that, depending on the membrane protein studied, a cssRS 
deletion can have either highly beneficial effects, no effects, or even adverse effects in 
this process. 
To further specify the mechanism by which CssRS impacts on membrane protein overpro
duction, of the complete htrA or htr8 gene was deleteded. However, membrane protein 
overproduction in these single knockouts was severely impaired (data not shown), which 
was probably due to the fact that htrA and htr8 are cross-regulated.A double knockout 
by combination of both single knockouts could not be obtained, which is consistent with 
previously reported findings of Noone and Devine'8• 

Roles of PrsW, RasP and the ow regulon in membrane protein overproduction 

Regulatory intramembrane proteolysis (RIP) is a process in which a membrane-bound 
regulatory protein is released to the cytoplasm by degradation of the transmembrane 
segmentlH;_ Two proteases of 8. subtilis that are important for RIP are PrsW and RasP. 
PrsW represents a novel site I protease of the membrane-embedded metalloprotease 
superfamilyn 1 1 , whereas RasP is an intramembrane cleaving protease that belongs to the 
site 2 protease family of zinc metalloproteasess. Both proteins are involved in degradation 
of RsiVV, an anti-sigma factor that modulates the activity of ow 2116• Since both PrsW 
and RasP are capable of cleaving membrane proteins, we investigated whether overpro
duction of our eight model proteins was influenced in rasP or prsW deletion strains. 
Remarkably, deletion of prsW mostly enhanced membrane protein overproduction both 
in 8. subtilis 168 and I O  1 2 ,  whereas deletion of rasP compromised membrane protein 
overproduction (Figure 3B). Positive effects of the prsW deletion were observed for 
PgsA of 8. subtilis, and Rny of 8. subtilis and S. aureus. Importantly, deletion of rasP did not 
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Figure 4.Activation of the ow regulon. Activation of the aw regulon was monitored by assess

ment of the cellular Pbp4* levels in the presence ( +) or absence (-) of subtilin-induced overexpres

sion of genes for membrane proteins in B. subtilis strains 1 68 and I O  1 2. As a control for protein 

loading, all blots were stained with ink (total stain). Black and white arrow heads mark bands of 

highly overproduced membrane proteins. 

per se preclude induction of the SURE system, as was verified by effective induction of a 

GFP control (not shown). 

The effects of PrsW on membrane protein overproduction could relate either directly 

to its proteolytic activity, or indirectly to various roles of the aw regulon in membrane 

protein degradation.Therefore, the effects of prsW and sigW mutations were compared 

(Figure 3B). Interestingly, these two mutations had largely overlapping, but not identical 

effects on membrane protein overproduction. For example, a sigW deletion al lowed the 

overproduction of B. subtilis PlsY in the 1 68 strain, but i nterfered with S. aureus Rny 

production in this strain, whereas these effects were not observed upon deletion of 

prsW. Despite the highly beneficial effect of the sigW mutation on membrane protein 

overproduction, combining knockouts of sigW and rasP resulted in a loss of model 

protein production (not shown), indicating that the adverse effect of rasP on membrane 

protein production was dominant over the positive effect of sigW. 



The results obtained with sigW and prsW mutants suggest a pivotal role for the ow 

regulon in the control of membrane protein overproduction.Therefore, activation of the 
ow regulon upon induced membrane protein production was monitored using antibodies 
against Pbp4*, a convenient standard marker for ow activation (Figure 4)46.The results 
thus obtained were subsequently confirmed with a transcriptional fusion between the 
sigW promoter and green fluorescent protein (GFP; data not shown). Notably, induction 
of cdsA resulted in the strongest ow responses, even though CdsA was not detectably 
overproduced. In contrast, S. aureus plsY induction caused a strong ow response in the 
IO 1 2  strain while the PlsY protein was readily overproduced (Figures 3B and 4), and 
this was in some experiments also observed for B. subtilis plsY induction (not shown). 
Importantly, in those cases where sigW deletion resulted in strong overproduction of 
particular membrane proteins, their induction did not trigger a significant ow response. 
These findings show that there is no direct correlation between improved membrane 
protein production due to sigW deletion and induction of the ow regulon by overpro
duction of membrane proteins. This is consistent with our observation that the ow 

regulon is not the only limiting determinant in membrane protein overproduction and 
that deletions of prsW, rasP and sigW can have very different effects on this process.The 
addition of subtilin itself did not lead to a detectable activation of the ow regulon at any 
time point during subsequent cultivation, indicating that the observed activation of the 
ow regulon is induced by the membrane protein expression rather than the exposure of 
cells to the subtilin. To assess whether a simultaneous deletion of sigW and cssRS would 
further enhance the overproduction of certain membrane proteins, we constructed a 
sigW cssRS double mutant strain. Unfortunately, none of our model proteins was overpro
duced in this double mutant. 

Increased levels of HtrA and HtrB in rasP mutant strains 

Since in several cases deletion of cssRS, prsW or sigW resulted in improved membrane 
protein overproduction, the possibility of cross-interactions between the CssRS and 
ow stress-responsive systems was examined. First, we verified that no induction of ow 

occurred in prsW mutant strains, which was the case irrespective of membrane protein 
overproduction. Likewise, deletion of cssRS had no detectable effect on induction of the 
ow regulon as reflected by the cellular Pbp4* levels, irrespective of membrane protein 
overproduction ( data not shown). Subsequently, the activity of the CssRS two-component 
system was monitored in B. subtilis prsW, rasP or sigW mutant strains by monitoring the 
levels of cell-associated and extracellular HtrA or HtrB. Interestingly, the levels of HtrA 
and HtrB detected in B. subtilis rasP mutant cells were significantly increased compared to 
the parental strains, whereas levels of HtrA and HtrB in B. subtilis prsW or sigW mutants 
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Figure 5. Induced overproduction of HtrA and HtrB. Cellular ("cells") and extracellular 
("medium") levels of HtrA or HtrB were assessed by Western blotting for B. subtilis strain 1 68 
(WT) and 1 68-derived strains with rasP::tet, prsW::b/eo, sigW::bleo, and/or cssRS::spec single or dou
ble mutations. Cells were cultivated overnight. Black arrow heads indicate the predicted mobility 
of HtrA and HtrB.AII detectable major protein bands correspond to HtrA or HtrB, as was verified 
by Western blotting experiments with htrA or htrB mutant strains (data not shown). 

seemed generally slightly decreased compared to the parental strains (Figure 5 ; only the 
results of B. subtilis 168 are shown). Notably, we detected for the first time an extracel
lular degradation product for HtrB, the amounts of which correlated well with the intra
cellular amounts of HtrB, as was the case for extracellular HtrA (Figure 5). Importantly, 
the effect of rasP deletion on HtrA/B levels was dominant over the sigW mutation, and 
even over a cssRS mutation. 

Subcellular localization of overproduced membrane proteins 

Conceivably, the removal of the CssRS and ow stress responsive systems might lead to 
an accumulation of malfolded proteins in the cytoplasm, instead of the intended insertion 
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Figure 6. Subcellular localization of overproduced membrane proteins. A. The subcel
lular localization of overproduced membrane proteins was determined by fractionation  of cells 
lacking the SURE plasmid (parental), or cells containing the SURE plasmid with (+) or without (-) 
subtilin-induced expression of membrane proteins. For each model protein the best-producing 
strain was used.As a control for correct fractionation, the presence of BdbD (membrane protein) 
and TrxA (cytosolic protein) were determined in the samples of the S PlsY-producing strain. B. 
For low-abundance proteins, the fractionation was repeated without lysozyme treatment of the 
cells to avoid the (low) background signal caused by cross-reactivity of the secondary antibody to 
lysozyme. Filled and open arrow heads mark bands of overproduced membrane proteins. 

of correctly folded proteins into the membrane. We therefore assessed whether the 
overproduced membrane proteins were indeed inserted into the membrane. For this 
purpose, the best-producing strains were selected for each model protein (in the cases of 
CdsA, PgsA and Rny from B. subtilis the wild-type strains were used).As shown in Figure 
ii, significant amounts of each overproduced protein fractionated with the membrane. 
In the case of Rny and PlsY, some overproduced protein was also detected in the cell 
wall and cytoplasmic fractions, suggesting that some overproduced protein was mislo
calized or released from the membranes during cell disruption. To investigate whether 
the proteins detected in the membrane fractions were soluble, sedimentation centrifu-
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Figure 7. Results of sedimentation centrifugation of the model proteins, compared to 
native membrane proteins (Rny, BdbD and YolF) before and after treatment with 8 M urea. 



gation was used to separate soluble proteins from aggregates. Significant amounts of 
urea-soluble aggregates could only be detected for overproduced B. subtilis Rny (Figure 

7). These observations show that most overproduced membrane proteins are correctly 
targeted to the membrane. 

Discussion and conclusions 

In the present studies, we have identified several strains of B. subtilis that have significantly 
improved capacities for membrane protein overproduction, and we pinpoint two stress 
responsive systems as key bottlenecks in membrane protein production. To accomplish 
this, we used a subtilin-regulated expression system (SURE) to induce overproduction 
of Strepll tagged membrane proteins. Induced expression of eight different proteins in 
two different strains of B. subtilis initially led to detectable overproduction of five of 
these proteins. These observations are in accordance with findings in E. coli that some 
membrane proteins are readily produced, whereas others cannot be detected at all 10 1 .s-t. 

Strikingly, overproduction of membrane proteins under identical conditions in the 
laboratory strains B. subtilis 168 and IO  1 2  - which are generally considered to be highly 
similar - resulted in entirely different expression patterns. From recent studies, it has 
become clear that there is considerable genomic diversity among different laboratory 
strains of B. subtilis 11 58, which probably provides a molecular basis for the observed differ
ences in membrane protein production. In this respect, it is relevant to note that the 
IO 1 2  strain seems to be a hybrid of the 168 and 23 strains (T.Wiegert, unpublished data). 
Several of the tested modifications in stress-responsive and proteolytic systems of B. 
subtilis, such as deletion of multiple extracellular proteases or rasP, had a negative impact 
on membrane protein overproduction. These findings show that membrane protein 
overproduction is a delicate process, which is easily compromised. This may relate to 
particular stresses provoked by such mutations rather than direct effects on membrane 
protein biogenesis. If so, the addition of protease inhibitors during induction of membrane 
protein overproduction appears to be a milder approach for the cells than deleting eight 
extracellular proteases. Clearly, deletion of rasP resulted in elevated levels of the HtrA 
and HtrB quality control proteases, which is possibly contra-productive for membrane 
proteins. Notably, even though removal of certain genes (e.g. rasP) has negative effects 
on membrane protein overproduction, it is still possible that the corresponding protein 
sets a limit to this process. This idea is supported by the fact that RasP was shown to 
degrade the RsiW and FtsL membrane proteins, thereby setting limits to their cellular 
levelsl.'41,, and that RasP also impacts on secretion of the a-amylase AmyQ22.We therefore 
conclude that the absence of RasP has pleiotropic effects on the stability of overpro
duced and native membrane proteins. 
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Three mutations were identified that had a pos1t1ve effect on membrane protein 

production.These involved inactivation of the CssRS two-component system or removal 

of the prsW or sigW genes. Most l ikely, CssRS impacts on membrane protein overpro

duction through the HtrA and HtrB proteases, as the corresponding genes are main 

targets of CssRS regulation .This idea is consistent with the observation that impediment 

of membrane protein overproduction upon deletion of rasP is accompanied by elevated 

production of HtrA and HtrB.At present, it is not clear whether the impact of PrsW on 

membrane protein overproduction is due to a direct effect via its protease activity, or an 

indirect effect via activation of the ow regulon, or both. For example, deletion of sigW had 

simi lar, but occasionally even stronger effects on membrane protein yields than deletion of 

prsW. Furthermore, there appears to be no clear-cut correlation between the activity of 

the ow regulon and membrane protein overproduction; deletion of rasP, which precludes 

activation of the ow regulon l ike the prsW and sigW mutations, had a dominant negative 

effect on membrane protein overproduction, while the prsW and sigW mutations had 

generally positive effects on membrane protein overproduction. Within the ow regulon 

there are at least three putative proteases that might be involved in membrane protein 

degradation, namely, SppA and YqeZ which are similar to E. coli signal-peptide peptidase 

(SppA) , and YjoB which belongs to the AAA family and might be involved in modulating 

the activity of one or more proteases'".Which of these proteases are actually involved in 

membrane protein degradation will be a subject for further studies. 

Remarkably, for each individual membrane protein tested, the effects of cssRS, prsW 
or sigW deletions on the final yield varied significantly. This indicates that the yields of 

particular membrane proteins are determined to different extents by the CssRS- and 

ow dependent processes. More noteworthy, in some cases the i nterference with either 

CssRS or ow resulted in significantly improved yields, showing that the interference with 

two seemingly independent stress-responsive processes can have identical effects on 

membrane protein overproduction.These observations imply that there is some degree 

of interdependence between the CssRS two-component system and the ow regulon. 

Consistent with this view, we observed that deletion of rasP, and possibly also prsW 
and sigW, differentially influence the CssRS two-component system, as evidenced by 

the cellular HtrA and HtrB levels. Interestingly, such effects have not yet been reported 

in transcriptional studies on the ow regulon' 1\ i ndicating that the effect of RasP on the 

HtrA and HtrB levels is probably not mediated through the ow regulon. Instead, it is very 

well possible that RasP is directly involved in the proteolysis of HtrA and HtrB, which 

might explain why the levels of these proteins are elevated in a rasP cssRS double mutant. 

In conclusion, the present studies show that membrane-associated stress-responsive 

systems set major l imits to membrane protein overproduction in B. subtilis.The removal of 



such bottlenecks is possible and significantly improved the yields of six out of eight tested 
membrane proteins. We are confident that our findings form an excellent starting point 
for further improvement of B. subtilis as a cell factory for membrane proteins and that 
they set the stage for further mechanistic studies on the interdependent expression and 
function of membrane-associated proteases in bacterial membrane protein production. 
In this respect, it will be of interest to investigate whether lower levels of induction will 
have beneficial effects on the membrane protein production levels, the quality of the 
overproduced membrane proteins or the health of the producer cells as was recently 
shown in £ co/i55• Such studies could then be extended to other B. subtilis srains, like strain 
23 ,  to explore their exploitation potentials for membrane protein production. 

Experimental procedures 

Plasmids, bacterial strains and growth conditions 
The plasmids and bacterial strains used in this study are l isted in Table I . B. subtilis and £ coli were 
grown with agitation in Luria Broth (LB) medium (Difeo Laboratories) at 37°C. Lactoccus lactis was 
grown at J0°C without agitation in M 1 7  broth (Oxoid) supplemented with 0.5% (wt/vol) glucose 
and 0.5 M sucrose. S. aureus was grown at 37°C without agitation in beef heart infusion medium 
(BHI, Oxoid).Where appropriate, the growth medium was supplemented with antibiotics: ampicil
lin ( I 00 µg/ml), erythromycin (2 µg/ml for B. subtilis or 5 µg/ml for L /actis), chloramphenicol (5 µg/ 
ml), kanamycin (20 µg/ml), phleomycin (5 µg/ml), spectinomycin ( I 00 µg/ml) or tetracycline ( I O  µg/ 
ml). For transformation of B. subtilis, Paris Minimal medium (PM) was used as described by Kouwen 
et a/3 . 

DNA techniques 
Chromosomal DNA was isolated from B. subtilis according to Bron and Venema', while chromo
somal DNA from S. aureus was isolated using the GenElute Genomic Isolation Kit (Sigma). B. 
subtilis was transformed as described by Kunst and Rapoport33, £ coli was transformed using CaCl2-
competent cells", and L /actis was transformed as described by Leenhouts and Venema 15• Plasmids 
were isolated from E. coli and L /actis using the High Pure Plasmid Isolation Kit (Roche) or the 
lnvisorb Spin Plasmid Mini Two kit (lnvitek). For L /actis, lysozyme was added at the first step, and 
the sample was incubated for 30 min at 50°C before continuing with the protocol supplied by the 
manufacturer. DNA purification, restriction, ligation, agarose gel electrophoresis, and PCR were 
performed as described by Sambrook et ar•. Restriction enzymes were obtained from Roche Ap
plied Science, New England Biolabs, or Sigma-Aldrich. Ligations were carried out using T4 DNA 
l igase (New England Biolabs) and PCR was performed using PWO polymerase (Roche Applied 
Science). Constructed plasmids were checked by sequencing. 

Sequence similarity searches and topology predictions 
Sequence similarity searches were performed using the protein-protein Blast algorithm (BLASTP) 
at NCBI (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Topology predictions were performed using 
the Octopus (http://topcons.net/) and MEMSATJ (http://bioinf.cs.ucl.ac.uk/psipred/) algorithms1rn. 
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Strain -------
Bacillus subtilis 
1 68 
1 0 1 2  
ATCC6633  
1 68 NZ8900 
1 0 1 2  NZ8900 
WB800 
1 68 cssRS 
1 0 1 2  cssRS 
1 68 prsW 
1 0 1 2  prsW 
1 68 rasP 
1 0 1 2  rasP 
1 68 sigW 
1 0 1 2  sigW 
I 68 rasP sigW 
I O I 2 rasP sigW 
I 68 rasP cssRS 
I O 1 2  rasP cssRS 

Lactococcus lactis 

Genotype 

trpC2 
/euAB, metB5, hsrM I 
Subtilin producer 
1 68, amyE::spaRK; Km' 
I O  1 2, amyE::spaRK;Km' 
1 68, nprE, nrpB, aprE, epr, mpr, bpf, vpr, wprA; Cm', Hyg' 
1 68, amyE::spaRK, cssRS::spec; Km', Spec' 
I O  1 2, amyE::spaRK, cssRS::spec; Km', Spec' 
1 68, amyE::spaRK, ypdC::bleo, Km', Phleo' 
I O  1 2  amyE::spaRK, ypdC::bleo, Km', Phleo' 
1 68, amyE::spaRK, yluC::tet. Km', Tet' 
I 0 I 2, amyE::spaRK, yluC::tet, Km', Tet' 
1 68, amyE::spaRK, sigW::bleo, Km'· Phleo' 
I O  1 2, amyE::spaRK, sigW::bleo, Km'· Phleo' 
1 68, amyE::spaRK, yluC::tet, sigW::bleo, Km' Phleo', Tet' 
I O  1 2, amyE::spaRK, yluC::tet, sigW::bleo, Km'· Phleo', Tet' 
1 68, amyE::spaRK, yluC::tet, cssRS::spec; Km'Tet', Spec' 
I O  1 2, amyE::spaRK, yluC::tet, cssRS::spec; Km'· Tet', Spec' 

MG 1 363 Plasmid-free derivative of NCDO 7 1 2  

E.. coli 
DH5a 
TOP I 0  

S. aureus 

supE44; hsdR 1 7; recA I ;  gyrA96; thi- 1 ;  rel-A I 
F-mcrA L\(mrr-hsdRMS-mcrBC)L\80LacZL\M 1 5  

NCTC 8325 Cured of known prophages 

Table I .  Strains used in this study. 

Reference 

JJ 
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this study 

this study 
this study 
13, this study 
13, this study 
46, this study 
46, this study 
46, this study 
46, this study 
46, this study 
46, this study 
46, this study 
46, this study 
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lnvitrogen Life 
Technologies 

Amplification of model genes and cloning into the subtilin-regulated expression (SURE) system 
The genes encoding selected model proteins were amplified using chromosomal DNA of B. subtilis 
1 68 or S. aureus NCTC 8325 as a template and the primers listed in Table 2.A sequence encod
ing the Strepll tag was fused to the 3' end of each gene. For B. subtilis my, a silent point mutation 
was made to remove a restriction site for Real .  To accomplish this, two separate PCR reactions 
were performed using primer sets B my F I  /8 my M I  or B my M2/B my R I  .The PCR products were 
subsequently fused by PCR using primers B my F I  and B my R I  .All PCR products were cloned in 
the pTOPO vector (lnvitrogen) according to the protocol provided by the manufacturer. Cloned 
genes were subsequently transferred from p TOPO to pNZ89 I O  using restriction sites that were 
included in the start codon of each gene (Table 2) and a restriction site originating from the 
pTOPO vector (B cdsA (Pstl), S cdsA (Xbal), B pgsA (Spel), S pgsA (Spel), B my (Spel), S my (Spel), 
B plsY (Xhol), S plsY (Hindl ll)). The pNZ89 I O  plasmids containing the different genes were subse
quently checked by sequencing. 



Primer Sequence ,,,_....,....,,....,,,..---B cdsA R 5'-gggggggtaccttatttttcgaactgcgggtggctccatgaaaaaagggcaagcagaaa-3' 
S cdsA F 5 '-gggggcatatgcagagaggccggaggtttggcggaatttagatcatgaaagttagaacgctgaca-3 ' 
S cdsA R 5' -gggggggtaccttatttttcgaactgcgggtggctccaagattgtattaataaaatatt-3' 
B pgsA F 5'-gggggccatggctaacttaccaaataaaatc-3' 
B pgsA R 5' -gggggggtaccttatttttcgaactgcgggtggctccagttagatgtttttaacgcttc-3' 
S pgsA F 5'-gggggcatatggtatgaaattggaggggcttcatgaatattccgaaccagatt-3 '  
S pgsA R 5' -gggggggtaccttatttttcgaactgcgggtggctccatttttgtttaaaaacatctct-3' 
B rny F 5'-gggggcatatgcatagcaagaggaggtgaaatcatgaccccaattatgatggtt-3' 
B rny M I  5' -tttcttttgtcataatggcgatgtc 
B rny M2 5'-gacatcgccattatgacaaaagaaa-3' 
B rny R 5' -gggggggtaccttatttttcgaactgcgggtggctccattttgcatactctacggctcg-3' 
S rny F 5'-gggggccatggatttattaagcctcctactc-3' 
S rny R 5'-gggggggtaccttatttttcgaactgcgggtggctccatttcgcatattctactgctct-3' 
B pis Y F 5' -gggggccatggtaattgctttattgattatt-3' 
B pis Y R 5' -gggggggtaccttatttttcgaactgcgggtggctccataaccattttactttaggttc-3' 
S plsY F 5'-gggggcatatgatttgaaaaaggagaaatgttcatgatgataatcgtcatgtta-3' 
S plsY R 5'-ggggggg-taccttatttttcgaactgcgggtggctccacatccattttattttaggttc-3' 
cssRS d I 5'-ttgtatagcgtaacagtcag-3' 
cssRS d2 5' -cgaaaatcgccam;gccagttcacatcctttcaacgtca-3' 
cssRS d3 5' -aacccttgcatagggggatcactgtagatgttttgcagtc-3' 
cssRS d4 5'-atatcagctaattgagacgg-3' 
Sp I 5'-ctggcgaatggcgattttcg-3' 
Sp 2 5'-gatccccctatgcaagggtt-3' 

Table 2. Primers used for amplification of the selected genes. Membrane proteins from B. 
subtilis are indicated with B and their homologues from S. aureus with S. In bold the restriction sites 
are indicated, and in italics the sequence of the Strepll tag. Underlined are the regions that overlap 
with the spectinomycin resistance cassette. 

The amyE::spaRK construct was introduced into B. subtilis I O  1 2  by transformation with genomic 
DNA of B. subtilis 1 68 NZ8900. Subsequently, pNZ89 I 0-based plasmids containing genes for mem
brane proteins were introduced into B. subtilis 1 68 amyE::spaRK and B. subtilis I O  1 2  amyE::spaRK. 

Construction of a cssRS deletion mutant 

To delete cssRS, the flanking regions of the genes were amplified by PCR with primer sets cssRS 
d I +d2 and cssRS d3+d4. Next these regions were fused by PCR to a spectinomycin cassette 
that was amplified from pDG 1 726 (primers are listed in Table 2).  B. subtilis was subsequently 
transformed with the final PCR product. The correct removal of the cssRS genes was verified by 
Western blotting against CssS. 

Induction of membrane protein overproduction 

Subtilin was prepared as described by Bongers et al· . Overnight cultures were diluted to OD600= 
0. 1 5  in LB medium and incubated until mid-exponential growth (OD600= 0.9- 1 . 1  ). Subsequently, I %  
(vol/vol) subtilin was added to part of the culture and both the induced and noninduced cultures 
were further incubated for 2 h. The OD600 was measured at the end of the induction, and cells 
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were subsequently lysed in NuPAGE LDS Sample Preparation Buffer (lnvitrogen) using the Mini
Bead-Beater- 1 6  (Biospec Inc). To test whether the SURE system was functional in B. subtilis rasP, 
induction of expression of GFP from plasmid pNZ8907 was performed. GFP was detected using 
fluorescence microscopy. 

SDS-PAGE and Western blotting 

Protein samples were heated for 5 min at 95°C and loaded on precast NuPAGE I 0% Bis-Tris gels 
(lnvitrogen Life Technologies), with a correction for differences in OD 600 of the cell cultures (OD600 
2 = I O  µI). Semi dry Western blotting was performed with Protran nitrocellulose membranes 
(Schleicher and Schuell). Strepll  tagged proteins were detected using StrepMAB Classic (IBA 
GmbH), diluted I :  I 000 in Blocking Buffer (LiCor Biosciences). Rabbit antibodies were used to 
detect Pbp4*, HtrA and HtrB and CssS.These primary antibodies were visualized with fluorescent 
IRDye goat anti-rabbit or goat anti-mouse secondary antibodies (LiCor Biosciences) at I :5000 
di lutions. The Odyssey infrared imaging system (LiCor Biosciences) was used to record the fluo
rescence at 700 or 800 nm depending on the IRDye fluorescent label used. To verify gel loading, 
control blots were stained with ink (0. 1 % Pelikan Ink, Konigsblau nr. 400 I in PBS with 0,05% Tween 
and I %  acetic acid). 

Quantification of Rny production 

Purified Rny was a kind gift from Jorg Stulke (8). Dilution series of purified Rny and of cell lysates 
from non-induced and induced B. subtilis 1 68 amyE::spaRK pNZ::Baci//us Rny were loaded on precast 
NuPAGE 1 0% Bis-Tris gels (lnvitrogen Life Technologies). For the cell lysates, the amounts loaded 
on gel were corrected for OD 600 differences ( I O  µI lysate = OD 600 2). After SOS-PAGE, Western 
blotting and immunodetection with Rny-specific polyclonal antibodies raised in rabbits (Eurogen
tec), the signal in each lane of the Western blot was quantified using lmageJ gel analyzer. For the 
purified Rny protein, a calibration plot was made. Similarly, for the dilution series of the induced 
and noninduced samples the signal was plotted against the di lutions. Subsequently, the calibration 
plot was used to determine the amount of protein in each of the dilution series. 

Subcel/ular localization of the model proteins 

Fractionation experiments were performed to localize the YolF protein and the control proteins 
LipA. TrxA, SipS and BdbD in B. subtilis. Cells were grown overnight in LB medium, collected by 
centrifugation, and resuspended in protoplast buffer ( I 00 mM Tris-HCI, pH 8.2; 20 mM MgCl2; 20% 
sucrose; I mg/ml lysozyme; 0.0 I %  DNase; and Complete protease inhibitors TM263).After 30 min 
incubation at 37°C, proteins released from the cells by protoplasting (i.e. the cell wall fraction) 
were separated from the protoplasts by centrifugation ( I O  min, 4000 g, 4°C).The protoplasts were 
resuspended in disruption buffer (SO mMTris-HCI, pH 8.2; 2.5 mM EDTA) and disrupted with glass 
beads using a bead beater. Cellular debris and unbroken protoplasts were removed by centrifuga
tion ( I O  min, 4000 g, 4°C) and the supernatant was ultracentrifuged (30 min, 200 000 g, 4°C). Next, 
the supernatant fraction with the cytosolic proteins was collected. The pellet was resuspended in 
solubilization buffer (20 mM Tris; pH 8.0; I 0% glycerol; 50 mM NaCl; 0.03 % DOM) and incubated 
overnight at 4°C. Nonsolubilized membranes and solubilized membrane proteins were subse
quently separated by centrifugation ( 1 5  min, I 00 000 g, 4 °C), and the supernatant fraction with 
the solubilized membrane proteins was collected. The sub-cellular fractions thus obtained were 
analyzed by SOS-PAGE, Western blotting and immunodetection with specific antibodies. 



Sedimentation centrifugation 

An aliquot of each of the isolated membrane protein fractions was treated with 8 M urea. 40 µI of 
the original and the urea-treated samples were loaded on top of I 00 µI protoplast buffer with 20% 
sucrose, and for the urea-treated sample with 8 M urea. These samples were centrifuged for 30 
min at I 00 000 g in a swing-out rotor. From the resulting sample an upper fraction ( 40 µI), middle 
fraction (SO µI) and a lower fraction (approximately 70 µI) were taken, and 4x LDS sample buffer 
was added. Subsequently, the pellet was resuspended in 20 µI I x  LDS loading buffer. The samples 
were heated at 9S°C for 1 0  minutes before starting SOS-PAGE with 20 µI of each fraction.Via 
Western blotting, the amounts of the strep-tagged model protein, as well as the marker proteins 
YolF  ( 1 2. 1  kDa), BdbD (24.8 kDa) and Rny (58.7 kDa), were determined in each fraction. In the 
calculations of the amounts of protein in each sample, a correction was made for the different 
volumes of each fraction. 
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Facile purification of membr ane proteins and 

membr ane protein complexes from Bacillus subtilis 
using magnetic beads 

Membrane proteins are usually purified by isolation of membranes, 
membrane solubilization and chromatography. Here, we have explored the 
application potential of Nickel Sepharose magnetic beads for the rapid puri
fication of His6-tagged membrane proteins from the bacterial 'cell factory' 
Bacillus subtilis. We present different solubilization and purification strate
gies and show that magnetic beads facilitate fast and effective purification of 
membrane proteins and membrane protein complexes. 

Introduction 

Membrane proteins account for -30% of all open reading frames in prokaryotic and 
eukaryotic genomes 1 4• These proteins have crucial activities in many vital cellular 
processes, which make them attractive candidate drug targets s_ From a pharmaceutical 
perspective, membrane proteins are also of interest, because they are exposed to the 
extracytoplasmic environment where they can be readily reached by membrane-imper
meable drugs. Despite their importance as potential drug targets, progress in membrane 
protein research has been relatively slow. This is primarily due to the high hydropho
bicity of membrane proteins, which interferes with their overproduction, purification, 
and biochemical characterization'. 
Current protocols for membrane protein purification usually involve membrane solubi
lization with detergents and affinity chromatography. Membrane protein purification can 
be substantially shortened by the use of magnetic beads.This has the additional advantage 
that losses of overproduced membrane proteins are minimized and steps that can 
harm the structural integrity and function of membrane proteins or membrane protein 
complexes can be avoided. Moreover, solvents and detergents can be readily exchanged 
without the need for dialysis. The aim of the present studies was to explore the appli
cability of magnetic beads for the one-step purification of overproduced membrane 
proteins from the bacterial 'cell factory' Bacillus subtilis. 
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Results 

Overproduction of membrane proteins 

Pis Y (2 1 kDa) is a well-conserved essential membrane protein (Figure I) involved in 
the conversion of glycerol to phosphatidic acid8· 10• We have previously shown that this 
protein is overproduced to the highest levels in 8. subtilis IO 1 2 1\ which was therefore 
used for PlsY-his overproduction (not shown). 
TatAy (6 kDa) andTatCy (29 kDa) are required for the secretion of folded proteins6.The 
current consensus model proposes that TatAy and TatCy interact at a I :  I ratio to form a 
preprotein receptor complex, and that an additional pool ofTatAy exists which interacts 
with the TatAy-TatCy complex during protein transport to form an active preprotein
translocating channeF 7.TatAy andTatCy-his were readily overproduced in B.subtilis 168. 

Solubilization of membrane proteins 

Lysozyme treatment for protoplasting of cells, isolation of membranes and subsequent 
solubilization steps can cause significant losses of overproduced membrane proteins, 
and may also affect membrane protein stability. Thus, simplified approaches to solubilize 
membrane proteins directly from whole cells could have positive effects on their yields, 
integrity and activity. Therefore, we compared the efficiency of extraction of membrane 
proteins directly from whole cell lysates with the efficiency of membrane protein 
extraction from purified membranes. Disruption of the cells was performed either in the 
solubilization buffer used in fractionation procedures to solubilize the membrane proteins, 
or in Tris buffer (Figure 2). For extraction from whole cells, detergent was added to the 
samples either immediately before or after the lysis step. For direct membrane protein 
extraction from whole cells, the procedure using Tris buffer and adding detergent after 
cell lysis was most effective (Figure 2B). Notably, upon incubation of cells with lysozyme 

PlsY TatAy TatCy 

out N 

in 

Figure I .  Predicted topology of PlsY, TatAy and TatCy according to Topcons (http:/1 
topcons.net) and MEMSAT3 (http:/lbioninf.cs.ucl.ac.uk/psipred/)5· 1 3• 
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Western blotting with anti-His-tag antibodies, and TatAy with TatAy-specific antibo
dies. Lanes are labeled in accordance with the specific workflow indicated in (A) that 
was used to obtain the samples. 
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Figure 3. Solubilization of PlsY-his,TatCy-his and TatAy with different detergents. PlsY
his, TatCy-his and TatAy were detected by Western blotting as in Figure 2. The bar 
diagrams depict the relative yields for PlsY-his and TatCy-his as determined by image 
analysis. 

for protoplasting, additional bands that cross-reacted with the His-antibody and probably 
represent degradation products of PlsY-his and TatCy-his were detected. The highest 
yields of full-length PlsY-his and TatCy-his were obtained after protoplasting and subse
quent detergent extraction, indicating that without lysozyme treatment a substantial 
amount of these membrane proteins remained bound to the cell debris and was lost. 
Upon membrane isolation and subsequent solubilization, slightly lower yields of PlsY-his 
and TatCy-his were obtained, but the quality of the preparations was much better as less 
degradation products were detected (Figure 2). 
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Figure 4. Purification of PlsY-his upon solubilization with DDM, LDAO or Fos 1 2. De
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with Coomassie Brilliant Blue. (B) Western blot analysis of PlsY-his purified at a I %  
detergent concentration using anti-His-tag antibodies. 

Different detergents and detergent concentrations impact on membrane protein 
solubilization and purification yields 

We investigated the effect of different detergents and detergent concentrations (Table 
3)  on the solubilization yields and purity of PlsY-his,TatCy-his and TatAy. Generally, higher 
concentrations of detergent increased the protein yield, but with octyl glucoside (OG) 
the yields tended to be higher at the critical micelle concentration (cmc) especially 
for TatAy and TatCy (Figure 3). The solubilization yields of PlsY appeared to depend 
more on the selected detergent than those of TatCy. Overall, DDM, Fas 1 2  and LDAO 
performed well in solubilization of the tested membrane proteins, whereas CHAPS and 
C I  2E8 performed relatively poorly. For TatCy-his multiple bands of high-molecular weight 
were observed, especially when solubilization was performed at the cmc. Although the 
occurrence of the putative degradation products varied per experiment, substantially 
more degradation was observed upon solubilization with the high concentrations of the 
detergents. 

Effect of detergents on magnetic bead purifications 

PlsY-his and TatCy-his solubilized with DDM, LDAO or Fas 1 2  were purified with His 
Mag Sepharose TM Ni Beads, as these detergents generally performed well in our studies. 
Solubilization with high concentrations of these detergents resulted in much higher 
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Figure 5. Purification ofTatCy after solubilization with DDM, LDAO and Fos l 2 at cmc 
and 1 %  concentrations. (A) Gels stained with Comassie Brilliant Blue. (B) Western 
blot analysis of PlsY-his in samples purified at a I% detergent concentration using 
anti-His-tag antibodies. 

yields upon purification than solubilization at cmc (Figures 4 and 5; data not shown). 
For PlsY-his, the best purification was achieved with Fos 1 2 . Solubilization and purification 
with DDM resulted in higher levels of contaminating proteins that did not cross-react 
with the a-His antibody (not shown).With LDAO relatively high levels of PlsY-his degra
dation were detected, which were not observed with DDM or Fos 12 (Figure 4). 
For TatCy-his purification, the yields were less dependent on the detergent used than 
for PlsY-his (Figure 5). As for PlsY, a TatCy-his degradation product was only detected 
upon purification with LDAO. Multiple high molecular weight bands were visible after 
purification with each detergent, which generally cross-reacted with the a-His antibody, 



Figure 6. Purification of TatAy

TatCy-his complexes. Western 

blotting was performed with anti

His-tag and anti-TatAy-specific 

antibodies. 
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indicating that these are probably complexes of TatCy-his with other proteins such as 
TatAy. lmportantly, when purification ofTatCy-his was performed with I O  mM imidazole 
in the Binding Buffer, TatAy was co-purified (Figure 6 ). As shown by Western blotting, 
the fraction with purified TatCy-his and TatAy contains high molecular weight bands that 
seem to relate to TatAy-TatCy complexes. 

Discussion 

We conclude that magnetic beads are highly effective tools for purifying overproduced 
membrane proteins and membrane protein complexes from 8. subtilis. We compared 
different protocols and detergents, and observed that each tested approach has particular 
advantages and disadvantages depending on the requirements for stability, purity and 
yield of the purified proteins. 
Direct extraction of membrane proteins from whole cells avoids the protoplasting step, 
which is accompanied by a high risk of protein degradation. Therefore, when minimal 
proteolysis is critical, the optimal method for membrane protein solubilization is direct 
extraction from whole cells using Tris-buffer, and subsequent addition of detergent. 
Surprisingly, direct extraction was most efficient when the detergent was added after cell 
lysis. Nevertheless, some of the target protein was lost with cell debris that was removed 
before the detergent addition, and higher membrane protein yields were obtained from 
protoplasts. Our findings thus imply that direct cell extraction approaches preclude 
degradation, but cause the loss of a substantial portion of the membrane protein. 
Though more laborious and slower, isolation of membranes allows the concentration of 
membrane proteins and reduces the number of (potential) contaminants, thus making 
this the preferred method when high concentrations and high purity are important. 
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As exemplified with PlsY, the selected detergent for solubilization can impact significantly 
on the yield, stability and purity of the end product. Generally, we have observed that 
DDM, Fos 1 2  and LDAO are very effective for solubilization, and that Fos 1 2  resulted in the 
purest membrane protein preparations. Interestingly, high molecular-weight complexes 
containing TatCy-his were co-purified with this protein, indicating that such complexes 
remain stable during purification with magnetic beads and even upon LOS-PAGE. Indeed, 
overproduced complexes of TatAy and TatCy were successfully purified, especially when 
the imidazole concentration in the Binding Buffer was lowered. The latter observation 
suggests that complexes of TatAy and TatCy-his may fall apart at high ionic strength. 
Consistent with the view that TatAy forms separate homo-oligomeric complexes in the 
membrane , a substantial portion of TatAy was detected in the flow-through fraction 
that did not bind to the magnetic beads. 
In conclusion, our present findings show that magnetic beads are fast and effective 
tools for the purification of overproduced membrane proteins and membrane protein 
complexes from B. subtilis. 

Materials and methods 

Plasmids and bacterial strains are l isted in Table I . Bacterial culturing conditions, DNA isolation, 
cloning procedures, and transformation of competent cells were performed as described previ
ously . 
The plsY gene and the tatAy-tatCy operon were PCR-amplified from B. subtilis 1 68 genomic DNA 
with primers l isted in Table 2. The 3'  primers for plsY and tatCy encoded C-terminal 6His-tag 
fusions. PCR products were cloned into pNZ89 I O  as previously described , and the resulting plas
mids pNZ89 I O::plsY-his and pNZ89 I O::tatAyCy-his were verified by sequencing. Both plasmids were 
used to transform the B. subtilis strains I O  1 2  and 1 68 containing amyE::spaRK (Table I ). Growth 
and induction of protein overproduction were performed as described 

,,,s_tr_a..,.in_o_r ..... p_la_s_m_i_d _____ Relevant genotype or description 
Strains 
B. subtilis 

L /aa1s 

Plasmids 

1 68 
1 0 1 2  
ATCC 6633 
1 68 NZ8900 
1 0 1 2  NZ8900 

MG l 363 

pNZ89 10  

trpC2 
/euAB, metBS, hsrM I 
Subtilin producer 
1 68, amyE::spaRK; Km' 
I O  1 2, amyE::spaRK: Km' 

Plasmid-free derivative of NCDO 7 1 2  

SURE expression vector, P,poS' Em' 

Table I . Strains and plasmids used in this study. 

Reference 

I I  
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PlsY _his R 5'-gggggactagtttagtgatggtgatggtgatgtaaccattttactttaggttc-3' 
TatAyCy _ his F 5' -ggggccatggcgatcggtcctg-3' 
TatAyCy_his R 5'-ggggaagcttttagtgatggtgatggtgatgttgcccagaagacacgtc-3' 

Table 2. Primers 

SOS-PAGE and Western blotting 
Whole protein samples were prepared by concentrating the cells I 0-fold through resuspension 
in NUPAGE LDS Sample Preparation buffer (lnvitrogen) and subsequent lysis using 0. 1 mm glass 
beads (Biospec) and the Precellys homogenizer (Bertin technologies). Protoplascs and membrane 
fractions were prepared as described previously . Protoplasts were lysed in 50 mM Tris buffer. Di
rect membrane protein extraction from whole cells involved resuspension of the cells in solubiliza
tion buffer (20 mM Tris; pH 8.0; I 0% glycerol, 50 mM NaCl), or in 50 mM Tris buffer and subsequent 
lysis. DDM was added to 0.03% either before or after the lysis step as indicated. 
SDS-PAGE and Western blotting were performed as described . His-tagged proteins were detect
ed using Zymed anti-His-tag antibodies and goat anti-mouse antibodies (LiCor Biosciences).TatAy 
was detected with specific antibodies (kindly provided by Rene van der Ploeg) and goat anti-rabbit 
antibodies (LiCor Biosciences). The lmageJ Gel Analyzer tool was used for quantification. 

Detergent screening 
Membrane fractions were isolated as described'1, and solubilized with detergents as indicated in 
Table 3. 

Purifications 
His Mag Sepharose™ Ni Beads (GE Healtcare Lifesciences) were washed three times with Binding 
Buffer. 200 µI 0.2% beads in Binding Buffer were added to protein samples from 50 ml cell cultures. 
For samples solubilized at the critical micelle concentration (cmc), the same concentration of 
detergent was added to the binding buffer (Table 3), whereas for solubilizations at high deter
gent concentration the detergent load was reduced in the Binding Buffer to the concentrations 
indicated as 'end concentration' in Table 3.After at least one hour incubation at 4°C with agita-

Detergent cmc High End 
concentration concentration 

Lauryldimethylamine-oxide (LDAO) 0.023% 1 %  0.2% 
n-dodecylmaltoside (DDM) 0.0087% 1 %  0. 1 %  
n-octyl P-d-glucoside (OG) 0.53% 2% 1 %  
Fos-choline 1 2  (Fos 1 2) 0.047% 1 %  0. 1 %  
C l 2E8 0.0048% 1 %  0. 1 %  
Cymal-5 0. 1 2% 1 %  0.2% 
n-Decyl-P-d-maltopyranoside (DM) 0.087% 1 %  0.2% 
CHAPS 0.49% 1 %  1 %  

Table 3. Detergents and concentrations used in this study. Cmc: critical micelle concentra
tion. 
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tion, beads were bound to the magnet. Beads were washed twice with 200 µI Binding Buffer with 
detergent and 30 mM imidazole (unless indicated otherwise). For elution, three times 200 µI of 
Elution Buffer with detergent and 500 mM imidazole was used, followed by a final wash step with 
200 µI Binding Buffer with detergent. 
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Impact of the intramembrane proteases RasP 

and PrsW on the composition of the membrane 

proteome of Bacillus subtilis 

Integral membrane proteases play pivotal roles in the signaling mechanisms 
that bacteria need for their adaptation to changing environmental conditions 
and chemical insults. The membrane proteases RasP and PrsW are involved 
in regulated intramembrane proteolysis (RIP) in the Gram-positive bacte
rium Bacillus subtilis. Both proteases are required for activation of the extra
cellular sigma factor ow, which is involved in responses to cell envelope stress 
and membrane protein overproduction. In the present studies, we investi
gated the impact of RasP and PrsW on the membrane proteome of B. subtilis. 
Our results indicate that the levels of a large group of membrane-associated 
proteins involved in motility and chemotaxis are strongly increased in the 
absence of RasP, and to a lesser extent in the absence of PrsW. Accordingly, 
the rasP mutant displayed a substantially reduced motility. Furthermore, the 
known defect of rasP mutant cells in the development of genetic competence 
can be related to decreased levels of three membrane proteins. We dem
onstrate that the altered levels of membrane proteins involved in motility, 
chemotaxis or competence are not due to gene regulatory effects, which 
implies that they relate to the proteolytic activity of RasP or PrsW. In conclu
sion, our observations reveal novel potential substrates of RasP and PrsW, 
and a novel layer of post-transcriptional regulation in the assembly and qual
ity control of the membrane proteome. 

Introduction 

Bacteria need to adapt to ever-changing environmental conditions in order to thrive and 
survive in their natural habitats.This requires the transfer of information from the extra
cellular environment to the inside of the cell.There are two general mechanisms by which 
stress signals are transduced across bacterial membranes: via two-component regulatory 
systems and through regulated intramembrane proteolysis (RIP)20·16• Two-component 
systems are mostly employed to alter the transcription of a few genes, whereas RIP is often 
employed to regulate larger clusters of genes through the activation of extracytoplasmic 
function (ECF) alternative sigma factors2 126

• The number of ECF sigma factors varies 
strongly among bacteria, with some bacteria having none (e.g. Mycoplasma genitalium) 

and others having many (e.g. Streptomyces coe/ico/or contains over 50). However, in most 
bacteria only a limited number of ECF sigma factors are present. For example, Escherichia 
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coli contains two ECF sigma factors, and Bacillus subtilis seven ' 1 .The ECF sigma factors are 
important to enable appropriate responses to external stresses, such as osmotic stress 
and oxidative stress, and they help to protect bacteria against antimicrobial attacks from 
other organisms. In addition, there are also a few known examples of ECF sigma factors 
responding to cytoplasmic stimuli2•20•2 L28• 

Several ECF sigma factors are sequestered by cognate anti-sigma factors, which are 
anchored in the membrane. Upon receiving an external stimulus, two membrane
embedded proteases (site- I and site-2 proteases) are usually used to consecutively 
cleave the anti-sigma factor, first at a juxta-membrane position and then within the 
transmembrane domain, in order to release it into the cytoplasm. This leads to further 
degradation of the anti-sigma factor by cytoplasmic proteases, and a concomitant release 
of the ECF sigma factor from the membrane 1 1 ·20·2 1·23• The ECF sigma factor thereupon 
replaces the original sigma factor within the RNA polymerase and redirects its activity 
towards the transcription of the ECF sigma factor-regulated genes. Notably, the inacti
vation of some anti-sigma factors depends on more complicated mechanisms requiring 
additional proteins' ' ' ' 1 • 

The best characterized ECF sigma factor in Bacillus subtilis - ow - responds to cell 
envelope stress as induced by antibiotics, antimicrobial peptides, alkaline shock, phage 
infection or membrane protein overproduction stress8· 10·4049·50• Its corresponding anti
sigma factor - RsiW - is released from the membrane by the site- I protease PrsW and 
the site-2 protease RasP' ''. PrsW belongs to a large group of conserved hypothetical 
proteins, which are all thought to represent membrane-embedded metalloproteases 1 39• 

Deletion of prsW results in the loss of activity of the ow regulon, but otherwise no 
clear phenotypes have been reported so far. RasP is a membrane-embedded metal
loprotease belonging to the conserved S2P family of site-2 proteases'. In addition to 
RsiVV, RasP is also known to cleave the membrane protein Ftsl that plays an essential 
role in the compilation of the divisome, and it has been implicated in the degradation 
of signal peptides from secretory proteins" "''. Furthermore, the deletion of rasP results 
in increased levels of HtrA and HtrB, two membrane-bound proteases involved in the 
cellular response to secretion stress'' .The phenotype of a rasP-mutant is very pleiotropic 
and includes defects in a-amylase processing and secretion, competence development 
and biofilm formation 9 '\ The underlying mechanisms responsible for all these pheno
types are currently poorly understood, but they probably involve cleavage of various 
membrane proteins and signal peptides of secreted proteins by RasP. These strongly 
pleiotropic phenotypes have not been observed in prsW mutant strains. 
The present studies were aimed at defining dominant changes in the membrane 
proteomes of B. subtilis cells lacking the PrsW or RasP to profile the biological functions 



of these two membrane proteases. For this purpose, we employed a membrane 
proteomics approach. Importantly, our results show that RasP sets a limit to the levels of 
many proteins involved in motility and chemotaxis.This post-translational regulation was 
previously overlooked, because it can only be detected through membrane proteomics 
approaches.Additionally, our studies pinpoint several new candidate substrates for RasP
or PrsW-mediated proteolysis. 

Results 

Analysis of the membrane proteomes of rasP or prsW mutant B. subtilis strains 

To investigate the impact of the RasP and PrsW proteases on the membrane proteome 
composition in 8. subtilis, the metabolically 1 5N-labeled membrane proteins of rasP or 
prsW mutant strains were analyzed and compared to the non-labeled ( 14N) membrane 
proteins of the parental strain 168. This approach resulted in the identification of 54 1 
membrane-associated proteins in total (Appendix I ). It was possible to quantify I 05 
of these proteins with at least 2 peptides in both biological replicates of all three strains, 
I 04 proteins were quantified in both biological replicates of two strains, and 1 2 3  proteins 
were only quantified in both biological replicates of one of the investigated strains. In a 
first round of data analysis, significant relative changes in the membrane protein levels 
of the rasP or prsW mutant strains were assessed as compared to the parental strain 
(Table I ). In a second round of analysis membrane proteins were identified that were 
present in a mutant strain, but absent from the parental strain, or vice versa (Table 2). 

Overall, the rasP mutation was associated with changes in the levels of 63 proteins, most 
of which are known to localize in or associate with the membrane (Tables I A and 2A). 

The prsW mutation was associated with changes in the levels of 52 proteins including a 
relatively large number of predicted cytoplasmic proteins that were present in reduced 
amounts (Tables I B and 2B). Strict criteria were used to minimize false positive 
results as outlined in the Experimental Procedures. Therefore, the observed absolute 
differences in the presence or absence of particular membrane-associated proteins as 
presented in Table 2 are likely to be due to biological effects of the absence of RasP 
or PrsW. Consistent with this view, several identified membrane-associated proteins 
such as FloT (YuaG), Y knZ, Y qfA and Y teJ, which were found in significantly decreased 
amounts, or which were even completely absent from the membrane fractions of the 
rasP and/or prsW mutant strains are known members of the ow regulon (Tables I and 

2). Notably, the aw protein itself was detectable in the membrane proteome of the 
rasP mutant, but not in the membrane proteomes of the prsW mutant or the parental 
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-
Protein 21og fold Function Regulated by Topology prediction 

change 

Type Topology TM helices Comments 
N-terminus 

MotA 1 .9 1  Motility and chemotaxis SigD integral i 4 
YvaQ 1 .82 Chemotaxis integral i 2 
YpuA 1 .72 SigM integral i I 
TlpB 1 .6 1  Chemotaxis integral i 2 
McpA 1 .60 Chemotaxis SigD integral i 2 
McpC 1 .38 Chemotaxis SigD integral i 2 
YlxF 1 .38 Kinesin-like protein SigD, SigA integral i I orientation 

uncertain 
FlhA 1 .36 Motility SigD, SigA integral ' 7 6 to 9 helices 
FliF 1 .27 Motility, flagellar basal body protein SigD, SigA integral i 2 
McpB 1 . 1 6  Chemotaxis SigD integral l 2 
TlpA 0.99 Chemotaxis SigD integral 1 2 
YonS 0.88 Putative glycosyl hydrolase, encoded by SP� lipoprotein 0 
YxeB 0.86 Hydroxamate siderophore ABC transporter Fur l ipoprotein 0 
FhuD 0.84 Hydroxamate siderophore ABC transporter Fur l ipoprotein 0 
FeuA 0.73 Sidorophore ABC transporter Fur, CitB, Btr lipoprotein 0 
OpuCC 0.65 Compatible solute transport l ipoprotein 0 
YukC -0.59 Bacteriocin production integral 
EcsA -0.62 ABC transporter/regulation of secretion and peripheral 

intramembrane proteolysis (ATP binding protein) 
AppB -0.63 Oligopeptide ABC transport ScoC, CodY integral i 6 
YknZ* -0.65 ABC transporter (permease), SdcP resistance SigW,AbrB integral i 4 
PyrH -0.67 Pyrimidine biosynthesis Stringent cytoplasmic 

response 
YhcH -0.67 ABC transporter (ATP binding protein) peripheral 



w ....... 

AroA -0.74 Biosynthesis of aromatic amino acids 
AsnB -0.76 Asparagine biosynthesis 
SipW -0.83 Signal peptidase 
NucA -0.85 Competence, cleavage transforming DNA 
SerA -0.86 Serine biosynthesis 
YvrA -0.90 ABC transporter (ATP binding domain) 
SrfAB -0.92 Surfactin synthetase 

YueB -0.98 Receptor for SPPI phage 
Hom - 1 .0 1  Homoserine dehydrogenase 
Purl - I .OS Purine biosynthesis 
SrfAA - 1 . 1 0  Surfactin synthase 

PurA - 1 .38 Purine biosynthesis 
ComEA - 1 .68 Competence, membrane DNA receptor 

YjhA - 1 .92 
Flo T(YuaG)*-2.23 Early stages of sporulation 

SigA, SinR,AbrB 
ComK 

Abh, CodY, 
ComA, PerR, 
Spx 

G-box, PurR 
Abh, CodY, 
ComA, PerR, 
Spx 
PurR 
SigA, ComN, 
YutB, ComK 

SigW, 
casaminoacids 

cytoplasmic 
cytoplasmic 

integral 
integral 

cytoplasmic 
peripheral 
unknown 

integral 
cytoplasmic 
cytoplasmic 

unknown 

cytoplasmic 
integral 

l ipoprotein 
integral 

2 

6 

0 

0 

orientation 
uncertain 

Table I A. Proteins present in different amounts in the membrane proteome of the rasP mutant compared to the parental 
strain 1 68. * Proteins that are reported members of the ow-regulon;TM: transmembrane. 
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-
Protein 21og fold Function Regulated by Topology prediction 

change 

Type Topology TM helices Comments 
N-terminus ---

MotA 1 .44 Motility and chemotax1s 
McpC 1 . 1 4  Chemotaxis SigD integral i 2 
TlpB 1 .09 Chemotaxis SigD integral I 2 
TlpA 1 .06 Chemotaxis SigD integral i 2 
YlxF 0.64 Kinesin-like protein SigD, SigA integral i I orientation 

uncertain 
MotB 1 .00 Motility and chemotaxis SigD integral 
McpB 0.99 Chemotaxis SigD integral i 2 
FlhA 0.78 Motility SigD, SigA integral i 7 6 to 9 helices 
YonS 0.74 Putative glycosyl hydrolase, encoded by SPf3 lipoprotein 0 
TufA -0.67 Translation Stringent cytoplasmic 

response 
YqfA* -0.7 1 Resistance against sublancin SigW integral i 2 I to 2 helices 
RplB -0.73 Translation Stringent cytoplasmic 

response 
AroA -0.75 Biosynthesis of aromatic amino acids cytoplasmic 
MetE -0.77 Methionine biosynthesis cytoplasmic 
AsnB -0.66 Asparagine biosynthesis cytoplasmic 
PycA -0.8 1 Replenishment of oxaloacetate pool Stringent cytoplasmic 

response 
ComEA -0.8 1 Competence, membrane DNA receptor SigA, ComN, integral i I orientation 

YutB, ComK uncertain 
G lyA -0.85 Glycine biosynthesis PurR,T-box cytoplasmic 
RpoB -0.85 Transcription Stringent cytoplasmic 

response 



w 
...c, 

AtpA -0.89 ATP synthesis Stringent peripheral 
response 

RpsE -0.89 Translation Stringent cytoplasmic 
response 

GapA -0.93 Glycolysis CggR cytoplasmic 
AtpD - 1 .00 ATP synthesis Stringent peripheral 

response 
SerA - I .OS Serine biosynthesis cytoplasmic 
SrfAA - 1 .2 1  Surfactin synthase Abh, CodY, unknown 

ComA, PerR, 
Spx 

RpsK -0.62 Translation Stringent cytoplasmic 
response 

Purl - 1 .2 1  Purine biosynthesis G-box, PurR cytoplasmic 
OpuCA -0.59 Compatible solute transport peripheral 
PurA -0.27 Purine biosynthesis PurR cytoplasmic 
Flo T (YuaG)*- 1 .  99 Early stages of sporulation SigW, integral 0 

casamino acids 

Table I B. Proteins present in different amounts in the membrane proteome of the prsW mutant compared to the parental 
strain 1 68. * Proteins that are reported members of the ow-regulon; TM: transmembrane. 
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-
Protein Function Regulated by Topology prediction ---

Type Topology TM helices Comments 
N-termmus ---

YhaH Acid tolerance protein integral 0 I orientation 
uncertain 

YqbC integral 0 

YscB SigD l ipoprotein 
DltB Teichoic acid biosynthesis SigD, RelA, integral 0 1 0  6 to I I helices 

Spo0A 
LtaS (YflE) Lipoteichoic acid biosynthesis integral i 5 4 to 5 helices 
Med Competence, positive regulator of comK SigA, Spo0A integral 0 

QcrB Respiration SigA, ResD, integral i 4 4 to 5 helices 
CcpA 

SigW ECF sigma factor peripheral 
YgaE integral i 4 4 to 6 helices 
YheN Putative polysaccharide deacetylase Integral i I orientation 

uncertain 
PlsY Phospholipid synthesis integral 0 5 5 to 7 helices 
YtkA lipoprotem 
SsbB Competence, single strand DNA binding ComK peripheral 

(YwpH) 
OpuCB Compatible solute transport.ABC transporter (permease) Induced by salt integral 0 5 5 to 6 hel ices 

stress 
OxaA2 Sec-independent factor for membrane protein insertion Spol l lJ, MifM integral i 5 5 to 6 helices 

( YqjG) 
PbuG Hypoxanthine/guanine permease PurR integral i 1 3  1 2  to 1 3  helices 
DprA (Smt) DNA repair/recombination ComK unknown possibly not a 

membrane protein 
YceE Stress adaptation protein SigM, SigB, SigW unknown possibly not a 

membrane protein 



� 

A Table 2A I . Proteins detected in the membrane proteome of the rasP mutant, but not in the parental strain 1 68. 

Protein 

YkuT 
CopA 
SbcE 

(YhaN) 
PksN 

Pksl 

PksM 

MrpA 
MurG 

Function 

Mechanosensitive channel 
Copper transportATPase 
Competence, DNA double-strand break repair 

Polyketide synthase 

Polyketide synthase 

Polyketide synthase 

Na+/H+ antiporter 
Peptidoglycan precursor biosynthesis 

Regulated by 

Type 

SigB integral 
SigA, CsoR integral 
LexA integral 

unknown 

unknown 

unknown 

integral 
SigE, SigM, peripheral 
Spol l lD 

Topology prediction 

Topology TM helices Comments 
N-terminus --

0 3 
i 8 7 to 8 helices 

possibly not a 
membrane protein 

possibly not a 
membrane protein 

possibly not a 
membrane protein 

0 2 1  1 9  to 2 1  helices 

Table 2A2. Proteins detected in the membrane proteome of the parental strain 1 68, but not in the rasP mutant. TM: transmem
brane. 
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Protein Function Regulated by Topology prediction ---
Type Topology TM helices CommentS 

N-terminus 
YpuA SigM integral 
MinJ Topological determinant of cell division SigD, SigA, DegU-P integral 0 9 7 to 9 helices 

(swrAB) 
AppF Oligopeptide ABC transporter (ATP-binding protein) CodY. ScoC peripheral 
KinB Two-component sensor histidine kinase SigA, CodY,AbrB integral i 6 4 to 6 helices 
YgaD Putative ABC transporter (ATP-binding protein) integral i 6 5 to 6 helices 
YhcH Putative ABC transporter (ATP-binding protein) peripheral 
YlbL Putative serine protease integral i I orientation 

uncertain 
YqhQ SigB, SigF integral i 4 4 to 6 helices 
YttA TnrA integral 0 2 
NhaK Na+/H+ antiporter integral 0 1 3  I O  to 1 3  hel ices 
CbiO2 ABC efflux transporter (ATP-binding protein), peripheral 
(YbaE,EcfA) cobalt/nickel transport 
EcsB ABC transporter (membrane protein) integral i 1 0  4 to I O  helices 
FeuA Iron hydroxamate-binding lipoprotein SigA, Fur, CitB, lipoprotein 

Btr 
YfnA Metabolite permease integral i 1 2  
YkuT Mechanosensitive channel SigB integral 0 3 
YqgS Lipoteichoic acid biosynthesis and secreted protein integral i 5 4 to 5 helices 
YteJ* SigW integral i 3 2 to 3 helices 
PsdS (YvcQ)Two-component sensor histidine kinase, resistance toxic integral i 2 orientation 

peptides uncertain 
YvsH Permease implicated in lysine transport and arginine- integral i 1 2  

ornithine antiport 



..r::,.. w 

YwtF Putative transcriptional regulator SigM integral i I orientation 

uncertain 

PksL Polyketide synthase unknown possibly not a 

membrane protein 

PksN Polyketide synthase unknown possibly not a 

membrane protein 

Table 2B. Proteins detected in the membrane proteome of theparental strain, but not in the prsW mutant strain. *: known mem

ber of the ow regulon;TM transmembrane 
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strain. The latter observation was unexpected, because an accumulation of membrane
associated ow would be expected to occur in both mutant strains, as both RasP and 
PrsW are implicated in the release of aw from the membrane into the cytoplasm. On the 
other hand, this observation is consistent with an in-depth transcript profiling analysis of 
rasP or prsW mutant strains, which revealed that the rasP mutation has a stronger inhi
bitory effect on induction of the aw regulon than the prsW mutation (our unpublished 
observations).This would predict the presence of more membrane-associated aw in the 
membrane of the rosP mutant. 

Impact of rasP or prsW mutations on the development of genetic competence 

Previous studies have shown that the rosP mutant has a defect in the development of 
genetic competence q •• • In contrast, competence development of the prsW mutant is not 
detectably affected.Analysis of the membrane proteome of the rasP mutant strain revealed 
several changes in competence-related proteins. Specifically, the membrane receptor for 
transforming DNA (ComEA) and the nuclease that cleaves transforming DNA (NucA) 
were found to be present in significantly reduced amounts in the membrane fraction 
of the rasP mutant (Table I A). Moreover, the SbcE protein for DNA double-strand 
break repair appeared to be absent from the membrane fraction of the rasP mutant 
(Table 2A). Conversely, the SsbB protein for single strand DNA binding after uptake 
was detectable in the rasP mutant but not in the parental strain and this was also true for 
Med, a known positive regulator of the competence transcription factor ComK (Table 
2A). Interestingly, the level of ComEA was also reduced in the prsW mutant, but to a 
much lesser extent than in the rasP mutant (Table I 8). In fact, ComEA was the only 
competence-specific protein that was found to be slightly affected by the prsW mutation. 
The surfactin synthases SrfAA and SrfAB, which are indicators for the activation of early 
stages in competence development preceding the activation of ComK, were detected 
at comparably reduced levels in the rasP or prsW mutant strains. To assess whether the 
impaired competence development of the rosP mutant might be due to gene regulatory 
effects, we performed a transcript profiling analysis of rasP mutant cells or the parental 
strain 1 68 grown in PM medium for competence induction. This revealed that the only 
competence-related gene that was slightly differentially transcribed was radC, which is 
involved in DNA repair ( 1 .14-fold increased expression in the rosP mutant, p<0.0 I ). The 
expression of none of the other genes involved in competence development, including 
the ones for surfactin synthase and the membrane-associated proteins detected in our 
proteomics approach, was significantly affected in the rasP mutant (data not shown).This 
implies that the competence defect of rasP mutant cells must be due to post-transcrip-



tional effects of the absence of RasP that lead to reduced levels of proteins needed for 
competence, such as ComEA, NucA and SbcE. 

Elevated levels of motility and chemotaxis proteins impact on the motility of the 
rasP mutant 

A completely novel finding of this research is that the large majority of membrane
associated proteins that were found to be increased in both the rasP and prsW mutants 
are involved in chemotaxis and motility. The observed differences in the levels of these 
proteins were more pronounced in the rasP mutant than in the prsW mutant (Table 

I ). To assess the biological relevance of these observations, the motility of rasP and 
prsW mutant strains was compared to that of the parental strain using LB or GM soft 
agar plates. As a control, a sigW mutant was included in these analyses. On the LB soft 
agar plates, the rasP mutant clearly showed decreased motility, whereas the motility of 
the prsW and sigW mutants was only mildly affected (Figure I). On the GM soft agar 
plates, the rasP mutant seemed to spread slightly less than the parental strain, but the 
effect was less drastic than on LB soft agar plates. However, the spreading zone of the 
rasP mutant always had a different shape compared to the other strains. Whereas the 
parental strain 168 and the prsW or sigW mutants showed two different "rings" at the 
outer rim in which apparently more cells had accumulated, the rasP mutant clearly lacked 
one of these rings (Figure I). Instead the overall density of the cell layer on the entire 
spreading zone always appeared to be higher for the rasP mutant as compared to the 
other tested strains. 
To assess the underlying cause of the decreased motility on soft agar plates, we investi
gated whether the rasP mutant has a defect in the flagellar machinery. For this purpose 
bacteria were examined by phase-contrast microscopy for their capacity to swim and 
tumble. However, no differences were observed in either the swimming or tumbling 
capacities of the rasP mutant or the other mutants compared to the parental strain. To 
investigate possible hyper- or hypoflagellation, the flagella were stained, but no obvious 
differences in flagellation were observed (data not shown). As the flagellar machinery 
seems to be functional and swimming and tumbling appeared to be normal, we subse
quently focused on the chemotactic capacities of the rasP mutant through the use of a 
capillary assay. Initially, we used different concentrations of alanine, a known chemoat
tractant for B. subtilis, as bait. No major differences in chemotaxis towards alanine were 
observed between the rasP mutant and the parental strain, indicating that chemotaxis 
in the rasP mutant still occurred. Nevertheless, we did notice a trend for increased 
chemotaxis towards alanine by the rasP mutant (Figure 2A). As we did not know 
which attractants and/or repellents are predominantly responsible for the motility on 
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WT prsW rasP sigW 

l 
LB 

GM 

Figure I. Motility of rasP or prsW mutant cells on LB- or GM-based soft agar plates. 
Spreading of rasP or prsW mutant 8. subtilis cells was compared to that of the parental 
strain 1 68 (WT) or a sigW mutant. The soft agar plates contained 0.3% agar. Images 
were taken after overnight incubation at 37°C. 

the plates, we subsequently used a concentration range of LB broth as bait. Due to the 

high variation we cannot draw strong conclusions, but we did notice a clear trend in 

each assay for impaired chemotaxis of the rasP mutant towards LB (Figure 2B). Taken 

together, our findings indicate that the altered levels of proteins involved in motility 

and chemotaxis in the membrane of rasP mutant cells influence the efficiency of these 

processes, but they do not block them. 

The analysis of the membrane proteome alone does not clarify whether the observed 

changes in chemotaxis and motil ity proteins were due to proteolysis by RasP or PrsW, 

or to indirect gene regulatory effects at the transcriptional level. In particular, transcrip

tional regulation could be a potential cause of the observed differences in the levels of 

proteins involved in motil ity and chemotaxis, because the corresponding genes are all 

regulated by the sigma factor o0 (Table I ).To determine whether the observed changes 

in the respective protein levels in the rasP or prsW mutant strains were due to increased 

activity of o0, we investigated whether the activity of the o0 regulon was altered. For 

this purpose, we constructed a transcriptional fusion of GFP to the promoter of the 

o0-regulated hag gene encoding flagell in. Next, we measured the promoter activity 

by GFP fluorescence recordings during growth in either GM or LB medium (Figure 
. No significant differences in the hag promoter activity of the rasP mutant and the 

parental strain were observed during the late-exponential growth phase, showing that 

the observed proteomic differences were not due to an altered o0 activity in the rasP 
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Figure 2. Chemotaxis of rasP mutant B. subtilis cells and the parental strain 1 68 (WT) 
towards different concentrations of alanine (A) or LB (B). 

mutant cells. In the early- and mid-exponential growth phases, the o0 activity in rasP 

mutant cells appeared to be even slightly lower than in the parental strain. This view 

was confirmed using promoter GFP fusions for the o0-regulated ylxL and mcpA genes 
(not shown). Taken together, these observations imply that the chemotaxis and motility 
proteins that were found at elevated levels in the rasP and/or prsW mutant strains are 
likely substrates of the RasP and/or PrsW proteases. 
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Figure 3. Relative fluorescence and growth of rosP mutant B. subtilis cells and the pa
rental strain 1 68 (WT) with or without a Phag-GFP promoter fusion. Cells were grown 
in GM (panels A and B) or LB medium (panels C and D) at 37°C. 

Other effects of rasP and prsW mutations on the B. subti lis membrane 
proteome 

In addition to the proteins for motility and chemotaxis, the membrane fraction of the 
rasP mutant contained elevated levels of three lipoproteins involved in iron import (YxeB, 
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FhuD and FeuA; Table I A). Similarly, the levels of the lipoprotein OpuCC, which is 
involved in compatible solute transport in response to osmotic shock, and the levels of 
two membrane proteins with unknown function (YonS andYpuA) were increased in the 
rasP mutant. Notably, the YonS level was also increased in the prsW mutant. Furthermore, 
a total number of 1 8  membrane-associated proteins were detected exclusively in the rasP 

mutant (Table 2A), suggesting that RasP precludes their accumulation in the membrane. 
Consistent with the reduced level of OpuCC, also the presence of the compatible solute 
permease OpuCB seems to be elevated in the rasP mutant. Other proteins exclusively 
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detected in the rasP mutant are involved in phospholipid synthesis (PlsY), membrane 

protein insertion (OxaA2), respiration (QcrB), and cell wall biogenesis (DltB, LtaS). In 

contrast, the levels of several other membrane-associated proteins were found to be 

decreased in the rasP mutant. It should be noticed that seven of the latter proteins were 

not expected to fractionate with membrane proteins, since they are typical cytoplasmic 

proteins involved in amino acid, purine, or pyrimidine biosynthesis. The membrane 

proteins that were found to be decreased in the rasP mutant strain are mainly trans

porter proteins, including the ABC transporter EcsA, which is known to be required 

for the activity of RasP i • Other down-regulated components of ABC transporters are 

AppB (involved in oligopeptide transport), YknZ (involved in SdcP resistance), and the 

YhcH and YvrA proteins (unknown function; Table I A).Additional proteins detected in 

lower amounts in the rasP mutant were the signal peptidase SipW and the lipoprotein 

YjhA that has an unknown function. Furthermore, 8 membrane proteins with various 

functions appeared to be absent from the rasP mutant (Table 2A). These included 

membrane-associated proteins l ike the mechanosensitive channel protein YkuT. which 

was also found to be absent from the prsW mutant (Table 2B), a Na·tH• antiporter 

(MrpA), and polyketide synthase subunits (Pksl, PksM and PksN). 

In the membrane fraction of the prsW mutant, YlxF and YonS were the only proteins 

that were detectable in increased amounts in addition to proteins involved in motil ity 

and chemotaxis (Table I B). Conversely, the levels of only three integral membrane 

proteins were reduced in the prsW mutant, including the afore-mentioned proteins YqfA. 

Com EA and Flo T. Furthermore two peripheral membrane proteins, AtpA and AtpD, 

were detected at reduced levels. All other membrane-associated proteins that were 

found to be decreased in the prsW mutant were typical cytoplasmic proteins involved in 

amino acid or purine biosynthesis, transcription or translation. None of the membrane 

proteins detected in the prsW mutant was absent from the parental strain. In contrast, 

22 membrane-associated proteins were apparently absent from the prsW mutant. Several 

of these proteins are implicated in solute transport across the membrane, including 

five components of ABC transporters, an antiporter (NhaK), and the mechanosensitive 

channel componentYkuT. Other proteins found to be absent from the prsW mutant have 

functions in signal transduction (KinB and PsdS), l ipoteichoic acid synthesis (YqgS), and 

polyketide synthesis (PksN and Pksl; Table 2B). 

Lastly, it should be noted here that, despite the reproducibly detected differences in 

the membrane proteome composition, no differences in growth on minimal media (GM 

or Spizizen's medium) were detectable between the rasP or prsW mutant strains and 

the parental strain 1 68 (not shown). This impl ies that none of the observed proteome 

changes has a strongly negative impact on cell physiology u nder the tested conditions. 



Discussion 

RasP and PrsW are membrane proteases that are known to cleave other membrane 
proteins. So far, merely two substrates (RsiW and Ftsl) for RasP-mediated proteolysis 
and one substrate (RsiW) for PrsW-mediated proteolysis have been identified6• 1 4· 1 9•42• 

Additionally, two putative substrates for RasP-mediated cleavage (HtrA and HtrB) have 
been proposedso. In the present studies we have followed a proteomics approach to assess 
the impact of RasP and PrsW on the overall composition of the membrane proteome. 
The results show that these two proteases have a strong impact on the levels of a large 
group of membrane-associated proteins of B. subtilis, and that several of the observed 
effects of rasP or prsW mutations are due to post-transcriptional regulatory events. 
To obtain confidence in the validity of our proteomics data set, we first verified the 
detection of proteins that are known to be down-regulated in rasP and prsW mutants. 
RasP and PrsW are known to be required for the activation of the aw regulon, and the 
deletion of either of these proteins results in the down-regulation of approximately 60 
genes, including 23  genes for predicted membrane proteinsn1. Consistently, we observed 
that two membrane proteins that are known members of the aw regulon were signifi
cantly decreased in the rasP mutant (Y knZ and YuaG), and three others in the prsW 
mutant (Y qfA,YuaG andY teJ).This indicates that our data is valid, but it also suggests that 
the membrane proteins that we found at altered levels in the rasP or prsW mutant strains 
only represent the tip of an iceberg. Probably, many other membrane proteins are also 
present at altered levels in the rasP and prsW mutants, but these were overlooked in the 
current analyses because they were either not detectable or not quantifiable. This view 
is supported by the observation that neither the known RasP substrates RsiW and Ftsl, 
nor the putative RasP substrates HtrA and HtrB, were detected in our studies. 
One phenotype that is characteristic for the rasP mutant is the defect in compe
tence development. Accordingly, in our studies we detected two effector competence 
membrane proteins (ComEA and NucA) in significantly decreased amounts in the rasP 
mutant, and the SbcE protein appeared to be absent from this mutant. Com EA was also 
detected in decreased amounts in the prsW mutant strain, which has no competence 
defect, but this decrease was much smaller than in the rasP mutant strain. Furthermore, 
the decreased ComEA level represented the only detectable effect of the prsW mutation 
on proteins involved in competence development. Since our transcript profiling analyses 
of rasP mutant cells grown under a regimen for competence development revealed 
no altered transcription of the key genes for competence development, we conclude 
that RasP has a post-transcriptional regulatory function in this process. The underlying 
mechanism is currently not clear, but it is possible that RasP is needed for the processing 
of an as yet unidentified component of the DNA transport machinery that facilitates the 
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stable maintenance of Com EA, NucA and SbcE in the membrane. Alternatively, certain 

signal peptides that need to be degraded through the signal peptide peptidase activity of 

RasP'' might interfere with the assembly of ComEA, NucA and SbcE in the membrane. 

Notably, since the transcript profi l ing experiments reveal no transcriptional effects of the 

rasP mutation on the regulation of competence genes, we conclude that the absence of 

Med, a positive regulator of the competence transcription factor ComK, cannot be the 

reason why the rasP mutant is not transformable.At this stage, it is not clear why compo

nents of the surfactin synthase were present at reduced levels in the membrane fractions 

of rasP and prsW mutant strains but, judging by our transcript profiling results, this seems 

not to relate to a defect in the early stages of competence development. 

The analysis of the membrane proteome clearly demonstrates major effects on the 

levels of chemotaxis and motil ity proteins in the rasP mutant, and to a somewhat lesser 

extent in the prsW mutant.These effects are reflected in the motility of both strains on 

soft agar plates, where the rasP mutant is significantly impaired in motility whereas the 

motility of the prsW mutant was only sl ightly affected.These findings imply that RasP has 

a major role in the turnover of chemotaxis and motility proteins and that PrsW also 

contributes to this process. This may mean that these proteases are directly involved in 

the turnover of the chemotaxis and motil ity proteins that were encountered at higher 

levels in the rasP and/or prsW mutants. However, minor indirect effects of the rasP and 

prsW mutations through impaired activation of the ow regulon are also conceivable since 

the sigW mutant also showed a sl ightly reduced motil ity. For example, the aw regulon 

controls the expression of two known membrane proteases (SppA and YqeZ) and one 

AAA ATPase (YjoB) that has been implicated in membrane protease activity. Thus, it is 

conceivable that SppA, YqeZ and YjoB might also play roles in the regulated turnover of 

some membrane-associated proteins that were found to be present at higher levels in 

the rasP and/or prsW mutant strains.Alternatively, minor changes in motil ity as observed 

for the prsW and sigW mutant strains may be caused by changes in the fluidity of the 

membrane. This possibility relates to the recent observation of Kingston et a/.19 that 

the activation of a ow-dependent promoter in the (abHa (abF operon leads to a higher 

proportion of straight-chain fatty acids and a longer average chain length in phospho

lipids, which wil l reduce the fluidity of the membrane. 

Although chemotaxis in the rasP mutant does not appear to be blocked, our data seems 

to suggest that chemotaxis towards certain components of LB medium is altered. Unfor

tunately, LB medium is a largely undefined mix of many different compounds each of 

which may either function as a repellent or as an attractant. Therefore, it is conceivable 

that the rasP mutant has a defect in chemotaxis towards one or more compounds within 

this mix. More importantly, our data show that a large group of motil ity and chemotaxis 



proteins is present at elevated levels in the membranes of rasP mutant cells, but this 
strong effect does neither result from an increased activity of the main transcriptional 
regulator of motility and chemotaxis o0, nor from other gene regulatory effects.Together, 
our data indicate that, similar to the competence proteins, an additional layer of post
transcriptional regulation takes place in motility and chemotaxis. Thus, we believe that 
the altered levels of the motility and chemotaxis proteins in rasP or prsW mutant cells 
are probably due to an altered stability of these proteins and not to changes in their 
production. 
Several other interesting leads for future research were found in our present proteomics 
data sets. The detection of Y qjG solely in the rasP mutant for example might shed more 
light on the role of RasP in the quality control of membrane proteins upon their insertion 
into the membrane43.As shown previously, the ow regulon is also activated by overpro
duction of specific membrane proteins and a rasP mutant, in stark contrast with prsW 
or sigW mutants, is strongly impaired in membrane protein overproduction'0• Also the 
upregulation of the YxeB, FhuD and FeuA lipoproteins in the rasP mutant, and the impact 
that this has on iron transport might be very interesting for further investigations. The 
same is true for other general effects such, as the decreased levels of various compo
nents of ABC-transporters and proteins involved in peptide degradation and oligopeptide 
transport in the rasP mutant. 
Lastly, even though we are confident that most of the absolute differences observed 
between the membrane proteomes of the rasP or prsW mutant strains and the parental 
strain are relevant, a note of caution is appropriate. Clearly, several of these absolute 
differences can be expected on the basis of previously published studies. For example, 
the product of the ow regulated gene ytej was detected only in the parental strain, but 
as expected, not in the rasP and prsW mutants. On the other hand, many of the other 
absolute changes listed in Table 2 are unexpected and their molecular basis will require 
detailed verification, especially since detection issues in the mass spectrometry (MS) 

analyses cannot be ruled out completely. In this respect, the results that show fold differ
ences in the amounts of particular proteins in membranes from the mutant strains and 
the parental strain are definitely more robust. Irrespective of the scientific and technical 
challenges that lie ahead in the molecular dissection of the presently observed pheno
types of rasP or prsW mutant strains, we believe that the present data represents an 
important step forward in the global assessment of the roles of the respective proteases 
in membrane proteome quality control and turnover. This view is underscored by the 
identification of a large group of motility and chemotaxis proteins that are increased in 
the rasP mutant and that correlate with significantly impaired motility. Perhaps even more 
striking is the finding that substantial changes in the membrane proteome composition 
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give rise to relatively few readily detectable phenotypes. This implies that the B. subtilis 
cell is highly resistant to such changes, which is in line with its generally high resistance 
to environmental changes and insults. 

Experimental procedures 

Bacterial strains and growth conditions 
The bacterial strains and plasmids used are listed in Table 3. 8. subtilis was grown with agi,tation 
at 37°C in Luria Bertani (LB) medium (Difeo Laboratories), glucose limiting minimal medium (GM, 
also known as Belitzky minimal medium)' or Spizizen's medium . Where appropriate, the growth 
medium was supplemented with antibiotics: phleomycin (5 µg/ml), spectinomycin ( I 00 µg/ml) or 
tetracycline ( I O  µg/ml). For transformation of 8. subtilis, Paris Minimal medium (PM) was used as 
described by Kouwen et al. For experiments to measure growth rates and fluorescence, strains 
were first inoculated in LB or GM and grown for 1 6  h at 37°C under agitation. Subsequently strains 
were diluted in fresh medium and grown to stationary phase in LB, GM or Spizizen's medium 
before starting the actual experiment. Cells were diluted again in fresh medium in Greiner flat 
bottom clear polystyrene 96 well plates.All plates (with lids to avoid evaporation) were incubated 
at 37°C with slow constant shaking in a Synergy 2 multi mode micro plate reader (Bio Tek) for 1 2  h 
during which the optical density at 600 nm (0D

600
) and fluorescence were determined at I O  min 

intervals as previously described 

_______ Relevant ge notype 
Strains 
8. subtilis 
1 68 
1 68 prsW::bleo 
1 68 rasP::tc 
1 68 sigW::bleo 

Plasmids 
Phag-GFP 
PylxL-GFP 
PfhuD-GFP 
PperR-GFP 
Pfur-GFP 
PsigA-GFP 
PmcpA-GFP 
PcodV-GFP 
PcodY 3' -GFP 
mcpC' -GFP 

trpC2 
1 68, amyE::spaRK, ypdC::bleo, Km', Phleo' 
1 68, amyE::spaRK, yluC::tet, Km', Tet' 
1 68, amyE::spaRK, sigW::bleo, Km', Phleo' 

pBaSysBioll::P
h
•t 

pBaSysBioll::P
y
,,L 

pBaSysBioll::P fh,D 
pBaSysBioll::P

p
.,R 

pBaSysBioll::Pru, 
pBaSysBioll::P,;gA 
pBaSysBioll::P mcpA 
pBaSysBioll::P,_ 
pBaSysBiol l::P,<><1r 3• 
pBaSysBioll::

m
,
pC'-GFP 

Table 3 .  Strains and plasmids 

Reference 

32  

'5. this study 
20, this study 
20, this study 

24, th is study 
H, this study 
2\ this study 
2\ this study 
24. this study 
24. this study 
2', this study 
H, this study 
24, this study 
H, this study 



Primer Sequence 

Promoter fusions 
fhuD Forward 5'-CCGCGGGCTTTCCCAGCTATAATTTGGTGAGATGTCTTTGTCG-3' 
fhuD Reverse 5'-GTTCCTCCTTCCCACCTAAAAGATAGATGAAAAAGAGAATCATTATCATC-3' 
perR Forward 5' -CCGCGGGCTTTCCCAGCCCGAACTGGATGCCGTCATTATC-3' 
perR Reverse 5'-GTTCCTCCTTCCCACCTCTAAAAAAAATTCTTACATTGTAATGTTTATAATTAG-3' 
fur Forward 5'-CCGCGGGCTTTCCCAGCACTGTCGGGTTCCTAGTCAATCAG-3' 
fur Reverse 5'-GTTCCTCCTTCCCACCCGCATTCCATGACTCATTATAACAAAATAC-3' 
ylxL 3' Forward 5'-CCGCGGGCTTTCCCAGCAACAGCAAAAACAGATACTTGAAGAGACG-3' 
ylxL 3' Reverse 5'-GTTCCTCCTTCCCACCTCAAGAATCCTTTACACCTTTGGAGC-3' 
sigA forward 5'-CCGCGGGCTTTCCCAGCAAATTCAGTACGTATGCTACG-3' 
sigA Reverse 5' -GTTCCTCCTTCCCACCCTTATTCAAGGAAATCTTTCA-3' 
mcpA Forward 5'-CCGCGGGCTTTCCCAGCGCGGTACAGTCGGCTGACTC-3' 
mcpA Reverse 5'-GTTCCTCCTTCCCACCTTATGCTACCCTTCATATCGGCTG-3' 
codV Forward 5'-CCGCGGGCTTTCCCAGCAGCCTGTTAAAGCCGACTTATC-3' 
codV Reverse 5'-GTTCCTCCTTCCCACCGAAGGGCTTTTAAATGGTATCACAAATC-3' 
codY 3' Forward 5' -CCGCGGGCTTTCCCAGCTTCTTTCGCGTTTACAAGATCAATTCAATGACG-3' 
codY 3' Reverse 5'-GTTCCTCCTTCCCACCTTAATGAGATTTTAGATTTTCTAATTCAATTAGG-3' 
hag Forward 5'-CCGCGGGCTTTCCCAGCCCTCATATACGACAAAGCATC-3' 
hag Reverse 5'-GTTCCTCCTTCCCACCAATATGTTGTTAAGGCACGTC-3' 

Translational fusion 
mcpC Forward 5'-GGGTTCCTGGCGCGAGCTGGTTGAAAATATGAAGGAAA-3' 
mcpC Reverse 5'-TTGGGCTGGCGCGAGCCAATGTGAATTTTGCAATTGTGT-3' 

Table 4. Primers 

Promoter GFP fusions were constructed by cloning the promoter fragment (amplified by PCR with 
primers indicated in Table 4) through ligation-independent cloning into the BaSysBio II plasmid 
as described by Botella et a/.5Translational GFP fusions were constructed by cloning the coding 
sequence of the protein of interest into plasmid pYG I through ligation-independent cloning as 
described by Doherty et a/. 11 

Membrane proteomics 
Cells of the parental strain 8. subtilis 1 68, a rasP mutant strain, or a prsW mutant strain were grown 
in two biological replicates under vigorous agitation at 37°C to an optical density (500 nm) of 1 .8 
in GM4s. Importantly, under these conditions the three strains displayed identical growth properties 
(data not shown).The labeled GM medium was supplemented with 1 5N-ammonium sulfate and 1 5N
L- tryptophane (0.078 mM, 98 atom % excess, Cambridge Isotope Laboratories, Andover, USA), 
and the unlabeled GM medium with 14N- ammonium sulfate and 14N- L- tryptophane. Cells were 
harvested by centrifugation, washed and subsequently disrupted in a ribolyser in three cycles of 30 
s at  6.5 mis with intermittent cooling. Cell debris was removed by centrifugation ( 1 4000 x g at 4 °C 
for 20 min). After determination of the protein content of the labeled 1 5N-samples and the unla
beled 1 4N-samples, the labeled and unlabeled protein extracts were mixed to obtain a metabolically 
labeled cell extract. Membrane proteins were prepared according to the protocol published by Ey
mann et al. ' 5, but without the extraction of membrane proteins through n-dodecyl-13-D-maltoside 
treatment. The enriched membrane fraction was then subjected to one-dimensional ( 1 -D) SDS
PAGE followed by tryptic digestion as described in Dreisbach et al. ' 3  
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Tryptic digests were subjected to reversed phase column chromatography (Waters BEH 1 .7 µm, 
I 00-µm i .  D. x I 00 mm, Waters Corporation, M ilford, Mass., USA) operated on a nanoACQUITY
UPLC (Waters Corporation, Milford, Mass., USA). Peptides were first concentrated and desalted 
on a trapping column (Waters nanoACQUITY UPLC column, Symmetry C 1 8, 5 µm, 1 80 µm x 
20 mm, Waters Corporation, Milford, Mass., USA) for 3 min at a flow rate of I ml/min with 99% 
buffer A (0. 1 % acetic acid). The peptides were then eluted and separated with a non-linear 80-min 
gradient from 5-60% ACN in 0. 1 % acetic acid at a constant flow rate of 400 nl/min. MS and MS/MS 
data were acquired with the LTQ-Orbitrap mass spectrometer (Thermo Fisher, Bremen, Germany) 
equipped with a nanoelectrospray ion source. After a survey scan in the Orbitrap (r = 30,000), 
MS/MS data were recorded for the five most intensive precursor ions in the linear ion trap. Singly 
charged ions were not taken into account for MS/MS analysis.The data were acquired with the lock 
mass option enabled in the Orbitrap survey scans. 
The post-acquisition data processing and quantification was performed as published by Otto et al. 
In brief, peak lists were extracted using the BioworksBrowser 3.3. 1 SP I (Thermo Fisher Scientific), 
and the spectra were searched with SEQUEST version v28 (rev. 1 2) (Thermo Fisher Scientific) 
against a B. subtilis target-decoy protein sequence database (B. subtilis extracted from UniprotKB 
release 1 2.7 [4 1 07 entries]) with a set of common laboratory contaminants compiled with the 
BioworksBrowser (total number of entries 8298). Assembly and filtering of search results were 
performed by DTASelect (version 2.0.25) with the following parameters: enzyme type, trypsin 
(KR); peptide tolerance, I O  ppm; tolerance for fragment ions, I amu; b- and y-ion series; variable 
modification, methionine ( I 5.99 Da); a maximum of two modifications per peptide was allowed. 
Database searches were performed both for unlabeled peptide species and for the 1 5N-labeled 
species taking into account the mass shift of all amino acids completely labeled with 1 5N nitrogen 
in the search parameters. Filtering was performed by th algorithm from Dtaselect 2.0.25 (param
eters -y 2 -c 2 -C 4 --here-- decoy Reverse_ -p 2 -t 2 -u --MC 2 -i 0.3 --fp 0.0005) to yield no false 
positive identification hits in our analyses . Additionally, an in house written script was applied 
to the seach output to cure the protein identification data for single peptide hits. Identification 
l ists that served as the basis for the subsequent quantification are presented in Appendix I .The 
search results served as the basis for the software Census r to obtain quantitative data of 1�N peaks 
vs. 15N peaks. Proteins relatively quantified with at least 2 peptides were taken into account for the 
subsequent analyses. 

Analysis of the proteomics data 
The proteomics analyses resulted in the detection of 54 1 proteins in the membrane fraction of at 
least one culture (Appendix I ). However, only proteins that were detectable in both biological 
replicates of a particular strain (i.e. the parental strain 1 68, the rasP mutant or the prsW mutant) 
were included in further data analyses. In the first round of data analysis we identified proteins that 
were significantly increased or decreased in either of the mutant strains compared to the parental 
strain.A fold change of more than 1 .5 (i.e. a 21og fold change of more than 0.58 or less than -0.58) 
was used as the cutoff for biological relevance and a 2-fold change in the log standard deviation 
was used as the criterion for statistical significance. For the second round of data analysis proteins 
were selected that were detected with at least two peptides in both biological replicates of one 
strain (mutant or parental strain), but not in the replicates of the strain to which it was compared 
(mutant or parental strain). The predicted topology of the proteins that were identified in both 
rounds of data analyses was subsequently assessed using MAGE (https://www.genoscope.cns.fr/ 
agc/microscope/mage/viewer.php), which bases its predictions on PSORTB, SignalP and TMHMM. 
Further topology predictions for the integral membrane proteins were performed using TOP-



CONS', SCAMPP, OCTOPUS•�. PRO/PRODIV-TMHMM' , MEMSAT ' and MEMSAT3 ' 1. Predic
tions of MAGE for l ipoproteins were verified using LipoP 1 .0' ••. 

Soft agar plate motility assay 

Soft agar plates were prepared that contained 0.28% agar with either LB or GM. Plates containing 
exactly I O  ml of medium were poured and dried to air before spotting 5 µI of cell culture (grown 
to stationary phase in the corresponding medium) in the center of each plate. The plates were 
then shortly dried to air before overnight incubation at 37°C. Images were recorded with a G:Box 
(Syngene, Leusden, Netherlands) and halo sizes were measured in two directions, perpendicular 
to each other. 
Liquid culture was spotted on microscopy glass slides and a real-time movie was recorded at 3.82 
frames per second using a Leica DM5500 B microscope equipped with a motorized stage and a 
temperature-controlled incubation chamber set at 37°C. Single-cell movements were quantified 
using the manual track plugin in the lmageJ software package. Swimming speed was calculated and 
the number of tumbles was counted. 

Chemotaxis assay 

For capillary chemotaxis assays, cells were grown to stationary phase in LB broth at 37°C with 
constant agitation. Cells were diluted in minimal sorbitol medium" and further incubated for 3 
h at 37°C with constant agitation. Sodium laureate and glycerol were added and incubation was 
continued for 3 h at 37°C with constant agitation.The OD600 of the culture was measured and cells 
were resuspended in chemotaxis medium to OD 600 = 0.00 I and I 00 µI aliquots were prepared. 
Capillaries were washed three times with MQ water before they were filled with a concentration 
range of alanine ( I O  nM to I M) or a concentration range of LB (50x concentrated to I 00x di luted 
LB broth). Each concentration of LB or alanine was tested in triplicate for both the parental strain 
B. subtilis 1 68 and the rasP mutant. One capillary was placed in each aliquot of cells and incubated 
for 2 h at 30°C. The content of each capillary was diluted in I 00 µI chemotaxis medium of which 2 
µI or I O  µI aliquots were spread on LB agar plates ( I O  ml per plate, no antibiotics). Colonies were 
counted after overnight incubation of the plates at 37°C. 

Tiling array analyses 

Strains were first cultured on LB agar plates and subsequently precultured overnight in PM. Fresh 
triplicate cultures in PM were grown to OD600 between 0.5 and 0.6 at 37°C with agitation. The 
equivalent of 1 5  OD units was harvested for each sample and total RNA was isolated according to 
Eymann et a/. 1 6 with minor modifications. Harvested cell cultures were added to 0.5 volume of fro
zen killing buffer (20 mM Tris/HCI [pH 7.5], 5 mM MgCl2, 20 mM NaN3) and centrifuged I O  min at 
4°C. Cell pel lets were frozen in liquid nitrogen and stored at -80°C.The pellets were resuspended 
in 200 µI ice-cold killing buffer, transferred to pre-cooled Teflon disruption vessels filled with liquid 
nitrogen, and disrupted for 2 min at 2600 rpm in a Mikro-Dismembrator S (Sartorius).The frozen 
powder was resuspended in 4 ml prewarmed (50°C) lysis solution (4 M guanidine thiocyanate, 25 
mM sodium acetate [pH 5.2], 0.5 % N-laurylsarcosinate [wt/vol]) and immediately frozen in liquid 
nitrogen. 
Total RNA was isolated by acid-phenol extraction. Samples were extracted twice with I volume 
of acid phenol/chloroform/isoamyl alcohol (25:24: I ,  [pH 4.5]) and once with I volume of chloro
form/isoamyl alcohol (24: I ) .After adding I / I O  volume of 3 M sodium acetate (pH 5.2), RNA was 
precipitated with isopropanol overnight at -20°C. Precipitated RNA was washed with 70% ethanol 
and dissolved in I 00 µ I of RNase-free water. The isolated RNA was DNase-treated using the 
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RNase-Free DNase Set (Qiagen) and purified using the RNA Clean-Up and Concentration Micro 
Kit (Norgen). RNA concentrations were measured using a Nanodrop- 1 000 spectrophotometer 
and RNA quality was assessed with the Agilent 2 1  00 Bioanalyzer according to the manufacturer's 
instructions. Labeling of the sample and hybridization were performed in strand specific conditions 
by NimbleGen, as previously described' , using 090325_CBS_DTU_Bsub_ T2 tiling arrays (Nimble
Gen). Lastly, the ratios of average expression of each gene of the parental strain B. subtilis 1 68 and 
the rasP mutant were calculated.A paired t-test was performed to verify the significance of changes 
in the expression of each gene (P<0.0 I ) . 
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Redefinition of the aw regulon of Bacillus subtilis 

Bacteria employ extracytoplasmic function (ECF) sigma factors for their re
sponses to environmental stresses. Despite intensive research, the molecular 
dissection of ECF sigma factor regulons has remained a major challenge due 
to overlaps in the ECF sigma factor-regulated genes and the stimuli that acti
vate the different ECF sigma factors. Here we have employed tiling arrays to 
redefine the ECF ow regulon of the Gram-positive bacterium Bacillus subtilis, 
which overlaps with the ECF ox, ov and oM regulons. For this purpose, we pro
filed the transcriptome of a 8. subtilis sigW mutant to select all candidate ow. 
regulated genes. Subsequently, we verified the ow-dependency of candidate 
genes by comparing their transcript profiles to transcriptome data o btained 
with the parental strain 1 68 grown under I 04 different conditions, i ncluding 
relevant stress conditions. In addition, we investigated the transcriptomes of 
rasP or prsW mutant strains, that lack the proteases involved in the degrada
tion of the ow anti-sigma factor RsiW and subsequent activation of the ow 

regulon. Taken together, our studies identify 89 genes as ow-regulated, includ
ing several genes for non-coding RNAs.The effects of rasP or prsW mutations 
on the expression of ow-dependent genes were relatively mild, which implies 
that RasP or PrsW are not strictly required for ow activation. Lastly, we show 
that the pleiotropic phenotype of rasP mutant cells, which have defects in 
competence development, protein secretion and membrane protein produc
tion, is not mirrored in the transcript profile of these cells. This implies that 
RasP is not only important for transcriptional regulation via ow, but that this 
membrane protease also exerts other important post-transcriptional regula
tory functions. 

Introduction 

Extracytoplasmic function (ECF) sigma factors enable bacteria to respond adequately 
to harsh and stressful environmental conditions. The numbers of ECF sigma factors 
vary among different bacteria.While some bacteria (e.g. Mycoplasma genita/ium) have no 
ECF sigma factors, other bacteria can contain over 50 (Streptomyces coe/icolor). In most 
cases however, only a limited number of ECF sigma factors are present. For example, 
Escherichia coli has 2, and Bacillus subtilis has 7 1

'. In non-stressed cells, each of these 
sigma factors is inhibited by binding to a specific anti-sigma factor' . Specific extracellular 
stresses trigger so-called regulated intramembrane proteolysis (RIP) of the anti-sigma 
factor by site- I and site-2 proteases in the membrane '6 2'. Specifically, these proteases 
degrade the transmembrane segment of the anti-sigma factor. This results in the release 
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of the anti-sigma factor/sigma factor complex into the cytoplasm, where the anti-sigma 
factor is further degraded and the sigma factor can then redirect transcription8

·
16· 17·20·22 . 

Attempts to accurately define each of the ECF sigma factor regulons in organisms with 
multiple ECF sigma factors have been complicated by partial overlaps that exist both for 
the binding sites recognized by these sigma factors and the stimuli that activate them. 
This is very clearly illustrated by studies on the ow, ax, oY and oM sigma factors and their 
regulons in B. subtiJis6.1 1 1 . 1s. 1 9.21.2s.J4_ 
The aw regulon is among the three best-studied ECF sigma factor regulons in B. subtilis. 
This regulon is induced in response to cell envelope stress caused by antibiotics, alkaline 
shock and salt shock6·7· 1 5·24·33·37. The anti-sigma factor of ow, RsiW, is cleaved by the site- I 
protease PrsW and the site-2 protease RasP • ' ·. Consistent with the requirement of 
PrsW for RsiW degradation, prsW mutant cells have a phenotype that is very similar 
to the phenotype of sigW mutant cells. In contrast, deletion of the rasP gene causes a 
pleiotropic phenotype including defects in the development of competence for genetic 
transformation and protein secretion . Although transcriptional analyses with sigW 
mutant cells were previously performed, a detailed comparison of the effects of a sigW 
mutation with those of prsW or rasP mutations on genome-wide transcription has not 
yet been documented. Additionally, in the previous transcriptional analyses of the sigW 
deletion strain, non-coding RNAs (ncRNAs) were not included. Therefore, the present 
studies were aimed at redefining the ow regulon by transcript profiling studies with tiling 
arrays using RNA from sigW, prsW or rasP mutant strains.The results thus obtained were 
enriched using data from a B. subtilis transcript profiling study with tiling arrays in which 
gene expression in the parental strain 168 was assessed under I 04 different biological 
conditions. 

Results 

Two groups of down-regulated genes in sigW mutant cells 

To accurately redefine the ow regulon and to include possible ncRNAs that are regulated 
through the ow regulon, we analyzed the genes that are down-regulated in the sigW 
mutant compared to the parental strain under non-stress conditions with tiling arrays. 
Several previously documented studies have employed different strategies to identify 
genes that are regulated by aw 5·7· 1 8· 1 9·28·35.As expected, most genes previously designated 
as part of the aw regulon were down-regulated in our tiling array analysis. However, we 
observed that the effect amplitudes varied considerably between genes. This allowed us 
to distinguish three subgroups of genes (Figure I ,  Table I). Group I consists of genes 
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Effect value slgWIWT Group I Group 2 Group 3 

Figure I .  Effect values for transcriptional changes in sigW mutant B. subtilis cells. The 
transcript abundance in sigW mutant cells was compared to that in the parental strain 1 68 by tiling 
array analyses. The effect values were calculated on a log2 scale and the numbers of genes with a 
particular effect value were plotted as a function of the effect values.The black line represents al l 
analyzed genes. The dashed l ine represents only the genes that are statistically significantly down
regulated in the sigW mutant.The grey line represents the genes that were previously reported as 
being ow-regulated. The groups I ,  2 and 3 of ow-regulated genes are indicated. 

that are strongly down-regulated (this group has effect values ranging in log2-scale from -4 
to - 1 .5). The most strongly down-regulated genes in group I are rsiW and spoOM. Group 
2 contains previously reported ow-regulated genes that are less strongly down-regulated 
due to the sigW mutation than the genes in group I (effect-values between - 1.5 and 
-0.2). Group 3 consists of 1 4  genes that were previously reported as aw-regulated, but 
that nonetheless were not down-regulated in the present transcriptome analyses of the 
sigW mutant. Based on the present data, we identified 8 1  potentially ow-regulated genes, 
which are located in 2 8  operons (Table I). In eight of these operons a combination of 
group I and group 2 genes were found, the group 2 genes always being localized at the 
end of these operons. In contrast, twelve of the identified aw-regulated operons consist 
only of group I genes, and eight consist only of group 2 genes. Operon level regulation 
can therefore largely, but not completely explain the apparently bimodal down-regulation 
pattern of gene expression in the sigW mutant. It should be noted that the division of 
genes into groups I and 2 did not correlate with the transcription levels of these genes 
in the parental strain (Mann-Withney U-test p-value = 0.2 3).This rules out the possibility 
that the observed bimodal pattern of down-regulation of genes in the sigW mutant is 
simply a reflection of their transcription levels in the parental strain. 
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Name Effect Function Regulators Genetic organization Cluster Sig' 'XY Conclusion 
sigW/WT sequence 

rsiW -6.84* Control of sigW activity ow,AbrB sigW-rsiW C9 Yes Core ow 

sigW -6.83* Sigma W factor ow,AbrB sigW-rsiW C9 Yes Core ow 

spo0M -4.92* Sporulation ow, oH spo0M C9 Yes Core ow 

S69 1 -3.66* S69 1 -yooG-S690 C9 Yes Core ow 

yeaA -3.6 1 *  OW, OE yeaA-ydjP-ydjO C2 Yes Secondary ow 

ysdB -3.54* aw, as ysdB C9 Yes Core ow 

yjoB -3.40* ow yjoB C9 Yes Core ow 

ydjP -3.34* Ow, OE yeaA-ydjP-ydjO C2 Yes Cecondary ow 

S462(indep) -3.23* C9 Yes * Core ow 

yxjl -3. 1 2* ow, oE, DegU S 1 495-yxi]-yxjf C9 Yes Core ow 

yoaG -3.07* ow S69 1 -yoaG-S690 C9 Yes Core ow 

fosB -3.03* Fosfomycin resistance ow fosB-S658-S659 C9 Yes Core ow 

ythP -2.98* ABC transporter (ATP binding protein) ow ythP-ythQ C9 Yes Core ow 

S690 -2.90* S69 l -yoaG-S690 C9 Yes Core ow 

S I  495(indep) -2.89* S 1 495-yxiJ-yjxf C9 Yes * Core ow 

ythQ -2.74* ABC transporter ow ythP-ythQ C9 Yes Core ow 

S742 -2.70* S7 4 2-yozO-S7 40-S739-yocM C9 Yes Core ow 

pspA -2.68* aw,AbrB pspA-ydjG-ydjH-ydjf C6 Yes Secondary ow 

yfhl -2.52� SdpC resistance ow. as yfhL-yfhM cs Yes Secondary ow 

ydjG -2.5 1 *  ow,AbrB pspA-ydjG-ydjH-ydjl C6 Yes Secondary ow 

S7 I 9(inter) -2.49* yobj-S7 1 9  C9 Yes * Core ow 

S658(inter) -2.48* fosB-S658-S659 C9 Yes * Core ow 

yb(O -2.47* ow,AbrB ybfO-ybfP-S89 C9 Yes Core ow 

ydbT -2.47* ow ydbS-ydb T-S 1 60-S 1 62-acpS C6 Yes Secondary ow 

ydbS -2.46* ow ydbS-ydb T-S 1 60-S 1 62-acpS C6 Yes Secondary ow 

pbpE -2.33* ow pbpE-racX C9 Yes Core aw 

yuaG (floT) -2.33* Sporulation (early stage) ow yuaF-yuaG-yua/ C9 yes Core ow 

yfhM -2.30* Survival of ethanol stress crw, as yfhL-yfhM cs Yes Secondary ow 

ydjH -2.27* ow,AbrB pspA-ydjG-ydjH-ydjl C6 Yes Secondary ow 



yq(B -2.25 Resistance against sublancin ow yqeZ-yq(A-yq(B-yqf(-yq(D C9 Yes Core ow 

yob] -2.24* ow yobj-57 1 9  C9 Yes Core ow 

yqeZ -2.2 1 Serine protease, resistance against sublancin ow yqeZ-yq(A-yq(B-yqf(-yq(D C9 Yes Core ow 

ydjl -2. 1 7* ow,AbrB pspA-ydjG-ydjH-ydjl C6 Yes Secondary ow 

racX -2. 1 2* Control of biofilm formation ow pbpE-racX C9 Yes Core ow 

yq(A -2. 1 1 Resistance against sublancin ow yqeZ-yq(A-yq(B-yqf(-yq(D C9 Yes Core ow 

mt/F -2.05 Uptake of mannitol MtlR mt/A-mt/F-mt/D C36 No Background 

yual -2.02* ow yuaF-yuaG-yua/ C9 Yes Core ow 

mt/D - 1 .97 Mannitol utilization MtlR mt/A-mt/F-mt/D C36 No Background 

yv/A - 1 .9 1 *  ow, AbrB yv/A-yv/B-yv/C-yv/D-S 1 338 C9 Yes Core ow 

yv/B - 1 .85* ow,AbrB yv/A-yv/B-yv/C-yv/D-S 1 338 C9 Yes Core ow 

mt/A - 1 .85 Mannitol utilization MtlR mt/A-mt/F-mt/D C36 No Background 

ywrE - 1 .82 ow ywrE-S l 390 C9 Yes Core ow 

yuaF - 1 .78* ow yuaF-yuaG-yua/ C9 Yes Core ow 

yaaF - 1 .58 ow yaaF C48 Yes Secondary ow 

S 1 60 (inter) - 1 .56 ydbS-ydb T-S 1 60-S 1 62-ocpS C6 Yes Secondary ow 

ybfP - 1 .38* ow,AbrB ybfO-ybfP-S89 C9 Yes Core ow 

S89* - 1 .34* rbto-rbfP-S89 C9 Yes Core ow 

yv/D - 1 .34 ow,AbrB yv/A-yv/B-yv/C-yv/D-S 1 3  38 C9 Yes Core ow 

yv/C - 1 .32 ow,AbrB yv/A-yv/B-yv/C-yv/D-S 1 338 C9 Yes Core ow 

yjzH - 1 . 1 9  YJZH-S442 C9 Yes *Core ow 

sppA - 1 . 1 8  Signal peptide peptidase ow sppA-ytej C6 Yes Secondary ow 

ytej - 1 . 1 7* ow sppA-ytej C6 Yes Secondary ow 

yaaN - 1 . 1 1 ow xpaC-yaaN-S22 C9 Yes Core ow 

yceE - 1 .04 Resistance against ethanol stress and cold aw, oe, aM S I  06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

S7 1 6  -0.95 Downstream of yobj-S7 I 9 C3 1 Yes Read through 

S659 (indep) -0.94 fos8-S658-S659 C9 Yes Core ow 

yceD -0.90 Resistance against ethanol stress aw, ae, aM 5 1 06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

yceH -0.88* ow, o•, oM S I  06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

S22 (intra) -0.88 xpaC-yaaN-S22 C9 Yes Core ow 

yceG -0.87* ow, o•, oM 5 1 06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 
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Name Effect Function Regulators Genetic organization Cluster SigWXY Conclusion 

sigWIWT 
yceC -0.84 aw, as, aH S I  06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

yxjH -0.83 S-box Downstream of S 1 49 5-yxil-yxjl C48 Yes Read through 
ygzA -0.82 Opposite of spo0M C2 No Background 
S l 338 -0.80 yv/A-yv/B-yv/C-yv/D-S 1 338 C9 Yes Core ow 

ilvD -0.78 Aminoacid biosynthesis CodY C48 No Background 
yknX -0.78 Resistance against SdpC ow,AbrB ykn W-yknX-ykn Y-yknZ C9 Yes Core ow 

S I 06 -0.78 S I  06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

xpaC -0.77 ow xpaC-yaaN-S22 C9 Yes Core ow 

yq(C -0.76* o' yqeZ-yqfA-yq(B-yq(C-yq(D C2 Yes Secondary ow 

yknY -0.76 Resistance against SdpC ow,AbrB yknW-yknX-ykn Y-yknZ C9 Yes Core ow 

S I  1 75 -0.75 S I  1 75-mntA C l  No Background 
yceF -0.74 ow, o•, oM S I  06-yceC-yceD-yceE-yceF-yceG-yceH C6 Yes Secondary ow 

yq(D -0.72* o' yqeZ-yqfA-yq(B-yqfC-yq(D C2 Yes Secondary ow 

yknZ -0.69 Resistance against SdpC ow,AbrB yknW-yknX-ykn Y-yknZ C9 Yes Core ow 

mtnK -0.65 S-box mtnK-mtnA C48 No Background 
a/sD -0.63 a/sS-a/sD C39 No Background 
yozO -0.60 ow S742-yozO-S740-S739-yocM C9 Yes Core ow 

yknW -0.57 Resistance against SdpC ow,AbrB yknW-yknX-ykn Y-yknZ C9 Yes Core ow 

S740 (inter) -0.54 S742-yoz0-S740-S739-yocM C6 Yes Secondary ow 

S l 6 1  -0.52 Fatty acid biosynthesis ydbS-ydb T-S 1 60-S 1 62-acpS C3 Yes Secondary aw 

S739 -0.5 1 S742-yoz0-S740-S739-yocM C2 Yes Secondary ow 

S 1 390 (inter) -0.48 ywrE-S I 390 C9 Yes Core ow 

S442 (inter) -0.48 yjzH-S442 C9 Yes *Core ow 

acpS -0.45 Fatty acid biosynthesis ydbS-ydb T-S 1 60-S 1 62-acpS C3 Yes Secondary ow 

S l 62 -0.44 S l 62-ydcC C2 Yes Secondary ow 

ydcC -0.42 o' S l 62-ydcC C2 Yes Secondary ow 

thiC -0.4 1 Thiamine biosynthesis Thi-box Downstream of ygzA C48 No Background 
ydjO -0.4 1 aw, OE yeaA-ydjP-ydjO C2 Yes Secondary ow 

yocM -0.4 1 S742-yoz0-S740-S739-yocM C2 Yes Secondary ow 
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A Table I A. Down-regulated genes in sigW mutant cells. Only the down-regulated genes with effect values lower than -0.4 and p-values 
lower than 0.05 are shown. Effect values marked with * have q-values of less than 0.05. For each individual gene, the table lists the function, the 
previously identified regulation, the genetic organization, the condition-dependent transcription profile cluster as defined by Nicolas et al (in revi
sion), the presence of a predicted owxv promoter sequence, and our conclusion whether it belongs to the ow core regulon or the secondary 
ow-regulated genes. The division between group I and group 2 genes is indicated by the black line. 

Name Effect Function Regulators G enetic organization Cluster SigWXY Conclusion 
sigW/WT 

yxzE -0.45 ow,AbrB Yes Core ow 

bscR (fotR) -0. 1 5  Fatty acid biosynthesis oM, aw, ax, FatR yrhH-bscR-yrhj C I 0  Yes Predominant oM 

ywbO -0.02 Iron uptake oM,ow, ax, Fur ywbN-ywbO C29 No Predominant Fur-regulated 
(abHa -0.03 Fatty acid biosynthesis ow, FapR (abHA-(abF C3 No No ow 

ywbN -0.04 oM, ow, ax, Fur ywbL-ywbM-ywbN C29 No Predominant Fur-regulated 
(efeN) ywbN-ywbO 

(abF -0.07 Fatty acid biosynthesis aw, FapR (abHA-(abF C3 Yes No ow 

yrhj (cypB) -0.08 oM, ow, ax yrhH-(atR-yrhj C I 0  Yes Predominant oM 

ywaC 0.06 (p )ppGpp synthetase oM, ow C79 Yes Predominant oM 

yjbC 0.07 PerR, 08, oM, ow, ox yjbC-spx cs Yes Predominant 08 

yjbD (spxA) 0. 1 7  PerR, 08, oM, ow, ax yjbC-spx C l 7  Yes Predominant o" 
div/C 0.23 Septum formation oE, oM,aw, ox yabM-yabN-yabO-yabP- C20 Yes No ow 

yqabQ-div/C-yabR 
yrhH 0.25 oM, ow, ax yrhH-(atR-yrhj C I 0  Yes Predominant oM 

abh 0.30 Gene regulation during transition phase ow, ax C36 Yes No ow 

ywnj 0.3 1 o',oM,ow, ax C2 Yes No ow 

bcrC 0.33 Resistance to bacitracin and oxidative 01, oM, ow, ox C I 0  Yes Predominant oM 

yqjL 0.37 Resistance against paraquat o", oM, ow C78 Yes o•, oM 

Table I B. Previously reported ow-regulated genes that were not significantly down-regulated in the sigW mutant strain. 
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Name Effect Function Regulators Genetic organization Cluster 

sigW/WT 

ybbK 3.07 ybbK-ybbJ, opposite of sigW (T) C6 
ybbj 2.68 ybbK-ybbj, opposite of s,gW (T) C6 
S928 (inter) 2.25 Between mgsR and rsbRD cs 

S 1 380 1 . 1 6  C I 0  
ykzV 1 . 1 3  C2 
S I  026 (inter) 0.92 Upstream of yrzl (T) C2 
cotT 0.9 1 C2 
yodl 0.83 o• C2 
S 1 030 0.82 5' of yrhF C3 
murG 0.77 Peptidoglycan precursor biosynthesis o', oM,SpollD C4 
S98 1 0.73 3' of yqaP, opposite of yqaR (&) and yqbC (&) C l ?  
ymaG 0.68 Spore coat protein o< C2 
S655 0.66 Opposite of fosB (T) C l ?  
S862 0.65 S' of spolVA C2 
S 1 356 0.64 S' of degS (&) C3 
yrzl 0.63 C2 
S6 1 3  0.62 S' of ymzD (slightly &) C27 

S663 0.6 1 5' of ccdA (slightly &) C l 7  
S 1 405 (inter) 0.60 Downstream of spo/1D (slightly &) C2 
S254 (indep) 0.60 C l ?  
ykzW 0.59 RNA that inhibits AhrC translation CcpN regulon C30 
S653 (indep) 0.57 Downstream of fosB (T) C l ?  
ydeH 0.56 AbrB C l ?  
yqaR 0.54 Close to S98 1 (&) and yqbC (&) C6 
S360 (inter) 0.54 C35 
S I  1 8  (inter) 0.52 Opposite of yual-yuaF-yuaG C52 
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obg 0.50 Ribosome assembly (essential), possibly C3 
required for Spo0A-activation 

cotU 0.50 Spore coat protein GerE, GerR C2 
yqxD 0.46 OH upstream of S952 (slightly .A.) C l 53 
S278 0.46 5' rfzA (.a.) C l 7  
pssA 0.46 Biosynthesis of phospholipids Upstream of ybfO-ybfP(T) C3 
S303 0.45 5' of ygxA C3 
comK 0.44 Competence and DNA uptake regulation AbrB, ComK, C l  

DegU, CodY, Rok 
yktD 0.43 C l  1 5  
S 1 543 (intra) 0.43 Upstream of yydl-yydj (both slightly (.A.) C35 
S95 0.42 5' of ycbj C35 
S83 1 0.42 S' of ypeP C2 
S427 0.42 5' of yjzE C2 
S924 0.4 1 5' of sin/ C l 7  

yfzA 0.4 1 S278(.A.)-yfzA C l 7  

Table I C. Genes that were up-regulated i n  the sigW mutant. Only the genes with effect values higher than 0.4 and p-values lower than 
0.05 are shown. Arrows behind genes in the 'genetic organization' column indicate whether the transcription of these genes was up- (A) or 
down-regulated (T). 
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Genes that were found to be down-regulated in the sigW mutant with p-values lower 
than 0.05 are likely to be regulated by ow. To further increase our confidence in the 
annotation of ow-regulated genes, we computed q-values from the p-values, which allows 
the minimization of false positive identifications. Based on this statistical analysis, we can 
be confident that all genes down-regulated in the sigW mutant with q-values lower than 
0.05 are genuine ow-regulated genes (Table I A; genes with q-values <0.05 are marked 
with *). However, if we consider only these genes as being aw-regulated, several genes 
that were previously shown to be ow-regulated would have to be discarded from a 
redefined ow regulon. To avoid such potentially false negative exclusions, we maintained 
all the genes that were down-regulated with q-values higher than 0.05 but p-values lower 
than 0.05 also in our shortlist of potentially ow-regulated genes, even though some of 
them may represent false positive identifications. 

Redefinition of the aw regulon by assessment of transcript profiles across condi
tions 

To minimize the false positive identifications of aw-regulated genes, we took advantage 
of a large-scale tiling array analysis of gene expression in 8. subtilis 168 across I 04 condi
tions, involving 269 hybridizations (Nicolas et al., in revision). Importantly, the results 
of this study revealed marked differences in the transcription profiles of the sigW, sigY, 
sigX and sigM genes across conditions, especially during heat, salt and ethanol stress 
(Figure 2). This is an important observation, because it can help in the dissection of the 
respective regulons. The analysis of transcription profiles across I 04 conditions showed 
that the transcription profiles of 59 genes cluster with that of sigW in the previously 
defined transcription cluster 9 (Nicolas et al, in revision, Figure 3). Importantly, most 
genes in cluster 9 were found to be significantly down-regulated in the sigW mutant in 
our present studies and/or were previously reported as aw-regulated (Figure 4). The 
twelve genes within cluster 9 that are not aw-regulated represent members of the oY 

regulon, including the sigY gene itself. Their presence in cluster 9 relates to the fact that 
oY-regulated genes behave quite similarly to ow-regulated genes, the main distinguishing 
feature being that they are induced by ethanol stress rather than salt stress. Clearly, the 
known oY-regulated genes in cluster 9 were not down-regulated in the sigW mutant, 
whereas all other genes in cluster 9 were down-regulated in the sigW mutant (Figure 
4A). Only one gene in cluster 9, yxzE, which was previously reported to be aw-regulated, 
did not qualify as a ow-regulated gene in our statistical analyses as its down-regulation 
in the sigW mutant (effect value -0.45) had a p-value of 0.08. However, based on the 
combined data, we believe that yxzE should be regarded as a member of the aw regulon. 



Chapter 7 Redefin ition of the ow regulon of Bacillus subti/is 
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Twenty genes that have previously been reported as ow-regulated genes were also 
found to be down-regulated in the sigW mutant, but are nevertheless not included in 
cluster 9 (F igure 4A). 1 4  of these genes belong to cluster 6 (Figure 3), whereas the 
others are distributed over several other clusters. Possibly, these genes are not only 
regulated by ow, but also by other sigma factors or gene regulators, which would lead to 
expression profiles that differ from the sigW expression profile. Therefore, we examined 
the expression profiles of these genes with special attention to induction during salt 
stress, which is a hallmark of the ow-regulated genes. In addition, we also compared these 
profiles with the profiles of genes in the oM, ax and oY regulons that also respond to 
cell envelope stress. These analyses revealed in total 79 genes with •ow-like' expression 
profiles that are induced upon salt stress (i.e. 54 previously reported members of the 
aw regulon and 25 newly identified ow-regulated genes) (Figure 4B). Based on the 
transcriptional profiles under different conditions, and the requirement to be down
regulated in the sigW mutant, we propose to make a distinction between core genes of 
the ow regulon and secondary ow-regulated genes. The ow-regulated genes in cluster 9 
would be the core genes of the aw regulon and all other ow-regulated genes would be 
secondary ow regulon genes (Table I A). 
The genes that were newly identified as being ow-regulated were mainly novel ncRNAs 
that are part of ow-regulated operons (Table I A). One distinct exception is the ncRNA 
S462, which is located downstream of htrA. S462 is an independent ncRNA that is 
preceded by a consensus owxY_promoter sequence (Nicolas et al., in revision).Also yjzH 

and the downstream ncRNA S442  represent novel members of the aw regulon, which are 
preceded by a predicted awxY binding sequence. Additionally. in several occasions there 
was read-through from ow-regulated operons into downstream genes. For example, the 
operon yqeZ-yqfA-yqfB is known to be ow-regulated, but the downstream genes yqfC and 
yqfD had previously not been identified as being ow-regulated. Although yqfC and yqfD 

were not as strongly down-regulated in the sigW mutant as the preceding operon, the 
down-regulation of these genes was still clearly significant with q-values of less than 0.05. 
Additionally, these genes were found to be up-regulated during salt stress (Nicolas et al., 

in revision). Therefore, we conclude that yqfC and yqfD are truly ow-regulated. In other 
cases of read through no induction during salt stress was observed, and the respective 
genes are therefore not considered to be ow-regulated. 
Several genes further downstream of known ow-regulated operons also behave like 
ow-regulated genes. Downstream of yozO for example, S740, S739 and yocM are all 
down-regulated in the sigW mutant and induced upon salt stress (Figure SA). Similarly, 
downstream of the ydbST operon, S 16 1 ,  acpS and S 162 are down-regulated in the sigW 

mutant and induced upon salt stress (Figure SB). In other cases the situation is different. 
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Figure 3. Assignment of clusters of genes with related transcript profiles across con
ditions to different groups of genes that are down-regulated or up-regulated in sigW 
mutant cells. The down-regulated genes are represented by groups I and 2 (see also Figure I ). 
Genes in group 3 were previously reported as ow-regulated, but our present studies provided no 
evidence for their proposed ow-dependency (see Figure I ). The up-regulated genes are repre
sented in a separate bar. 

For example, ygzA, a gene starting close to the start site of spoOM, but running in the 
opposite direction, is also down-regulated in the sigW mutant. Nevertheless, ygzA is not 
preceded by a consensus binding sequence for owxY, and this gene is also not induced by 
salt stress. Likewise, the yxjH gene downstream of the ow-regulated gene yxjl is down
regulated in the sigW mutant, but also in this case no induction is observed during salt 
stress. Thus, we do not consider ygzA and yxjH to be genuinely ow-regulated genes. 
Fifteen genes that were previously reported to be ow-regulated were not down-regulated 
in the sigW mutant (Table I B, Figures I ,  3 and 4). In contrast to what has been 
suggested in previous studies6·7 1 5 2� H.l, , three of these genes are not predicted to have a 
oWXY binding sequence (efeN, ywbO and fabHa). The remaining genes have been assigned 
to multiple o regulons besides the ow regulon, and they mostly appear to show condition
dependent transcription profiles that are more similar to those of genes regulated by o 
factors other than ow (Table I B). Accordingly, we no longer consider these genes to 
be ow-regulated. 
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A 
downregulated 
in sigW (p<0.05) 

represented in 
cluster 9 

I I 

reported member of 
crw-regulon 
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downregulated 
in sigW (p<0.05) 

r:t -like expression 
profile 

reported member of 
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Figure 4 Venn diagrams for the comparison of genes that were found to be down
regulated in the sigW mutant strain with previously reported ow-regulated genes and 
genes that display similar condition-dependent transcription profiles as sigW. Diagram 
A includes only the so-called cluster 9 genes that have highly similar condition-dependent tran
scription profiles as defined by Nicolas et al (in revision). Notably, the sigW gene is included in clus
ter 9. Diagram B includes all genes that show condition-dependent expression profiles similar to 
that of sigW, including induction upon salt stress. 

Lastly, forty genes appeared to be up-regulated in the sigW mutant with effect values of 
more than 0.4 and p-values of less than 0.05 {Table I C). However, it should be noted 
that none of these changes have q-values smaller than 0.05. This suggests that these 
up-regulations may represent false positive results or indirect effects that are not as 
strong as direct regulatory effects. Several of the up-regulated genes are located in the 
close proximity of ow-regulated genes, but are encoded by the opposite strand. Two of 
these genes, ybbK and ybbj, are located immediately opposite of sigW and, therefore, the 
up-regulation of these genes in the sigW mutant could be the result of a polar effect of the 
deletion of sigW. However, the transcription profiles of both of these genes do not show 
changes during exposure to high salt and the same is true for the other up-regulated 
genes.Therefore, we do not consider ybbK, ybbj and other genes up-regulated in the sigW 
mutant as novel ow-regulated genes. 

Comparison of global transcription in rasP, prsW and sigW mutant cells 

Deletion of the genes for RasP and PrsW inhibit the activation of the aw regulon, 
because both of these proteases are required for inactivation of the ow anti-sigma 
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Figure S. Organization of complex ow-regulated operons. The ow-regulated open reading 
frames (ORFs) are indicated in black, and the ow-regulated ncRNAs are indicated in grey. Genes 
and a ncRNA on the opposite strand are indicated in white. . the yozO-yocM operon. B the 
ydbsT-acpS operon. 

factor RsiW. In addition, the rasP mutant is known to display several phenotypes, such as 
defects in competence and protein secretion, which are not observed in prsW or sigW 
mutants 14·26·36• During membrane protein overproduction, the rasP mutant also behaves 
differently from the prsW and sigW mutants.Whereas prsW and sigW mutations generally 
improve membrane protein overproduction, in the rasP mutant overproduction of all 
tested membrane proteins was abolished38• 

Generally, the transcriptional changes in the rasP or prsW mutant strains compared to 
the parental strain and the sigW mutant were rather small and only few had q-values 
below 0.05, which suggests that many of these changes possibly represent false-positive 
results (Appendix 2 Tables I ,  2 and 3).As expected, the afore-described ow-regulated 
genes were down-regulated in both the rasP and prsW mutants, but to lesser extents 
than in the sigW mutant.This indicates that the deletion of rasP or prsW indeed decreases 
the activity of ow, but that ow-activity is not completely abolished in the respective 
mutants (Figure 6, Appendix 2 Table I A). Among the non-ow-regulated genes that 
were down-regulated in the rasP mutant were several genes that are involved in the 
development of genetic competence (i.e. oppA, nucA, ssbB, rapD). Other genes that were 
specifically down-regulated in the rasP mutant mainly relate to lipid and cell wall turnover. 
In both the rasP and prsW mutant strains, slight increases in transcription were detected 
for genes involved in compatible solute transport, which is important for osmoregulation 
(Appendix 2 Table I). Even though not all of these genes were always significantly 
up-regulated in each mutant, there seems to be a mild, general up-regulation of these 
genes both in the rasP and prsW mutant strains. Up-regulation of OpuCB in the rasP 
mutant was also observed previously in the proteomics studies described in Chapter 

6 of this thesis. Additionally, slightly increased transcription of genes involved in teichoic 
acid synthesis, phospholipid biosynthesis, cell wall biogenesis and cell shape was observed. 
Genes that are specifically up-regulated in the rasP mutant include genes involved in 
amino acid metabolism (e.g. genes for histidine and arginine biosynthesis, and ornithin 
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( 1 6) 
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27 
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Figure 6. Venn diagrams representing genes that are either up- or down-regulated 
in rasP, prsW or sigW mutant strains. Down-regulated genes are represented in , and up
regulated genes in � Only genes with transcriptional changes that have p-values lower than 0.05 
and effect values lower than -0.40 (A) or higher than 0.40 (B) are included. The genes that are 
considered to be aw-regulated are indicated between brackets. 

and citrullin utilization) and genes involved in cell envelope stress systems (e.g. the natAB
yccK operon9•29.J0, the LiaRS, WalRK ' and DesRK two-component systems, and the oM 

regulon 1 1 •2 ' ·28) .  However, not all genes regulated by these systems are up-regulated and 
therefore it remains unclear what is the significance of these findings. 
In our previous studies we have reported significantly increased levels of HtrA and HtrB 
in the rasP mutant . Nevertheless, the cssR and cssS transcription levels were only slightly 
down-regulated in the rasP mutant and the same was true for the sigW or prsW mutant 
strains (Table 2). Furthermore, the transcription of the CssRS-regulated htrA and htrB 
genes was not significantly altered in rasP, prsW or sigW mutant cells (Table 2). This 
implies that the activity of the CssRS system is not responsible for the increased HtrA 
and HtrB levels in the rasP mutant. 
A direct comparison of global transcription in the rasP and sigW mutant strains resulted 
in very few statistically significant changes (Appendix 2 Tab les 2 and 3). Compared 
to the sigW mutant, a few genes including rocD and rocA, natA and natB, des and argl were 
specifically up-regulated in the rasP mutant. Other transcriptional changes summarized 
in Appendix 2 Table 2A relate to changes in the sigW mutant. For the genes that were 
down-regulated in the rasP mutant, most hits were specific for the rasP mutant. No clear 
pattern however emerges from these changes, although some of these genes relate to 
the cell envelope metabolism (membrane and cell wall). Furthermore, the vast majority 
of genes found to be differentially expressed in the prsW mutant compared to the sigW 



Effect sigW/WT Effect rasP/WT Effect prsWIWT 
cssR -0.20 -0.20 -0. 1 9  
cssS -0.22 -0.22 -0.03 
htrA -0.24 0.2 1 0.07 
htrB -0.29 0. 1 8  0.06 

Table 2.Transcriptional changes of genes regulated by the CssRS two-component sys
tem. 

mutant relate to ow-regulated genes. Only the up-regulation of the pstS, pstBA, pstBB, pstA 
and pstC genes for phosphate uptake was very specific for the prsW mutant.The reasons 
for these specific differences in transcription in the rasP, prsW or sigW mutant strains 
remains to be determined. 

Discussion 

The aw regulon has been extensively described in several previous papers, and 69 genes 
have been reported as ow-regulated genes6.7· 1 8• 1 9•24• However, it so far remained very 
difficult to discriminate between genes of the aw regulon and the other ECF a regulons 
of B. subtilis, as the respective promoter sequences and behavior partially overlap7• 1 1  1 8• 

Also, it was not known which ncRNAs of B. subtilis would be part of the ow regulon. In our 
present studies, we have therefore employed tiling array data to define the transcriptome 
of a sigW mutant 8. subtilis strain in relation to the recently described transcriptome of 
the parental strain 168 across I 04 different conditions (Nicolas et al., in revision). The 
analysis was performed this way for two reasons: firstly, by only selecting the significantly 
down-regulated genes many false-negative results would be obtained, and secondly, the 
comparisons of down-regulated genes with their transcript profiles across I 04 condi
tions would help pinpointing the false-positive identifications from previous studies. Our 
results show that 89 genes of B. subtilis are regulated by aw and the data suggest that 1 5  
out of 69 previously reported aw-regulated genes represent false-positive identifications. 
In addition to 53 already known aw-regulated genes, we have discovered 36 novel genes 
of the aw regulon and we found that several aw-regulated operons are larger than initially 
thought. 
Two subgroups of ow-regulated genes can be discerned based on the effect values for 
their down-regulation in sigW mutant cells. This differential down-regulation pattern 
does not correlate with the expression levels of these genes in the parental strain. 
However, there appears to be a bias for genes that are located at the downstream 
ends of certain large operons that often have low effect values (i.e. group 2 genes), 
whereas the genes located more upstream in these operons tend to have high effect 
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values (group I genes). On the other hand, several complete operons display high effect 

values from start to end, while other complete operons have low effect values from 

start to end. This indicates that especially the location of genes in operons determines 

whether these genes belong to group I or group 2. However, it remains to be deter

mined which additional mechanisms are responsible for the observed bimodal pattern in 

aw regulation.Another novel finding was that several apparently non-aw-regulated genes 

on the opposite strand of ow-regulated genes turned out to be slightly up-regulated in 

the sigW mutant.This indicates that the transcriptional activity of aw-regulated genes can 

have a negative impact on the transcription of genes encoded by the opposite strand.The 

molecular basis for this effect is currently not known, but it is conceivable that binding of 

aw to the promoter of a aw-regulated gene may directly or indirectly i nterfere with the 

binding of RNA polymerase to the promoter of a gene on the opposite strand. 

As expected, the ow-regulated genes were also down-regulated in rasP or prsW mutant 

strains, albeit to lesser extents than in the sigW mutant. This implies that there is residual 

ow activity in the absence of either the RasP or PrsW proteases. In turn, this suggests 

that some aw molecules do either not bind to the RsiW anti-sigma factor, or that other 

proteases are also capable of degrading l imited amounts of RsiW in the absence of 

RasP or PrsW. Candidate proteases for alternative RsiW cleavage in the absence of 

PrsW might be the membrane-bound forms of HtrA and HtrB. Both HtrA and HtrB are 

closely related to the site- I protease DegS of E. coli, which has been implicated in RIP of 

the anti-sigma factor RseA that sequesters oE . Over all, the transcriptional changes 

observed in the rasP or prsW mutant strains were rather moderate and it remains to be 

seen whether they have any particular impact on the processes in which the respective 

genes are involved. 

In relation to the previously documented defects of rosP mutant cel ls in competence 

development10\ protein secretion '0, membrane protein overproduction1", and motility 

(Chapter 6 of this thesis), we verified whether any of these defects could be connected 

to transcriptional changes. However, as indicated above, the observed transcriptional 

changes in the rasP mutant were generally very minor and, apart from four competence

related genes, no changes were found that might explain any of the observed phenotypes 

through transcriptional regulation. The four affected competence-related genes (nucA, 

oppA, ssbB and rapD) were only very slightly down-regulated in the rasP mutant, and 

it should be noted that the present analyses were performed with cells grown in LB 

medium, which is not an optimal medium for inducing competence. More importantly, 

these four genes were not significantly down-regulated in a rasP mutant grown in the PM 

medium that induces competence development, and the same was true for other known 

competence genes (Chapter 6 of this thesis). Taken together, we conclude that the 



observed defects of rasP mutant cells in competence development, protein secretion and 
membrane protein overproduction relate to post-transcriptional regulatory mechanisms, 
most likely involving the enzymatic activity of the RasP protease. However, we cannot 
completely exclude the possibility that changes in the membrane fluidity contribute to 
the pleiotropic phenotype of rasP mutant cells.This relates to recent studies by Kingston 
et al. 2\ who proposed that activation of a ow-dependent promoter in the fabHa fabF 

operon results in a higher proportion of straight-chain fatty acids and a longer average 
chain length in phospholipids, which will cause a reduced fluidity of the membrane. It 
should be noted however that our present findings indicate that fabHa does not belong 
to the ow regulon. 
In conclusion, the present studies lead to a redefinition of the ow regulon, and they 
provide novel insights in the importance of the RIP proteases PrsW and RasP in the 
activation of this stress-responsive regulon. Especially the observation that the absence 
of either PrsW or RasP does not lead to a complete inactivation of ow-dependent gene 
expression is intriguing and calls for investigations on the roles of other membrane 
proteases that might compensate for the absence of PrsW or RasP. Lastly, our present 
findings strongly support the view that RasP is not only directly involved in the activation 
of the ow regulon, but also in other post-transcriptional regulatory mechanisms relating 
to competence development, protein secretion and membrane protein biogenesis. 

Materials and methods 

Bacterial strains, plasmids and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 3. Strains were grown in 
Luria Bertani (LB) medium (Difeo Laboratories) at 37°C with vigorous shaking. Overnight grown 
pre-cultures in LB medium were diluted to OD600 0.05 in fresh LB medium and then grown to the 
exponential phase as determined by optical density readings. Under these conditions ow is active 
but the cells are not stressed. 

RNA isolation 

When cultures reached an OD 600 of 1 .0 the equivalent of 1 5  OD units of cells were harvested and 
total RNA was isolated according to Eymann et al. ' 3 with some minor modifications. Cell culture 
samples were added to 0.5 volume of frozen killing buffer (20 mM T ris-HCI [pH 7.5], 5 mM MgCl2, 
20 mM NaN3) and centrifuged for I O  min at 4°C. The cell pellets thus obtained were frozen in 
liquid nitrogen and stored at -80°C. Pellets were resuspended in 200 µI ice-cold killing buffer and 
transferred to precooled Teflon disruption vessels filled with liquid nitrogen. Cells were then 
disrupted for 2 min at 2600 rpm in a Mikro-Dismembrator S (Sartorius). The frozen powder was 
resuspended in 4 ml prewarmed (50°C) lysis solution (4 M guanidine thiocyanate, 25 mM sodium 
acetate [pH 5.2], 0.5 % N-laurylsarcosinate [wt/vol]) and immediately frozen in liquid n itrogen. 
Total RNA was isolated by acid-phenol extraction. Samples were extracted twice with I volume 
of acid phenol/chloroform/isoamyl alcohol (25:24: I ,  [pH 4.5]) and once with I volume of chloro-
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__ -a_, ________ _ G_e_n_o_ty.:....:....p_e __________ _ R_e_i_e_r_e_n_c_e _____ _ 
B. subti/is I 68 trpC2 
B. subti/is sigW trpC2 sigW::bleo; Bm' 
B. subtilis rasP trpC2 rasP::tc; Tet' 
B. subtilis prsW trpC2 prsW::bleo; Bm' 

Table  3. 8. subtilis strains used in this study. 

,, 

form/isoamyl alcohol (24: I ). After adding I /  I O  volume of 3 M sodium acetate (pH 5.2), RNA was 
precipitated overnight with isopropanol at -20°C. Precipitated RNA was washed with 70 % etha
nol and dissolved in I 00 µI of RNase free water. The isolated RNA was DNase-treated using the 
RNase-Free DNase Set (Qiagen) and purified using the RNA Clean-Up and Concentration Micro 
Kit (Norgen). RNA concentrations were measured using a Nanodrop- 1 000 spectrophotometer 
and RNA quality was assessed with the Agilent 2 1 00 Bioanalyzer according to the manufacturer's 
instructions. Labeling of the samples and hybridizations were performed in strand-specific condi
tions by NimbleGen, as previously described , using Basysbio_ T2 tiling arrays (NimbleGen). 

Statistical analyses 

An aggregated expression measure was computed for each annotated and for each transcribed 
segment recently identified in the systematic study of transcriptome changes across lifestyles 
( Nicolas et al., in revision). This measure consists of the median of the smoothed signal for probes 
with a unique perfect match on the genome sequence lying entirely within the boundaries of a 
particular feature (Nicolas et al., in revision). The data was quantile-normalized to remove trends 
caused by technical variations between experiments . A single linear model was fitted on the 
log2-scale data to assess the links between variations of expression and the genetic background 
of the analyzed sigW, rasP or prsW mutant strains and the parental strain 1 68. The p-values associ
ated with the tests for non-null effects of each mutation compared to the parental strain were 
computed (function "Im" in R). One of the three hybridizations for the prsW mutant harbored an 
atypical transcriptome profile and was discarded. From the p-values, q-values al lowing the control 
of the false discovery rate were computed using the procedure of Benjamini and Hochberg . 

Expression profiles across I 04 conditions and ECF sigma factor binding site predictions 

In addition to our transcript profi ling experiments with mutant strains, we used the data from a 
study on the 8. subtilis 1 68 transcriptome across I 04 biological conditions (269 hybridizations), 
that was aimed at covering the maximum diversity of this bacterium's lifestyles (Nicolas et al., in 
revision).These included growth on various media and carbon-sources, responses to stresses and 
developmental processes such as competence development and the sporulation-germination cycle. 
In particular, we incorporated in our analysis the newly identified transcription segments, such as 
antisense RNAs and putative regulatory ncRNAs. For a h igh-level comparison of expression pro
files, we relied on a classification based on average-l inkage hierarchical clustering of the matrix of 
pairwise correlation with a cut-off set to 0.4 that defined 1 67 high-level clusters numbered in an 
arbitral order C I  to C 1 67.To complement the list of genes previously reported as being controlled 
by an ECF sigma factor, we also used the results of an un-supervised classification of the sequences 
upstream transcription start sites that identified 79 putative ECF sigma-factor dependent promot
ers. 
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Membr ane protein overproduction stress in Bacillus 

subtilis 

Bacillus subtilis has a high capacity for transport of proteins into and across 

its cytoplasmic membrane. In the present studies, we investigated the stress 

responses elicited by membrane protein overproduction in this model bacte

rium using expression tiling arrays. The results provide novel insights into the 

dynamics of stress-responsive systems involved in membrane protein over

production, and how interfering with these systems can impact positively on 

the yield of an overproduced membrane protein. Specifically, we show that 

membrane protein overproduction causes the activation of a wide array of 

stress-responsive systems that form a complicated network of responses.Ad

ditionally, we show that the deletion of sigW or cssRS, which is beneficial for 
membrane protein overproduction, not simply results in the inactivation of a 

single stress-mechanism, but rather changes the balance among a wide array 

of stress mechanisms that are either activated or suppressed. Interestingly, 

the cssRS genes are repressed in the sigW mutant. This may explain why for 

some membrane proteins, deletion of either sigW or cssRS drastically im

proves the yields, whereas in other cases both systems simultaneously func

tion as bottlenecks. Surprisingly, although the observed stress responses in 

non-producing cells of the prototype strain 8. subtilis 1 68 do relate to cell 

envelope stress, the mechanism through which overproduction of the inves

tigated membrane protein is prevented in these cells is a block of transcrip

tion. Taken together, these novel insights provide many new leads for further 

optimization of membrane protein overproduction in Bacillus. 

Introduction 

Membrane proteins fulfill many essential functions in all living cells. In fact, approxi
mately 30% of all protein-encoding sequences of eukaryotic and prokaryotic organisms 
are predicted to encode membrane proteins17·39• From a pharmaceutical perspective, 
these proteins are of special importance, as they are often exposed to the extracellular 
environment. Therefore, drugs and antibodies targeted against such membrane proteins 
do not need to enter the cell to exert their therapeutic effects. In bacterial pathogens, 
essential membrane proteins are of particular relevance as potential targets for the 
development of novel antibiotics and active or passive immunization strategies. 
Our understanding of membrane proteins is lagging behind compared to other proteins, 
mainly due to their intrinsic characteristics. Especially their high hydrophobicity and 
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tendency to aggregate makes most membrane proteins difficult to study. For structural 

and functional analyses it is necessary to overproduce these proteins. However, the 

overproduction of membrane proteins is often already problematic and stressful or even 

toxic for the overproducing cells. Accordingly, it often results in low yields, for example 

due to aggregation of the overproduced membrane proteins in the cytoplasm 10•35·37·40• 

Different strategies have been employed to overcome these problems, such as the use of 

different host organisms and (cell-free) expression systems5· 14· 16· 1 8 20 30·36·39, co-expression 

of chaperones, or engineering of the membrane proteins of interest7·20 34.Although these 

approaches have led to significant improvements in the yields of membrane protein 

overproduction, they were often based on trial-and-error. Thus, the underlying mecha

nisms that set l imits to membrane protein overproduction have remained poorly under

stood in comparison to the mechanisms that limit the overproduction of cytoplasmic or 

secreted proteins. Despite recent advances ' 10 
••, many aspects of how membrane protein 

overproduction impacts on the producing cells, what stress-responses are elicited, and 

what factors determine whether good yields are obtained have remained unexplored. 

Gaining this knowledge wil l  be extremely useful for the rational design of new strategies 

to further improve the yields in membrane protein overproduction. 

In previous studies, we have demonstrated that in the Gram-positive bacterium Bacillus 
subtilis the overproduction of membrane proteins is often l imited by two stress-responsive 

systems: the ow regulon (a cell wall envelope stress-responsive system) and the CssRS 

two-component system (a secretion stress-responsive system) . Deletion of either of 

these stress-responsive systems drastically improved the production yields of various 

membrane proteins. Interestingly, although these systems were always considered to 

work independently, we found that in some instances deletion of either of these stress

responsive systems resulted in high yields of a particular membrane protein, suggesting 

that these systems are to some extent intertwined. 

In the present studies, we have used tiling array analyses to determine which stress 

responses occur in B. subtilis upon induced overexpression of the gene for an essential 

membrane protein, namely the acylphosphate:glycerol-phosphate acyltransferase PlsY. 

Importantly, we have previously shown that PlsY cannot be overproduced in the B. subtilis 
strain 1 68 unless the sigW or cssRS genes are mutated10• Therefore, we investigated the 

differences i n  the responses to PlsY overexpression not only in the 1 68 prototype strain, 

but also in derivative sigW or cssRS mutant strains. The results provide interesting novel 

insights into the mechanisms that B. subtilis employs to respond to the overexpression 

of PlsY. Additionally, our findings indicate how the ow regulon impacts on the CssRS 

two-component system during membrane protein overproduction. 



Results 

Stress during membrane protein overexpression 

To investigate the responses that are elicited in 8. subtilis during membrane protein 
overproduction, we employed cells that overproduce PlsY, an enzyme involved in the 
early steps of phospholipid biosynthesis ' 1·2 • For the overproduction of this integral 
membrane protein, we used the subtilin-inducible expression system (SURE) . As previ
ously reported, the PlsY from 8. subtilis provided with a C-terminal Strepll-tag for 
detection purposes is not overproduced by the 8. subtilis 168 strain upon induction with 
subtilin. However, PlsY-strepll can be overproduced with good yields in cssRS or sigW 
mutant strains (Figure I )4°. Therefore, to first assess why PlsY-strepll is not produced in 
the parental strain 168, we compared the transcript profiles of subtilin-induced 8. subtilis 
168 cells containing either a SURE plasmid with the plsY-strepll gene or the empty SURE 
vector. 
Upon induced expression of plsY-strepll, no increased mRNA levels of plsY were detected 
as the observed effect value for plsY was 0.0 I (Appendix 3 Table I A). It thus appears 
that the absence of PlsY-Strepll overproduction in the 168 strain is due to a lack of 
transcription of the plsY-strepll gene. Nevertheless, in the induced cells carrying the 
SURE plasmid with plsY-Strepll we observed the down-regulation of 345 genes and the 
up-regulation of 1 4 1  genes (p<0.05 and q<0.05, Appendix 3 Table I). An overview of 
the elicited stress responses is provided in Table I , Figure 2 and Appendix 3 Figure 

I . The observed changes were quite diverse and involved genes for motility, chemo
taxis, biofilm formation, transcription and translation, cell envelope stress responses, and 
several other stress-responsive systems. 

·.- • � PlsY-Strepll 

Figure I .  Overproduction of PlsY-strepll. The overproduction of PlsY-strepll was induced in 
rasP, prsW, sigW or cssRS mutant B. subtilis cells and in the parental strain 1 68 (WT). Overproduced 
PlsY-strepll was detected by Western blotting. 
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Parental strain 

Riboswitches 

PyrR T(- 1 .40) 
PurR - (-0.26) 

CymR T(- 1 .2 1 )  
EAR ...... (-2.06) 

Stringent response T (-0.54) 

SinR 

S-box 

T-box 

TRAP 

Sigma regulons 

08 regulon 

o0 regulon 

ow regulon 

T ... (-0.54) 

T(0.03) 
T(-0.74) 
T(-0.25) 

_. (0.25) 
TT(- 1 .40) 
... (0.55) 

sigW mutant 

T T  _.(- 1 .63) 
T (- 1 .0 I )  

T (- 1 .57) 
TT(-2.37) 
- (-0.06) 
T ... (-0.06) 
TTT(-2. 1 2) 
TT(- 1 .0 1 )  
TTT (- 1 .86) 

... ... ...  (3. 1 2) 
TT(- 1 .44) 
TTT(-2. 1 3) 

Regulator of intracellular chaperones 

HrcA T(-0.23) _.(0.40) 

Cell envelope stress two component systems 

WalRK - (-0.47) _.(0.73) 

LiaRS - (-0.34) _.(0.73) 

CssRS _. (0.38) TT (- 1 .00) 

Metal homeostasis 

Fur 

Zur 

T(-0.40) 

... (0.59) 

Fatty acid degradation 

FadR _.( I . I S) 

T (-0.44) 
T ... (-0.8 1 )  

... (0.76) 

cssRS mutant 

TTT(-3.23) 
TT(- 1 .8 1 )  
T(- 1 .60) 
TT(-2.50) 
TT(-0.97) 
T ... (-0.97) 

TT(-0.90) 
T(-0.76) 

TT(- 1 . 1 9) 

...... ( 1 .37) 
TT(-0.96) 
... (0.35) 

... ...  (0.68) 

- (-0. 1 8) 
...... (2.57) 
T(-2.35) 

TT(- 1 .39) 
T(- 1 .09) 

......... (3.32) 

Table I .  Overview of the regulons that are differentially transcribed in response to 
the induced overexpression of plsY-strepll in the parental strain 1 68, the sigW mutant 
or the cssRS mutant. Arrows indicate whether the genes of a particular regulon were down
regulated ('Y), up-regulated (A), or partially up-regulated and partially down-regulated (A 'Y). A 
lack of changes is marked with (-). The average effect value for the entire regulon is indicated in 
parentheses. ForWalRK the two genes that were repressed are not included in the average value. 



Name WT/no stress cssRS/no stress sigW/no stress 
ywaC 0.20 2.86 1 .94 

re/A -0.3 1 -0.52 -0.73 

yjbM -0. 1 7  0.2 1 0. 1 4  

Table 2. Regulation of genes for (p)ppGpp synthases upon induced overexpression of 
plsY-strepll compared to the parental strain with the empty plasmid (bold indicates 
p<0.05). 

Motility, chemotaxis and biofilm formation. The genes that were most strongly 
down-regulated in cells carrying the SURE plasmid with pis Y-strepll are members of the o0 

regulon, which is involved in motility and chemotaxis. Further inspection of the complete 
o0 regulon showed that all genes of this regulon were repressed under the tested condi
tions (Appendix 3 Figure I ).Also several genes regulated by SinR, the master regulator 
of biofilm formation in B. subtilis6, were strongly down-regulated. In contrast, other genes 
of the SinR regulon were strongly up-regulated (Figure 2A). Notably, a subgroup of the 
SinR-regulated genes is subject to EAR riboswitch regulation and all of these genes were 
among the down-regulated genes. However; also some other SinR-regulated genes were 
down-regulated. 
The stringent response. The stringent response is a stress response that results in 
growth arrest and impacts on gene transcription, translation and replication2 1 ·32•33• The 
genes that are repressed by the stringent response were all clearly down-regulated in 
subtilin-induced cells carrying the SURE plasmid with plsY-Strep/1 (Figure 28) indicating 
that the stringent response was activated.Activation of the stringent response is usually 
accompanied by the inactivation of the CodY regulon '1• Accordingly, we observed that 
several genes that are activated by CodY were down-regulated, and that genes that 
are repressed by CodY were up-regulated. The stringent response is initiated by the 
production of the 'alarmone' (p)ppGpp. In B. subtilis three proteins are known to produce 
(p)ppGpp: RelA, Y jbM and Y waC2 1 2'. The gene for one of these enzymes, Y waC, is a 
reported member of the ow regulon. Nanamiya et al. have reported an ywaC-mediated 
increase of (p)ppGpp-levels upon alkaline shock: 1 • However; from our data it seems that 
ywaC is OM-regulated rather than ow-regulated (Chapter 7). Additionally, although we 
did observe a clear stringent response, the transcript levels of re/A and yjbM were not 
significantly changed, and the ywaC transcript level was only very slightly up-regulated 
(Table 2). Lastly, although the stringent response is reported to result in a growth arrest, 
no clear growth arrest was observed in our experiments with subtilin-induced cells of B. 
subtilis 168 carrying the SURE plasmid with plsY-Strepll. 
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Figure 2. Regulation of particular gene clusters upon membrane protein overproduc
tion stress. Transcript profiles of cssRS or sigW mutant cells in which overproduction of PlsY
strepl l  was induced ("stress") were compared to the transcript profile of non-overproducing cells 
("no stress") of the parental strain 1 68 (WT). A. Stringent response genes. B 08 regulon. C . LiaRS 
regulon. D. WalRK regulon. 

Cell envelope stress systems. The entire ow regulon was up-regulated in subtilin
induced cells of B. subtilis 168 carrying the SURE plasmid with plsY-Strepll, and the average 
effect value of the ow-regulated genes was 0.55 (Appendix 3 Table I A). This was 
unanticipated, as we were previously unable to clearly demonstrate the induction of the 
ow regulon upon membrane protein overproduction by analyzing the cellular levels of the 
ow-regulated protein Pbp4* "". In our tiling array analyses, however, a clear up-regulation 
of the corresponding pbpE gene was observed (effect value 1 .8). In addition to the ow 

regulon, the transcription of cssR and cssS was also up-regulated in subtilin-induced cells 
of B. subtilis 168 carrying the SURE plasmid with plsY-Strepll (Table 3). Interestingly, these 
changes were not accompanied by significantly increased transcript levels of htrA and 

Name WT/no stress cssRS/no stress sigW/no stress 
htrA 0.30 -0.44 -0.97 

htrB -0.0 1 -0.29 -0.09 
cssR 0.65 -4.5 I - 1 .54 

cssS 0.58 -4. 1 6  - 1 .40 

Table 3. Regulation of cssRS-dependent genes upon induced overexpression of plsY
strepll compared to the parental strain with the empty plasmid (bold indicates p<0.05). 
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Figure 3. Transcript levels of genes involved in phospholipid biosynthesis upon over
production of PlsY-strepll .  Effect values for changes in the transcript levels of genes encoding 
phospholipid biosynthesis proteins upon induced production of PlsY-strepl l are indicated as stress/ 
no stress ratios. Numbers in bold indicate p<0.05). 



htrB, which are the genes for the two membrane-bound proteases that are regulated by 
CssRS (Table 3). 

Other responses. Further transcriptional changes in subtilin-induced cells of 8. subtilis 
168 carrying the SURE plasmid with plsY-Strepll included the down-regulation of approxi
mately ten genes from the SP� prophage and 23 genes of the PBSX prophage (Appendix 

3 Table I A). Furthermore, several of the differentially regulated genes are involved in 
lipid biogenesis (Figure 3), cell wall biogenesis and homeostasis, and protection against 
toxic peptides (Appendix 3 Table I ). Other genes that were up-regulated are involved 
in sporulation, and heavy metal export and detoxification (Appendix 3 Table I 8). 

Membrane protein overproduction in the sigW mutant strain 

PlsY-Strepll can be readily overproduced in the sigW mutant cells (Figure I ). Accord
ingly, we found that plsY-strepll transcription was strongly increased in these cells (Figure 

3). Compared to subtilin-induced cells of the parental strain, the transcriptional changes 
in subtilin-induced cells of the sigW mutant producing PlsY-strepll were much stronger 
and widespread: 1245 genes were down-regulated and IO  1 5  genes were up-regulated ( q 
< 0.05) (Appendix 3 Table 2).As there were so many changes, we only summarize the 
most obvious and consistent changes. 
Motility, chemotaxis and biofilm formation. The o0 regulon was down-regulated 
to the same extent in the sigW mutant as was observed in the parental strain 168 
(Table I). Also the down-regulation of the T-box-regulated and SinR-regulated genes 
upon induced expression of plsY-Strepll in the sigW mutant was similar to the observed 
down-regulation in the parental strain. 
The stringent response. The stringent response was, in contrast to the parental 
strain, not elicited in the sigW mutant. Consistent with this observation, the transcription 
of ywaC and yjbM, encoding (p)ppGpp synthetases, was not significantly altered in the 
induced sigW mutant cells, while the re/A gene for another (p)ppGpp synthase was slightly 
down-regulated in these cells (Table 2). 

Amino acid biosynthesis and utilization. The S-box and TRAP-regulated genes 
were (apart from the aw-regulated genes) the most strongly down-regulated genes in the 
sigW mutant cells producing PlsY-strepll.These genes are involved in amino acid biosyn
thesis, uptake and turnover. Especially the genes involved in arginine biosynthesis and 
uptake, but also the genes required for isoleucine, leucine, valine, tryptophan, methionine, 
cysteine, phenylalaine, tyrosine and threonine biosynthesis were strongly down-regulated. 
However, not all genes involved in amino acid biosynthesis and utilization were down
regulated, and especially several of the genes involved in proline, histidine, asparagine, 
glutamine and methionine biosynthesis were even up-regulated (Appendix 3 Table 2). 
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Cell envelope stress-responsive systems. As expected, the previously identified 
genes of the ow regulon were clearly down-regulated in the sigW mutant (Table I and 
Appendix 3 Figure I ).The range of down-regulation effect values among ow-regulated 
genes was similar to that described in Chapter 7. Interestingly, the ow-regulated genes 
that are also under the control of oM were not as strongly down-regulated as the other 
ow-regulated genes. 
The cell envelope stress-responsive two-component system WalRK was activated in the 
sigW mutant upon induction of plsY-Strepll overexpression, in contrast to the parental 
strain. The other cell envelope stress-responsive two-component system LiaRS behaved 
similar to the WalRK system as it was activated in the sigW mutant upon induction of 
pis Y-Strepl l  overexpression. 
A very interesting observation with regards to our previous findings that both sigW 
and cssRS can simultaneously act as bottlenecks for membrane protein overproduction, 
was that induction of PlsY-strepll overproduction in the sigW mutant caused the down
regulation of cssR and cssS. Additionally, htrA was down-regulated (effect value -0.97), 
whereas htrB appeared not to be down-regulated (effect value -0.09) (Table 3). 
Lipid composition of the membrane. In the parental strain the transcription of 
certain genes involved in lipid biosynthesis were slightly altered upon induced overex
pression of plsY-strep/1 (Figure 3). In the sigW mutant, plsY was strongly up-regulated due 
to the induction of the plasmid-borne copy of this gene with subtilin. However, we also 
observed large differences between the parental strain and the sigW mutant for genes 
encoding enzymes that are located more downstream in lipid biosynthesis. Some changes 
in the parental strain carrying the SURE plasmid with plsY-Strep/1 (such as the down
regulation of cdsA, pssA, psd and pgsA) were not observed in the sigW mutant, whereas in 
the sigW mutant there was a very substantial up-regulation of ywiE (Figure 3). 
General stress-responsive systems. The most strongly up-regulated genes in the 
sigW mutant upon induction of plsY-Strepll were all the genes of the 08 regulon (Table 
I and figure 28).The 08 regulon is a general stress-responsive regulon that is induced 
by heat, salt and ethanol stress 1 2,H25.27_ Additionally, many genes involved in sporulation, 
cell wall synthesis/turnover and metal transport were up-regulated in the sigW mutant 
compared to the parental strain (Appendix 3 Table 28). We also found several 
up-regulated genes that do not belong to known regulons, but are nevertheless involved 
in protection against ethanol, salt stress and cold shock. 

Membrane protein overproduction in the cssRS mutant 

In the cssRS mutant the observed changes upon PlsY-strepll overproduction were less 
strong than in the sigW mutant: 803 genes were significantly down-regulated and 587 



genes were significantly up-regulated (p<0.05 and q<0.05). However, these changes were 
still considerably stronger than in the parental strain (Appendix 3 Table 3). As for the 
sigW mutant, increased levels of the plsY transcript were detected in the cssRS mutant, 
which was to be expected, as PlsY-Strepll was successfully overproduced in this mutant 
(Figures I and 3). The RNA levels of plsY were actually very similar in the sigW and 
cssRS mutants, which is in good agreement with the observed PlsY-strepll production 
levels that were also very similar in the two mutant strains. 
Stringent response. The stringent response was even more strongly induced in the 
cssRS mutant than in the parental strain (Table I and Figure 2). Consistent with this 
finding, the (p)ppGpp synthase gene ywaC was very strongly up-regulated, whereas the 
re/A gene was somewhat down-regulated. 
Nucleotide biosynthesis and sulfur metabolism. Among the most strongly down
regulated genes in the cssRS mutant overproducing PlsY-strepll were many members of 
the PyrR and CymR regulons, involved in pyrimidine biosynthesis and sulfur metabolism, 
respectively. The CymR-regulated genes were also down-regulated in the parental strain 
and the sigW mutant, albeit to slightly lesser extents and with more variation among the 
biological replicates (in the parental strain and sigW mutant the q-values for these genes 
were often >0.05).The PyrR and PurR regulons, however, showed a clear down-regulation 
specifically in the cssRS mutant (Table I and Appendix 3 Figure I), although in the 
sigW mutant these genes were also somewhat down-regulated. 
Metal homeostasis. Genes involved in iron and zinc uptake (the Fur and Zur regulons) 
were down-regulated in the cssRS mutant. In case of the Fur regulon this response 
appeared to be specific for the cssRS mutant, whereas for the Zur regulon this response 
was also observed to the same extent in the sigW mutant (Table I and Appendix 3 

Figure I). 
Cell envelope stress-responsive systems. The most strongly up-regulated genes in 
the cssRS mutant included genes of the 08 regulon, although this regulon was not as much 
up-regulated as in the sigW mutant (Table I). The genes of the LiaRS two-component 
system, which is involved in responses to cell envelope stress were very strongly 
up-regulated in the cssRS mutant (Figure 2C). In contrast, the WalRK two-component 
system was not activated as strongly in the cssRS mutant as in the sigW mutant (Figure 

2D). 

Lipid composition of the membrane. We observed a very strong up-regulation 
of ywiE in the sigW mutant overproducing PlsY-strepll. In contrast, in the cssRS mutant 
ywiE was significantly down-regulated.Also other minor changes in the transcription of 
genes for enzymes involved in phospholipid biosynthesis were observed (Figure 3). 

In addition, the majority of genes in the FadR regulon were very strongly up-regulated 
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in the cssRS mutant, whereas in the parental strain and the sigW mutant these genes 
were only very mildly up-regulated (Table I). The FadR regulon genes specify proteins 
involved in the degradation of fatty acids, which also reside in the cytoplasmic membrane 
and are precursors for phospholipid biosynthesis . In addition, the gene for the Des 
protein catalyzing fatty acid desaturation was up-regulated in the cssRS mutant (p < 0.05, 
but q > 0.05). Due to its activity, Des is needed in the adaptation of membrane fluidity 
for example in response to cold shock. 
Protein folding and quality control. In the cssRS mutant overproducing PlsY
strepll several genes relating to (membrane) protein folding and quality control were 
up-regulated.These include several members of the HrcA regulon, which mainly encode 
molecular chaperones that assist in the folding and re-folding of proteins to prevent 
aggregation and degradation of misfolded proteins. Furthermore, oxaAB (also known as 
yqjG) was up-regulated in the cssRS mutant. The OxaAB protein assists in the insertion 
and folding of proteins in membranes of bacteria and organelles like mitochondria and 
chloroplasts. In addition, the gene for HtpX, a protein that functions in the quality control 
of membrane proteins in E coli, was up-regulated in the cssRS mutant.Additionally, the ipi 
gene encoding BsuPI, a reported inhibitor of intracellular proteases'' , was up-regulated 
in the cssRS mutant. 
As the cssRS regulated genes were repressed in the sigW mutant, we investigated whether 
the above-mentioned proteins were also up-regulated in the sigW mutant. Indeed, all but 
one (oxaAB) of these genes were up-regulated in the sigW mutant, albeit to moderate 
levels. One exception was ipi, which was even stronger up-regulated in the sigW mutant 
than in the cssRS mutant. 

Inheritable defects in the expression vector for PlsY-strepll production in the 
parental strain I 68 

The present array data indicate that the main reason why no overproduction of PlsY
strepll was observed in the parental strain was that the plsY-strepll gene on the SURE 
expression vector was not transcribed upon induction with subtilin. Nevertheless, a 
strong stress response was observed in the parental strain. We therefore raised the 
question whether this lack of transcription was due to a defect in the respective SURE 
plasmids or to active transcriptional repression by the host. To investigate this, we 
extracted plasmid pNZ::8 plsY from different isolates of the parental strain and reintro
duced it into cssRS or sigW mutant cells, or the parental strain. Next, we tested whether 
PlsY-strepll overproduction could be induced with subtilin. Multiple attempts to accom
plish PlsY-strepll overproduction were unsuccessful even in the cssRS or sigW mutant 
cells (data not shown). This suggests that the parental strain accumulates mutations in 



pNZ::8 plsY that preclude the subtilin-inducible transcription of the plsY-strep/1 gene and 
hence the production of PlsY-strepll. 

Discussion and conclusions 

Bottlenecks in membrane protein overproduction 

Our previous studies have shown that the PlsY-strepll protein can only be overproduced 
in sigW or cssRS mutant cells, but not in the parental strain 168�0• The present studies 
show that the bottleneck in overexpression of plsY-Strep/1 in the parental strain occurs 
at the transcriptional level. Quite surprisingly, even though the plsY-strep/1 gene was not 
transcribed, considerable changes in transcription of many genes were observed in cells 
carrying the SURE expression vector with this gene. The observed responses relate to 
several cellular functions, such as transcription and translation, motility, chemotaxis and 
biofilm formation, and some cell envelope stress responses. These findings raise several 
intriguing questions. Firstly, could strong repression of transcription and translation be 
the mechanisms through which plsY-Strepll expression is suppressed, and secondly, why 
and how are cell envelope stress responses elicited while no overproduced PlsY-strepll 
is detectable in the membrane? 
With regards to the first question, there are several important clues in the present dataset 
and the published literature that suggests that down-regulation of enzymes involved in 
transcription and translation is probably not the mechanisms through which plsY-Strepll 
transcription is repressed in strain 168. One important clue is that the repression of genes 
for transcription and translation does not correlate with the yield of the overproduced 
protein. For example, in the sigW or cssRS mutant cells a similar repression pattern was 
observed while the PlsY-strepll yields were quite substantial. Secondly, we found that the 
reintroduction of the plasmid extracted from the parental strain into the cssRS or sigW 
mutant cells did not lead to overproduction of the PlsY-strepll membrane protein. This 
suggests that transcription of plsY-strepll from the plasmid was disabled. Furthermore, 
repression of transcription and translation were also reported in a recently published 
article on the responses of Lactococcus /actis to membrane protein overproduction 1 9• In 
this study, Marreddy et al. compared the stress responses elicited by different membrane 
proteins that were produced with different yields. However, no clear correlation between 
the membrane protein yields and particular stress responses could be identified. In our 
study, we show that even when the membrane protein overexpression was fully blocked 
at the transcriptional level, significant changes in the transcription of genes involved in 
transcription and translation were observed. It can thus be concluded from both studies 
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combined that the repression of proteins involved in transcription and translation does 
not correlate with the membrane protein yields. Thus it seems unlikely that the differ
ential regulation of these particular stress responses is a primary cause for the observed 
differences in the success of membrane protein overproduction, and it also does not 
appear to be a specific response to increased membrane protein production, because it 
was also observed when the transcription of the plsY-strepll gene was blocked. 
Answering the question why and how cell envelope stress systems are activated in a 
situation where no membrane protein is produced is more difficult. Marreddy et al. also 
described the activation of cell envelope stress systems in L lactis, but suggest that cell 
envelope stresses arise from overloading stress and misfolding stress in the membrane, 
which seems somewhat intuitive. However, in our previous studies and in the present 
study we found several examples where no membrane protein was actually produced 
while cell envelope stress-responsive systems were activated. For example, we previ
ously reported that the subtilin-induced overexpression of the cdsA gene of B. subtilis did 
not result in detectable production of the CdsA protein but, nevertheless, the induced 
overexpression of cdsA clearly elicited the activation of the ow regulon and caused a 
complete halt in growth10.Also, the induced expression of the Staphylococcus aureus cdsA 
gene caused a similar response in the B. subtilis IO  1 2  host strain, but not in B. subtilis 168. 
In the present array data, we now find evidence that the observed cell envelope stress 
in the absence of detectable levels of membrane protein production is even extended 
to the activity of the 06

, o0 and ow regulons. Taken together, our findings suggest that 
some of the observed cell envelope stress responses (i.e. CssRS, the ow regulon and 
possibly the o0 regulon) may relate to cellular adaptations to counteract the detrimental 
effects of an initial overproduction of PlsY-strepll. This idea would be supported by our 
previous observation that PlsY-strepll expression is unstable in a prsW mutant strain4'' , 

which suggests that cellular adaptations that counteract the production of PlsY-strepll do 
indeed occur. Possibly, these responses do not sufficiently alleviate the detrimental effects 
of the overproduced PlsY-strepll in the prototype strain 168, which would then drive 
the selection of plasmid-borne mutations that preclude the transcription of plsY-strep/1. 
Clearly, further experiments will be required to elucidate the exact mechanisms that 
trigger the observed cell envelope stress responses in the absence of membrane protein 
overproduction. This will most likely provide novel insights into the possible triggers for 
cell envelope stress. 
Interestingly, in a recent report on the responses of E. coli to membrane protein overpro
duction, no signs of the activation of cell envelope stresses were reported, thus indicating 
that the presently observed cell envelope stress responses upon membrane protein 
overproduction may be specific for certain Gram-positive bacteria . Furthermore, the 



observed strong down-regulation of B. subtilis genes involved in chemotaxis and motility 
was not reported for E. coli. In this Gram-negative bacterium an opposite response 
was reported as genes relating to motility were up-regulated upon membrane protein 
overproduction 1 1 1 9• These findings indicate that the strong repression of motility and 
chemotaxis genes in response to the induction of membrane protein overproduction 
may be specific for B. subtilis. In this respect, it should be noted that the latter genes are 
not conserved in the non-motile bacterium L /actis. 

aw and CssRS activation upon induction of membrane protein overproduction 

In previous experiments using a ow-dependent promoter-GFP fusion or antibodies to 
detect the up-regulation of the ow-dependent Pbp4* protein, the ow regulon was not 
detectably induced upon expression of plsY-Strep/1�0• Using tiling arrays we were now 
able to show that the ow regulon is indeed induced upon overexpression of plsY-Strep/1. 
However, when comparing the extent of ow activation to the induction of the 06 regulon 
in our present experiments, we find that the ow induction is relatively mild.Thus it seems 
that the activation of the aw regulon upon induced expression of plsY-Strepll is too small 
to be detectable with promoter-GFP fusions or a-Pbp4* antibodies. In contrast, upon 
induced overexpression of certain other genes for membrane proteins, like cdsA, a very 
strong induction of the ow regulon was observed with promoter-GFP fusions and the 
a-Pbp4* antibodies. This implies that the level of induction of the aw regulon depends on 
the membrane protein that is being overexpressed. 
In previous experiments we also attempted to detect activation of the CssRS 
two-component system by membrane protein overproduction, but never succeeded to 
do so under any of the tested conditions. In these previous attempts antibodies against 
the CssRS-regulated HtrA and HtrB proteins were used, as well as GFP promoter 
fusions for htrA and htrB. Whereas these methods are capable of readily detecting the 
secretion stress elicited by the overexpression of the secreted protein a-amylaselll, 
they are apparently not sensitive enough to detect the stress elicited by overproduced 
membrane proteins. Nevertheless, our present analyses reveal a subtle increase in the 
level of transcription of the cssRS genes but, under the tested conditions, the regulation 
of cssRS was not always strictly correlated with the regulation of htrA and htrB. In general, 
we found that under the tested conditions the htrA and htrB transcript levels were hardly 
affected by the deletion of cssRS.Also, although htrA transcription was generally similar 
to cssRS transcription, htrB was not up-regulated in the parental strain and not down
regulated in the sigW mutant. 
As previously reported, the ow regulon and the CssRS stress-responsive system seem 
to be intertwined, because both of these systems represent bottlenecks in the overpro-
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duction of particular membrane proteins. In the present dataset we indeed observed 
interactions between the two systems, since in the sigW mutant overproducing PlsY
strepll, the transcription of the cssRS and htrA genes was down-regulated (Table 3 
and Figure 4). This down-regulation was observed only upon induction of membrane 
protein overexpression in the sigW mutant, whereas during normal growth conditions 
the sigW mutation had no significant effects on cssRS and htrA transcription (Chapter 

7 . Conversely, several of the responses in the cssRS mutant were also found in the sigW 
mutant. For example, up-regulation of the hrcA-regulated genes, which mainly encode 
molecular chaperones, occurred in the cssRS mutant, but also in the sigW mutant, albeit 
to a lesser extent. However, as other responses appear to be specific for the sigW mutant 
or are much stronger in the sigW mutant than in the cssRS mutant, we conclude that 
the deletion of sigW not solely impacts on the observed stress responses through the 
repression of cssRS, but that it also has specific effects. 

Stress responses upon induction of membrane protein overexpression 

A wide spectrum of stress responses was observed upon induction of overexpression 
in the parental strain and in the sigW or cssRS mutant strains. Importantly, these findings 
provide many novel leads for further improvement of membrane protein overpro
duction. Nevertheless, the impact of individual stress responses is obscured by the fact 
that many of them do not correlate well with the yields of overproduced membrane 
proteins like PlsY-strepll. Some stress responses were even activated when no PlsY
strepll was overproduced, or they were only activated in either the sigW or cssRS 
mutants that overproduced PlsY-strepll.This therefore indicates that there is not a single 
mechanism whereby physiological stress caused by membrane protein overproduction 
or the accumulation of membrane proteins triggers specific stress responses that can 
facilitate the overproduction of membrane proteins to significant levels.We can however 
discriminate between different groups of potentially relevant stress responses: 
I .  Stress responses that are induced irrespective of the yield of membrane 

protein overexpression. These stress responses were already discussed above and 
include the effects on motility, chemotaxis and biofilm formation, the stringent response, 
and some cell envelope responses. The mechanisms through which these stress systems 
are triggered is presently unclear. 
2. Stress responses that correlate with the yield of overexpression. For some 
stress-responsive systems the trigger seems to be the successful overproduction of 
the membrane protein of interest. This was most clearly observed for the 08 regulon, 
and also for the PyrR and PurR, S-box, T-box and TRAP-regulated genes. It is very well 
possible that these stress responses arise from stimuli caused by the actual overpro-



Stress Possible proteolysis Stress 

Figure 4. Schematic representation of demonstrated and possible interactions be
tween the CssRS two-component system and the ow regulon. Solid l ines indicate previ
ously established interactions, whereas the dashed arrows indicate interactions identified in this 
thesis. 

duction of membrane proteins. Such stresses could be related to a shortage of substrates 
and precursors for the transcription and translation, accumulation of RNA or protein at 
certain stages in the process (e.g. stalling of ribosomes, accumulation and aggregation of 
nascent membrane proteins in the cytoplasm, overloading of the cytoplasmic membrane, 
or leakage of the membrane due to the overload of membrane proteins, etc.). However, 
they may also relate to the biological activity of the overproduced membrane protein 
itself. 
3. Stress responses specific for cssRS or sigW mutant strains. In general, the 
stress responses observed upon PlsY-strepll overproduction in the cssRS and sigW 
mutant strains were partially overlapping and partially different. We already discussed 
the observation that the cssRS transcript levels were influenced by the sigW mutation 
(Figure 4). Consistently, most changes in the cssRS mutant were also observed in the 
sigW mutant, albeit less pronounced than in the cssRS mutant. However, it seems that the 
sigW mutation is not merely acting through the repression of cssRS since the repression 
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of the S-box,T-box and TRAP regulated genes (mainly involved in transcription and trans
lation) was stronger in the sigW mutant than in the cssRS mutant.Vice versa, the deletion 
of cssRS caused some very specific responses, such as the repression of the Fur regulon 
and the up-regulation of the FadR regulon, that did not occur in the sigW mutant. 
It thus seems that the deletion of different stress-responsive systems caused the 
activation of a different spectrum of stress responses within the cell.As from both the 
array data and the Western blots it seems that highly similar amounts of PlsY-strepll 
were produced in sigW or cssRS mutant cells, it seems very unlikely that these differences 
arise from a different load of the production of this membrane protein on the entire 
system. However, it is possible that in the different mutants bottlenecks arise at different 
stages and/or to different extents in the overproduction process. This could result in 
the accumulation of RNA or nascent membrane proteins at different stages, or in the 
depletion of different substrates or precursors. Therefore, different stress responses 
could be elicited depending on the particular bottlenecks in 8. subtills strains with different 
genetic backgrounds. Irrespective of the underlying mechanisms that are responsible for 
induction of each of the observed stress-responsive systems, the present data do give us 
more insights as to why sometimes either deletion of sigW or cssRS, and sometimes the 
reduced activity of both systems might enable membrane protein overproduction, as the 
stress responses observed in the two mutant strains partially differ and partially overlap. 
It thus seems that the success of overproduction of membrane proteins depends on the 
careful balancing of different stress responses. 

The initiation of the stringent response 

The mechanism behind the activation of the stringent response upon overproduction of 
Pis Y-strepll is presently unclear. Known triggers of the stringent response in B. subtilis are 
the stalling of ribosomes (due to the presence of uncharged tRNAs), changes in the fatty 
acid biosynthesis, and activation of the ow regulon (e.g. through the previously reported 
up-regulation of ywaq' . The latter mode of activation may seem plausible as the ow 

regulon is activated upon induction of plsY-Strepll overexpression, and in the sigW mutant 
no stringent response is observed. However, our previous data indicate that ywaC is 
predominantly oM-regulated since this gene was not down-regulated in the sigW mutant 
(Chapter 7). Also, the transcript profile of ywaC across many different conditions fits 
much better with that of OM-regulated genes than with that of ow-regulated genes. 
Additionally, upon induction of expression of plsY-Strepll in the sigW mutant. ywaC was 
strongly up-regulated, whereas all ow-regulated genes were down-regulated. Surprisingly, 
the regulation of ywaC does not correlate with the activation of the stringent response. 
In the parental strain 168 containing the SURE plasmid with plsY-strepll, ywaC was only 



very slightly induced, and it is questionable whether such a small induction of ywaC can 
activate the stringent response to the extent that was observed in our experiments. To 
make matters even more confusing, in the sigW mutant the stringent response appeared 
not to be elicited, while ywaC was clearly up-regulated. Altogether, these data provide a 
very contradictory view regarding the mechanism through which the stringent response 
was activated in our present experiments, which also cannot be explained by transcrip
tional effects observed for the other (p)ppGpp synthetases. Possibly, these apparent 
contradictions in the present data were caused by differential timing of the up-regulation 
of either of the three (p)ppGpp synthetases and the stringent response.Therefore, time
lapse experiments to monitor the transcription kinetics of each of the three (p)ppGpp 
synthetase-encoding genes might shed new light on this issue. For now, the main conclu
sions are that I )  ywaC is not ow-regulated and 2) that the stringent response is activated 
through an as yet unclear mechanism that could be ow-mediated. 
Interestingly, in a study on the responses of £ coli to membrane protein overproduction, 
Gubellini et al. predicted that they might observe a stringent response 1 • However; in 
their setup no such response was detected for any of the membrane proteins that were 
overproduced 1 0, indicating again that important differences exist in the responses to 
membrane protein overproduction between Gram-positive and Gram-negative bacteria. 

Up-regulation of genes for chaperones and proteases 

Several genes encoding known molecular chaperones, quality control proteins, or proteins 
that are involved in the insertion of membrane proteins into the membrane were found 
to be up-regulated in the cssRS mutant. Interestingly, Marreddy et al. also reported an 
activation of the general stress response resulting in the up-regulation of hrcA-grpE-dnaK, 

dnaj, groES-groEL, clpP, clpB, clpE and clpC. This indicates that the observed up-regulation 
of the HrcA regulon is not specific for membrane protein overproduction in 8. subtilis. 
Previously, we anticipated a possible beneficial effect of induction of the HrcA regulon 
in membrane protein overproduction40

• Therefore we tested a mutant of hrcA, which 
overexpresses the molecular chaperones of the HrcA regulon consistently. However, 
this resulted in a complete suppression of membrane protein overproduction, possibly 
through the activation of alternative stress-responsive systems4 

• The data from the cssRS 
mutant however indicate that a more subtle up-regulation of the HrcA regulon genes 
might be beneficial for the overproduction of membrane proteins such as PlsY-Strepll. 
This underpins the view that a delicate balance between different stress responses 
determines the success of membrane protein overproduction; too little or too much 
activity of a stress response can cause a complete failure in membrane protein overpro
duction. Similarly, we previously observed that deletion of the genes for eight extracel-
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lular proteases was highly disadvantageous for membrane protein overproduction, while 
the much milder approach to block protease activity with protease inhibitors during the 
induced membrane protein overproduction was mildly beneficial for membrane protein 
overproduction' . 
Notably, Gubellini et a/. also reported the overexpression of several genes for chaperones 
in response to membrane protein overproduction, although this response seemed to 
be rather specific for certain chaperone-encoding genes and did not include dnaK and 
groEL . Interestingly, up-regulation of the gene for the membrane protease HtpX was 
observed upon membrane protein overproduction in E. coli . The ykrL gene for the B. 

subtilis homolog of HtpX was, just like the chaperone genes, up-regulated in the cssRS 
mutant overproducing PlsY-strepll. Because of the putative role of HtpX in protein quality 
control, this protein seems to be a very interesting novel target for further optimization 
of membrane protein overproduction in B. subtilis. 

The impact of membrane protein overproduction on the lipid composition of the 

membrane 

Our transcriptomic analyses indicated a very strong up-regulation of ywiE in the sigW 
mutant overproducing PlsY-strep.This up-regulation of ywiE is actually accompanied by an 
increased level of phosphatidyl glycerol (PG) and a decreased level of cardiolipin in the 
membrane (K. Muchova and I. Barak, unpublished observations).This would suggest that 
the Y wiE protein catalyzes the reverse reaction from cardiolipin to PG rather than the 
conversion of PG to cardiolipin as has been suggested through the annotation of the ywiE 
gene. Importantly, this shift in the synthesis from cardiolipin to PG is not only observed 
in cells overproducing PlsY, which is an enzyme that itself is involved in phospholipid 
biosynthesis. Instead, this phenomenon is also observed upon overexpression of other 
membrane proteins. Intriguingly, Marreddy et a/. have reported that also in L /actis 
membrane protein overproduction seems to stimulate the expression of genes involved 
in PG synthesis . Notably, even in E. coli, a small up-regulation in the expression of the PG 
synthase gene (pgpA) was observed, indicating that this phenomenon possibly also exists 
to some degree in Gram-negative bacteria . 
From the present array data and unpublished data on the phospholipid composition of 
the membrane, it appears that the accumulation of PG in the membrane upon overpro
duction of membrane proteins was much stronger in the sigW mutant than in the cssRS 
mutant. Conversely, in the cssRS mutant there was a clear activation of the FadR regulated 
genes, which are involved in the degradation of fatty acids. Simultaneously, des (the fatty 
acid desaturase) was up-regulated in the cssRS mutant but not in the sigW mutant. Des 
is an enzyme that impacts on the membrane fluidity and responds to cold shock. This 



further indicates marked differences in membrane protein overproduction between 

the sigW and cssRS mutants that are not at all related to the amount of overproduced 

membrane proteins in the membrane. The differences in the membrane composition 

of both mutants however might impact on the folding and function of the overpro

duced membrane proteins. Further research into the lipid remodeling in both mutants 

in response to membrane protein overproduction could therefore result in very useful 

novel insights to improve membrane protein overproduction. 

Cell envelope stress-responsive systems in membrane protein overproduction 

In 8. subtilis we observed the activation of several cel l envelope stress-responsive systems 

upon induced overproduction of the Strepl l-tagged PlsY.These included the aw regulon 

and the CssRS, LiaRS and WalRK systems. Our previous studies showed that the aw 

regulon and CssRS two-component system can pose bottlenecks for membrane protein 

overproduction. Pinto et al. recently reported the activation of the CesSR cell envelope 

stress responsive-system in L /actis, which is homologous to the 8. subtilis LiaRS system, 

upon membrane protein overproduction. Furthermore, they showed that CesSR is 

required for membrane protein overproduction, and that the overexpression of this 

system improved membrane protein yields 19 • • In  contrast to the situation in L /actis, we 

observed that the removal of two other cell envelope stress-responsive systems (ow and 

CssRS) improved membrane protein overproduction16"°. It will therefore be interesting 

to also analyze the impact of decreased or increased expression levels of the LiaRS and 

WalRK systems on membrane protein overproduction. 

Concluding remarks 

In conclusion, we have identified a substantial number of stress response mechanisms that 

are activated upon induced membrane protein overproduction. The analysis of the cssRS 
and sigW mutant strains demonstrates that the removal of these stress systems leads 

to large shifts in the activation/repression of other stress-responsive systems, thereby 

revealing the complexity of the regulatory networks that can either permit or preclude 

membrane protein overproduction. It remains to be determined what the impact of 

the deletion or overexpression of these stress-responsive systems will be on the yields 

of overproduced membrane proteins. In any case, the present studies provide many 

new leads for further fine-tuning and optimization of membrane protein overproduction 

in 8. subtilis. This wil l  be highly relevant for applications where membrane proteins of 

8. subtilis are needed in the production of high-value compounds such as vitamins, or 

where 8. subtilis is employed as a 'cell factory' for the production of membrane-anchored 
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proteins from Gram-positive bacterial pathogens that may serve as targets for novel 
drugs, vaccines or antibodies. 

Materials and methods 

Bacterial strains, plasmids and growth conditions 
The bacterial strains and plasmids used in this study are listed in Table 4. Strains were grown in 
Luria Bertani (LB) broth (Difeo Laboratories) at 37°C with vigorous shaking. Where appropriate, 
the growth medium was supplemented with kanamycin (20 µg/ml) or erychromycin (2 µg/ml). 

Growth conditions and induction of Pis Y-strepll overproduction 
Strains were pre-cultured overnight in LB medium with antibiotics. The overnight cultures were 
diluted to an optical density at 600 nm (OD600) of 0. 1 5  in fresh LB medium with antibiotics. I %  
subtilin was added when an OD600 of I was reached. Cells were harvested 2 hours after induction. 
All experiments were carried out in triplicate. 

RNA isolation and tiling array analyses 
The equivalent of 1 5  OD units of cells was harvested for each sample and total RNA was isolated 
as described by Eymann et a/. with minor modifications. Harvested cell culture samples were 
added to 0.5 volume of frozen killing buffer (20 mM Tris/HCI [pH 7.5], 5 mM MgCl2, 20 mM NaN3) 
and centrifuged for I O  min at 4°C. Cell pellets were frozen in liquid nitrogen and stored at -80°C. 
Pellets were resuspended in 200 µ I  ice-cold killing buffer and transferred to precooled Teflon dis
ruption vessels filled with liquid nitrogen. Cells were disrupted for 2 min at 2600 rpm in a Mikro
Dismembrator S (Sartorius).The frozen powder was resuspended in 4 ml prewarmed (50°C) lysis 
solution (4 M guanidine thiocyanate, 25 mM sodium acetate [pH 5.2], 0.5 % N-laurylsarcosinate 
[wt/vol]) and immediately frozen in liquid nitrogen. Total RNA was isolated by acid-phenol ex
traction. Samples were extracted twice with I volume of acid phenol/chloroform/isoamyl alcohol 
(25:24: I ,  [pH 4.5]) and once with I volume of chloroform/isoamyl alcohol (24: I ). After adding 
I/ I O  volume of 3 M sodium acetate (pH 5.2), RNA was precipitated with isopropanol overnight 
at -20°C. Precipitated RNA was washed with 70 % ethanol and dissolved in I 00 µI of RNase free 
water.The isolated RNA was DNase-treated using the RNase-Free DNase Set (Qiagen) and puri
fied using the RNA Clean-Up and Concentration Micro Kit (Norgen). RNA concentrations were 
measured using a Nanodrop- 1 000 spectrophotometer and RNA quality was assessed with the 
Agilent 2 1  00 Bioanalyzer according to the manufacturer's instructions. Labeling of RNA and til
ing array hybridization were performed in strand specific conditions by NimbleGen as previously 
described , using Basysbio T2 tiling arrays (NimbleGen). 

Statistical analyses 
Data processing and statistical analysis were performed as described in Chapter 7.We computed 
an aggregated expression measure for each annotated gene and for each additional transcribed 
segment recently identified (Nicolas et al., in revision). This measure consisted of the median of 
the smoothed signal for probes with a unique perfect match located inside the gene. The gene
level data was then quantile normalized . For each gene we used a single linear model fitted on 
the log2-scale data to model the effects of induction of PlsY overproduction in the parental strain 
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Strains 

Bacillus subtilis 
1 68 
1 68 NZ8900 
1 68 NZ8900 sigW 
1 68 NZ8900 cssRS 
ATCC6633 

Plasmids 

pNZ89 1 0  
pNZ89 I 0::8 plsY 

Genotype 

trpCl 
trpCl, amyE::spaRK; Km' 
trpCl, sigW::bleo amyE::spaRK; Phleo', Km' 
trpC2, cssRS::sp amyE::spaRK; Sp', Km' 
Subtilin producer 

SURE expression vector, P,pas' Em' 
SURE expression vector with the 8. subtilis plsY
strepll gene under the transcriptional control of 
the subtilin-inducible P,pas promoter.The coding 
sequences for the Strepll-tag are fused to the 3' 
end of plsY; Em' 

Table 4. Strains and plasmids used in this study. 

Reference 

17 

4·29, this study 
4

·
40

, this study 
4 

1 68 and the sigW or cssRS mutant strains in relation to the parental reference strain. The p-values 
associated with the tests for non-null effects were computed (function "Im" in R). Following the 
procedure of Benjamini and Hochberg ( 1 995), the p-values were transformed into q-values to 
control the false discovery rate when establ ishing lists of differentially expressed genes. 
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Immunity to the bacteriocin sublancin 1 68 is 

determined by the Sunl (Yolf) protein of Bacillus 

subtilis 

Bacillus subtilis strain 1 68 produces the extremely stable !antibiotic sublancin 
1 68, which has a broad spectrum of bactericidal activity. Both sublancin 1 68 
production and producer immunity are determined by the SP� prophage. 
While the sunA and sunT genes for sublancin 1 68 production are known for 
several years, the genetic basis for sublancin 1 68 producer immunity has 
remained elusive. Therefore, the present studies were aimed at identifying 
SP� gene(s) for sublancin 1 68 immunity. By a systematic deletion analysis, 
we were able to pin-point one gene, named yolF, as the sublancin 1 68 pro
ducer immunity gene. Growth inhibition assays performed using plates and 
liquid cultures revealed thatYolf is both required and sufficient for sublancin 
1 68 immunity even when heterologously produced in the sublancin-sensitive 
bacterium Staphylococcus aureus. Accordingly, we propose to rename yolF to 
sunl (for sublancin immunity). Subcellular localization studies indicate that 
the Sunl protein is anchored to the membrane with a single N-terminal 
membrane-spanning domain that has an N

0
u,Cin topology. Thus, the bulk of 

the protein faces the cytoplasm of 8. subtilis. This topology has not yet been 
reported for known bacteriocin producer immunity proteins, which implies 
that Sunl belongs to a novel class of bacteriocin antagonists. 

Introduction 

Lantibiotics are small posttranslationally modified peptides with antimicrobial activity 
and which are produced by Gram-positive bacteria7.J1�4• In general, this class of bacteri
ocins is characterized by the presence of the unusual dehydrated amino acids 2,3-didehy
droalanine (Dha) and/or 2,3 -didehydrobutyrine (Dhb). With neighboring cysteine 
residues, Dha and Dhb can respectively form thioether-linked lanthionine and 3 -methyl
lanthionine bridges, respectively' 535, 
Two major types of !antibiotics have been identified' 1.Type A !antibiotics, such as nisin26 17, 

epidermin40, and Pep534 are flexible, elongated, amphipathic molecules with a positive 
charge. They usually act by forming pores in the cytoplasmic membrane of a sensitive 
target organism in processes that may involve other molecules, such as the cell wall 
precursor lipid 11 1 55• In contrast, type B !antibiotics, such as cinnamycin 1 4 and mersa
cidin8 are globular, conformationally defined peptides that inhibit enzyme functions. Type 
A !antibiotics are further subdivided into type Al and All !antibiotics on the basis of their 
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structure; type Al !antibiotics are linear whereas type All !antibiotics are globular at the 
C-terminal region. Type A !antibiotics are usually synthesized with an N-terminal leader 
peptide. Subsequently, they are translocated across the membrane by an ABC trans
porter. During membrane translocation, the leader peptide is either cleaved by a protease 
domain of the ABC transporter, or by a separate protease' . The leader sequences are 
thought to prevent !antibiotic activation prior to membrane translocation' ' . 
The sequenced Bacillus subtilis strain 1 68 is known to produce an extremely stable !anti
biotic, named sublancin 1 68, which exhibits bactericidal activity against other Gram
positive bacteria, including important pathogens such as Bacillus cereus, Streptococcus 
pyogenes, and Staphylococcus aureusii '. Sublancin I 68 was classified as a type All !anti
biotic, although it displayed the, for !antibiotics, extraordinary characteristic of having 
two disulfide bonds in addition to a �-methyllanthionine bridge �. The gene encoding 
sublancin I 68, named sunA, was identified by sequencing the SP� prophage region of the B. 
subtil,s 168 chromosome '. sunA is transcribed into a monocistronic mRNA '' .An operon 
of four successive genes (sun T, bdbA, yolj, and bdbB) was found to be located downstream 
of sunA . The sunT gene, immediately downstream of sunA, encodes a bifunctional ABC 
transporter with an ATP-binding cassette domain and a proteolytic domain . SunT is 
indispensable for sublancin 1 68 production. This ABC transporter is therefore thought 
to be required for sublancin I 68 export from the cytoplasm and concomitant removal 
of the leader peptide'0.The bdbA and bdbB genes encode thiol-disulfide oxidoreductases. 
Whereas BdbA is dispensable for sublancin I 68 production, BdbB is of major importance 
for this process- 1 • '.A  possible role of the yolj gene in sublancin 1 68 production has not 
yet been documented. 
Any bacterium producing a bacteriocin must be immune to its bactericidal activity.To date, 
two general mechanisms for bacteriocin producer immunity have been reported. Firstly, 
dedicated ABC transporters of the LanFEG type can actively pump bacteriocins out of 
the membrane, thereby preventing their accumulation to toxic levels 10· • Secondly, the 
bacterial cell can employ dedicated small producer immunity proteins of the Lani type 
that are usually weakly associated with the extracytoplasmic membrane surface. Such 
immunity proteins bind specific !antibiotics to intercept them before they can cause cell 
damage20•50•5 1 .An alternative type of producer immunity protein, NukH, was more recently 
described36·37.Although the function of NukH resembles that of Lani, its topology is very 
different since NukH is a membrane protein with three transmembrane domains. In 
addition to these active immunity mechanisms, cells can also achieve resistance to !anti
biotics by modifying the charge of the cell wall or cytoplasmic membrane. For example 
the D-alanylation of teichoic acids or the lysinylation of phospholipids will, make the cell 
wall or membrane respectively, more positively charged1' 4 1 . As a consequence, bacterial 



cells with such modifications will be more resistant to cationic bacteriocins than cells 
lacking these modifications. 
Recent studies by Butcher and Heimann have shown that the yqeZ and yqfAB genes of 
the ow regulon confer resistance to sublancin 1685• However, full producer immunity to 
sublancin 168 is known to require gene functions of the SP� prophage'", while none of 
the ow regulon genes implicated in sublancin 168 resistance are located on this prophage. 
Thus, it has remained unclear which SP� gene or genes are required for sublancin 168 
producer immunity. Notably, our previous studies have shown that the ABC transporter 
Sun T, the thiol-disulfide oxidoreductases BdbA and BdbB, and the YolJ protein of unknown 
function are fully dispensable for sublancin 168 producer immunity 1 0

• Moreover, none of 
the 1 87 SP� genes show homology to known bacteriocin producer immunity genes19• 

In the present studies, we have addressed the question which SP� gene or genes are 
required for sublancin 168 producer immunity. Our results show that only I of the 1 87 
genes of the SP� prophage, yo/F, is both required and sufficient for immunity of B. subtilis 
to sublancin 1 68. We therefore propose to change the name of this gene to sun/. Inter
estingly, Sunl (YolF) seems to belong to a new class of bacteriocin producer immunity 
proteins. 

Results 

Yo/F is indispensable for sublancin 168 producer immunity 

To identify which gene(s) on the SP� prophage would confer sublancin 1 68 producer 
immunity, growth inhibition assays were performed in which strains potentially producing 
sublancin 168 were spotted onto a lawn of sensitive or immune indicator cells (Figure 

I ). The applicability of this assay was demonstrated in the following series of baseline 
experiments. First, B. subtilis 1 68 was used both as an indicator strain and as a producing 
strain. No zone of growth inhibition was formed around the spotted B. subtilis 168 cells, 
confirming that this strain is resistant to the sublancin 168 it produces (Figure I A). 

Next, we confirmed that the B. subtilis L'ISP� strain was not able to grow in the vicinity of 
the sublancin 1 68-producing parental strain 168 (Figure I A). In this case, a clear zone 
of growth inhibition was visible around the spot of B. subtilis 168 cells.Additionally, using 
a L'lsunA strain, we confirmed that growth inhibition of the plated L'ISP� strain was strictly 
dependent on the presence of an intact copy of the sunA gene for sublancin 1 68 in the 
spotted cells (Figure I A). Conversely, the producer immunity to sublancin 168 did not 
depend on the sunA gene, as no zone of growth inhibition was visible when 8. subtilis 
L'lsunA was used as indicator strain and the parental strain 168 was used as sublancin 168 
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A Spotted: 1 68 1 68 �sunA 1 68 

B 

Plated: 1 68 �SPl3 �SPl3 �sunA 

Spotted: 1 68 1 68 1 68 1 68 

rl \ 

' 

Plated: ANC1 ANC2 ANC3 �yo/F-�sunA 

Spotted: ANC1 ANC2 ANC3 �yo/F-�sunA 

Plated: �SPl3 �SPl3 �SPl3 �SPl3 

sunA uvrX yolC yo/A yokK yok/ yokG yokC 

y
okA 

sunT I yr I Y1'
0I yo/B I y°j' I y°f I yokH I I yokB ypqP 

' ' ' ' ' ' 
ANC1 �''''''-''''''-'''-''-'-'-'-''''''-'':'''''-i'-""''''''"'t''-'-'''-'-'''-'"'-'-''-''-'-'-'''-''-'''-'-'''''-'''-'''-'''-''-'-'-'-'-'-''-''-'-''-''-'-'-'-'-'''''-''-'-''-''''''-''-'-'-'-'-'-''''-'-''._J 
ANC2 �'-'-'-'-'-'-'-'-'-'-'-'-'-'''-'-''-'''-'''-'-'�'''-�'-'-'-''-'''-''''-� 

ANC3 l,'-'''-'''-'''''-'-'"''''-''-'''''-�'''-� 
: I 

4sunA-AyolF -:...,,,,� 

Figure I .  Identification of the sublancin 1 68 immunity gene. . Sublancin 1 68 growth inhi
bition assay. Strains to be tested for sublancin 1 68 production were spotted on a lawn of indicator 
cells.The names of strains that were spotted to test for sublancin production are listed above the 
plate images. The names of the strains that were plated as indicators for sublancin sensitivity/im
munity are listed below the plate images. 8 Sublancin immunity assays and schematic representa
tion of deleted SP� prophage genes. The names of strains that were spotted to test for sublancin 
production are listed above the plate images. The names of the strains that were plated as indica
tors for sublancin sensitivity/immunity are l isted below the plate images. SP� genes are indicated 
by arrows. The dashed lines indicate the respecive parts of the SP� region that were deleted to 
construct the ANC I ,  ANC2, ANC3, and /lsunA-llyo/F strains. Potential transcriptional terminators 
are indicted as 'balls on sticks' •. 



producing strain (Figure I A). Taken together, these findings demonstrate that the sunA 
gene is responsible for the observed growth inhibition of cells lacking the SP� prophage, 
and that this gene does not play a role in sublancin 168 producer immunity. Furthermore, 
these findings also imply that a mutant strain lacking the gene(s) responsible for sublancin 
168 immunity will be viable only in a l:!.sunA background. For this reason, all mutants that 
were constructed to identify determinants for sublancin producer immunity also lacked 
the sunA gene. 
As a first approach for identification of the sublancin 168 immunity gene(s), two deletion 
mutants named ANC I and ANC2 were constructed.These strains lacked, respectively, 2 3  
and 9 SP� genes, including the sublancin 168 locus. Sublancin 168 sensitivity o f  the ANC I 
and ANC2 strains was tested by using them as indicator strains and the parental B. 
subtilis 168 strain as the sublancin 168-producing strain.As shown in Figure I B, neither 
the ANC I strain, nor the ANC2 strain was able to grow in the vicinity of B. subtilis 168, 
showing that both strains were sensitive to sublancin 168.This suggested that at least one 
of the nine genes deleted in the ANC2 strain was required for sublancin 168 producer 
immunity. As the five genes in the sublancin 168 locus (sunA, sun T, bdbA, yolj and bdbB) 
were already known to be dispensable for sublancin 168 producer immunity (this study 
and 10) ,  we focused attention on the possible roles of the four remaining deleted genes of 
B. subtilis ANC2 (i.e., yo/C, yo/D, uvrX and yo/F) in immunity against sublancin 168.To narrow 
down the possibilities, BlastP analyses with the four respective amino acid sequences 
were performed to identify proteins of B. subtilis with potentially similar or overlapping 
functions. This revealed that YolC has a B. subtilis homologue named YozM (9 1 % identical 
residues and conservative replacements in a stretch of 1 1 1  residues), that YolD has a B. 
subtilis homologue, namelyYozL (92% identical residues and conservative replacements in 
97 residues), and that UvrX has three B. subtilis homologues, namely YobH (98% identical 
residues and conservative replacements in 20 I residues), YqjW (59% identical residues 
and conservative replacements in 4 1 4  residues), and YozK (98% identical residues and 
conservative replacements in 1 1 5 residues). In contrast, no protein with a high degree 
of similarity to YolF was identified. The protein with the highest similarity to the YolF 
sequence is Y nzG, with both proteins sharing merely 5 I %  identical residues and conser
vative replacements in a stretch of 68 residues. It is, however, noteworthy that the ynzG 
gene lies in an operon containing a gene for a delta endotoxin homologue, suggesting a 
potential role in the handling of this toxin. We therefore focused attention on a possible 
role of yo/F in sublancin 168 producer immunity. For this purpose, we constructed the B. 
subtilis ANC3 strain by deletion of the five genes of the sublancin locus plus yo/F, as well as 
the B. subtilis l:!.sunA-l:!.yo/F strain.As shown in Figure I B, neither the ANC3 strain nor the 
l:!.sunA-l:!.yo/F strain were able to grow in the vicinity of the B. subtilis 1 68 strain (Figure 
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Spotted: 1 68 

Plated:  �SPl3 

1 68 

�SPl3 
pGDL-yo/F 

1 68 

LlSPl3 
pGDL-yo/P 

.A. Figure 2. YolF confers sublancin 1 68 immunity to an SPl3-free 8. subtilis strain. B. 
subtilis 1 68 was spotted on the plates for sublancin 1 68 production. The names under the pitures 
refer to the indicator strains plated to monitor sublancin 1 68 immunity . 

..,. Figure 3.YolF production is required for growth of 8. subtilis on spent medium con
taining sublancin 1 68. Growth of 8. subtilis 1 68 (diamonds), L'iSPl3 (triangles), and L'iSPl3 pGDL
yo/F (squares) in spent medium of 8. subtilis 1 68. Cells grown overnight were diluted to an OD600 of 
0. 1 in spent medium of 8. subti/is 1 68 cells grown overnight and supplemented with I Ox LB medium. 
Next. growth was continued for 7 h and the OD

600 
was measured at hourly intervals. Expression 

ofYolF in cells of 8. subtilis 1 68, 8. subtilis L'iSPl3, and 8. subtilis L'iSPl3 carrying the pGDL-yo/F plasmid. 
Samples were taken at 2.5 h (t=-2.5) and I h (t=- 1 )  prior the transition point between exponential 
and postexponential growth or I h after the transition point (t=+ I ). Cell lysates were prepared, 
and equal amounts of each lysate were separated by SDS-PAGE.YolF was detected by immunoblot
ting with specific antibodies againstYolF.The position ofYolF is indicated by an arrow.An additional 
band that cross-reacted with the YolF antibody is marked (X) and can be regarded as an internal 
standard for sample loading. 

I B), showing that both strains are sensitive to sublancin 1 68. Furthermore, consistent 

with the applied approach of nested gene deletions, the ANC I ,  ANC2, ANC3 and 

L'isunA-L'iyo/F strains did not produce active sublancin 1 68 (Figure I B). Taken together, 

these results demonstrate that yo/F is indispensable for the producer immunity of B. 

subtilis 1 68 against sublancin 1 68. 

YolF is sufficient to confer sublancin 1 68 immunity 

Since yo/F was identified as being necessary for sublancin 1 68 producer immunity, we 

addressed the question whether it is also sufficient to confer immunity to the sublancin 

1 68-sensitive t.SP� strain. Notably, the t.SP� strain does not contain any genes of the SP� 

prophage that could encode a YolF partner protein involved in sublancin 1 68 producer 

immunity. Therefore, we expressed the yo/F gene ectopically in 8. subtilis t.SP� using the 

promoter of the erythromycin resistance gene on the B. subtilis pDGL48 expression 
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vector. Genes placed under control of this promoter are usually expressed constitutively 
and at moderate levels, which precludes excessive overproduction of the respective 
gene product. The resulting plasmid was named pGDL-yo/F. A negative control plasmid, 
containing the yo/F gene in the opposite orientation, was named pGDL-yo/P:. Interest
ingly, B. subtilis �SPf3 pGDL-yo/F used as an indicator strain was fully resistant to the 
sublancin 168 producing strain 1 68 (Figure 2). In contrast, B. subtilis �SPf3 pGDL-yo/P: 
was as sensitive for the sublancin 168 produced by strain 168 as the B. subtilis �SPf3 strain 
(Figure 2). Taken together, these results show that the yo/F gene is not only necessary, 
but also sufficient to confer immunity to sublancin 1 68. 
Next, we verified these findings by growing the B. subtilis strains �SPf3, �SPf3 pGDL-yo/F 
and the parental strain 168 in liquid medium containing 90% of spent LB medium that 
was derived from an overnight culture with B. subtilis 168 (Figure JA). In this spent 
medium, B. subtilis 168 was growing slightly slower than in fresh LB medium ( data not 
shown). Importantly, the 8. subtilis �SPf3 strain was unable to grow in the spent medium 
of B. subtilis 1 68, whereas the B. subtilis �SPf3 pGDL-yo/F strain did grow in this medium. 
This shows that the pGDL-yo/F plasmid confers sublancin 1 68 immunity to B. subtilis 
�SPf3. Nevertheless, growth of the B. subtilis �SPf3 pGDL-yo/F strain on spent medium 
of strain 1 68 was slightly slower than that of the parental strain 1 68. As demonstrated 
by Western blotting with specific antibodies against YolF, this reduced growth rate in 
sublancin 168-containing medium might be due to the fact that the pGDL-yo/F plasmid 
directs a slightly lower level of YolF production than the chromosomal yo/F gene of the 
parental strain 168, especially in the exponential growth phase (Figure 3B). 
As an ultimate test for the sublancin 1 68 immunity function of YolF, we performed 
coculturing and competition experiments in liquid medium. Firstly, the sublancin 168 
producing B. subtilis strain 168 amyE::pX (Cm') was used to inoculate growth medium in a 
I :  I ratio with the non-producing B. subtilis strain �SPf3 amyE::pXTC (Tc') with or without 
pGDL-yo/F. The results of cocultivation and subsequent transfer of samples to plates 
containing either chloramphenicol or tetracycline showed that the �SPf3 strain, which 
does not produce YolF, was able to survive only for a few hours in the presence of the 
sublancin 168 producing strain (Figure 4A). In contrast, the �SPf3 strain producing YolF 
from the pGDL-yo/F plasmid was not inhibited by the deleterious effects of the strain 
producing sublancin 168 (Figure 4B). Notably, the observed growth of the B. subtilis 
�SPf3 pGDL-yo/F strain was slightly slower than that of the parental strain 1 68, as was 
observed in the experiment shown in Figure 3 . Secondly, to rule out the possibility that 
YolF might require other B. subtilis proteins to fulfill its function in sublancin 168 immunity, 
we introduced the yo/F gene into a bacterium that is naturally sensitive to sublancin 
1 68, namely Staphylococcus aureus. For this purpose, the B. subtilis 168 amyE::pX (Cm') 
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Figure 4.Assessment of sublancin 1 68 immunity in B. subtilis or S. aureus by coculturing 
with the sublancin 1 68-producing 8. subtilis 1 68 Cm strain. 8. subtilis 1 68 Cm' (white bars) 
was cocultered together with 8. subtilis L'iSP� Tc' (black bars). A. 8. subtilis l'iSP� Tc' pGDL-yo/F 
(black bars). B. S. aureus RN4220 Em (black bars). C. S. aureus RN4220 pGDL-yo/F (black bars). 
D. The tested 8. subtilis and 5. aureus strains were grown overnight as separate precultures. Upon 
dilution of the overnight cultures to an 0D600 of 0.05 in fresh LB medium, the cells were mixed in 
a I :  I ratio, resulting in cocultures consisting of 50% 8. subtilis 1 68 Cm' and 50% of 8. subtilis l'iSP� 
Tc' pGDL-yo/F, S. aureus RN4220 Em', or S. aureus RN4220 pGDL-yo/F. Growth was continued, and 
samples were plated at hourly interval. Cm-, Tc-, Em-, or Km-resistant colonies were counted and 
used to calculate the number of CFU per milli l iter of culture for each strain at each time point of 
sampling. 

was used to inoculate growth medium in a I :  I ratio with the S. aureus strain RN4220 
containing either the pGDL-yo/f plasmid (Km') or the pMAD control plasmid (Em'). 
The results of these cocultivation experiments confirmed that S. aureus RN4220 lacking 
the yo/F gene was only able to survive for a few hours in the presence of the sublancin 
168 producing B. subtilis strain (Figure 4C). In contrast, the introduction of pGDL-yo/f 
allowed S. aureus RN4220 to grow in the presence of B. subtilis 168 (Figure 4D). Taken 
together, these findings show that yo/F is both essential and sufficient for sublancin 168 
immunity. 
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Localization of Yo/F 

YolF is a small basic protein (pl 9.2) of I 05 amino acids ( 1 2. 1  kDa).To predict the localization 
ofYolF, we first employed the SignalP 3 .0 algorithm that identifies potential signal peptides 
for protein export from the cytoplasm (http://www.cbs.dtu.dk/services/). Although use 
of both Neural Network (NN) and Hidden Markov Model (HMM) algorithms with 
SignalP 3 .0 software resulted in a positive signal peptide prediction, the signal peptidase 
cleavage sites predicted by these algorithms differed (NN, cleavage between amino acids 
2 1  and 2 2 ;  HMM, cleavage between amino acids 26 and 27). Furthermore, the predicted 
signal peptidase cleavage sites in YolF (NN, VFL-N; H MM, RYS-F) differed considerably 
from the consensus signal peptidase cleavage sites in known signal peptides of B. subtilis 

(AXA-A) . It therefore appeared more likely that YolF would be synthesized with an 
N-terminal transmembrane domain. Accordingly, procedures to produce predictions 
for transmembrane domains were conducted using the Topcons server (http://topcons. 
net). The SCAMPI, PRODIV, and PRO algorithms identified one potential N-terminal 
transmembrane domain between amino acids 3 and 2 3 .  The OCTOPUS algorithm 
identified an N-terminal transmembrane domain from residues 2 to 22.  Furthermore, 
the MEMSAT3 algorithm (http://bioinf.cs.ucl.ac.uk/memsat/) predicted an N-terminal 
domain from residues 3 to 2 1.AII these algorithms predicted that the YolF protein would 
have an N°",-C1n topology. To verify this prediction, we also applied two other algorithms, 
namely, PrediSi (http://www.predisi.de/) which predicts signal peptides, and Phobius 
(http://phobius.cgb.ki.se) which discriminates between signal peptides and transmem
brane domains. The predictions thus obtained supported the view that YolF does not 
have a cleavable signal peptide. Furthermore, Phobius indicated an N-terminal transmem
brane domain between amino acids 6 and 25 with an N

0
u,-C1" topology. Taken together, 

these predictions strongly suggested that YolF is a membrane-associated protein with 
one N-terminal transmembrane domain and the bulk of the protein facing the cytoplasm. 

YolF -I  
LipA -l  
TrxA -I  
SipS -I  
BdbD -

E a> 
Cl) C 
co � 
0.. ..c 
o E 
>, Q) ai 
() � () ---, 

I 
� I -- I 

Figure 5. Subcellular localization of YolF. Wild-
type B. subtilis 1 68 cells were grown overnight and 
separated from the growth medium by centrifugation. 
Next, the collected cells were fractionated into cell 
wall, cytoplasmic, and membrane fractions as indicated 
in the Materials and Methods. The proteins in each of 
these fractions were separated by SDS-PAGE, trans
ferred onto nitrocellulose membranes, and used for 
immunoprecipitation with specific antibodies against 
YolF or the control proteins LipA,TrxA,SipS,and BdbD. 
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Figure 6. Topology of YolF. Wild type B. subtilis 1 68 cells were grown overnight and collected 
by centrifugation. Next, equal amounts of cells were subjected to a protoplast procedure in the 
absence of the thiol-specific cross-linking reagent AMS, in the presence of AMS, or in the presence 
of AMS and I %  Triton X- 1 00. Notably, addition ofTriton X- 1 00 results in protoplast lysis and, con
sequently, AMS labeling of all proteins containing reduced cysteine residues.After washing, proto
plasts were lysed and subjected to nonreducing SDS-PAGE to separate proteins with and without 
bound AMS. Subsequently, proteins were transferred onto nitrocellu lose membranes and used for 
immunodetection with specific antibodies raised against YolF, TrxA, or BdbD. The two horizontal 
stripes mark fast-migrating protein species without bound AMS and slow-migrating protein species 
with bound AMS.Additional bands that cross-reacted with the TrxA, BdbD, orYolF antibodies are 
indicated (X). C: control protoplasts without AMS labeling; I: AMS-labeled intact protoplasts; B: 
AMS-labeled protoplasts broken with Triton X- 1 00. 

As is consistent with our predictions, YolF was recently identified as a membrane
associated protein in a study on the composition of the 8. subti/is membrane proteome 1 1 • 

To verify the localization of YolF in the membrane, we separated the proteins in the 
growth medium, cytoplasm, membrane and cell wall of 8. subtilis 168 and subsequently 
analyzed the presence ofYolF by SDS-PAGE and immunoblotting with specific antibodies. 
The results clearly show that YolF is predominantly located in the membrane of 8. 
subtilis (Figure 5).Additionally, a small portion of the YolF protein was found in the cell 
wall fraction. However, this is most likely the result of some protoplast lysis during the 
fractionation procedure, since a similar observation was made for the control membrane 
proteins BdbD and SipS and the cytoplasmic protein TrxA. By contrast, the secreted 
control protein LipA was exclusively detected in the growth medium fraction (Figure 5). 
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To investigate the orientation ofYolF in the membrane, we used a recently developed 

procedure based on the membrane impermeability of the thiol-specific cross-linking 

reagent 4-acetamido-4' -maleimidyl-stilbene-2,2' -disulfonate (AMS) '. Since AMS is unable 

to cross the membrane, it can only be cross-linked to reduced cysteine residues on 

the extracytoplasmic side of the cel l .  The YolF  protein possesses one cysteine residue, 

predicted to be located in the cytoplasm just behind the transmembrane domain at 

amino acid position 3 1 .Therefore, we incubated cells from an overnight culture with AMS 

and monitored AMS binding to YolF via non-reducing SOS-PAGE.The results showed that 

the cysteine residue ofYolF was accessible to AMS only when the cells were disrupted 

(Figure 6). In protoplasts with an intact membrane, no YolF labeling with AMS could 

be observed. Similar AMS labeling results were obtained for the cytoplasmic control 

protein thioredoxin A (TrxA), which has two cysteine residues that are mainly present 

in a reduced state' . In contrast, a fraction of the extracytoplasmic control protein BdbD 
was labeled with AMS even when the cytoplasmic membrane was intact. It should be 

noted that no complete AMS labeling of BdbD is possible due to the fact that this protein 

is an oxidase with two cysteine residues that are disulfide bonded in the majority of 

molecules; only a fraction of BdbD becomes reduced as part of the catalytic cycle1•. 

Taken together, these observations show that the cysteine residue ofYolF behaves l ike a 

cytoplasmic cysteine residue. It thus seems thatYolF is indeed a membrane protein with 

an N
0
u,-Cin topology, with the bulk of the protein facing the cytoplasmic compartment. 

Discussion 

The present studies were aimed at identifying which B. subtilis 1 68 genes are responsible 

for producer immunity against the !antibiotic sublancin 1 68. By systematically narrowing 
down the chromosomal region that was known to contain the respective gene(s), we 

were able to pinpoint one gene, named yo/F, as the sublancin 1 68 producer immunity 

gene. Furthermore, we were able to show using plates and in liquid cultures that yo/F is 
both required and sufficient to confer immunity against active sublancin 1 68, even in a 

heterologous host. We therefore propose to rename yo/F to sun/ for sublancin immunity. 

In silico analyses, sub-cel lular fractionation and AMS cross-linking studies revealed that the 

Sunl protein is anchored to the membrane with a single N-terminal membrane-spanning 

domain that has a N
0
u,-C,, topology. Thus, the bulk of the protein faces the cytoplasmic 

compartment of the cell. Such properties have not yet been reported for known bacte

riocin immunity proteins. This implies that Sunl belongs to a novel class of bacteriocin 

antagonists. 

Sublancin 1 68 has a broad spectrum of bactericidal activity against Gram-positive 

bacteria, including staphylococci, streptococci and even other B. subtilis strains. Since 



its first discovery in 1 980, it was known that the genes for sublancin 168 synthesis and 
producer immunity are located on the SP� prophage �- •. However, it was 1 8  years before 
sublancin 168 and the gene encoding this bacteriocin were identified , and it remained 
unclear until now which of the 187 genes on the SP� prophage would be required for 
sublancin 168 immunity. This old issue has now been resolved by the identification of 
sun/ as the sublancin 168 immunity gene. Recently, it was reported that genes in the aw 

regulon serve important functions in the protection of B. subtilis against sublancin 1685• 

Butcher and Heimann reported that the yqeZ and yqfAB genes, which are part of the aw 

regulon, confer sublancin 1 68 resistance to SPP-deficient B. subtilis strains. Consistent 
with its protective function, the yqeZyqfAB operon is induced by sublancin 168, as is the 
case for the entire aw regulon. Nevertheless, our present observation that the ASPP 
strain is not able to grow in a coculture with the parental strain 168 shows that this 
natural aw-dependent resistance mechanism provides insufficient protection for growth 
and survival in the presence of a sublancin 168-producing strain. In contrast, ectopic 
expression of sun/ in the ASPP strain is fully sufficient to allow for growth of B. subtilis in the 
presence of sublancin 168, at least at the levels produced by the 168 strain.Additionally, 
sublancin 168 resistance was observed even in the naturally sublancin sensitive S. aureus 
strain RN4220 when sun/ was heterologously expressed in this bacterium. The latter 
finding supports the view that Sunl is the only B. subtilis protein required for sublancin 
1 68 producer immunity. 
So far; no studies of the biological function of Sunl have been documented in the publicly 
available literature. Moreover, Sunl does not show any significant sequence similarity to 
other proteins of a known function, and even small conserved sequence signatures such 
as a proteolytic triad appear to be absent. This makes it difficult to speculate exactly 
how Sunl confers resistance to sublancin 168. Our topological analyses show that the 
Sunl protein has an N

0
u,-C;" orientation in the membrane, with the bulk of the protein 

facing the cytoplasm. Strikingly, this topology has not yet been reported for known 
bacteriocin immunity proteins. All dedicated small bacteriocin immunity proteins have 
so far been detected in association with the extracytoplasmic membrane surface 17•42•48, 

or are embedded in the membrane3637• Indeed.ABC transporters involved in bacteriocin 
immunity do have cytoplasmic domains, but the Sunl sequence does not display any 
similarity to known ABC transporters 1 2• In fact, the topology of Sun I also makes it unlikely 
that it functions as a transporter, that removes sublancin 168 from the membrane. 
Another possibility would be that Sunl could function by modifying the cytoplasmic 
membrane to prevent entrance of sublancin 168, but this type of immunity is usually 
provided by larger lipoproteins at the extracytoplasmic side of the membrane2316• Thus, 
only a few possible modes of action are still conceivable for Sunl, all of which differ from 
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the known bacteriocin immunity mechanisms. For example, Sun l  could cooperate with 

a transporter in the extrusion of sublancin 1 68 from the membrane or cytoplasm. This 

putative transporter would not be SunT, however, as Sunl confers sublancin resistance to 

B. subtilis and S. aureus strains, which lack the SunT transporter. Alternatively, Sunl might 

block the entrance of sublancin 1 68 to the membrane or cytoplasm, or Sunl might even 

protect a dedicated target of sublancin 1 68. 
The production of sublancin 1 68 from a prophage (i.e. ,SP�) is interesting from an evolu

tionary perspective, since the presence of the sunA gene in the phage genome ensures 

the maintenance of this lysogenic phage in a 8. subtilis population from the moment that 

phage infection and chromosomal insertion occurs. This generates a necessity for the 

phage also to carry the sun/ gene, because otherwise, infected host cells would pass away, 

which would clearly be disadvantageous from the phage's perspective. From a host cell 

perspective, acquisition of the SP� prophage is also advantageous, since the production 

of the potent bacteriocin sublancin 1 68 provides this cell with a clear competitive 

advantage over other cells, as i l lustrated in our cocultivation experiments. The chromo

somal locahzat1on of sun/ directly next to sunA also seems to underscore the importance 

of Sunl for immunity. It seems l ikely that evolutionary selective pressure has l inked these 

two genes closely together, which is consistent with the notion that a spontaneously 

occurring loss of sun/ would result in a non-viable situation for strains maintaining an 

intact sunA gene. Nevertheless, sun/ and sunA are not located in the same operon, but 

transcribed from different promoters . Interestingly, sublancin 1 68, unl ike many other 

bacteriocins, was recently reported to be already produced at exponential growth '.This 

is in agreement with our present data showing that Sun I is continuously produced. This 

ensures that sublancin 1 68 producing cells are immune to their own bacteriocin during 

all stages of growth. 

The reason Sunl differs from other known bacteriocin immunity determinants, especially 

with respect to its topology, most l ikely relates to the fact that it protects against a unique 

type of bacteriocin. Sublancin 1 68 was originally classified as a type All !antibiotic because 

of the presence of a methyllanthionine bridge and a leader peptide with the charac

teristic "double glycine" cleavage site motif of type Al l !antibiotics 3• Nevertheless, it is 

quite a special member of this bacteriocin subgroup The two unique disulphide bonds 

are not encountered in other !antibiotics and give sublancin a structure that is clearly 

distinct from any other known type of !antibiotic. It has therefore been proposed to 

classify sublancin 1 68 to a completely different group of !antibiotics . Unfortunately, the 

mechanism of sublancin's bactericidal activity is presently unknown and, thus, provides 

no clues for a possible mechanism by which Sunl provides immunity to sublancin 1 68. 
Our continuing efforts are therefore aimed at elucidating the mode of action of sublancin 



1 68, which should also allow us to resolve the seemingly unique mechanism of producer 
immunity conferred by Sunl. 

Experimental procedures 

Bacterial strains, plasmids and growth media 

The bacterial strains and plasmids used in this study are listed in Table I . LB medium consisted 
of I %  trypton, 0.5% yeast extract and 1 .0% NaCl, pH 7.4. Where necessary, media were supple
mented with antibiotics at the following concentrations: ampicillin (Ap), I 00 µg/ml (Escherichia coli); 
kanamycin (Km), 20 µg/ml (E. coli, B. subtilis, S. aureus); chloramphenicol (Cm), 5 µg/ml (E. coli and B. 
subti/is); tetracycline (Tc), I O  µg/ml (E. coli and B. subtilis); erythromycin (Em), I 00 µg/ml (E. coli), 2 
µg/ml (8. subtilis) or 5 µg/ml (S. aureus). To visualize a-amylase activity (specified by the amyE gene), 
LB plates were supplemented with I %  starch. 

DNA techniques 

Procedures for DNA amplification, restriction, ligation and transformation of E. coli DHSa and 
TG90 were carried out according to standard laboratory procedures4!. Chromosomal DNA of B. 
subtilis was isolated according to the procedures of Bron and Venema·. B. subtilis was transformed as 
described by Kunst and Rapoport19.AII primers used for PCR are l isted in Table 2. PCR products 
were purified using the High Pure PCR Purification Kit (Roche Applied Science). 

Construction of mutant strains 

To construct B. subtilis mutants with deletions in the SP!, prophage, a "three-PCR protocol" was 
followed. First, the flanking regions of the deleted sequences were amplified by PCR. The primers 
representing the beginning and end points of the deleted sequences contained extensions that 
were complementary to the kanamycin resistance cassette (-900 bp) from plasmid pDG783.This 
cassette was amplified by PCR with the primers Kana I and Kana2. Importantly, these primers were 
also complementary to extensions in the primers that represent the beginning and end points of 
deleted genomic sequences. In a subsequent PCR, the amplified flanking regions and the amplified 
kanamycin resistance cassette were fused. For this purpose, the three PCR-amplified fragments 
were purified and mixed in equal amounts ( I 00 ng) in a PCR mixture that also contained the distal 
primers of the amplified flanking regions. After I O  cycles with an optimal annealing temperature 
for Kana I and Kana2, the annealing temperature was increased to the optimum for the distal prim
ers and the PCR reaction was continued for 20 cycles. Next, B. subtilis was transformed with the 
kanamycin cassette fused on both sides to the amplified flanking regions, and kanamycin resistant 
transformants were selected on plates. The replacement of genomic sequences by the kanamycin 
resistance cassette in these transformants was verified by PCR. 
To construct the ANC I mutant, an - 1 200-bp fragment downstream of the bdbB gene was ampli
fied using primers ASP I and CRP2b. Next, an -900-bp fragment downstream of the SP!, pro phage 
was amplified using primers CRP3 and ASP4. Both fragments were fused by PCR to the kanamycin 
resistance cassette, and the resulting product (-3000 bp) was used to transform competent B. 
subtilis 1 68 cells, resulting in the ANC I mutant. 
To construct the ANC2 mutant, an -900-bp fragment downstream of the yo/C gene was amplified 
using the CRPS and ASP6 primers. The S' sequence of the CRPS primer was complementary to 
the Kana2 primer.After purification, this PCR fragment was mixed with the fragment obtained with 
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_____ Relevant properties 

E. coli 

Reference 

DHSa 

TG90 

B. subtilis 

1 68 
1 68 Cm 
t.SP/3 
t.SP/3 Tc 
ANC I 

ANC2 

ANC3 
t.sunA-t.yo/F 
t.sunA 
t.SP/3 pGDL-yo/F 

t.SP/3 Tc pGDL-yolF 

t.SP/3 pGDL-yo/fC 
L lactis 

RN4220 

RN4220 pGDL-yo/F 

RN4220 Em 

F-, cp80d/acZ t.M I 5 endA I recA I gyrA96 thi- 1 hsdR 17 (rk mk•) supE44 lnvitrogen Life 

re/A I deoR t.(/acZYA-argF) U 1 69 technologies 
Derivative of the TG I strain which carries the pcnB80 mutation and " 
replicates plasmids at a low copy number 

trpC2 '" 

trpC2; omyE::pX; Cm' This work 
trpC2; t.SP/3; sublancin 1 68 sensitive " 

trpC2; t.SP/3; amyE::pXTC; sublancin 1 68 sensitive; Tc' This work 
trpC2, t.yokA; t.yokB; t.yokC; t.yokD; t.yokE; t.yokF; t.yokG; t.yokH; t.yokl; This work 
t.yokJ; t.yokK; t.yokL; t.yo/A; t.yo/B; t.yo/C; t.yo/D; t.uvr X; t.yo/F; t.sunA; 
t.sun T; t.bdbA; t.bdbA; t.yolj; t.bdbB; Km' 
trpC2; t.yo/C; t.yo/D; t.uvrX; t.yo/F; t.sunA; t.sun T; t.bdbA; t.yolj; t.bdbB; This work 
Km' 
trpC2; t.yo/F; t.sunA; t.sun T; t.bdbA; t.yolj; t.bdbB; Km' 
trpC2; t.yo/F; t.sunA; Km' 
trpC2; t.sunA; Km' 
trpC2; t.SP/3; contains pGDL-yo/F, which allows for constitutive 
expression and translation of yo/F;Tc' 
trpC2; t.SP/3; amyE::pXTC; contains pGDL-yo/F, which allows for 
constitutive expression and translation of yo/F; Km'; Tc' 
trpC2; t.SP/3; contains pGDL-yo/fC, which does not express yo/F; Km' 

Restriction-deficient derivative of NCTC 8325; cured of all known 
prophages 
RN4220 that contains pGDL-yo/F for constitutive expression of 
yo/F;Km' 
RN4220 that contains the pMAD vector for Em resistance 

This work 
This work 
This work 
This work 

This work 

This work 

J5 

This work 

This work 

_P_la_s_m_i_d_s ____ ... R;.;;e;.;.le;;.v;.;;a;.;.
n;.;;t;.,P;.;;r

..;oc.p;;..;e;.;.r..;t;.;;ie;.;;s'------------------ Reference 

pDG783 

pUC l 8  
pUC-ancJ-Km'-p YF 

pUC-pSU 

pCR-Bluntll TOPO 

pCR-yo/F 
pGDL48 

pGDL-yo/F 
pGDL-yo/fC 
pX 

pXTC 

pMAD 

pSB I 1 8  derivative; contains the Km resistance marker from 
Streptococcus faeco/is;Ap'Km' 
Ap'; ColE I ;cp80/acZ; lac promoter 
pUC 1 8  derivative; contains the fragment anc3-Km'-p YF in the 
multiple cloning site of the plasmid 

11 

This work 

pUC 1 8  derivative; contains the fragment pSU-Km'-p YF in the multiple This work 
cloning site of the plasmid 
Km';Zeocin';lac promoter; ccdB lethal gene for E col, is disrupted 
after blunt l igation of insert 
pCR-Bluntll TOPO derivative, contains the yo/F gene 
pSB I 18 derivative; contains the Km resistance marker from 
S. faeca/is;Ap';Km' 
pGDL 48 derivative; contains an expressed copy of the yo/F gene 

lnvitrogen Life 
Technologies 
This work 

This work 
pGDL48 derivative; contains a nonexpressed copy of the yo/F gene This work 
Vector for the integration of genes in the amyE locus of B. subtilis; 
integrated genes are transcribed from the xylose-inducible xy/A 
promoter; carries the xy/R gene;Ap'; Cm' 
pX derivative in which the Cm resistance marker has been replaced 
with a Tc resistance marker;Ap';Tc' 
Shuttle vector for E colt and S. aureus; contains the bgaB gene; Em';Ap' 1 



_,.. Table I .  Strains and plasmids used in this study. 

primers ASP I and CRP2b (see above), and the amplified kanamycin resistance cassette. The three 
fragments were merged in a single PCR and the resulting fragment (-3000 bp) was purified and 
used to transform 8. subtilis 1 68, resulting in the ANC2 mutant. 
To construct the ANC3 mutant, a 900-bp fragment upstream of the yo/F gene was amplified using 
the pYF I and pYF2 primers.The S' sequence of the pYF I primer was complementary to the Kana2 
primer sequence. The amplified fragment was purified and mixed with the fragment obtained by 
PCR with the ASP I and CRP2b primers, and the amplified kanamycin resistance cassette. The 
three fragments were merged by PCR and, after purification, ligated to plasmid pUC 1 8  cleaved 
with Hindi. The resulting plasmid, pUC-anc3-Km'-pYF, was used to transform competent 8. subtilis 
cells, resulting in 8. subtilis ANC3. The double cross-over integration of the kanamycin resistance 
cassette into the chromosome was verified by PCR using the Kana I and ASP6 primers. 
To construct 8. subtilis llsunA-llyo/F, an -900-bp fragment downstream of the sunA gene was ampli
fied using the pSU I and pSU2 primers.The S' sequence of the pSU2 primer was complementary to 
the Kana I primer.After purification, this PCR fragment was mixed with the PCR fragment obtained 
by PCR with the p YF I and p YF2 primers and the PCR-amplified kanamycin resistance cassette. 
The resulting fragment (-3000 bp) was then ligated to Hindi-cleaved pUC 1 8.The resulting plasmid, 
pUC-pSu-Km'-pYF, was used to transform competent 8. subtilis cells, resulting in the llsunA-llyo/F 
strain. Double cross-over chromosomal integration of the kanamycin cassette was verified by PCR 
using the Kana I and ASP6 primers. 
8. subtilis llsunA was constructed by transforming 8. subtilis 1 68 with genomic DNA of the 8. subtilis 
JH642 sunA::Km' strain (Laboratory strain: HB6 I 664;') and selection of kanamycin resistant trans
formants. 
The plasmids pGDL-yo/F and pGDL-yo/P: were constructed as follows. The yo/F gene, including its 
ribosomal binding site but lacking the promoter sequences, was amplified using the Re I fw and 
Re2rvb primers. Both primers contained EcoRI restriction sites.The amplified fragment was l igated 
into the pCR-Bluntll TOPO plasmid (lnvitrogen, Inc.), resulting in the pCR-yo/F plasmid.After EcoRI 
excision of yo/F from pCR-yo/F plasmid, the gene was ligated to the EcoRl-cleaved plasmid pGDL48. 
Thus, two plasmids were obtained, which contained yo/F in opposite orientations. In plasmid pDGL
yo/F, the yo/F gene is placed under the transcriptional control of the constitutive promoter of the 
truncated erythromycin resistance gene of pGDL48. Plasmid pGDL-yo/P: contains yo/F in the op
posite orientation; consequently, the promoterless yo/F gene of this plasmid will not be transcribed. 
The orientation and sequences of the inserts were checked by sequencing. 
The 8. subtilis 1 68 Cm' strain was constructed by transformation of 8. subtilis 1 68 with plasmid pX, 
and subsequent selection of transformants in which the chloramphenicol marker was integrated 
into the omyE gene via a double cross-over recombination event. The amylase-negative phenotype 
of chloramphenicol-resistant transformants was checked on starch-containing plates. The 8. subtilis 
llSP� Tc' and 8. subtilis llSP� Tc pGDL-yo/F strains were constructed by transformation of 8. subtilis 
llSP� or 8. subtilis tiSP� pGDL-yo/F with the plasmid pXTC. Subsequently, transformants were se
lected in which the tetracycline marker was integrated into the amyE gene via a double cross-over 
recombination event. The amylase negative phenotype of tetracycline resistant transformants was 
checked on starch-containing plates. 

Sublancin 1 68 activity assay 

A sublancin 1 68-induced 8. subtilis growth inhibition assay was performed on plates essentially 
as described by Dorenbos et al., 2002'". Briefly, indicator strains and strains to be tested for sub-
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_P_r_im_e_r ___ Sequence (5' -3' ) 

Kanai 
Kana2 
ASP I 
CRP2b 
CRP3 
ASP4 
CRPS 
ASP6 
pYF I 
pYF2 
pSU I 
pSU2 
Re l fw  
Re2rvb 

5 '-gtgaattggagttcgtcttg-3' 
5'-tatggacagttgcggatgta-3' 
5 '-gcttctccaactaaaccaac-3' 
5'-caagacgaactccaattcacataagaagtaacccgccttg-3' 
5'-tacatccgcaactgtccataaagcctgtctatccattagg-3' 
S' -tactgaaaaccctacgtacg-3' 
5' -tacatccgcaactgtccata gcccagctctttatttaagc-3' 
5'-acttgtaccaaggaggatttag-3' 
5'-tacatccgcaactgtccata gattatcataactacatattccat-3' 
5'-gctactcagtaagcttgcact-3' 
5'-atatataccatcattgaatcgaga -3' 
5'-caagacgaadccaattcac aaaactatcgtcaattctgcaga-3' 
S'-ggggggaattccataagaaagagtgattatatgg-3' 
5'-ggggggaattcaccttctattgtaagaaggtact-3' 

Table 2. Primers used in this study. The 5' sequences of primers CRP2b and pSU2 (italics) are 
complementary to the Kana i primer.The 5' sequences of primers CRP3, CRPS and pYF I (italics) 
are complementary to the Kana2 primer. Primers Re I fw and Re2rvb contain EcoRI restriction sites 
(underlined). 

lancin 1 68 production were grown overnight in LB broth containing the appropriate antibiotic(s). 
Overnight cultures of the indicator strains were then diluted I 00-fold in LB, and I 00 µI aliquots 
of the diluted cultures were plated on LB agar.After drying of the plates, 2 µI aliquots of undiluted 
overnight cultures of strains to be tested for sublancin 1 68 production were spotted on the plates. 
The plates were then incubated overnight at 37°C, and growth inhibition of the indicator strain 
was analyzed the next day. 

Spent medium growth experiments 
8. subtilis 1 68 was grown in LB medium overnight. Cells were removed by centrifugation (4000 g; 
I O  minutes) and the supernatant was filtered with a 0.45-µm pore-size filter. The obtained spent 
medium was supplemented with I Ox LB medium and sterile demineralized water to reach the 
desired spent medium percentage. Supplementation of the spent media with I Ox LB was necessary 
to achieve growth of 8. subtilis in the spent media. 

Coculturing of B. subtilis and S. aureus strains 
8. subtilis 1 68 Cm', 8. subtilis �SPP Tc' or 8. subtilis �SPP Tc' pGDL-yo/F were grown overnight as 
separate cultures in LB medium. In the morning, cultures were di luted to an OD600 of 0.05 in fresh 
LB medium and mixed in a I :  I ratio, resulting in co-cultures consisting of 50% 8. subtilis 1 68 Cm' 
and 50% of either 8. subtilis �SPP Tc' or 8. subtilis �SPP Tc' pGDL-yo/F. Upon mixing, growth was 
continued for 8 h. Samples for plating were taken at hourly intervals during growth. The samples 
thus obtained were diluted I 04- or I 06-fold, and plated on LB agar containing either chlorampheni
col or tetracycline.After overnight incubation at 37°C, chloramphenicol and tetracycline resistant 
colonies were counted, and numbers of colony forming units (CFU) per ml of culture of each strain 
at the time of sampling were calculated. 



The same procedure was applied for coculturing of 8. subtilis 1 68 Cm' with either S. aureus RN4220 
Em' or S. aureus RN4220 pGOL-yo/F. In this case, the coculture samples were plated on LB agar 
containing chloramphenicol, erythromycin or kanamycin. 

SOS-PAGE and Western blotting analyses 

The presence ofYolF, LipA,TrxA, SipS, and BdbO in cell lysates or subcellular fractions was assayed 
by Western blotting analysis using specific polyclonal antibodies. For this purpose, cellular proteins 
were separated by SOS-PAGE (using precast Nu PAGE gels from lnvitrogen), and then semidry blot
ted ( 1 .25 h at I 00 mA per gel) onto nitrocellulose membranes (Roche Molecular Biochemicals). 
Specific antibodies against YolF, BdbO or TrxA of 8. subtilis were raised by immunization of rabbits 
(Eurogentec, Belgium) with C-terminally His

6
-tagged variants of these proteins, overproduced in 

E. coli. The overproduction and metal-affinity purification of these proteins was done essentially 
as described previously1<. The detection of bound antibodies was performed with fluorescent lgG 
secondary antibodies (IROye 800 CW-conjugated goat anti-rabbit from LiCor Biosciences) in 
combination with the Odyssey Infrared Imaging system (LiCor biosciences). Fluorescence was 
recorded at 800 nm. 

Subcel/ular localization ofYolF 

Fractionation experiments were performed to localize the YolF protein and the control proteins 
LipA, TrxA, SipS and BdbO in 8. subtilis. Cells were grown overnight in LB medium, collected by 
centrifugation, and resuspended in protoplast buffer ( I 00 mM Tris-HCI, pH 8.2; 20 mM MgCl

2
; 20% 

sucrose; I mg/ml lysozyme; 0.0 I %  ONase; and Complete protease inhibitors TM). After 30 min 
incubation at 37°C, proteins released from the cel ls by protoplasting (i.e., the cel l wall fraction) 
were separated from the protoplasts by centrifugation ( I O  min, 4000 g, 4 °C). The protoplasts were 
resuspended in disruption buffer (SO mM Tris-HCI, pH 8.2; 2.5 mM EOTA) and disrupted with glass 
beads using a bead beater. Cellular debris and unbroken protoplasts were removed by centrifuga
tion ( I O  min, 4000 g, 4°C) and the supernatant was ultracentrifuged (30 min, 200 000 g, 4°C). Next, 
the supernatant fraction with the cytosolic proteins was collected. The pellet was resuspended in 
solubilization buffer (20 mM Tris; pH 8.0; I 0% glycerol; 50 mM NaCl; 0.03% OOM) and incubated 
overnight at 4°C. Nonsolubilized membranes and solubilized membrane proteins were subse
quently separated by centrifugation ( 1 5  min, I 00 000 g, 4 °C), and the supernatant fraction with 
the solubil ized membrane proteins was collected. The sub-cellular fractions thus obtained were 
analyzed by SOS-PAGE.Western blotting and immunodetection with specific antibodies. 

Membrane topology ofYolF 

To determine the subcel lular location of free thiols in the cysteine-containing proteins YolF, BdbO, 
and TrxA in 8. subtilis, the non-membrane-permeable thiol-specific cross-linking agent 4-acetami
do-4'-maleimidyl-stilbene-2,2'-disulfonate (AMS; Molecular Probes) was used. Cells were grown 
overnight in LB medium, collected by centrifugation, and resuspended in protoplast buffer (20 
mM NaPO 4, pH 7.5; 1 5  mM MgCl2; 20% sucrose, I mg/ml lysozyme) with or without 1 5  mM AMS. 
Protoplasting and AMS labeling were performed for 20 min at room temperature. Next, the pro
toplasts were washed twice in protoplast buffer to remove unbound AMS. In parallel, protoplasting 
was carried out in the presence of 1 5  mM AMS and I %  triton X I  00, resulting in protoplast lysis 
and labeling of all proteins containing reduced cysteine residues. To separate proteins with and 
without bound AMS, all samples were analyzed by nonreducing SOS-PAGE, Western blotting, and 
immunodetection with specific antibodies.AMS binding resulted in apparent mass increases of 0.5 
kOa per bound AMS molecule. 
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Summ ary and gener al discussion 

Gaining insights into the impact of membrane protein overproduction on 
the host cell 

Over the past decades many tools and techniques have been developed to characterize 
proteins. While much information has thereby been acquired concerning the function 
and the structure of cytoplasmic and secreted proteins, gaining such information for 
membrane proteins has always been lagging behind in this development. In recent years, 
however.more and more interest has shifted towards membrane proteins, because of their 
important roles within the cell. Accordingly, more and more efforts are being made to 
acquire large amounts of membrane proteins for structural analyses and functional assays 
(Chapter 2). Overproduction of membrane proteins however is still often problematic. 
Therefore, many studies have been performed to fully understand the biogenesis of 
membrane proteins and their insertion into the membrane under normal conditions, as 
has been discussed in Chapter 3. The results of these studies however cannot always 
be directly applied to the overproduction of membrane proteins. Many different efforts 
and approaches have been employed to overcome the problems in membrane protein 
overproduction, but so far these approaches were mostly based on trial-and-error; 
the mechanisms underlying and limiting membrane protein overproduction have until 
recently remained largely unexploredl.s,s.9. i i , i 3. i s. i s.2 1 • The reported successes of several 
approaches have provided important clues concerning the limiting factors in membrane 
protein overproduction. However, although many reviews sum up potential problems in 
membrane protein overproduction based on this knowledge, only few experimental data 
existed that pinpointed the actual bottlenecks in membrane protein overproduction. 
The initial approach to improve membrane protein overproduction yields in Bacillus 
subtilis is described in Chapter 4. Here the possible bottlenecks in membrane protein 
overproduction were explored.Through trial-and-error, two cell envelope stress systems 
(the CssRS two-component regulatory system and the ow regulon) were identified, 
which pose bottlenecks in membrane protein overproduction. Both of these systems 
were considered as potential bottlenecks based on their involvement in proteolysis at 
the membrane surface and within the membrane: both systems regulate the transcription 
of genes for membrane-bound (putative) proteases (htrA and htrB by CssRS, and sppA 
and yqeZ by the ow regulon).The aw regulon further regulates expression of the ATPase 
component of a putative cytoplasmic protease YjoB, and this regulon itself is activated 
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by two other membrane proteases, RasP and PrsW. which were also included in the 
analyses. 
Both RasP and PrsW are required for activation of the ow regulon. However, the deletion 
of rasP resulted in complete loss of all capacity of membrane protein overproduction, 
whereas deletion of prsW or sigWwas generally beneficial for membrane protein overpro
duction. Also, the deletion of eight extracellular proteases resulted in the complete 
loss of membrane protein overproduction, whereas the more mild approach of adding 
protease inhibitors to the cell culture at the moment of induction of overexpression was 
somewhat beneficial for membrane protein overproduction. This led to the hypothesis 
that the deletion of rasP or genes for the eight extracellular proteases activates alter
native stress responses that are strongly detrimental for membrane protein overpro
duction. This idea is further substantiated by the findings described in Chapter 8, where 
a wide array of stress responses were identified upon induction of membrane protein 
overproduction. Deletion of sigW or cssRS shifted the balance in activated stress systems, 
which for several membrane proteins enabled successful overproduction. Most likely, 
strong modifications in a particular stress responsive system that governs membrane 
protein production can shift the balance of the effects of other stress responses in an 
unfavorable manner, whereas milder modifications to the respective system can have 
beneficial effects on the membrane protein overproduction process. Despite these novel 
insights, the questions which dynamics are involved in these shifts in stress responses and 
through which mechanisms membrane protein overproduction is directly affected can 
presently not be answered.This will require further research. 
Although the studies in Chapter 4 show the activation of the ow regulon upon the 
induction of overproduction of specific membrane proteins, this activation does not 
always correlate with the yields of overproduction. It was so far not possible to detect 
activation of the CssRS two-component system through the up-regulation of genes for 
the membrane-bound proteases HtrA and HtrB. Interestingly, it was found that in some 
cases both of the cell envelope stress systems limit overproduction yields and deletion 
of either one is sufficient to enable membrane protein overproduction. 
Based on the findings described in Chapter 4, the stress responses that are elicited upon 
membrane protein overproduction were further investigated in the studies in Chapter 

. To gain good insights into the dynamics between the CssRS two-component system 
and the ow regulon, the focus was placed on a situation where both stress systems 
pose bottlenecks in membrane protein overproduction. The use of tiling arrays is more 
sensitive in the detection of activation of the CssRS two-component system and the 
ow regulon, as with the tiling arrays activation of the CssRS system and ow regulon 
was detected (Chapter 8). Another report also describes activation of the CssRS 



two-component system in response to membrane protein overproduction in B. subtilis10
, 

further indicating that the CssRS two-component system can indeed be activated 
through the overproduction of membrane proteins.These findings indicate that, although 
a clear correlation between activation of these stress responses and membrane protein 
overproduction could not be established in Chapter 4, there possibly still is a corre
lation with the activation of CssRS or the ow regulon. Thus, the activation of these 
systems may represent bottlenecks in membrane protein overproduction, albeit that this 
activation is not consistently detectable at the protein level. In the latter situation basal 
expression levels of the CssRS- or ow-regulated genes may already be detrimental for 
membrane protein overproduction and a slight induction may make the situation even 
worse. 
In addition to the activation of the CssRS two-component system and the ow regulon, a 
wide range of stress responses is elicited by membrane protein overproduction. In fact, 
many of these are much stronger responses than those of the CssRS two-component 
system and the ow regulon. Generally, the array of stress responses documented in 
Chapter 8 can be divided into responses that relate to transcription and translation 
(e.g. stringent response,T-box, S-box, PyrR and PurR regulons), and responses that relate 
to cell envelope stress (e.g. WalRK, LiaRS, 08 regulon). However, also other responses 
relating to diverse cellular functions, biofilm formation, motility and chemotaxis and metal 
ion transport/detoxification are observed. Many of these stress responses were also 
described by Marreddy et al. upon induction of overproduction of membrane proteins in 
Lactococcus lactis, indicating that these responses are conserved among bacteria'". 

The bottlenecks in membrane protein overproduction 

Surprisingly, the results described in Chapter 8 indicate that a major bottleneck in 
membrane protein overproduction for at least one protein, PlsY-strepll, lies at the 
transcriptional level, while simultaneously cell envelope stress systems are activated.This 
poses the questions how and why cell envelope stress systems and other responses are 
activated when no membrane protein is actually being produced. The answer to these 
questions will require further determination of the mechanism by which the overpro
duction is blocked, and whether there is production of the membrane protein at earlier 
steps. It is important to note that no production of the PlsY-strepll protein has been 
detected in the investigated strain that was incapable of overproducing this protein. 
This follow-up research might not only provide answers to the mechanism by which 
membrane protein overproduction is blocked, but can also provide novel clues to the 
stimuli that activate cell envelope stress systems. 
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As pointed out above, strong modifications to a stress system can block membrane 
protein overproduction, whereas milder modifications to the same stress system can 
improve membrane protein overproduction. This phenomenon also seems to apply to 
the finding that deletion of hrcA (a repressor of molecular chaperones) resulted in total 
loss of membrane protein overproduction (reported in Chapter 4). Nevertheless, the 
results described in Chapter 8 show that in the cssRS and sigW mutant strains hrcA is 
downregulated (and correspondingly the HrcA-regulated genes are upregulated), while 
the overproduction of the protein is successful. It thus seems that in the follow-up inves
tigations on possible bottlenecks one should take into account that when strong modifi
cations to a stress system do not improve the membrane protein overproduction yield, 
this does not mean that other more moderate approaches to modify the same stress 
system might not be successful. For example, it will by highly valuable to create a condi
tional mutant where HrcA-levels can be reduced and increased to test whether subtle 
changes in the HrcA levels do have beneficial effects on membrane protein overpro
duction. However, also fine-tuning of the other observed stress responses might be 
highly beneficial for further improvement of membrane protein overproduction. 

Interactions between the ow regulon and the CssRS two-component system 

In Chapter 4 it was reported that the deletion of sigW or the deletion of cssRS enables 
the overproduction of specific membrane proteins with high yields. Also, for some 
membrane proteins deletion of either of these two systems seems beneficial, which 
suggests that both systems possibly interact at some level with each other.This however 
was thus far never reported; both systems were reported to function independently.As 
described by Westers et al., the CssRS two-component system is activated by 'secretion 
stress', i.e. the accumulation of misfolded proteins at the membrane interface . Two 
membrane bound proteases (HtrA and HtrB) are regulated by CssRS and are upregu
lated upon induction of membrane protein overproduction (Arrows I and 2 in Figure 

). In Chapter 8, a small induction of cssRS was observed upon overexpression of a 
membrane protein (PlsY-Strepll), but no significant induction of htrA and htrB.Therefore, 
what the impact of HtrA and HtrB induction on membrane protein overproduction 
really is, remains unclear. In Chapter 4 it was anticipated that there could be a direct 
role for HtrA and HtrB in the degradation of certain overproduced membrane proteins, 
but as in Chapter 8 it was found that the bottleneck - at least for PlsY overproduction 
- probably lies at transcriptional level, such a direct role may have to be reconsidered. 
Experimental data on this subject are however lacking, as it was not possible to create 
a double mutant strain lacking both htrA and htrB. The single mutant strains for these 
genes were already somewhat impaired in growth, and probably the deletion of these 
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Figure I. Overview of established and novel interactions between the CssRS 
two-component system and the ow regulon upon membrane protein overproduction. 
Solid lines indicate previously established interactions, whereas the dashed arrows 
indicate interactions identified in this thesis. 

proteases again elicits different stress-responsive systems within the cell that can hamper 
membrane protein overproduction. 
The other investigated cell envelope stress system, the ow regulon, is activated through 
the actions of the membrane proteases RasP and PrsW in response to cell envelope 
stress (Arrow 3 in Figure I }7- 1 7• In Chapter 4 it is reported that protein levels of 
HtrA and HtrB are increased in a rasP mutant strain. RasP is one of the two proteases 
required for the activation of ow, but is - in contrast with a strain lacking prsW (the 
other protease) - completely incapable of overproducing any membrane protein. In the 
rasP mutant strain no significant induction of htrA and htrB was observed (Chapter 7). 

The possibility that the impact of a rasP deletion is mediated through transcriptional 
regulation of htrA and htrB is very unlikely. On the other hand, HtrA and HtrB both 
contain a sequence that is reported to enable RasP-mediated proteolysis, and therefore, 
it is also very well possible that HtrA and HtrB are directly degraded by RasP (Arrow 

4 in Figure I). 
In Chapter 7 the ow regulon is redefined through tiling array studies on the transcriptome 
of a sigW mutant strain in combination with profiles of the B. subtilis transcriptome 
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across I 04 conditions that have recently become available (Arrow S in Figure I). The 
combined results revealed that several of the previously reported ow-regulated proteins 
are actually differentially regulated, but also led to the discovery of novel members of 
the ow regulon. Notably, it was observed that the cssRS and htrA genes are not signifi
cantly affected in a sigW mutant strain that does not overproduce membrane proteins. 
A reduced expression of cssRS and htrA was however very clearly observed in the sigW 
mutant strain during PlsY-strepll overproduction (Chapter 8) (Arrow 6 in Figure 

). This indicates a novel link between the ow regulon and the CssRS regulon, which 
would explain why these two systems can simultaneously function as bottlenecks in 
the overproduction of the same membrane proteins. Which mechanism lies behind the 
repression of cssRS and htrA upon membrane protein production is currently unclear. 
A very interesting finding however is that immediately downstream of htrA, a novel 
ow-regulated gene (S462) was identified through our redefinition of the ow regulon. 
This gene seems to encode a ncRNA, which is very strongly ow-regulated. This gene 
therefore represents a very interesting potential link between the ow regulon and the 
CssRS two-component system. 

The functions of PrsW and RasP and their impact on the membrane pro
teome 

Chapters 6 and 7 describe the impact of deletions of rasP or prsW on the membrane 
proteome and transcriptome. The rasP mutant strain has a pleiotropic phenotype 1 

• 

that is not observed for the prsW and sigW mutant strains. In Chapter 6 it is demon
strated that in the rasP mutant strain large clusters of proteins relating to motility and 
chemotaxis are strongly upregulated. Accordingly, it was shown that the rasP mutant is 
hampered in motility and chemotaxis.The rasP mutant is also impaired in competence' , 
a-amylase processing and secretion and biofilm formation. Within two different experi
mental setups, the transcriptome of the rasP mutant was analyzed (Chapter 6 and 
- . However none of the phenotypes of the rasP mutant in competence development, 
motility and chemotaxis, or secretion defects seem to be related to regulatory effects at 
the transcriptional level. Unfortunately, the transcriptomics and membrane proteomics 
data cannot be directly compared as they were acquired using cells cultured in different 
growth media. However; additional experiments with transcriptional and translational 
reporter gene fusions do confirm that the large majority of observed defects of the 
rasP mutant relate solely to post-transcriptional regulatory events (Chapter 6). Some 
changes however - mainly relating to osmoregulation - were detected both in the 
proteomics and the transcriptomics studies suggesting that they relate to transcriptional 
regulation. 



The mechanism through which RasP brings about these large changes in the membrane 
proteome needs to be further established. One possibility is that the proteins are all 
direct substrates for RasP-mediated proteolysis, but it is also possible that RasP impacts 
on the activity of another protease (or multiple proteases) and thereby indirectly impacts 
on the proteolysis of these proteins.Also, changes in the composition of the membrane 
may have effects on membrane protein stability and turnover. Irrespective of the precise 
mechanism, the results described in this thesis suggest a broad regulation of clusters 
of membrane proteins at the protein level that has not been described before. Further 
research into this phenomenon is required to completely unravel this novel regulatory 
mechanism. 
In agreement with the lack of strong phenotypes of the prsW mutant, no clear changes in 
the membrane proteome or transcriptome were discovered. Nevertheless, some minor 
differences in the transcriptome of the prsW mutant and the sigW mutant were observed, 
the ow-dependent genes being less strongly down-regulated in the prsW mutant. This 
suggests that the role of PrsW in activation of the ow regulon in non-stressed cells 
is at least partially bypassed, either through spontaneous release of ow from RsiW or 
through alternative cleavage of RsiW by other proteases. Similarly, in the rasP mutant, 
the down-regulation of the ow-dependent genes is less severe than in the sigW mutant, 
which confirms the view that RasP can be at least partially bypassed in non-stressed cells. 
However, this bypass is less prominent in the rasP mutant than in the prsW mutant. 

The importance of membrane proteomics for the study of membrane 
bound proteases 

The studies on the membrane-bound protease RasP (Chapters 4, 6 and 7) not only 
provide very interesting novel insights into the function of RasP and its impact on the 
cell, but also very clearly underscore the high importance of further development of 
membrane proteomics analyses.Whereas major improvements to membrane proteomics 
analysis have been accomplished over the past years (for example through the devel
opment of gel-free approaches) 4 ll74, the detection and quantification of membrane 
proteins still lacks high resolution. Further development of membrane proteomics will 
be required for the further characterization of the rasP mutant strain - and the precise 
role of RasP in regulation of large clusters of membrane proteins. Similarly, the analysis of 
other membrane-bound proteases will be needed, as many of which remain unexplored. 
Until this has been achieved further studies in this area will mainly rely on the more 
classical biochemical approaches for assaying protease activity. 
The need for further research on membrane-bound proteases is also illustrated by the 
membrane-bound protease YqeZ.As reported earlier1 and confirmed through the results 
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described in Chapter 7, yqeZ and the downstream genes yq(ABCD are ow-regulated. 
This operon is reported to be involved in the protection of B. subtilis against the !anti
biotic sublancin 168 1 • Sublancin 168 is produced by 8. subtilis 1 68 from the prophage 
SP(3' ' .As described in Chapter 9, another gene on the SP� prophage - Sunl - confers 
immunity against sublancin 168, but also the operon yqeZ-yq(AB has a protective action 
against sublancin 1 68. The target of sublancin 168 was shown to be a mechanosensitive 
channel Mscl, which mediates the release of osmolytes during hypo-osmolaric shock 11'. 

The mechanism by which Sunl and YqeZ/Y qfAB protect the cell against sublancin 168 
however is still unclear.As Y qeZ is a putative protease, proteomics analysis of a mutant 
strain lacking this protease will be very valuable to gain more insights into possible 
substrates for Y qeZ-mediated proteolysis as well as the mechanism through which it 
protects the cell against sublancin I 68. Such research will be very useful for the devel
opment and understanding of novel antimicrobial strategies. However, this will require 
the development of membrane proteomics approaches with higher resolution to ensure 
that the relevant substrate proteins are indeed detected. This is especially relevant for 
the membrane protease Y qeZ, which probably degrades only a few substrates since there 
are no clear phenotypes described for yqeZ mutant cells. 

Membrane protein purification 

Whereas most studies described in this thesis focus on the optimization of membrane 
protein overproduction, this is clearly not the only bottleneck in the study of membrane 
proteins.Besides successful overproduction also successful purification of these membrane 
proteins is required to enable their functional and structural analysis. In Chapter 5 the 
application potential of novel magnetic beads to isolate his-tagged membrane proteins 
was explored. Conventional purification methods usually involve extraction and precipi
tation of membrane proteins, followed by solubilization of these membrane proteins and 
chromatography. Potential problems with these techniques are the loss of membrane 
proteins and their unfolding during these steps. Therefore, the application of magnetic 
beads is very promising. In Chapter 5 it is reported that with the magnetic beads one 
can purify membrane proteins directly from cell lysates, thereby avoiding several purifi
cation steps that can be detrimental for the structure and function of the membrane 
protein. The direct extraction procedures are however also accompanied by disadvan
tages, such as strongly reduced yields due to the loss of membrane proteins that remain 
attached to the cell wall. It was also observed that the direct approaches led to less 
purity of the end product. Clearly, more elaborate protocols, including precipitation and 
resolubilization of the membrane proteins increases the yields and purity, but can cause 
proteolytic degradation of the membrane protein. Therefore, it can be concluded that 



the selection of the optimal purification procedure depends on the requirements with 
regards to purity, yield and structural integrity that are set by the procedures for which 
purpose the membrane protein is purified. Interestingly, the type of detergent that is 
chosen impacts on the yield of the end product, as well as on the stability and purity of 
the end product. Also the concentration in which this detergent is applied affects the 
quality of the end product. For the different proteins tested in this procedure the impact 
of the detergent type and concentration was slightly different.Therefore it is very useful 
to test multiple detergents and multiple concentrations for each membrane protein to 
establish the optimal procedure. 
Importantly, it was observed that modification of the imidazole concentration very 
strongly impacts on the ability to purify membrane protein complexes of which one 
subunit has been his-tagged. While high concentrations of imidazole lead to high purity 
of the his-tagged membrane protein, reducing the imidazole concentration allows the 
copurification of other associated membrane proteins that reside within complexes in 
which the tagged protein is also present. This is of high value for the functional and 
structural analysis of membrane proteins in complexes, especially since many membrane 
proteins are part of larger complexes. 

Future perspective 

In recent years, major advances have been made in the overproduction of membrane 
proteins and the area of research on membrane proteins is rapidly developing. Through 
the work presented in this thesis, and in publications from other research groups in the 
past few years, new insights into the respective bottlenecks and stress responses have 
been obtained, and new methods for the overproduction and purification of membrane 
proteins have been developed and optimized. Now that more and more knowledge is 
available on the dynamics of membrane protein overproduction, it is to be expected that 
industry will develop novel products and tools that will enable good overproduction 
yields and high quality purification of membrane proteins in the near future, as already 
has happened for cytoplasmic and secreted proteins during the past decades. This will 
most likely open the door to a better understanding of the function and structure of 
membrane proteins from many different organisms. This process has already started, 
as is nicely illustrated by the fact that for two of the model proteins used in this thesis, 
Rny and PlsY, formerly known as YmdA and Y neS respectively, the function has been 
discovered in recent years and more and more knowledge on their interactions with 
other proteins, and the dynamics of their activity has been obtained.Although this seems 
highly feasible now, only time will tell whether these advances will translate into relevant 
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clinical applications such as new antimicrobials and pharmaceuticals to win the battle 

against the rapidly spreading resistance against currently available antibiotics. 
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De baeteriele eel 

Bacterien zijn eencellige organismen die, in vergelijking met andere organismen, erg 
simpel in elkaar lijken te zitten. Ze bestaan uit een 'binnenkant' - het cytoplasma -
waarin veel chemische processen plaatsvinden. In het cytoplasma vinden allerlei belan
grijke processen voor de eel plaats, zoals DNA-replicatie (het kopieren van het DNA), 

transcriptie (het aflezen van DNA en omzetten in RNA), translatie (het omzetten 
van RNA in eiwitten) en de omzetting van voedingsstoffen in energie en bouwstoffen 
voor de eel. Deze processen zijn nodig om de eel in !even te houden, te laten functio
neren, groeien en delen. Het cytoplasma wordt omsloten door het membraan, dat het 
cytoplasma afschermt van de buitenwereld. Het membraan bestaat uit een dubbele laag 
lipiden, die erg vettig is (Figuur 1 ). Bij de meeste bacterien zit er om het membraan een 
celwand, die de eel zijn vorm en stevigheid geeft en bescherming biedt. De structuur van 
het membraan en de celwand verschilt bij Gram-positieve en Gram-negatieve bacterien. 
Gram-positieve bacterien hebben een membraan met daaromheen een dikke celwand, 
die bestaat uit peptidoglycaan. Gram-negatieve bacterien hebben buiten het cytoplasma
tische membraan nog een tweede membraan (het buitenmembraan). De ruimte tussen 
deze membranen heet de periplasmatische ruimte; daarin bevindt zich een dunne laag 
peptidoglycaan (Figuur 1 ). 

Het eelmembraan is een belangrijk onderdeel van de eel 

Het celmembraan van Gram-positieve bacterien vormt de scheiding tussen het 
cytoplasma en de buitenwereld. Het celmembraan bestaat voornamelijk uit fosfolipiden 
(Figuren I en 2). Dit zijn moleculen met een hydrofiele ('waterlievende') kop en 
hydrofobe ('watervrezende', vettige) ketens. In het membraan vormen deze moleculen 
een dubbele laag (de fosfolipide bilaag), waarbij de hydrofiele koppen in contact staan met 
de waterige omgeving aan de binnen- en buitenkant van de eel en de vettige staarten naar 
de binnenkant van het membraan gericht zijn (Figuur 2). 

Het vettige karakter van het membraan voorkomt dat stoffen die in het water opgelost 
zijn spontaan de eel in of uit kunnen gaan. Hierdoor zorgt het membraan ervoor dat 
belangrijke moleculen voor de eel, zoals DNA, eiwitten en voedingsstoffen, in de eel 
blijven. Tegelijkertijd voorkomt het membraan dat schadelijke stoffen de eel kunnen 
binnendringen en de onderdelen van het cytoplasma naar buiten lekken. 

(I) a.. 
(I) ..... 
� 
:::, a.. 
Vl 
(I) 
Vl 
pJ 

(I) 
:::, < 
8. 
:::, 

()'Q 

255 



256 

A 

celwand 

cytoplasmatisch membraan 

DNA 

� J  
� J 

buitenste celwand zone 
binnenste celwand zone 

B cytoplasmatisch membraan 

pept1doglycaan DNA 

rr��:��111 
.J • Jj) 

periplasmatische ruimte 
buitenste membraan 

cytoplasma 

cytoplasma 

Figuur I .  Opbouw van een Gram-positieve (A) en een Gram-negatieve (B) bacterie. 

Het membraan is echter niet alleen een inerte barriere tussen binnen- en buitenkant. 
In het membraan bevinden zich oak veel eiwitten, die betrokken zijn bij belangrijke 
processen in de eel. Zij zijn onder andere betrokken bij het importeren van voedings
stoffen en het exporteren van afvalstoffen. Verder is het membraan belangrijk voor de 
groei en deling van de eel, het vormen van sporen, de energievoorziening van de eel en 
vele andere processen.Voor al deze processen bevinden zich eiwitten in het membraan, 
die allerlei functies met betrekking tot deze processen vervullen. 

Signaaltransductie 

Bacterien moeten zich kunnen aanpassen aan veranderingen in hun omgeving. Daarvoor 
is het belangrijk dat ze signalen vanuit de omgeving binnenkrijgen om daarop te kunnen 
reageren. Voorbeelden van dit soort signalen zijn voedseltekort, verandering van de 
osmotische druk (waardoor cellen plotseling kunnen zwellen of krimpen), verandering 



/ hydrofiele kop 

i- hydrofobe staart 

fosfolipide 

a-helix 
membraaneiwit 

�-barrel 
membraaneiwit 

Figuur 2. Opbouw van het membraan. Boven: de structuur van een fosfolipide en de dub
bele laag fosfolipiden die het membraan vormt. Onder: de structuur van de verschillende soorten 
membraaneiwitten in het membraan. 

van de temperatuur of de aanwezigheid van schadelijke stoffen. Over het algemeen zijn er 
twee verschillende mechanismen waarmee dit soort signalen door het membraan heen de 
eel binnen kunnen komen: via een twee-componentensysteem of via een extracytoplas
matische functie (ECF) sigmafactor (Figuur 3). ECF-sigmafactoren reguleren over het 
algemeen grate groepen genen, waardoor de eel grate veranderingen ondergaat, terwijl 
twee-componentensystemen over het algemeen kleinere groepen genen aansturen en 
dus meer subtiele effecten hebben op de eel. Er zijn echter oak vele uitzonderingen op 
deze regel, zeals bacterien die geen enkele ECF-sigmafactor hebben. 
Sigmafactoren zijn eiwitten die een onderdeel kunnen vormen van het RNA-polymerase 
holo-enzym -een complex van eiwitten dat samen het DNA afleest en vertaalt in RNA De 
meeste organismen hebben meerdere sigmafactoren, die elk het RNA-polymerase naar 
andere genen sturen. Welke sigmafactor in het RNA-polymerasecomplex is ingebouwd, 
bepaalt dus welke genen warden afgelezen. De ECF-sigmafactoren zijn ender normale 
'stille' omstandigheden gebonden aan anti-sigmafactoren. Deze anti-sigmafactoren zijn 
vaak membraaneiwitten, die, door te binden aan de sigmafactor, voorkomen dat de sigma
factor in het RNA-polymerase wordt ingebouwd. Wanneer er van buiten de eel een 
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Figuur 3. Schematische weergave van de signaaltransductie via ECF o-factoren (A) en 
twee componentensystemen (B). 

signaal komt, zorgt dit signaal ervoor dat proteases die zich in het membraan bevinden, 

de anti-sigmafactor losknippen uit het membraan. De anti-sigmafactor komt vervolgens 

in het cytoplasma terecht, waar hij wordt afgebroken door andere proteases. Door de 

afbraak van de anti-sigmafactor komt de sigmafactor vrij en kan deze ingebouwd worden 

in het RNA-polymerase. De nieuwe sigmafactor stuurt het RNA-polymerase vervolgens 

naar bepaalde genen, waardoor die meer worden afgelezen en er meer eiwitten worden 

geproduceerd van deze genen. 

Twee-componentensystemen bestaan uit een sensor en een regulator. Wanneer een 

signaal de sensor, die zich in het membraan bevindt, activeert dan fosforyleert de sensor 

daarop de regulator. Deze fosforylering van de regulator zorgt ervoor dat de regulator 

kan binden aan de promoters van bepaalde genen, die daardoor meer of minder worden 

afgelezen. De groep genen die door een bepaalde sigmafactor wordt afgelezen, wordt het 

regulon van die sigmafactor genoemd. 

Voor beide signaleringssystemen geldt dat er ook complexere situaties bekend zijn, 

waarbij meerdere signalen en factoren worden meegenomen en meer eiwitten betrokken 

kunnen worden bij de activering van deze systemen. 



Membraaneiwitten 

Omdat het membraan een plaats is waar zoveel verschi l lende processen plaatsvinden, is 

het niet verrassend dat ongeveer 30% van alle genen van een organisme waarschijn l ijk 

voor membraaneiwitten codeert. De grate meerderheid van membraaneiwitten bevat 

a-helices, die hydrofoob zijn en het membraan overspannen (Figuur I ). Een kleine 

minderheid van de membraaneiwitten heeft geen a-helices, maar vormt 13-barrels 

(tonnetjes) die het membraan overspannen. In die proefschrift nemen we deze laatste 

categorie membraaneiwitten niet in beschouwing, omdat zij slechts een kleine subgroep 

vormt, die voornamelijk wordt gebruikt als transportkanaal in het buitenmernbraan van 

Gram-negatieve bacterien. 

Hee feit dat mernbraaneiwitten zich in het (vettige) membraan bevinden, heeft bepaalde 

belangrijke impl icaties voor de eel. Ten eerste moeten de membraaneiwitten aangepast 

zijn aan de vettige omgeving. Daarvoor bevatten membraaneiwitten doorgaans lange 

ketens vettige aminozuren, die de a-hel ices vormen die door het membraan steken. Ten 

tweede is de vouwing van alle eiwitten, inclusief membraaneiwitten, van groat belang 

voor de functionaliteit en scabil iteit van het eiwit. De vouwing van membraaneiwitten 

wordt - in tegenstel ling tot bijvoorbeeld cytoplasmatische eiwitten - niet alleen bepaald 

door de aminozuurvolgorde in het eiwit, maar ook door de interacties Cussen het eiwit 

en het membraan, die ervoor zorgt dat het eiwit tot een bepaalde vorm gevouwen 

wordt, die het in een waterige omgeving niet zou hebben. 

Hee produceren van grate hoeveelheden mernbraaneiwitten is, door de rol van het 

membraan in de vouwing en structuur  van het membraaneiwit, meer gecompliceerd dan 

het produceren van grate hoeveelheden eiwitten die in het cytoplasma bl ijven of die 

door de eel uitgescheiden warden. Door de vettigheid van de rnembraaneiwitten kunnen 

zij gemakkelijk samenklonteren (aggregeren) in het cytoplasma, in plaats van keurig 

gevouwen te warden in het membraan. Deze aggregatie is vaak schadelijk voor de eel. 

Ook bij biochemische experimenten met membraaneiwitten warden problemen onder

vonden, omdat de eiwitten de aanwezigheid van een membraan nodig hebben om zich 

goed te kunnen vouwen en om goed te kunnen functioneren, terwijl de meeste experi

menten gedaan warden in een waterige omgeving, waar zo'n membraan niet aanwezig is. 

Bacillus subtilis als model voor membraaneiwit overproductie 

Bacillus subtilis is een staafvormige Gram-positieve bacterie, die voorkomt in de grand 

en random de wortels van planten. Het is een niet-pathogene bacterie, die zelfs wordt 

gebruikt voor de vergisting van sojabonen om natto, een Japans voedselproduct, te 

maken.Vanwege een aancal eigenschappen wordt B. subtilis de laatste tiencallen jaren vaak 
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gebruikt als modelorganisme voor onderzoek en industriele doeleinden. 8. subti/is is met 

name goed in het produceren en uitscheiden van grote hoeveelheden eiwitten in het 

groeimedium, waardoor dit organisme wel wordt beschouwd als een 'celfabriek' voor 

de productie van industriele enzymen en - in mindere mate - voor geneesmiddelen. 

Bovendien kan 8. subti/is gemakkelijk genetisch gemodificeerd worden. Het complete 

genoom van 8. subtilis is gepubliceerd in 1 997 en van alle genen is bekend of ze essentieel 

zijn voor 8. subti/is om te overleven. Door de beschikbaarheid van deze kennis, is 8. subtilis 
een belangrijk model geworden voor onderzoek naar Gram-positieve bacterien en is 

er veel zeer gedetail leerde kennis over veel verschillende aspecten van deze bacterie 

beschikbaar. 

Vanwege deze nuttige eigenschappen is de doelstelling van dit proefschrift om 8. subtilis te 

gebruiken en te optimaliseren om grote hoeveelheden membraaneiwitten te produceren. 

Hierbij is het doe( niet alleen om membraaneiwitten van 8. subti/is zelf te produceren, maar 

ook membraaneiwitten van de nauw verwante bacterie Staphylococcus aureus. S. aureus is 

een Gram-positieve, opportunistisch pathogene bacterie, die resistentie heeft ontwikkeld 

tegen nagenoeg alle beschikbare antibiotica. Daarom wordt het steeds moelijker om 

infecties met S. aureus te bestrijden en is er een dringende behoefte aan nieuwe anti

biotica. Essentiele membraaneiwitten zijn zeer interessante nieuwe aanknopingspunten in 

de ontwikkeling van nieuwe antibiotica, omdat deze eiwitten belangrijke functies hebben 

binnen de eel, maar ook gemakkelijk van buiten de eel te bereiken zijn met chemicalien. 

In dit proefschrift worden daarom behalve essentiele membraaneiwitten uit 8. subti/is ook 
hun homologen uit S. aureus gebruikt voor overproductie, zodat na succesvolle overpro

ductie de structuur en functie van deze eiwitten bepaald kan worden. Deze informatie 

kan dan vervolgens gebruikt worden om grote verzamelingen van allerlei chemicalien te 

screenen voor de identificatie van chemicalien die de functie van deze eiwitten kunnen 

blokkeren. Dit zou uiteindelijk kunnen leiden tot de ontdekking en ontwikkeling van 

nieuwe antibiotica. 

Het verbeteren van de overproductie van membraaneiwitten 

In Hoofdstuk 2 van dit proefschrift staat beschreven wat de huidige kennis is over 

het produceren van membraaneiwitten en waar zich mogelijke problemen voor zouden 

kunnen doen bij de overproductie van membraaneiwitten in 8. subtilis. In Hoofdstuk 

wordt dieper ingegaan op de verschillende transportsystemen die bacterien en 

archaea hebben om eiwitten door het membraan te transporteren en om eiwitten 

in het membraan te steken. Deze transportsystemen zijn bij het overproduceren van 

membraaneiwitten erg belangrijk, omdat ze nodig zijn voor een goede integratie en 

vouwing van de membraaneiwitten in het membraan. 



In Hoofdstuk 4 testen we een aantal mutanten waarvan wij - op basis van de kennis 
beschreven in de Hoofdstukken 2 en 3 - denken dat ze mogelijk een verbetering op 
kunnen leveren bij de overproductie van membraaneiwitten. Om het succes van overpro
ductie te bepalen, zijn vier verschillende membraaneiwitten uit B. subtilis gebruikt, evenals 
hun homologen uit S. oureus. In de gewone B. subtilis 168-stam ( een veel gebruikte labora
toriumstam) kunnen maar enkele van deze eiwitten geproduceerd worden, terwijl in een 
andere laboratoriumstam, B. subtilis I O  1 2  ( die heel erg op de 168-stam lijkt), niet al deze 
eiwitten in gelijke hoeveelheden geproduceerd kunnen worden. De onderliggende reden 
van de verschillen tussen deze stammen is tot op heden niet bekend. Verder blijkt dat 
twee mutanten een aantal membraaneiwitten veel beter kunnen overproduceren. In de 
ene mutant zijn de genen voor het stress-reactieve twee-componenten systeem CssRS 
verwijderd. Dit systeem was al bekend om zijn rol bij het reageren op stress, die veroor
zaakt wordt door overproductie van eiwitten die uitgescheiden warden. In de andere 
mutant is het gen voor de ECF-sigmafactor SigW verwijderd. Deze sigmafactor reageert 
op stress in celwand en membraan, bijvoorbeeld door de blootstelling aan het anti
bioticum penicilline of aan grote hoeveelheden zout. Voor sommige van de membraan
eiwitten die getest zijn voor overproductie, blijkt dat het uitschakelen van een van beide 
stress-reactieve systemen leidt tot een enorme verbetering, maar in sommige gevallen 
maakt het niet uit welk stresssysteem uitgeschakeld wordt. Dit betekent dat er ergens 
een interactie meet zijn tussen beide stress-reactieve systemen, terwijl voorheen altijd 
werd gedacht dat deze systemen niets met elkaar te maken zouden hebben. 

De stress die veroorzaakt wordt door membraaneiwitoverproductie 

In Hoofdstuk 8 bepalen we met behulp van transcriptomics (een methode waarbij wordt 
gekeken hoe vaak elk gen afgelezen wordt) welke stress-reactieve systemen geactiveerd 
worden wanneer het signaal wordt gegeven om een membraaneiwit te produceren, maar 
deze productie door de eel wordt geblokkeerd. Uit de resultaten blijkt dat er, hoewel er 
geen membraaneiwit wordt geproduceerd, toch erg veel stressreacties optreden.Van een 
aantal van die stressreacties is bekend dat ze geactiveerd worden door omstandigheden 
die slecht zijn voor het membraan of de celwand. Dit is verrassend, omdat er, voor zover 
bekend, in onze testsituatie niets verandert aan het membraan of de celwand. 
Verder wordt in Hoofdstuk 8 gekeken naar het effect van de verwijdering van cssRS- of 
sigW-genen op dit proces. Het verwijderen van een van beide stress-reactieve systemen 
zorgt ervoor dat er wel grote hoeveelheden van het membraaneiwit worden gepro
duceerd. Voor beide mutanten zien we dat er door het verwijderen van een van deze 
systemen veel veranderingen plaatsvinden in andere stress-reactieve systemen. Een aantal 
van deze andere stress-reactieve systemen wordt niet meer geactiveerd, terwijl andere 
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systemen juist extra geactiveerd warden. Een belangrijke vinding is dat in de cssRS-mutant 

ook het ow-regulon (aangestuurd door SigW) geremd wordt. Dit toont aan dat beide 

stress-reactieve systemen een interactie met elkaar hebben.Verder onderzoek zal nodig 

zijn om uit te zoeken hoe al deze verschil lende stress-reactieve systemen geactiveerd 

warden en welke invloed dat heeft op de overproductie van het membraaneiwit. 

lnteressant genoeg blijkt dat de stressreacties die in Hoofdstuk 8 warden beschreven 

voor 8. subtilis op veel punten overeenkomen met de stressreacties die in Lactococcus 

/actis (een andere Gram-positieve bacterie) recentelijk zijn beschreven tijdens membraan

eiwitoverproductie. Dit wijst erop dat de grote varieteit aan stressreacties mogelijk 

een algemeen principe is binnen de Gram-positieve bacterien. In een andere publicatie 

over stressreacties van Escherichia coli (een Gram-negative bacterie) zijn ook een aantal 

stressreacties gevonden, die overeenkomen met de stressreacties van 8. subtilis en L 

lactis, maar er bestaan ook zeer grate verschillen. Deze verschil len duiden erop dat 

er een groot verschil bestaat in de stressreactie in Gram-positieve en Gram-negatieve 

bacterien wanneer membraaneiwitten worden geproduceerd. 

De rol van RasP in eiwitregulatie 

In Hoofdstuk 6 wordt gekeken naar de invloed van twee membraangebonden 

proteases (RasP en PrsW) op alle eiwitten die zich in het membraan bevinden (het 

membraan-proteoom). Deze beide proteases zijn nodig om de anti-sigmafactor van SigW 

uit het membraan te knippen, waardoor het ow-regulon geactiveerd wordt. Yan RasP 

is bekend dat dit enzym naast RsiW (de anti-ow-factor) ook andere eiwitten af kan 

breken, zeals het celdel ingseiwit Ftsl. In Hoofdstuk 4 tonen wij aan dat RasP mogelijk 

ook de membraangebonden proteases HtrA en HtrB afbreekt (deze beide proteases 

warden geactiveerd door CssRS). De resultaten in Hoofdstuk 6 laten zien dat ook de 

membraaneiwitten die betrokken zijn bij motilitelt en chemotaxis (het bewegen richting 

bepaalde voedingsstoffen) in de rasP-mutant in veel grotere hoeveelheden aanwezig zijn. 

Tegelijkertijd blijkt de motiliteit (en mogelijk ook de capaciteit tot chemotaxis) van de 

rasP-mutant verminderd te zijn. 

Het is ook bekend dat de rasP-mutant verminderd competent is (minder goed DNA 

kan opnemen uit zijn omgeving). Een aantal van de eiwitten die bij dit proces betrokken 

zijn, zijn ook in andere hoeveelheden aanwezig in het membraan. Verrassend is echter 

dat, hoewel we dus wel veranderingen zien in de hoeveelheden van deze eiwitten, er 

geen veranderingen in de transcriptie van deze genen warden gevonden. Hieruit blijkt 

dat de waargenomen fenotypes in competentie, motiliteit en chemotaxis waarschijnlijk 

tot stand komen op eiwit-niveau en niet het gevolg zijn van veranderde regulatie van 

de betreffende genen. Oat is zeer interessant, aangezien RasP op deze wijze invloed 



blijkt uit te oefenen op de eiwit-niveaus van grate clusters van eiwitten. Dit duidt op de 
aanwezigheid van een tot nu toe onbekende nieuwe laag van regulatie van eiwitten. 

Herdefinitie van het aw-regulon 

In Hoofdstuk 7 wordt bepaald welke genen door de ECF-sigmafactor aw gereguleerd 
warden en welke niet.Tot nu toe was dit voor een aantal genen zeer moeilijk te bepalen, 
doordat de promoter-sequentie en het gedrag van genen binnen verschillende a-regulons 
in B. subtilis sterk op elkaar lijken. Door te kijken welke genen er in de sigW-mutant 
minder warden afgelezen en deze gegevens te vergelijken met hoe deze genen zich 
ender veel verschillende omstandigheden gedragen, is het mogelijk om heel nauwkeurig 
te bepalen welke genen wel en niet door aw warden afgelezen. 
Oak in dit hoofdstuk kijken we vervolgens naar de effecten van de rasP- en prsW
mutanten, maar oak nu vinden we zeer weinig aanknopingspunten dat de defecten die 
een rosP-mutant heeft, ontstaan door veranderde transcriptie van genen. 

De opzuivering van membraaneiwitten 

In Hoofdstuk 5 wordt gekeken naar de mogelijkheden om membraaneiwitten op te 
zuiveren na succesvolle overproductie. Hierbij wordt gebruik gemaakt van een nieuwe 
methode met magnetische beads ('kralen'), waaraan het membraaneiwit kan binden en 
met behulp van een magneet kan warden gescheiden van andere eiwitten. Deze vorm 
van eiwitzuivering blijkt veel voordelen te hebben voor membraaneiwitten, omdat het 
nu mogelijk is om de membraaneiwitten op een heel snelle en efficiente manier op te 
zuiveren. Zo is het mogelijk om het membraaneiwit te zuiveren uit hele cellen, zonder dat 
daarvoor eerst de celwand hoeft te warden afgebroken. Om de celwand af te breken is 
namelijk een behandeling met lysozym nodig, waarbij de cellen voor lange tijd (ongeveer 
30 minuten) bij 3 7°C ge'incubeerd moeten zijn. Tijdens deze 30 minuten is het risico 
aanwezig dat het membraaneiwit afgebroken wordt. lnderdaad blijkt dat het overslaan 
van deze stap ervoor zorgt dat er geen afbraakproduct ontstaat, maar tegelijkertijd blijkt 
oak dat een betrekkelijk grate hoeveelheid membraaneiwit aan het celwandmateriaal 
blijft zitten en niet opgezuiverd wordt, waardoor de opbrengst van deze methode lager 
is. 
Uit het vergelijken van verschillende detergentia blijkt verder, dat de keuze van het 
detergent waarmee het membraaneiwit in oplossing gebracht wordt en de gekozen 
concentratie invloed hebben op de uiteindelijke opbrengst, de zuiverheid en de stabiliteit 
van het membraaneiwit. Deze effecten blijken voor verschillende membraaneiwitten 
verschillend te zijn, maar in het algemeen zijn er bepaalde detergentia die overwegend 
goed werken en andere detergentia die overwegend minder goed werken. 
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Veel membraaneiwitten vormen samen ook grotere structuren (complexen) in het 
membraan, waardoor zij samen een bepaalde functie vervullen. Voor onderzoek naar 
deze eiwitten is het dus belangrijk om deze complexen in hun geheel op te kunnen 
zuiveren. Daarom is er getest of met de His Mag Beads een complex van TatAy en TatCy 
(beide zijn membraaneiwitten, die samen een transportkanaal kunnen vormen in het 
membraan) kan worden opgezuiverd. Na aanpassing van het protocol blijkt ook het 
zuiveren van complete eiwitcomplexen inderdaad goed mogelijk. 

Conclusie en toekomstperspectief 

In het onderzoek beschreven in dit proefschrift is veel nieuwe kennis vergaard over vele 
aspecten van membraaneiwitoverproductie en de impact die dit heeft op de bacterie 
B. subtilis. Deze kennis wordt samengevat in Hoofdstuk I 0, waar alle bevindingen met 
elkaar in verband worden gebracht. Hier worden ook alle gevonden interacties tussen de 
stress-reactieve systemen CssRS en het ow-regulon samengevat en met elkaar in verband 
gebracht. Deze kennis heeft al geleid tot belangrijke verbeteringen in de opbrengst van 
membraaneiwitoverproductie, maar kan in de toekomst nog tot veel meer verbeteringen 
leiden, nu bekend is welke stressreacties er in de eel plaatsvinden tijdens membraan
eiwitoverproductie. Ook de wetenschap op welk punt membraaneiwitoverproductie 
geblokkeerd wordt, is een belangrijke stap in het verbeteren van de overproductie. Deze 
kennis levert een aantal veelbelovende aanknopingspunten op voor verdere optimali
satie van eiwitoverproductie in B. subtilis en andere Gram-positieve bacterien. Behalve 
het verder optimaliseren van de methoden om membraaneiwitten over te produceren, 
zal een volgende stap zijn de overgeproduceerde eiwitten te gaan onderwerpen aan 
structuur- en functieanalyses en deze experimenten, waar nodig, te verbeteren voor de 
toepassing op membraaneiwitten. 
Het belang van onderzoek aan membraaneiwitten wordt gedemonstreerd in Hoofdstuk 

met een praktijkvoorbeeld van het belang van membraaneiwitten in de bescherming 
van de eel tegen sublancin. Sublancin is een antimicrobieel peptide dat door B. subtilis 168 
wordt geproduceerd en andere Gram-positieve bacterien doodt. In Hoofdstuk 9 wordt 
aangetoond dat een membraaneiwit (Sunl) een belangrijke rol speelt in de bescherming 
van B. subtilis tegen het eigen sublancin. Onduidelijk is nog hoe dit precies in zijn werk 
gaat. Verder onderzoek aan Sunl kan leiden tot nieuwe inzichten in de mechanismen 
die bacterien gebruiken om elkaar te doden en zichzelf te beschermen en zal mogelijk 
nieuwe aanknopingspunten en strategieen opleveren voor het ontwikkelen van nieuwe 
antibiotica. 
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Table I .  Proteins detected in the proteome analysis. 

WT _I __ WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Uniprot normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
name Accession 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 

Numbers 
AccC P49787 1 . 1 4  2 -0.34 2 -0.27 3 - 1 .28 2 
AlaT Q795M6 0.33 2 
AlsT Q45068 0.09 5 -0.03 2 0.0 1 2 
AppB P42062 -0. 1 5  3 -0.09 4 -0.09 4 4 -0.85 5 -0.60 4 
AppC P42063 -0.26 3 
AppF P42065 1 .03 2 0.39 3 -0.20 2 
ArgB P68729 0.42 2 0. 1 7  2 
ArgG 034347 I .S I  2 -0.06 4 
ArgH 034858 0.99 2 0.95 3 
AroA P399 1 2  0.94 4 0.59 7 0.06 6 -0.05 4 0.25 6 -0. 1 4  2 
AroB P3 1 1 02 1 .00 2 0.79 2 0.20 2 0.98 4 
ArtM P54537 -0.33 2 -0.68 2 -0.55 2 - 1 .28 2 
ArtP P54535 -0.03 1 8  0. 1 2  22 -0.05 1 8  -0.3 1 2 1  -0. 1 4  20 
ArtQ P54536 -0.09 2 -0. 1 6  2 3 4 -0.3 1 5 -0. 1 1 3 
AsnB P54420 0.29 4 0.03 2 -0.54 2 -0.49 3 -0.27 5 -0.90 2 
AtpA P37808 0.03 8 -0.44 5 -0.78 2 - 1 .45 3 -0. 1 3  1 1  -0.69 4 
AtpB P378 1 3  -0.22 2 -0.20 2 
AtpC P378 1 2  -0.80 2 
AtpD P37809 -0.09 6 -0.86 6 - 1 .00 3 - 1 .98 3 -0.3 1 1 4  - I .OB 5 
AtpE P378 1 5  -0. 1 4  2 
AtpF P378 1 4  0. 1 4  1 8  -0.06 1 6  0.02 1 8  -0.23 1 8  
AtpG P378 1 0  0.24 2 2.60 3 -0.56 3 
AtpH P378 1 I 0.06 3 
BceS 035044 0.09 2 0.07 2 
BdbA P68569 1 .67 2 
BdbD 0322 1 8  0.29 6 0.24 1 0  0.30 7 0.23 5 -0.20 1 0  0.04 7 
BioD P53558 0.56 2 -0.33 3 -0.23 2 0.62 4 0.0 1 3 
BioF P53556 -0.6 1 2 -0.06 2 
Biol P535S4 0.74 2 0.20 2 
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Protein 
name 

Bra_B __ 
CarB 
Cb1O I 
CbiO2 
CccA 
CccB 
CheR 
CitB 
ClpP 
ClpX 
ComEA 
ComEB 
ComFA 
ComGA 
ComGC 
ComP 
CopA 
CotN 
CsbC 
Csd 
CssS 
CtaC 
CtaD 
CysE 
CysK 
DacA 
DegS 
DhbF 
DivlB 
DivlC 
DivlVA 

Urnprot 
Accession 
Numbers 
034545 
P l 8 1 85 
P40735 
P70970 
P24469 
034594 
P3 I 1 05 
P09339 
P80244 
P50866 
P39694 
P32393 
P39 1 45 
P25953 
P25955 
Q99027 
032220 
P54507 
P46333 
032 1 64 
032 1 93 
P240 1 I 
P240 1 0  
Q06750 
P37887 
P08750 
P 1 3799 
P45745 
P l 6655 
P3747 1 
P7 1 02 1  

WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
'log ratio quantified 21og ratio quantified 21og ratio quantified 'log ratio quantified 21og ratio quantified 'log ratio quantified 

0.45 --2 
1 .27 2 

-0.29 2 -0.47 2 -0. 1 4  2 
-0. 1 5  2 -0.33 2 -0.20 2 -0. 1 4  2 

-0.06 2 
0.24 4 0.27 2 0.09 2 0. 1 7  2 0.69 2 

N 1 5_onoff 3 1 .06 5 -0.06 2 0.09 6 7 0. 1 8  5 
2.03 3 1 .24 3 0.94 2 
1 . 1 4  2 0.42 2 -0.05 3 0.79 3 0.42 3 
1 .03 5 0.69 3 0.09 3 0.07 2 
1 .7 1  3 2.33 4 1 .09 2 1 .27 2 0.45 4 0. 1 6  3 

N I S_onoff 2 N I  5_onoff 2 - 1 .65 2 
1 .74 2 1 .90 3 
1 .86 1 4  -0.37 1 1  0.48 1 0  -0.20 2 1 .30 1 4  0.65 2 

0.5 1 2 0.25 2 
-0.22 3 -0.06 6 -0.06 3 -0.3 1 3 -0.2 1 3 
- 1 .44 2 - 1 .22 2 - 1 .00 3 

2.40 7 3.04 6 1 .83 2 1 .33 5 
-0.8 1 2 N I S_onoff 2 - 1 .55 2 

0.06 2 
-0.20 6 

0. 1 9  2 -0.03 2 0.68 2 0. 1 0  2 
0. 1 7  2 

-0.8 1 2 -0.66 3 -0.83 2 -0.49 5 -0.9 1 5 -0.74 3 
N l 5_onoff 3 

-0.22 1 3  0. 1 2  8 0. 1 1  1 0  -0.23 23 -0.08 1 3  
-0. 1 6  3 

N l 5_onoff 6 N I S_onoff 7 N l 5_onoff 2 
-0.29 2 0.28 5 0.28 4 

-0.02 2 N 1 4_onoff 2 2.63 2 
0.33 3 



DlcB P39580 0.53 2 0.78 2 
DlcD P39578 0. 1 4  4 0.39 2 0.77 9 
DnaN P05649 0. 1 4  2 -0.5 1 4 - 1 .79 2 
EcsA P55339 3.04 3 0.22 2 -0.22 2 2.23 3 -0. 1 7  3 
EcsB P55340 -0.03 2 -0.33 2 0.03 3 -0.05 2 
EngD P375 1 8  2.82 2 
Eno P37869 0.97 3 0.94 4 
EzrA 034894 -0.37 1 1  -0.26 8 -0.09 9 -0.35 1 5  -0. 1 1 1 4  
Fabl P546 1 6  1 .03 3 0.63 2 4 0.80 3 -0. 1 4  3 
FbaA P l 3243 N l 4_onoff 2 
FeuA P40409 -2.6 1 2 - 1 .9 1  2 - 1 .75 2 - 1 .28 2 
Ffh P37 1 05 0.7 1 2 
FhuB P49936 - 1 . 1 6  2 
FhuD P37580 - 1 .8 1  7 - 1 .9 1  6 N l 5_onoff 5 - 1 . 1 0  8 -0.96 1 0  
FlgG P23446 -0.8 1 2 0. 1 4  5 -0.09 5 0.65 I I  0.53 6 
FlgK P398 1 0  -0.57 3 
Flgl P9650 1  1 . 1 0  2 
FlhA P35620 - I . I S  2 -0.9 1 3 -0.30 2 -0.25 2 0.42 6 0.26 4 
FlhP P39753 N 1 5_onoff 2 
FliE P24502 0.57 2 
FliF P23447 - 1 .03 4 -0.86 9 -0.30 9 0.40 4 0.3 1 7 
Flil P23452 N l 5_onoff 2 0.49 2 
FliP P35528 -0.38 2 -0.20 2 
FolD P54382 -0. 1 6  2 
FruA P7 1 0 1 2  0.03 6 -0.03 6 0. 1 2  2 0. 1 5  3 0.28 4 
FcsE 0348 1 4  -0.4 1 2 0.09 2 -0.56 2 
FcsH P37476 -0.22 20 26 -0.30 1 7  -0.23 24 -0.0 1 2 1  
FcsK P2 1 458 -0.03 3 
FcsX 034876 -0. 1 2  7 -0.03 7 0.o7 7 -0. 1 0  7 
FcsY P5 1 835 0.34 2 0.34 3 0.79 3 0.77 3 
FumC P07343 0.79 2 
FusA P80868 1 .09 2 0.65 4 0.70 2 
GabP P46349 -0.37 2 -0.50 2 -0.38 2 
GamP P398 1 6  -0.09 5 -0.09 5 -0. 1 6  3 -0.28 3 -0.47 8 -0. 1 7  2 
GapA P09 1 24 1 .54 2 1 . 1 8  3 0.66 3 0. 1 5  2 1 . 1 6  6 0.23 2 
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WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Uniprot normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
name Accession 21og ratio quantified 'log ratio quantified 'log ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 

Numbers 
GgaA P469 1 7  0.09 --4 
GgaB P469 1 8  0.03 I S  0.03 5 0.2 1 3 -0.23 2 0.3 I 2 
GlnA P 1 2425 1 . 1 9  2 0.89 3 0.22 2 0.87 3 
GltA P398 1 2  1 .63 4 0.54 2 
GlyA P39 1 48 1 .22 3 0.97 2 0.54 2 -0 1 2  2 0.45 5 
GntP P 1 20 1 2  N I  S_onoff 2 -0.06 2 
Grol P28598 N 1 4  onoff 2 
GtaB Q05852 0.7 1  2 0.42 2 -0. 1 7  4 
GudB P50735 1 .49 3 -0.26 3 0.47 6 
Hag P02968 0.47 1 3  I S  0.68 1 2  0.55 1 1  1 .34 I S  1 3 3  1 1  
Heml P30949 -0.06 2 
HisS 032039 -0. 1 6  2 
Hom P l 9582 0.60 4 0. 1 4  7 -0.30 4 -0.25 6 -0.38 8 -0.84 2 
HtpX 03 1 657 -0. 1 5  2 -0.06 3 -0. 1 3  2 -0.02 3 -0.03 3 0. 1 6  4 
HupA P0882 1 -0.24 2 
led P39 1 26 0.63 3 3 -0.20 2 0.35 1 4  -0.47 3 
llvA P37946 0.49 3 
llvB P3725 1 1 . 1 4  3 -0.06 3 -0.96 2 
llvC P37253 0.9 1 2 0.97 2 N l 4_onoff 6 0.62 2 -0.24 2 
lnfC PS5872 -0. 1 3  2 -0.65 2 
lpi P39804 -0.5 1 2 
KinB Q08430 -0.22 3 -0.44 2 -0.75 3 -0.5 1 5 
KinC P39764 -0. 1 5  3 0.34 2 0.23 5 
KinD 03 1 67 1  -0. 1 5  2 -0.09 2 -0.3 1 3 -0. 1 4  2 
LeuA P94565 0.88 9 0. 1 7  7 -0.30 7 -0. 1 6  1 2  
LeuB P05645 0.6 1 2 0.27 3 0.38 1 1  0.04 2 
Lgt 034752 -0. 1 2  3 -0.07 2 0.03 3 0.2 1 2 
LipA P37957 -0.80 2 
LtaS I Q797B3 0.34 5 -0. 1 6  3 -0.43 6 -0.5 1 4 
LtaS2 034952 3.45 2 3.0 1 2 
LysC P08495 0.79 2 0.85 3 



LytA Q02 1 1 2  N l 5_onoff 3 -0.73 2 0.49 3 0.79 2 
LytD P39848 N I  5_onoff 2 
LytG 032083 N l 5_onoff 2 
LytR Q02 1 1 5  0.09 4 -0.03 7 0.25 5 0.03 1 0  
MalK 005250 N I  5_onoff 4 -0. 1 2  2 0. 1 5  3 0. 1 3  2 
Mbl P3975 1 1 . 1 9  3 0.86 5 0.09 5 N l4_onoff 2 0.62 4 
McpA P392 14  - 1 .6 1  5 - 1 .53 7 -0.42 7 -0.03 8 0. 1 6  4 
McpB P392 1 5  - 1 .44 8 - 1 .37 1 1  -0.46 1 3  -0.39 9 -0. 1 6  1 2  -0.28 3 
McpC P54576 - 1 .44 I I  - 1 .44 1 2  -0.34 8 -0.30 I I  -0. 1 3  1 6  0.04 9 
Mdh P498 1 4  N l4_onoff 3 0.79 2 
Med 032436 -0.35 2 -0.60 2 
MenH P3 I I 1 3  0.09 2 
MetE P80877 -0.44 4 - 1 . 1 6  7 - 1 .26 4 - 1 .89 3 - 1 .47 3 N I  5_onoff 6 
MetK P544 1 9  0.63 2 -0.38 2 
MetN 032 1 69 -0.7 1 9 -0.66 1 2  -0.68 8 -0.66 5 -0.70 I I  -0.69 5 
MleN P5457 1 N I  5_onoff 3 -0. 1 9  3 -0.9 1 2 -0.2 1 4 
MntA 034385 0.60 3 0.76 3 0. 1 2  3 0.44 3 
MotA P286 1 I - 1 .6 1  2 - 1 .03 5 0.20 4 -0. 1 4  3 0.60 6 0.59 7 
MotB P286 1 2  - 1 .29 4 - 1 .09 5 -0.23 2 -0.20 2 0.69 7 
MreB Q0 1 465 1 .56 2 1 .32 2 0.68 2 N l 4_onoff 2 1 .00 3 
MreC Q0 1 466 -0.03 3 -0. 1 2  7 0. 1 7  3 0. 1 5  6 0.04 2 
MrpA Q9K2S2 0.09 2 0.03 2 0.09 2 
Mscl P94585 -0.44 2 0. 14  2 -0.26 2 -0.09 2 -0.35 2 -0. 14  2 
MtnA 03 1 662 0.99 2 0.82 2 N l4_onoff 2 0.92 3 
MtnK 03 1 663 1 .34 6 0.24 6 0.22 5 -0. 1 4  4 0.04 3 
MurAA P70965 0.43 2 0.30 3 0.25 2 
MurG P37585 0.24 2 0.63 2 0.03 2 
NadB P38032 0.65 3 
NadC P39666 0.0 1 2 
NadE P08 1 64 N l 4_onoff 2 
NagP 03452 1 -0. 1 5  2 -0.26 4 -0.23 3 -0.55 4 
NdhF P39755 N I  5_onoff 2 N I  S_onoff 2 N I  5_onoff 2 N l 5_onoff 2 
Nin P l 2669 0.82 2 
NucA P l 2667 1 . 1 4  2 I . I S  5 1 . 1 8  5 1 . 1 7  2 0.33 3 0.33 4 
OdhB P l 6263 0.78 2 0.40 2 I .OS 3 0.49 2 
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WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Urnprot normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
name Accession 21og ratio quantified 21og ratio quantified 'log ratio quantified 21og ratio quantified 'log ratio quantified 21og ratio quantified 

Numbers 
OppA P24 1 4 1  -0.09 I I  26 0.09 1 2  0.05 1 0  -0.75 1 8  -0.47 1 3  
OppB P24 1 38 0.56 2 -0.37 2 -0.07 2 -0.60 2 -0.56 2 
OppC P24 1 39 -0.22 2 -0.37 4 -0.06 2 -0.09 4 -0.65 3 -0.65 2 
OpuAA P46920 0.47 3 -0. 1 2  3 -0.93 2 -0.24 2 
OpuAB P4692 1 0. 1 4  2 0.2 1 3 0.7 1 3 0.88 2 
OpuAC P46922 0.24 6 0.34 7 0.30 4 0. 1 3  1 0  0.87 9 
OpuBA Q45460 1 . 1 7  3 
OpuBB Q4546 1 0. 1 9  2 
OpuCA 034992 -0.22 3 -0.53 2 -0.88 3 - 1 .07 2 0.06 5 
OpuCB 034878 -0.45 2 0.28 2 0.95 2 
OpuCC 032243 -0.29 4 -0.22 4 -0.26 2 -0.36 6 0.25 6 0.59 7 
OpuCD 034742 -0.44 2 
OrfRM I 034666 -0.22 6 -0.03 3 0. 1 3  6 0.28 1 2  
OxaA I QO l 625 -0. 1 5  2 -0. 1 2  2 -0.09 3 0.02 2 -0.20 2 0. 1 6  2 
OxaA2 P54544 0.05 2 0.92 2 0. 1 8  2 
PbpB Q07868 -0. 1 5  1 0  0.06 9 -0.03 6 0.07 4 
PbpC P4297 1 0.29 20 0.30 1 0  0. 1 1  6 0. 1 0  I I  
PbpD P40750 0.09 8 0. 1 4  1 1  0.25 3 -0.07 3 0. 1 2  9 0.3 1 4 
PbpX 03 1 773 0.43 2 0.39 2 0.36 2 0.62 2 
PbuG 034987 2 -0.23 2 0.04 2 
PbuX P42086 -0.03 4 -0. 1 2  2 -0.03 3 0. 1 3  3 -0.3 1 4 0.04 4 
PdhB P2 1 882 1 .34 3 N l 4_onoff 4 
PdhC P2 1 883 0.39 4 1 .56 3 0.5 1 2 0.77 2 0.07 2 
PdhD P2 1 880 0.39 2 0.30 I 0. 1 7  4 
PdxS P37527 0.7 1 2 
PfkA 034529 0.39 2 -0.37 2 -0.35 4 -0.65 3 
PgdS P96740 -0.09 2 1 .63 6 
Pgk P40924 0.67 2 
PhoR P23545 -0.29 5 -0.26 8 -0. 1 6  4 -0. 1 4  4 -0.60 7 -0.39 2 
Pksj P40806 I . I  I 2 
Pksl Q05470 1 .27 4 0.73 2 



PksM P40872 1 . 1 4  3 0.32 3 
PksN 03 1 782 1 .03 9 0.29 6 -0.30 2 
PlsX P7 1 0 1 8  0.88 2 0.84 2 0.25 2 0. 1 7  2 
PonA P39793 0.29 9 0.27 14  0.30 5 0.25 7 0.42 3 0.63 5 
PpaC P37487 N 14_onoff 6 
PrkC 034507 0.39 5 0. 1 4  1 0  0.32 6 0.27 2 0.2 1 2 
ProA P3982 1 0.28 4 
PrsA P24327 -0. 1 5  20 0. 1 4  24 -0. 1 6  1 6  -0.09 I S  -0. 1 6  26 -0.08 24 
PtsG P20 1 66 -0.03 I I  -0.03 1 3  0. 1 2  1 5  0.09 1 2  -0.06 1 9  0. 1 6  1 4  
Ptsl P08838 1 .06 2 
PurA P29726 1 .00 3 0.4 1 2 -0.54 2 -0.66 3 -0.35 7 -0.96 3 
PurB P l 2047 0.60 2 0.80 2 
PurD P 1 2039 0.45 4 
PurK P 1 2045 -0.43 2 
Purl P l 2042 1 .32 6 0.36 " -0.30 6 -0.55 4 0.38 3 -0.74 2 
Pye Q9KWU4 0.63 4 -0.03 3 -0.23 2 -0.8 1 2 -0.79 3 
PyrAA P25993 N l4_onoff 2 
PyrAB P25994 0.5 1 8 - 1 .06 7 - 1 .52 2 -0.60 6 - 1 .60 3 
PyrE P25972 2 -0.20 3 0. 1 5  2 -0. 1 7  2 
PyrG P l 3242 -0.35 2 
PyrH 03 1 749 0.9 1 3 0.36 4 3 -0.39 3 0. 1 2  4 -0. 1 4  3 
PyrP P39766 -0.29 2 
PyrR P39765 1 .68 2 0.64 2 0.63 3 
QcrA P469 1 I 0.78 2 0.74 3 0.89 3 0.95 3 1 .03 2 
QcrB P469 1 2  0.35 2 0.76 2 
QcrC P469 1 3  0. 1 4  2 0.57 3 0.65 2 
QoxA P34957 0.29 8 0. 1 1  6 0.25 4 0. 1 7  2 0. 1 2  6 0.33 6 
QoxB P34956 0.24 5 0.06 6 0.22 5 0.2 1 5 0.38 4 
RadC Q02 l 70 0.52 2 1 . 1 7  2 
RapH P4077 1 1 .9 1  2 -0. 1 6  2 0.74 2 1 .92 2 
RasP 03 1 754 -0.6 1 3 -0.06 4 2 -0. 1 7  3 N l 5_onoff 14  N I S_onoff 5 
RecA P 1 697 1 1 .34 5 0.27 5 1 .20 3 0.86 3 0.92 9 0.55 3 
ResA P35 l 60 -0.06 2 
ResB P35 l 6 1  0.24 2 0.09 2 
ResC P35 l 62 0. 1 4  2 
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WT I WT 2 Prs I Ra, R, 2 
Protein Uniprot normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
riame Accession 2log ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 11og ratio quantified 

Number 
ResE P35 1 64 -0.22 5 0. 1 1  5 0. 1 7  4 0.25 2 -0.27 7 -0. 1 7  3 
RibH Pl 1 998 N 1 5_onoff 2 
RplA Q06797 1 .00 2 0.29 2 -0. 1 9  2 2 0.42 3 0.3 1 2 
RplB P429 1 9  1 .24 3 0.84 6 0.42 3 0. 1 9  3 0.85 5 0.59 2 
RplC P42920 0.94 2 0.06 2 0.33 3 -0.08 3 
RplD P4292 1 0.25 2 0.05 2 0.5 1 2 0. 1 3  2 
RplE P l 2877 0.88 2 0.7 1 3 0.60 4 
RplF P46898 2 0.25 2 
RplJ P42923 0. 1 7  2 
Rpll P02394 N l 4_onoff 2 
RplP P l 4577 0.87 2 
RplQ P20277 0. 1 4  2 -0.09 2 -0. 1 1  2 
RplR P46899 -0.24 2 
RplS 03 1 742 1 .03 2 0. 1 1  2 
RplT P55873 0.83 3 0.48 3 
RpoB P37870 1 . 1 7  1 0  0.27 5 0. 1 4  2 -0.45 3 0.75 2 -0. 1 4  3 
RpoC P3787 1 0.30 1 0  -0.30 9 0.87 8 0. 1 0  6 
RpsB P2 1 464 0.30 2 0.48 8 0.75 8 
RpsD P2 1466 0.48 2 
RpsE P2 1 467 1 .43 4 1 .26 4 0.58 7 0.29 6 0.97 4 0.65 4 
RpsH P l 2879 1 .54 3 1 .29 2 0.83 3 
RpsJ P2 1 47 1  0. 1 5  2 
RpsK P04969 1 .76 2 1 .57 4 1 .20 4 0.86 5 1 .32 4 1 .33 2 
RpsR P2 1 475 1 . 1 0  2 1 .02 2 
RsiX P35 1 66 N l 5_onoff 3 2 
Sat 034764 N I  5_onoff 2 -0.65 2 
SbcC 0067 1 4  0.5 1 2 
SdhA P08065 0.47 2 1  0.4 1 27 0.30 1 3  0.47 1 4  0.09 27 0.28 23 
SdhB P08066 0.43 8 0.37 7 0.43 1 0  0.06 1 0  0.28 8 
SdpA 034889 0.7 1 2 0.82 3 0.99 2 0.62 3 0.3 1 3 
SdpC 034344 1 .28 2 1 .2 1  2 1 .08 2 5.77 3 



SecA P28366 0.47 3 - 1 .03 5 -0.58 3 N l 5_onoff 3 
5ecDF 032047 0. 1 4  I I  -0.03 1 9  0. 1 4  1 2  0. 1 9  1 0  0.03 1 5  0.2 1 1 1  
SecY P l 6336 -0.03 6 -0. 1 6  3 2 0. 1 S  3 0.09 s 0.33 4 
SerA P35 1 36 1 . 1 9  1 2  0.76 8 0.09 6 -0.25 5 0.5 1 1 2  -0.24 6 
SigW Q4558S -0.27 2 -0. 1 7  2 
SipS P28628 -0.09 5 -0.09 2 -0. 1 3  4 0. 1 9  5 0.33 6 0.42 5 
SipT P7 1 0 1 3  -0. 1 5  4 0.03 2 0.09 2 -0.02 4 0.09 5 0.28 2 
SipW P54506 0. 1 9  4 0.03 3 0. 1 2  4 0.36 3 -0.70 5 -0.69 2 
SkfC 03 1 425 0. 1 9  2 
Smf P398 1 3  1 .07 2 0.40 2 
SodA P54375 0.5 1 2 0.44 2 
SpolVA P35 1 49 N I  S_onoff 2 
SppA 034525 -0.09 6 6 -0.50 3 - 1 .55 6 - 1 .43 5 
SrfAA P27206 1 .9 1  34 0.34 4 1  0.37 23 -0.62 23 0.69 2 1  -0.60 1 3  
SrfAB Q04747 1 .94 40 0. 1 7  46 -0.77 1 9  0.75 24 -0.47 1 7  
SrfAC Q08787 1 .67 4 0.34 5 0.27 2 -0.20 2 0.84 2 
SucC P80886 1 .49 3 0.72 5 0.34 2 1 .24 1 0  
SunT P68579 I . I  I 3 0.96 7 0.72 5 1 .22 2 1 .47 8 1 .44 6 
SwrC 03 1 50 1  -0. 1 5  20 0.03 23 0.20 1 3  0.2 1 1 2  0.25 1 3  
TagF P l 3485 -0.29 1 1  1 2  -0.23 1 2  0. 1 3  6 
TagG P42953 -0.03 2 -0.07 3 0.06 3 0. 1 0  2 
TagH P42954 -0.09 3 -0.03 5 3 5 0.09 4 0.2 1 5 
TagO 034753 0.20 2 
TcyA P42 1 99 0.22 1 3  0. 1 2  7 -0.07 I I  -0.08 I I  
TcyC P39456 0.09 2 0.03 4 -0.33 3 -0.35 6 -0.43 3 
TcyP P54596 0.24 2 0.27 3 0. 1 4  2 0.25 2 0. 1 7  2 0.3 1 2 
ThrC P04990 N l4_onoff 2 
ThrZ P l 8256 N l 5_onoff 2 N l 5_onoff 2 N I  5_onoff 2 
Tig P80698 N l 4_onoff 3 
TlpA P392 1 6  -0.53 4 -0.76 4 0. 1 7  5 0.58 3 0.35 3 0.40 4 
TlpB P392 1 7  -2.03 3 - 1 .8 1  5 - 1 .06 3 -0.62 2 -0.43 4 -0. 1 4  3 
TlpC P39209 - 1 .29 2 - 1 . 1 6  2 0. 1 7  2 0. 1 2  4 
Tsf P80700 N l 4_onoff 4 
Tuf P33 1 66 1 .60 1 0  0.9 1 4 0.8 1 6 0.33 3 1 .03 1 2  0.47 3 
UppP P94507 2 0.05 2 
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WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Uniprot normalized peptides normalized peptides normalized peptides normahzed peptides normahzed peptides normalized peptides 
name Accession 'log ratio quantified 'log ratio quantified 2log ratio quantified 1log ratio quantified 1log ratio quantified 2log ratio quantified 

Numbers 
WapA Q07833 1 .36 3 0.76 2 -0.65 2 
WprA PS4423 -0.06 2 0.09 3 -0.69 2 
XpaC P37467 - 1 .97 2 
YacD P37566 -0.09 1 1  -0.06 1 4  -0.36 2 -0 1 6  1 3  -0. 1 4  3 
Yael P37570 -0.06 3 
Yael Q06754 -0.22 2 2 
YbaF P70972 N I  S_onoff 3 -0. 1 6  2 
YbbP Q45589 0.03 2 -0. 1 2  3 0.06 2 -0. 1 7  2 0.23 4 0.42 3 
YbbR 034659 -0.09 6 -0.29 6 0.06 2 -0.25 4 -0.27 8 -0.05 6 
YbcC 034688 N I S_onoff 2 
YbcD 034740 N I  S_onoff 6 N I S_onoff 8 N I S_onoff 2 N I S_ onoff 2 N l 5_onoff 2 N I  S_onoff 3 
YbeC Q45577 0.09 2 -0.26 2 0.03 2 0.20 2 
YbfF 03 1 446 -0.09 3 0.03 6 -0.23 2 0.07 6 0. 1 5  7 0.35 7 
Yb� 03 1 45 1  2 
YbgF 03 1 462 N I  S_onoff 2 
YcdA 034538 0.54 23 -0.09 1 2  - 1 .85 25 . 1 .35 1 5  
YcdH 034966 N I  S_onoff 1 7  N I  S_onoff 1 6  N I  S_onoff 1 2  - 1 .65 4 -5.60 2 
Ycdl 034946 - 1 .8 1  2 -2.03 3 -2. 1 3  2 - 1 .98 2 N l 5_onoff 6 - 1 .35 2 
YceC P8 I I 00 -0. 1 2  2 - 1 . 1 7  2 -0.06 2 
YceD P80875 N I  S_onoff 2 0.03 2 
YceE 034384 -0.65 2 -0.96 2 
YceF 034447 0.09 2 
YceH 034833 -0.37 4 0.03 5 -0.68 7 -0.8 1 3 -0.35 7 
YcgO P94392 -0. 1 6  3 -0.23 2 -0. 1 4  2 
YciB P94399 N I S_onoff 8 N 1 5_onoff 6 N I  5_onoff 4 N I  5_onoff 7 N l 5_onoff 9 
YciC P94400 N l 5_onoff 4 N I  5_onoff 2 N I  5_onoff 5 N l 5_onoff 2 
YckB P42400 1 .00 3 0.57 2 0.72 2 
YclK P944 l 4  -0.75 2 
YclM P944 l 7  0.09 4 
YclQ P9442 I -0.66 1 4  -0.78 9 -0.65 I I  -0.39 8 
YcnB P94422 -0.0 1 2 



Ycnl P9443 1 -0.65 2 N 1 5_onoff 2 
Ycnj P94432 -0.9 1 2 -0.8 1 2 -0.54 2 -0.8 1 2 -0.80 3 
Ydbl P96604 0. 1 3  2 
YdbR P966 1 4  1 .32 3 0.94 9 1 .00 8 0.53 4 1 .23 1 2  0.72 7 
YdbT P966 1 6  N l 5_onoff 3 -0.4 1 2 - 1 .38 2 
Yddj P96647 -0. 1 9  2 0.28 2 0.40 3 
YddK P96648 2. 1 1  5 1 .36 2 0.79 3 1 .92 6 1 . 1 4 3 
YddM P96650 -0.03 3 0. 1 7  2 0. 1 2  2 N 1 5_onoff 4 -0.69 3 
Ydej P96667 -0.09 2 3 -0.01 2 
YdeO P96672 -0. 1 2  3 0. 1 7  2 -0.03 2 0.35 2 
YdfM P9669 1 -0.26 2 -0.03 3 0. 1 0  2 
YdgF P96704 0.39 2 
YdgH P96706 0.03 5 0.06 8 0. 1 7  3 0.06 2 0.44 2 
YdhK 005503 - 1 . 1 6  5 - 1 .8 1  4 N l 5_onoff 6 N 1 5_onoff 4 
YdjF P546 1 7  -0. 1 5  2 -0.3 1 2 -0.24 2 
YdjG 034434 N 1 5_onoff 3 0.34 2 
YdjH 035004 -0.22 3 -0.29 2 -0.34 2 -0.20 4 -0.20 4 -0.05 4 
Ydjl 034789 0.89 2 
Ydjl 034788 1 .25 3 
YdjN 034353 0.03 5 -0. 1 9  2 -0. 1 6  2 O.o2 2 -0.27 1 0  
YebA P94476 0.03 3 -0.09 3 -0.03 2 3 -0.06 3 
YebC 03434 1 0.06 2 0.23 2 0.70 3 
YerH 034629 0.09 7 0.22 7 0. 1 5  6 0. 1 5  I I  0.38 1 0  
YfhO 03 1 582 0.47 4 0. 1 7  4 
YfiX 03 1 566 0.24 2 0.38 2 
YfiY 03 1 567 - 1 .44 6 - 1 .22 I I  - 1 .28 3 - 1 .38 I I  - 1 . 1 4 3 
YfjD 03 1 555 -0.03 2 
YfmC 034348 - I . I  5 I I  - 1 .03 1 2  -0.83 7 - 1 . 1 0  1 2  -0.90 1 2  
YfmT 006478 0.40 2 N 1 5_onoff 2 
YfnA Q797A7 0.09 2 -0.26 2 -0.06 2 0.2 1 3 
YgaD P7 1 082 -0. 1 5  3 -0.29 2 -0.06 4 - 1 . 1 4  2 
YgaE P7 1 083 0.06 2 0.3 1 2 
YgxB P37874 -0.22 2 
YhaH 0075 1 6  1 .95 3 1 .43 2 
YhaN 008455 -0.37 2 0.03 2 -0.68 3 
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WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protetr Unipro1 normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
.,a ,ie Asccession 21og ratio quantified 2log ratio quantified 21og ratio quantified 21og ratio quantified 11og ratio quantified 21og ratio quantified 

Numbers --
YhaP 007523 0. 1 4  4 0. 1 4  3 0.35 2 0.2 1 2 -0.06 5 0.3 1 2 
YhbJ 03 1 593 -0.44 4 -0.09 3 -0. 1 4  3 -0.47 2 -0. 1 1 5 
YhcC P54587 -0.70 2 
YhcH P54592 0.34 2 0.06 3 -0.43 2 -0.47 2 
Yhcl P54593 0.09 2 0.03 3 0. 1 2  2 0.40 3 -0.27 4 -0.24 2 
YhdG 007576 -0.37 3 -0.29 3 -0.05 2 -0.23 2 0.0 1 2 
YhdL 00758 1 0.43 5 6 0. 1 2  2 0.29 2 0.49 1 1  0.6 1 3 
YhdO 007584 0.29 3 0.54 6 0.42 4 0.50 4 0.47 7 0.74 5 
YhdP 007585 -0.44 6 -0.29 6 -0.36 6 -0.35 9 -0.3 1 8 
YheB 007543 -0. 1 6  2 -0. 1 9  2 -0. 1 4  2 -0. 1 3  2 0.04 5 
YheH 007549 -0.22 2 -0.4 1  2 -0.28 2 0.45 3 
Yhel 007550 -0.44 3 -0.3 1 2 
YheN 007596 1 .27 2 1 . 1 3  2 
YhfG 007605 -0.29 4 -0.33 3 -0.26 2 -0.02 2 -0.43 4 -0. 1 7  3 
YhfQ 0076 1 6  - 1 .6 1  8 - 1 .44 1 0  - 1 . 1 9  5 - 1 .39 4 - 1 . 1 0  8 -0.79 1 2  
YhgE P32399 1 6  -0.03 7 0.02 8 -0.65 1 2  -0.28 6 
YhjB 007556 -0.7 1 2 
YicJ 006745 N I  5_onoff 8 - 1 .53 3 N 1 5_onoff 5 N I  5_onoff 4 N I  5_onoff 7 N I  5_onoff 4 
YicT P39803 -0.25 3 
YjbQ 03 1 6 1 5  -0.37 2 -0.03 3 -0.34 2 -0.49 2 0.25 4 0.33 2 
YjbV 03 1 620 -0.03 2 -0.28 3 5 -0. 1 7  2 
YjcJ 03 1 632 0.34 2 -0. 1 2  2 - 1 .02 2 
YjcP 03 1 638 -0.44 2 -0.76 2 0. 1 3  2 0.79 5 
YjeA 034798 0.09 6 5 0.20 2 0.27 3 0.47 1 4  0.67 7 
YjhA 034725 1 . 1 7  1 1  1 .23 I I  0.75 1 0  -0.85 1 2  -0.56 1 0  
YjkB 034756 -0.33 2 -0.75 2 -0.5 1 2 
YjlC 034633 - 1 .00 2 -0.85 2 
YjlD P8086 1 -0.6 1 2 - 1 . 1 6  4 - 1 .06 2 -0.27 3 
YkaA 034454 0.56 2 0.42 2 
YknX 03 1 7 1 0  0. 1 9  I I  -0. 1 6  7 -0.20 1 0  -0.55 1 7  -0.60 1 0  
YknZ 03 1 7 1 2  0. 1 9  4 0.03 3 -0.09 3 0.02 3 -0.55 4 -0.47 2 



YkoC 034572 0.03 2 -0.66 2 -0.62 2 - 1 .03 4 -0.69 3 
YkoD 034362 N I  S_onoff 5 -0.29 2 -0.73 2 - 1 . 1 7  2 -0.85 2 - 1 .35 2 
YkoE 034738 N l 5_onoff 2 -0.9 1 2 -0.5 1 2 
YkoK 034442 -0.29 6 -0.29 4 -0.38 3 -0.42 4 -0.5 1 8 -0.39 3 
YkqC Q45493 0.63 2 
YkuA Q796K8 -0.22 6 -0.03 8 0.20 4 0.25 3 0. 1 7  8 0.6 1 3 
YkuT 034897 -0.29 2 0.03 2 
YkvW 03 1 688 -0.37 2 -0.23 2 -0.85 2 
YlbC 034586 -0.22 2 -0. 1 2  5 -0. 1 3  2 -0.03 3 
YlbL 034470 0. 1 9  3 0.09 2 0.06 2 
YlmA 03 1 723 0.55 2 
YlnA 034734 N l 5_onoff 2 -0.33 2 -0.20 2 -0.43 2 
YlxF P23454 - I . I S  2 -0.9 1 7 -0.46 2 -0.36 2 0.35 7 0.33 6 
YlxX Q45544 0.03 2 
YmdA 03 1 774 -0. 1 5  1 7  -0.03 1 7  -0. 1 9  1 0  1 3  -0.23 1 7  -0.08 1 6  
YmfA 03 1 760 0.92 3 
YmfM 03 1 77 1  -0.22 2 -0.22 2 3 -0.38 2 
YncB P94492 -0.62 2 
YneF P45708 -0. 1 5  2 -0.06 2 -0.23 2 -0.07 2 -0.23 2 0.04 3 
YneK P457 1  I -0.86 2 
YneS Q45064 -0.38 2 -0.3 1 2 
YoaB 034864 - I .B l  5 - 1 .7 1  5 - 1 .78 2 - 1 .8 1  2 -2.23 4 - 1 .69 3 
YoaC 03486 1 -2.38 2 N I  S_onoff 2 
YoaD 0348 1 5  N l 5_onoff 6 - 1 . 1 6  2 - 1 .75 3 
YoaF 03 1 829 -0.44 2 -0.33 2 -0.94 2 - 1 .03 2 
YoaH 034576 N l 5_onoff 4 -0.86 4 -0.27 2 
Yobl 034784 - 1 .29 2 - 1 . 1 3  7 -0.39 4 -0.47 2 
Yobj 034774 -0.53 2 -0.53 6 -0.54 2 -0.98 6 - 1 .08 4 
YodF 034745 -0.37 4 -0.33 5 -0. 1 9  3 -0.22 4 -0.55 3 -0.28 5 
Yodj 034866 0.03 4 0.03 3 0. 1 1  3 0.59 1 0  
YoeA 034474 0. 1 4  2 0.25 2 
YokF 03200 1 0.74 4 0.27 2 0.42 2 0.42 2 1 .09 2 1 .07 2 
YolF 03 1 989 -0. 1 5  4 -0.03 5 -0. 1 9  5 -0. 1 2  4 0.20 4 0.2 1 3 
Yorn] 03 1 975 0. 1 1  2 0.09 2 
YomK 03 1 974 -0.33 2 0.75 2 0.34 2 1 .94 2 1 .66 2 
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WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Uniproc normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
name Accession 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 

Numbers 
YonS 03 1 942 -0.7 1 3 -0.4 1 s 0.09 4 0.25 6 0.25 3 0.44 -4 
YopH 03 1 930 -0.49 3 -0.03 2 
Yopl 03 1 929 0. 1 2  2 
YpbE P5073 1 0.03 3 
YpbR P54 1 59 I . I  I 2 
YphF P399 1 I -0.8 1 2 -0.73 2 -0.23 3 -0. 1 1 2 
YpjC P42978 O.D7 2 
YpmB P54396 2 0.27 2 0.09 2 0.73 5 0.86 2 
YpmQ P54 1 78 -0.33 2 -0.43 2 -0.39 2 
YpmR P40766 -0. 1 2  2 -0.06 2 
YpmS P54 1 79 0.24 2 -0.26 3 -0.38 3 -0.20 2 -0.35 3 0.28 2 
YpuA P3 1 847 -0.37 4 -0.86 2 0.92 5 1 .25 7 
YqbC P459 1 9  -0.27 3 -0.3 1 2 
YqeF PS445 1 0.36 2 -0. 1 0  2 0.3 1 2 
YqeZ P54465 N I S_onoff 4 -0.65 2 
YqfA P54466 -0.53 1 4  -0.37 1 5  - 1 . 1 9  3 - 1 . 1 2  4 - 1 .28 1 3  
YqfF P46344 -0. 1 5  1 2  -0.06 1 1  -0. 1 6  5 5 -0. 1 0  I S  0.04 5 
YqfU P54478 -0.20 2 
YqgB P54485 0. 1 9  2 -0. 1 6  2 -0.55 3 -0.43 2 -0.0 1 3 
YqgF P54488 0.29 3 0. 1 9  5 -0.09 3 0. 1 7  2 0.69 2 
YqgP P54493 -0.7 1 2 
YqgS P54496 -0.7 1 2 -0.26 2 -0.70 3 -0.28 2 
Yqhl P545 1 0  -0.03 2 -0.03 3 -0.06 3 -0.09 3 3 0.23 2 
YqhQ P545 1 5  0.43 2 -0.22 3 -0. 1 3  3 -0.05 2 
YqjA P54538 -0.22 2 0.23 2 
YqxM P40949 2.39 3 3.06 3 
YqzC 032023 -0.03 5 6 0.09 6 0. 1 7  4 -0.06 5 0.23 4 
YqzD 032022 0. 1 4  2 -0.09 5 0. 1 4  3 0.09 4 -0.43 5 0. 1 6  3 
YrbF 032052 0.03 4 0.03 2 0. 1 2  2 0.05 2 -0. 1 0  4 0. 1 8  3 
YrkA P54428 N I  S_onoff 3 0.49 3 
YrpE 0054 1 0  N I  S_onoff 1 1  N I  5_onoff 9 N 1 5_onoff 4 N I  5_onoff 7 N 1 5_onoff 14  



Yrrl 034758 -0.22 s 0. 1 2  3 0.26 2 
YrrS 03203 1 -0.03 s 0.03 4 0. 1 4  2 -0.02 4 0.09 s 
YrvD 032045 -0.06 2 
YscB P945 1 7  -0.03 2 -0.05 3 
YsdB P94520 -2.26 2 
YtdP 03207 1 N l4_onoff 2 
YteJ 034424 -0.09 2 0. 1 7  2 - 1 .35 2 
YtkA P40768 -0. 1 3  2 0.0 1 2 
YtnA 0346 1 8  -0.03 2 -0. 1 2  2 -0.06 2 0.o? 2 -0. 1 3  2 0.07 2 
YtrF 035005 -0. 1 2  8 s -0.07 9 -0.38 1 1  -0.05 4 
YttA Q79SQS 0.03 2 0.03 3 -0.35 2 -0.24 2 
YtxG P40779 -0.6 1 2 -0.26 3 -0.34 4 -0.42 4 -0.20 4 -0.0 1 2 
YtxH P40780 -0.76 3 -0.78 3 - 1 . 1 7  3 1 .28 4 0.86 3 
YuaG 032076 -0.6 1 1 0  -0.33 I S  -2.42 3 -2.52 4 -2.75 6 -2.60 2 
YubF 032082 0.22 2 0.74 3 0.3 1 2 0.25 2 0.35 2 
YueB 032 1 0 1  0.29 33 0.22 32 0.06 1 9  0. 1 3  1 4  -0.97 30 -0.47 23 
YueF 032095 -0.09 2 -0. 1 2  2 0.Q3 2 -0.07 2 0. 1 7  2 0.3 1 2 
YufN 005252 0.03 1 0  0.06 8 0.39 9 0. 1 7  2 -0.SS 1 0  -0.39 3 
YufO 005253 -0.22 4 -0.44 2 2 -0.85 3 
YugP 005248 -0.53 2 -0. 1 2  2 -0.63 2 -0.49 2 -0.03 2 -0.0 1 2 
YuiF 032 1 05 -0.53 2 -0.66 2 -0.54 2 -0.39 4 -0.60 4 -0.24 3 
YukA P7 1 068 0.29 20 -0.06 4 0. 1 1  6 -0.65 3 -0.24 6 
YukB P7 1 069 0.09 2 0.39 4 -0.34 3 0.34 2 -0.24 2 
YukC P7 1 070 0.24 7 0.32 8 -0.03 s 0.o? s -0.38 8 -0. 1 7  6 
Yuro 032 1 56 - I .B l  4 - 1 .53 2 -0.94 2 - 1 .52 3 -2. 1 0  7 -0.96 2 
YurP 032 1 57 -0.37 2 -0.57 3 - 1 .3 1  2 
YurY P80866 0. 1 5  2 
YusA 032 1 67 -0.8 1 1 8  -0.49 2 1  -0.50 1 9  -0.69 1 9  -0.97 2 1  -0.74 2 1  
YusB 032 1 68 -0.57 2 -0.8 1 2 -0.65 2 -0.43 2 
YusP 032 1 82 -0.03 7 -0.06 4 
YutK 032 1 1 5  0. 1 7  2 0.20 2 
YvaQ 032239 - 1 .8 1  3 - 1 .6 1  3 -0.94 2 -0.03 3 0.3 1 4 
Yvbl 032246 -0.38 2 
YvbJ 032247 -0.44 1 6  -0.66 1 4  -0.34 6 -0. 1 2  3 - 1 .0 1  9 
YvbW 032257 -0.06 2 
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l'-J 

l'-J 

WT I WT 2 PrsW I PrsW 2 RasP I RasP 2 
Protein Uniprot normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides normalized peptides 
name Accession 21og ratio quantified 2log ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 21og ratio quantified 

Numbers 
YvcC 006967 -0. 1 5  7 0.03 1 1  -0. 1 3  6 0.02 7 -0. 1 3  1 1  -0. 1 7  4 
YvcQ 006979 -0.09 2 0.09 2 0.33 3 0.5 1 3 
YvcR 006980 0.60 2 
YveK P7 1 050 0.09 2 
YveM P7 1 052 0.03 2 -0.26 2 0.09 3 - 1 .47 2 
YveO P7 1 054 0.39 2 0.68 2 -0.5 1 2 -0.24 2 
YveP P7 1 055 -0.75 2 
YveS P7 1 058 0.78 2 
YvfH P7 1 067 -0.09 2 0.03 4 0. 1 2  2 -0. 1 0  4 
YvfK 007009 -0.3 1 2 
YvfW 00702 1 1 .22 2 0.98 2 
Yvgl 032208 N I  5_onoff 4 -0.70 2 -0.47 3 
YvgP 0322 1 2  -0.03 2 -0.44 3 0.03 3 0.67 2 
Yvhj P96499 -0.03 5 -0.06 6 0.22 3 0. 1 1  4 0.09 6 0.40 3 
YvjD 034375 -0.09 3 -0.44 3 0.23 4 0.26 7 
YvrA 006965 0.60 6 0.65 3 0.32 2 0.29 5 -0.38 4 -0. 1 1 3 
YvrC 034805 1 .32 3 -0.44 2 -0.63 2 - 1 .47 3 -0.35 2 
YvrG 034989 N I  5_onoff 2 -0.57 2 -0.03 2 0. 1 5  2 -0.06 3 0. 1 6  3 
YvrN P46324 0.24 2 2 0. 1 7  2 0.33 2 
YvrO 034979 0.5 1 2 0.34 2 1 . 1 2  2 
YvrP 035007 0. 1 9  7 0.22 4 0.2 1 4 -0.27 2 -0.56 4 
YvsH 032204 0. 1 9  2 -0.26 2 2 -0. 1 1 2 
YwaA P39576 N 1 4_onoff 2 
Ywbl P39595 N I  5_onoff 3 - 1 .7 1  2 N I  5_onoff 3 
YwbM P39596 - 1 .44 4 -0.63 5 -0.93 4 - 1 .3 1 1 0  -0.65 2 
YwcF P39604 0. 1 5  2 
YwhC P70995 0.9 1 2 -0.05 2 2 -0. 1 7  2 
YwjA P4586 1 - 1 .09 7 - 1 . 1 9  3 -0.93 5 -0.85 8 -0.84 4 
YwnE P7 1 040 N l 5_onoff 2 0.09 2 
YwoF P94576 -0.53 5 2.05 2 2. 1 0  2 
YwpH P94590 2. 1 7  2 1 .42 2 



t,J 
(X) w 

YwqC 
YwtF 
Yxal 
YxaM 
YxeB 
YxeM 
YxjA 
YxjG 
YxjH 
YxkC 
YxkD 
Yxkl 
Yybj 
YybT 
YycG 
YycH 
Yycl 
YydE 
Yydl 

P967 1 5  
Q7WY78 

P42 1 08 
P42 1 1 2  
P5494 1 
P54952 
P423 1 2  
P423 1 8  
P423 1 9  
P94356 
P94357 
P94362 
P37494 
P37484 
Q456 1 4  

Q794W0 
Q456 1 2  
Q45597 
Q45593 

0.60 2 
0.47 2 

-2.6 1 6 
-0. 1 5  6 
0.60 2 
-0.29 2 

N l 5_onoff 3 
-0.7 1 1 4  
- 1 .44 2 
-0.44 2 
I . I  I 3 

-0. 1 5  3 
-0.09 2 
-0.22 4 
- 1 .44 2 

0.49 2 - 1 .47 3 
0.7 1 2 1 .72 3 

0.20 2 
-2.6 1 6 -2. 1 3  3 N l 5_onoff 9 - 1 .75 1 0  - 1 .69 1 3  
0.09 9 0.06 5 6 -0. 1 6  1 0  0. 1 0  7 

0.47 2 
0. 1 5  3 

- 1 .78 l - 1 .47 2 
-0.76 I S  1 2  O.Q7 1 8  0.28 2 1  

-0.02 2 -0.03 2 
-0.22 2 0. 1 7  4 

0.6 1 5 0.46 2 0.3 1 3 0.7 1 s 0.44 3 
0.03 3 -0. 1 7  l 0. 1 2  4 0.2 1 3 
-0.22 7 -0.34 3 O.Q7 2 -0.23 9 0.04 2 
-0. 1 9  4 -0.26 4 -0. 1 4  4 -0. 1 3  7 0. 1 3  4 

0. 1 7  3 0. 1 6  2 
N I S_onoff l 

0.43 2 0. 1 1  l 

awoa10Jd au-eJqwaw a41 uo MSJd pu-e dSE� JO 1::>-edw1  I x,puaddv 
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Table I A. Genes down-regulated in sigW, prsW or rasP mutant strains. )> 
Changes that are statistically significant (p<0.05) are indicated in bold. "O 

"O 
(1) 

c.. 
Name Effect Effect Effect Down Regulation Function x· 

Si6_WIWT rasPIWT e_rsWIWT IV 
rsiW -6.84 -0.53 -0.66 all ow Control of SigW activity ;;o 
sigW -6.83 -0.58 -0.76 all ow Sigma W factor (1) 

spo0M -4.92 - 1 .70 - 1 .43 all ow Sporulation 
S69 1 -3.66 -0.94 - 1 .02 all ow ::!) 
yeoA -3.6 1 - 1 .30 - 1 .30 all Secondary ow ::J 
yjoB -3.40 - 1 . 1 7  - 1 . 1 7  all ow t"t 

ydjP -3.34 - 1 . 1 3  - 1 .22 all Secondary ow 5· 
S462 (indep) -3.23 -0.89 -0.95 all ow ::J 

yxjl -3. 1 2  -0.86 -0.95 all ow 0 
yoaG -3.07 -0.99 -0.95 all ow t"t 
(osB -3.03 - 1 .30 - 1 .35 all ow Fosfomycin resistance =r-
ythP -2.98 - 1 .27 - 1 .08 all ow ATP transporter (ATP '1 binding protein) 
S690 -2.90 - 1 . 1 7  - 1 .0 1  all ow 3'of yoaG 

) S 1 495 (indep) -2.89 - 1 . 1 6  - 1 . 1 9  all ow 
(1) 

ythQ -2.74 - 1 .0 1  - 1 .0 1  all ow ABC transporter 
S742 -2.70 -0.98 - 1 .77 all ow 

0 pspA -2.68 - 1 .2 1  -0.76 all Secondary ow 

yfhL -2.52 - 1 . 1 6  - 1 .00 all Secondary ow SdpC resistance 0 ydjG -2.5 1 - 1 .03 -0.68 all secondary ow ..... 
S7 1 9  (inter) -2.49 -0.97 -0.80 all ow ex, 
S658 (inter) -2.48 - 1 .09 - 1 . 1 8  all ow a. yb(O -2.47 - 1 .40 -0.78 all ow Similar to erythromycin 

� esterase VI 
ydbT -2.47 - 1 .00 -0.88 all Secondary ow 

VI 
ydbS -2.46 - 1 .04 -0.79 all Secondary ow r:: 
yuaG -2.33 - 1 .32 - 1 .06 all ow Sporulation (early stage) 
pbpE -2.33 - 1 .28 - 1 .20 all ow Cell wall synthesis 
yfhM -2.30 - 1 .02 -0.92 all Secondary ow Survival of ethanol stress 
ydjH -2.27 -0.93 -0.57 all Secondary ow 

yob) -2.24 -0.75 -0.88 all ow 

ydjl -2. 1 7  -0.93 -0.6 1 all Secondary ow 

rocX -2. 1 2  - 1 .25 - 1 . 1 9  all ow Control of biofilm 
formation 

yual -2.02 - 1 .00 - 1 .05 all ow 

yv/A - 1 .9 1  -0.46 -0.69 all ow 

yv/B - 1 .85 -0.77 -0.67 all ow 

yuaF - 1 .78 - 1 .00 - 1 .00 all ow 

ybfP - 1 .38 -0.78 -0.46 all ow 

S89 (inter) - 1 .34 -0.74 -0.46 all ow 

yjzH - 1 . 1 9  -0.70 -0.67 all ow 

sppA · l . 1 8  - 1 . 1 6  -0.7 1 all Secondary ow Signal peptide peptidase 
ytej - 1 . 1 7  - 1 . 1 0  -0.47 all Secondary ow Resistance against SdpC 
yxjH -0.83 -0.55 -0.48 all 
yknY -0.76 - 1 .29 -0.47 all ow Resistance against SdpC 
yknZ -0.69 - 1 . 1 2  -0.42 all ow Resistance against SdpC 
ydjO -0.4 1 -0.40 -0.47 all Secondary ow 
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Name Effect Effect Effect Down Regulation Function 
si WIWT rosP/WT f!_rsW/WT 

ywrE - 1 .82 -0.40 -0.84 sigW, prsW ow 

S659 (indep) -0.94 -0.5 I -0.85 sigW, prsW ow 

yozO -0.60 -0.27 -0.43 sigW, prsW ow 

ysdB -3.54 - 1 .20 - 1 .04 sigW, rasP ow 

yqfB -2.25 - 1 .23 -0.56 s1gW. rasP ow 

yq(A -2. 1 1 - 1 .09 -0.37 sigW, rasP ow 

yceH -0.88 -0.50 -0.32 sigW, rasP Secondary ow 

yceG -0.87 -0.42 -0.34 sigW, rasP Secondary ow 

yknX -0.78 - 1 .4 1  -0.34 sigW, rasP ow 

alsD -0.63 -0.70 -0.47 sigW, rasP 
yknW -0.57 - 1 .08 -0.24 sigW, rasP ow 

tatAC -0.30 -0.72 -0.88 rasP, prsW Protein secretion 
S l 395 -0. 1 9 -0.7 1 -0.63 rasP, prsW 5' of ywzD 
ssbB -0. 1 2  -0.6 1 -0.45 rasP, prsW ComK Genetic transformation 
yjoA -0.39 -0.58 -0.6 1 rasP, prsW 
yjcN 0. 1 0  -0.50 -0-57 rasP, prsW Rok 
yvf1 -0.39 -0.48 -0.46 rasP, prsW LutR Control of lactate 

util ization 
YQJN -0 30 -0.42 -0.47 rasP,prsW 
yqeZ -2.2 1  - 1 .07 -0.72 sigW ow 

mt/F -2.05 0. 1 1  -0.79 sigW 
mt/D - 1 .97 0. 1 8  -0.83 sigW 
mt/A - 1 .85 0.01 - 1 .0 1  sigW 
yoaF - 1 .58 -0.80 -0.71  sigW Secondary ow 

S l 60 (inter) - 1 .56 -0.38 -0. 1 9  sigW Secondary ow 

yvlD - 1 .34 -0.29 -0.43 sigW ow 

yvlC - 1 .32 -0.44 -0.53 sigW ow 

yaaN - I . I  I -0.58 -0.45 sigW ow 

yceE - 1 .04 -0.52 -0.46 sigW Secondary ow 

S7 1 6  -0.95 -0.40 -0.68 sigW 
yceD -0.90 -0.46 -0.47 s1gW Secondary aw 

S22 (intra) -0.88 -0.28 -0. 1 6  sigW ow 

yceC -0.84 -0.45 -0.35 sigW secondary ow 

ygzA -0.82 -0.46 -0.24 sigW 
S i 338 -0.80 -0. 1 8  -0.22 sigW ow 

S I 06 -0.78 -0.24 -0.42 sigW Secondary ow 

ilvD -0.78 -0.55 -0.53 sigW 
xpaC -0.77 -0.23 -0.49 sigW ow 

yqf[ -0.76 -0.27 -0.0 1 sigW 
S I  1 75 -0.75 -0.49 -0.33 sigW 
yceF -0.74 -0.24 -0.39 sigW Secondary ow 

yqfD -0.72 -0.24 0.04 sigW 
mtnK -0.65 -0.40 -0.23 sigW 
S740 (inter) -0.54 -0. 1 1  -0.04 sigW Secondary ow 

S l 6 1  -0.52 -0. 1 9  -0. 1 4  sigW Secondary ow 

S739 -0.5 I 0.06 0. 1 9  s1gW Secondary ow 

S44 2 (inter) -0.48 -0. 1 6  -0.38 sigW ow 

S 1 390 (inter) -0.48 0.02 -0. 1 1 sigW ow 

acpS -0.45 -0. 1 1 -0.07 sigW Secondary ow 

S l 62 -0.44 -0.07 0.05 sigW Secondary ow 

ydcC -0.42 -0. 1 2  0.01 sigW Secondary ow 

thiC -0.4 1 -0.20 -0.22 sigW 
yocM -0.4 1 0.22 0.26 sigW Secondary ow 
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Name Effect Effect Effect Down Regulation Function )> 
sigWIWT rasP/WT prsW/WT "O 

rasP 0.20 -6.09 0.42 rasP Control of cell division and 
(I) SigW activity :::I 

csn -0.35 - 1 .88 -0.2 1 rasP AbrB Chitin degradation CL 
yxaL -0.40 - 1 .46 -0.82 rasP AbrB, Rok x· 
oppA -0.4 1 - 1 .24 -0.2 1 rasP ScoC.TnrA Initiation of sporulation, Iv 

competence development :;:o S406 -0. 1 6  - 1 . 1 8  -0.22 rasP 5' of oppA (I) 
ylqB 0.29 - 1 . 1 5  0.20 rasP AbrB, SigD CL 
yvyD -0.46 - 1 . 1 0  -0.83 rasP SigB, SigH Dimerization of ribosomes 

in the stationary phase :::I 
mreBH -0.04 - 1 .09 0.02 rasP Sigl Cell shape determination a: 
S935 0. 1 5  - 1 .07 0. 1 4  rasP 5' of yqzD 0 
yxaj 0.23 - I .OJ -0. 1 3  rasP Rok :::I 
S35 1 -0.60 -0.96 -0.49 rasP 3' of scoC 0 -
yweA 0. 1 2  -0.96 -0.33 rasP 
ykpC 0.04 -0.94 0.05 rasP =r-
yvzj -0.20 -0.92 -0.83 rasP (I) 

S 1 35 -0.42 -0.9 1 -0.33 rasP 3' of yczj a 
S480 0.24 -0.91  0.04 rasP 5' of sig/ � 
S 1 462 0.09 -0.90 -0.45 rasP 5' of yweA (I) S407 (inter) -0.42 -0.85 -0.32 rasP Between oppA and appB O"Q 
ydhK -0. 1 2  -0.83 0. 1 8  rasP SigB Survival of ethanol stress C: 
yuaB -0.04 -0.83 -0. 1 0  rasP AbrB, DegU Pellicle formation 0 
yqxl -0.20 -0.79 -0. 1 4  rasP CcpA, SpoOA :::I 

yjhA -0. 1 2  -0.78 0. 1 2  rasP 0 -
-0. 1 7  -0.76 -0. 1 1 rasP TnrA 

wprA -0.0 1 -0.75 -0.06 rasP YvrHb Cl 
ptb -0.7 1 -0.75 -0.52 rasP BkdR, CodY, Sigl Utilization of branched- a. 

chain keto acids � 
lpdV -0.4 1 -0.74 -0.09 rosP BkdR, CodY, Sigl Utilization of branched- V, 

V, chain keto acids C: 
yo/A 0.00 -0.72 0. 1 9  rosP 
bed -0.39 -0.72 -0.30 rosP BkdR, CodY, SigL Utilization of branched- � chain keto acids 
yvbj 0.08 -0.72 -0.04 rosP 
yhbj -0.50 -0.70 -0.02 rosP 
ykvA -0.08 -0.70 -0.24 rasP 
yo/B 0.05 -0.70 0. 1 5  rosP 
yqzC -0. 1 6  -0.69 -0.40 rosP SpoOA 
estB -0. 1 0  -0.68 -0.33 rosP AbrB Lipid degradation 
yraL -0.29 -0.67 -0.49 rosP 
yxiT/1 0.04 -0.67 0.03 rosP 
sere -0.48 -0.66 -0.47 rasP Biosynthesis of serine 
purT -0.52 -0.63 -0.46 rasP Purine biosynthesis 
estA (lipA) 0.45 -0.63 0.4 1 rasP AbrB Lipid degradation 
bkdAA -0.47 -0.63 -0.2 1 rosP BkdR, CodY, SigL Utilization of branched-

chain keto acids 
yhcB -0.22 -0.62 -0.05 rosP 
wapA -0.09 -0.62 -0.0 1 rosP DegU,YvrHb 
yhcC -0.47 -0.6 1 -0. 1 4  rasP 
buk -0.27 -0.6 1 -0.07 rosP BkdR, CodY, SigL Util ization of branched-

chain keto acids 
yqzD 0.03 -0.6 1 -0. 1 0  rasP SpoOA 
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Name Effect Effect Effect Down Regulation Function 
sigW/WT rasPIWT prsWIWT 

bkdB -0.40 -0.60 -0.2 1 rasP BkdR, CodY, Sigl Utilization of branched-
chain keto acids 

SI 1 2 1  -0.42 -0.60 -0.06 rasP 5' of sppA 
lytB -0.27 -0.60 -0.27 rasP LytR, SigD, SlrR, Autolysin (cell wall degra-

YvrHb dation) 
pel -0. 1 7  -0.58 -0.40 rasP CcpA, ComA, Degradation of 

TnrA polygalacturonic acid 
yh(F -0. 1 9  -0.58 -0. 1 3  rasP 
hinT -0.30 -0.57 -0.30 rasP Cell-cycle regulation 
5488 0.05 -0.57 -0.27 rasP 5' of ykvA 
yxiT/2 0. 1 8  -0.57 0. 1 3  rasP 
yyzF -0.35 -0.57 -0.3 1 rasP 
nucA -0.46 -0.56 -0.49 rasP ComK Genetic transformation 
htpG -0. 1 1 -0.56 -0.23 rasP Chaperone 
yxbC 0. 1 2  -0.56 0.00 rasP AbrB, CodY, 

SpoOA 
lytA -0.29 -0.55 -0.34 rasP LytR. SigD, SlrR. Autolysin (cell wall degra-

YvrHb dation) 
yhcA -0.34 -0.54 0. 1 1  rasP 
5938 (inter) 0.00 -0.54 0.45 rasP Between yqgA and yqgC 
5 1 0 1 3  -0.09 -0.54 -0.40 rasP 5' of yraL 
rapD 0.00 -0.54 -0.20 rasP RghR. SigM, SigX Control of ComA-depen-

dent gene expression 
y(nC -0. 1 0  -0.53 -0.06 rasP 
ysdC -0.26 -0.50 -0.3 1 rasP 
ycnD -0.32 -0.49 -0.33 rasP Delivery of FMN to 

enzymes 
yisL 0.08 -0.47 -0.38 rasP 
pbpC -0.27 -0.45 -0.04 rasP Penicillin binding protein 3 
yuzD 0.00 -0.45 -0.34 rasP 
csoA -0.27 -0.43 -0.25 rasP Protein secretion 
pgi -0.26 -0.43 -0.33 rasP Enzyme in glycolysis/gluco-

neogenesis 
ywhB -0. 1 9  -0.43 -0.3 1 rasP 
aprE -0.07 -0.42 -0.04 rasP AbrB. ScoC. SinR Protein degradation 
5937 0. 1 2  -0.42 0.34 rasP 5' of yqgC 
lytC -0. 1 4  -0.42 -0. 1 5  rasP LytR. SigD, SlrR, Autolysin ( cell wall degra-

YvrHb dation) 
xynA 0.24 -0.4 1 -0. 1 8  rasP Xylan degradation 
prsW 0. 1 9  0.27 -4.30 prsW Control of SigW activity 
5 1 98 (indep) -0.57 -0.47 - 1 . 7 1  prsW 
rocA -0.68 1 .40 - 1 .06 prsW AhrC, CodY. RocR, 

Sigl 
S7 18  (indep) -0.56 0. 1 0  -0.92 prsW 
ylaF 0. 1 8  -0.29 -0.90 prsW 
54 1 5  (indep) 0. 1 4  -0. 1 5  -0.86 prsW 
yjzD -0. 1 3  -0.29 -0.76 prsW 
phrF -0. 1 8  -0. 1 8  -0.60 prsW ComA, SigH Control of ComA activity 
S I  1 38 -0.03 -0. 1 6  -0.59 prsW 3' of tyrS 
yobD -0.06 -0.37 -0.58 prsW 
ytzK 0.04 -0.24 -0.57 prsW 
5 1 406 -0. 1 9  -0. 1 0  -0.57 prsW 5' of ywnH 
yqgX 0.03 -0. 1 9  -0.48 prsW 
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Name Effect Effect Effect Down 
sigWIWT rasPIWT prsWIWT 

S 1 308 -0.36 -0.33 -0.45 prsW 
rp/F -0.34 -0.25 -0.44 prsW 
rpsE -0. 1 9  -0. 1 5  -0.42 prsW 
deoR -0. 1 8  -0. 1 5  -0.42 prsW 

Regulation Function 

5' of yvf1 
Ribosomal protein 
Ribosomal protein 

DeoR Regulation of deoxyribonu-
cleotide utilization 
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Table I B. Genes up-regulated in sigW, prsW or rasP mutant strains. Changes 
that are statistically significant (p<0.05) are indicated in bold. 

Name Effect Effect Effect Up Regulation Function 
sigWIWT rasP/WT prsW/WT 

S I  026 (inter) 0.92 0.59 0.96 all 
S98 1 (3') 0.73 0.59 0.45 all 
S 1 1 8 (inter) 0.52 0.66 0.75 all Opposite of yual-yuaF-yuaG 
obg 0.50 0.65 1 .00 all ribosome assembly (es-

sential), possibly required 
for Spo0A activation 

yrzl 0.63 0.34 0,76 sigW. prsW AbrB 
yktD 0.43 0.37 0.60 sigW. prsW 
S 1 380 1 . 1 6  1 .55 0.73 sigW. rasP S' of ywtF 
ydeH 0.56 0.53 0.42 sigW. rasP AbrB 
S303 0.45 0.60 0.35 sigW. rasP S' of ygxA 
S663 0.6 1 0.52 0.35 sigW. rasP S' of ccdA 
S 1 356 0.64 0.70 -0. 1 3  sigW. rasP S' of degS 
S862 0.65 0.64 0.4 1 sigW. rasP 5' of spo/VA 
murG 0.77 1 .08 0.56 sigW. rasP Peptidoglycan precursor 

biosynthesis 
ywkF 0.36 0.88 0.83 prsW. rasP Sporulation protein 
S 1 43 (3'PT) 0.43 0.73 0.79 prsW. rasP 
tagH 0.40 0.69 0.70 prsW. rasP Biosynthesis of teichoic 

acid 
aapA 0.39 0.66 0.57 prsW. rasP Amino acid uptake 
S I  1 66 (inter) 0.32 0.65 0.79 prsW. rasP Between metK and asnB 
S280 0.38 0.62 0.57 prsW. rasP 5' of dusC 
rsmE (yqeU) 0.46 0.62 0.64 prsW. rasP HrcA 
spo0B 0.32 0.60 0.75 prsW. rasP Initiation of sporulation 
dusC 0.29 0.57 0.54 prsW. rasP tRNA modification 
prmA (yqeT) 0.4 1 0.56 0.60 prsW. rasP HrcA 
spcB (scpB) 0.28 0.54 0.50 prsW. rasP Maintenance of chroma 

some structure 
yttB 0.36 0.54 0.54 prsW. rasP "Resistance agains toxins" 
yszB (pheB) 0.37 0.53 0.86 prsW. rasP Biosynthesis of phenyl 

alanine 
rec) (yrvE) 0.35 0.5 1 0.55 prsW. rasP DNA repair/recombination 
ywqB 0.40 0.50 0.59 prsW. rasP 
ycnC 0.20 0.46 0.7 1 prsW. rasP "Control of transcription 

factors" 
pheA 0.38 0.44 0.76 prsW. rasP Biosynthesis of phenyl 

alanine 
speD 0.39 0.42 0.46 prsW. rasP CcpN Spermidine/polyamine 

biosynthesis 
opuBD 0.22 0.42 0.49 prsW. rasP Compatible solute trans-

port (choline) 
S 1 355 (intra) 0.3 1 0.4 1 0.40 prsW. rasP Between degS and degU 
ybbK 3.07 -0.69 -0.54 sigW Opposite of sigW 
ybbj 2.68 -0.6 1 -0.70 s1gW Opposite of sigW 
S928 (inter) 2.25 -0.59 -0.4 1 sigW Between mgsR and rsbRD 
ykzV 1 . 1 3  -0.3 1 0.05 sigW 
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Name Effect Effect Effect Up Regulation Function 
sigWIWT rasP/WT prsWIWT "O 

cotT 0.9 1 -0.40 -0.49 sigW SigK Spore coat protein "O 
(1) yodl 0.83 -0. 1 4  0.40 sigW SigK :::, 

S I 030 0.82 0.65 0.00 sigW 5' of yrhF 0.. 
ymaG 0.68 0.08 0.20 sigW SigK Spore coat protein x· 
S655 0.66 0. 1 8  0.28 sigW Opposite of fosB Iv 
S6 1 3  0.62 0.27 0.45 sigW 5' of ymzD � S254 (indep) 0.60 -0.07 0.05 sigW (1) 
S 1 405 (inter) 0.60 -0. 1 7  0.05 sigW 0.. 

(1) ykzW 0.59 0.08 -0. 1 1 sigW CcpN RNA that inhibits AhrC => 
translation :::, 

S653 (indep) 0.57 0.25 0.38 sigW 5' of ccdA !:!. 
S360 (inter) 0.54 -0.06 0.23 sigW Between yhf[ and yh(E 0 
yqaR 0.54 0.2 1 -0. 1 8  sigW :::, 
cotU 0.50 0.28 0. 1 7  sigW Spore coat protein 0 -
pssA 0.46 0.28 0.33 sigW Biosynthesis of phospholi- r-t 

pids ::r 
S278 0.46 -0.08 0. 1 3  sigW 5' of yfzA (1) 

yqxD 0.46 0.24 0.38 sigW SigH a 
comK 0.44 0. 1 7  -0.05 sigW AbrB, ComK, Competence and DNA � 

DegU, CodY, Rok uptake regulation 
S 1 543 (intra) 0.43 0. 1 7  0. 1 1 sigW Between yydH and yydl ()'Q 
S95 0.42 0.20 0.09 sigW 5' of ycbj C: 

S427 0.42 -0.06 -0. 14  sigW 5" of ypeP 0 
:::, S83 1 0.42 0.08 0.27 sigW 5' of yjzE 
0 yfzA 0.4 1 -0.03 -0.02 sigW -

S924 0.4 1 -0.08 -0.23 sigW 5' of sin/ 
S825 0.73 1 .72 0.59 rasP 5' of metA Q 
des 0.32 1 .69 0.2 1 rasP DesR Phospholipid desaturase. a. 

reguation of membrane � 
fluidity at low temperatures V) 

V) natA 0. 1 5  1 .64 0. 1 5  rasP NatR Sodium export C: 
natB 0.03 1 .57 0.00 rasP NatR Sodium export 
rocA -0.68 1 .40 - 1 .06 rasP AhrC, CodY, Arginine, ornithin and ci- � RocR, Sigl trullin utilization 
S I 023 0.42 1 .33 0.44 rasP 
racD -0.39 I .JO -0.28 rasP AhrC, CodY, Arginine, ornithin and 

RocR, Sigl, Spo0Acitrullin utilization 
S 1 55 1  (intra) -0.37 1 .28 -0.22 rasP Between rocD and rocE 
rocE -0. 1 5  1 .20 -0.06 rasP AhrC, CodY, Arginine, ornithin and 

RocR, Sigl, Spo0A citrullin utilization 
S88 I (intra) 0.38 1 . 1 8  0.79 rasP Between ypuD and ribD 
yebC 0.27 1 .09 0.49 rasP SigM 
yqjL 0.37 I .OS 0.37 rasP SigB, SigM, SigW Resistance against paraquat 
hisB 0. 1 6  I .OS 0.25 rasP Biosynthesis of histidine 
sirC (ylnF) 0.45 I .OJ 0.9 1 rasP CymR, S-box Siroheme synthesis, sulfite 

reduction 
argl (rocF) -0.02 1 .02 -0. 1 0  rasP AhrC, CodY, Arginine utilization 

RocR, Sigl, Spo0A 
sirB (y/nE) 0.53 1 .0 1  0.94 rasP CymR, S-box Siroheme synthesis, sulfite 

reduction 
hisD 0.05 1 .0 1  0. 1 1  rasP Histidine biosynthesis 
rocB -0.29 0.99 -0.26 rasP AhrC, CodY, Arginine, ornithin and 

RocR, SigL citrullin util ization 

293 



. . ....... IOI, Effect 'effect Eff�ct Up Regulation Function 
sigW/W" rasPIWT prsWJWT 

yuiF 0.37 0.91 0.24 rasP 
trnD-Trp 0.76 0.95 0.24 rasP Transfer RNA Trp 
5 1 270 (3'MT) 0.25 0.95 0. 1 2  rasP 3'MT of yuzO 
hisF 0.03 0.95 0. 1 4  rasP Biosynthesis of histidine 
lmrA 0.6 1 0.94 0.72 rasP LmrA Regulation of lincomycin 

resistance 
5250 0.34 0.93 0.57 rasP 5' of /taSA 
/10/ 0. 1 6  0.92 0.29 rasP LiaR Resistance against stress 

and cell wall antibiotics 
trnl-Thr 0.47 0.9 1 0.26 rasP Transfer RNA Thr 
hisH 0.04 0.9 1 0.22 rasP Biosynthesis of histidine 
5 1 332 0.42 0.9 1 0. 1 6  rasP 5' of hisZ 
5247 0.33 0.90 0.32 rasP 
hisG 0. 1 2  0.90 0. 1 7  rasP Biosynthesis of histidine 
rodA 0.54 0.90 0.47 rasP 5igM Control of cell shape and 

elongation 
yocC 0.33 0.89 0.48 rasP 
ydaH 0.28 0.88 0.39 rasP 5igM 
fabHB 0.33 0.88 0.59 rasP FapR Fatty acid biosynthesis 
his/ -0.07 0.87 0.06 rasP Biosynthesis of histidine 
hisA 0.00 0.86 0. 1 2  rasP Biosynthesis of histidine 
yccK 0. 1 5  0.85 0. 1 8  rasP Downstream of natAB 
548 (intra) 0.37 0.84 0.43 rasP Between secE and nusG 
5620 0.54 0.84 0.33 rasP 3'of ymzA 
5843 0.58 0.83 0.73 rasP 
5 1 58 I (inter) 0.43 0.8 1 0.74 rasP Between rpmH and rnpA 
ktrD 0.45 0.80 0.42 rasP Potassium uptake 
5 1 368 0.33 0.80 0. 1 0  rasP 
yczE 0.30 0.79 0.22 rasP 
hisZ 0. 1 5  0.77 0. 1 1  rasP Translation 
prmC (ywkE) 0. 1 9  0.77 0.73 rasP 
562 1 (inter) 0.45 0.75 0.39 rasP Between ymzA and nrdl 
tagG 0.37 0.74 0.47 rasP Teicho1c acid synthesis 
opuAB 0.08 0.73 0.26 rasP Compatible solute trans-

port (glycine betaine) 
ypbG 0.06 0.67 0.20 rasP SigM 
5426 0.26 0.66 0.3 I rasP 5'of YJCD 
yonP -0.02 0.66 0.08 rasP 5Pj3 prophage 
5255 0.39 0.65 0.27 rasP 
5270 0. 1 8  0.65 0.5 1 rasP 5'of y(IE 
yhdK 0. 1 8  0.65 0.56 rasP 5igM Anti-OM-factor 
desK 0. 1 3  0.65 0.3 1 rasP DesR Control of des-expression 
radC 0.34 0.65 0.39 rasP ComK, 5igM DNA repair 
liaH -0.03 0.65 0.22 rasP LiaR Resistance against stress 

and cell wall antibiotics 
S I  428 (inter) 0.29 0.64 0.37 rasP Between yw/G and glyA 
S459 0.37 0.63 0.48 rasP 5' of ykaA 
5290 (inter) 0.38 0.62 0.42 rasP Between yfhl and yfhJ 
cgeD 0.0 1 0.62 -0.05 rasP GerE, 5igK Sporulation 
yqkK 0.29 0.62 0. 1 6  rasP 
5 1 532 0.22 0.6 1 0.2 1 rasP 5'of yxbF 
S 1 44 (indep) -0.07 0.60 0.24 rasP 
ynej 0.42 0.60 0.27 rasP SigA 
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Name Effect Effect Effect Up Regulation Function )> 
sigW/WT rasPIWT prsWIWT "'O 

yxjN 0.23 0.60 0. 1 9  rasP "'O 
(!) 5 1 340 0.24 0.58 0.09 rasP S'of yv/A ::::, 

thiD 0. 1 0  0.57 0.22 rasP Thi-box Biosynthesis of thiamine 0.. 
pyrophosphate x· 

S9 1 6  0.43 0.57 0.5 1 rasP S'of dxs Iv 
S 1 046 0.2S 0.56 0.27 rasP 5·of yrvC ;o ypzH 0. 1 3  0.54 0. 1 4  rasP (!) 
yopE 0.37 0.53 0.29 rasP SPP-prophage 0.. 

(!) menH 0.35 0.53 0.52 rasP Menaquinone biosynchesis :::!'l 
( essential) ::::, 

yhdL 0.2 1 0.52 0.38 rasP 5igM Anti-OM-factor !:!. 
5662 (inter) 0.4 1 0.5 1 0.48 rasP Between yneF and ccdA 0 
ykuC 0.24 0.50 0.38 rasP ::::, 
5 1 093 0.39 0.50 0.39 rasP S' of speD 0 -
opuAC -0. 1 5  0.48 0. 1 7  rasP Compatible solute trans- rt 

port (glycine betaine) ::,-
S 1 23 1  0.29 0.48 0.03 rasP 5' of yuiH (!) 

yueF 0. 1 1  0.47 0.32 rasP a 
yhbA 0.28 0.46 0.43 rasP Biosynthesis of queuosine, � 

tRNA modification (!) 
ykvT 0.25 0.46 0.28 rasP WalR Resistance against cell {)'Q 

envelope stress, oxidative C 

Stress and salt stress 0 
sigM 0.08 0.45 0. 1 9  rasP SigM ::::, 

ywoG 0.30 0.45 0.37 rasP Cell wall biosynthesis 0 -
ykuD 0.09 0.44 0.35 rasP CcpA, 5igK 
ykuE 0. 1 0  0.44 0.24 rasP 
pgsA 0.24 0.44 0.35 rasP Biosynthesis of phospholi-

� pids 
c/sA 0.08 0.44 0. 1 8  rasP Biosynthesis of phospholi- (I) 

(I) pids C: 
yetH 0.2 1 0.42 0.27 rasP 

!:!". ymaC 0. 1 5  0.42 0.30 rasP � desR 0.00 0.42 0.28 rasP DesR Control of des-expression 
yuiH 0.28 0.42 O.Q2 rasP 
spmA 0. 1 5  0.4 1 0.40 rasP SigE Germination 
yqxC 0.24 0.4 1 0.33 rasP 
yxbF 0.02 0.4 1 0.03 rasP 
yetN 0.09 0.40 0. 1 6  rasP 

pstS -0.67 -0.59 1 .7 1  prsW PhoP High affinity phosphate 
uptake 

opuCD 0.35 0.84 1 . 1 9  prsW Compatible solute trans-
port (glycine betaine, carni-
thine, choline transport) 

opuCC 0.22 0.74 1 . 1 3  prsW Compatible solute trans-
port (glycine betaine, carni-
thine, choline transport) 

opuCB 0. 1 9  0.7 1 1 .00 prsW Compatible solute trans-
port (glycine betaine, carni-
thine, choline transport) 

phrH O.S5 0.29 0.85 prsW RghR Control of sporulation 
initiation 
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Name Effect Effect Effect Up Regulation Function 
sigW/WT rasPIWT prsW/WT 

S527 (inter) 0.39 0. 1 6  0.83 prsW Between abh and kinC 
S I  059 (inter) 0.41 0.33 0.78 prsW Between rpmA and spoOB 
mlpA 0.5 1 0.39 0.7 1 prsW Function of proteolytic 

activity 
rapH 0.33 0. 1 4  0.70 prsW RghR, ComK Control of sporulation and 

ComA activity 
maeA 0. 1 7  0.20 0.70 prsW MalR Malate utilization 
S589 (5') 0.37 0.57 0.69 prsW 5' of uppS 
S787 (inter) 0.22 0. 1 2  0.69 prsW Between yopj and yopK 
psd 0.43 0.39 0.68 prsW SigX Phospholipid biosynthesis 
ylxW 0.27 0.5 1 0.67 prsW SlgE, SigM, SpolllD Downstream of div/C 
S840 (Inter) 0.25 0. 1 0  0.66 prsW Between yprB and cotD 
ykyB 0.22 0.26 0.6 1 prsW 
tag£ 0.2 1 0.38 0.60 prsW PhoP,WalR Biosynthesis of teichoic 

acids 
yetK 0. 1 8  0.29 0.59 prsW 
ylxY 0.27 0. 1 3  0.59 prsW 
S 1 283 (intra) .0.0 1  0. 1 4  0.58 prsW Between copZ and copA 
opuBA 0.32 0.30 0.56 prsW SigA Compatible solute trans-

port (choline) 
yvnB 0. 1 3 0. 1 2  0.56 prsW 
S297 0.20 0.35 0.55 prsW 5' of yfhQ 
yugK -0.05 0.22 0.54 prsW 
S50 (intra) 0. 1 4  0.30 0.53 prsW Between rplK and rplA 
S558 (intra) 0.30 0.23 0.53 prsW Between murE and mraY 
S252 (inter) 0. 1 5  0.02 0.52 prsW Between yfm/ and yfmK 
yvzA 0.07 0.42 0.52 prsW AbrB, DegU 
recG 0. 1 4  0. 1 8  0.49 prsW AbrB, DegU DNA repair and chrome-

soma! segregation 
mreB 0.20 0.36 0.49 prsW SigM Cell shape determination 
yrvM 0. 1 1  0.39 0.48 prsW 
ydiP 0. 1 6  0.35 0.47 prsW LexA BsuM modification (essen-

tial) 
dtd 0. 1 9  0. 1 8  0.46 prsW Putative D-Tyr-tRNA-(tyr) 

deacylase 
ygxA 0.26 0.38 0.45 prsW 
yq{L 0.33 0.20 0.44 prsW Inhibits CcpN activity 
ytqA 0.24 0.40 0.44 prsW 
ylbE 0.00 0. 1 7  0.43 prsW SigK 
yopB 0.08 0.06 0.43 prsW SP� prophage 
su/ -0. 1 0  0.09 0.42 prsW Folate biosynthesis 
ydiC 0. 1 7  0.32 0.42 prsW ( essential) 
rnhB 0. 1 2  0.25 0.42 prsW Endonucleolytic cleavage of 

RNA in RNA-DNA hybrid 
molecules 

rseP 0.20 -6.09 0.42 prsW Activation of sigW 
ynbA 0. 1 3  0.23 0.42 prsW GTP-binding protein 
rim/ (ydiD) 0. 1 8  0.37 0.4 1 prsW 
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Table 2A. Genes up-regulated in sigW, prsW or rasP mutant strains. Changes )> 
that are statistically significant (p<0.05) are indicated in bold. -0 

-0 
(1) 

Name rasPfWT sigWfWT rasP/sigW aw Function 0.. 
rsiW -0.53 -6.84 6.3 1 ow Control of SigW activity x· 
sigW -0.58 -6.83 6.25 ow Sigma W factor 
spoOM - 1 .70 -4.92 3.22 aw Sporulation ;o S69 1 -0.94 -3.66 2.72 aw (1) 
S462 (indep) -0.89 -3.23 2.34 aw 0.. 
ysdB - 1 .20 -3.54 2.34 ow (1) 

yeaA - 1 .30  -3.6 1 2.3 1 ow ::l 
yxjl -0.86 -3. 1 2  2.26 ow a: 
yjoB - 1 . 1 7  -3.40 2.23 ow 0 
ydjP - 1 . 1 3  -3.34 2.2 1 ow ::l 
mt/F 0. 1 1  -2.05 2. 1 6  Uptake of mannitol 0 
mtlD 0. 1 8  - 1 .97 2. 1 5  Uptake of mannitol -

rt 
yoaG -0.99 -3.07 2.08 aw ::i-
rocA 1 .40 -0.68 2.08 Arginine, citrulline and ornithine uptake (1) 

ythQ - 1 .0 1  -2.74 1 .73 aw ABC transporter a 
fosB - 1 .30 -3.03 1 .73 ow Fosfomycin resistance � 
S l 495 - 1 . 1 6  -2.89 1 .73 ow ""I 

S742 -0.98 -2.70 1 .73 ow (1) 

S690 - 1 . 1 7  -2.90 1 .72 ow C 
ythP - 1 .27 -2.98 1 .7 1  ow ATP transporter (ATP binding protein) 0 
roeD I .JO  -0.39 1 .69 Arginine, ornithin and citrullin utilization ::l 
S l 55 1  1 .28 -0.37 1 .65 Between roeD and roe£ 0 
S67 0.78 -0.84 1 .63 Between rsiW and ybbK 0, natB 1 .57 0.03 1 .54 Sodium export C 
S7 1 9  -0.97 -2.49 1 .52 ow Q. 
natA 1 .64 0. 1 5  I .SO Sodium export 2 
yob) -0.75 -2.24 1 .49 ow V, 

ydjG - 1 .03 -2.5 1 1 .48 ow V, 

pspA - 1 .2 1  -2.68 1 .47 ow 
ydbT - 1 .00 -2.47 1 .46 aw 

� yv/A -0.46 - 1 .9 1  1 .45 aw 

ywrE -0.40 - 1 .82 1 .42 aw 

ydbS - 1 .04 -2.46 1 .42 ow 
S658 - 1 .09 -2.48 1 .39 ow 
des 1 .69 0.32 1 .37 Phospholipid desacurase, reguation of mem-

brane fluidity at low temperatures 
yfhL - 1 . 1 6  -2.52 1 .36 ow ScpC resistance 
roe£ 1 .20 -0. 1 5  I .JS Arginine, ornithin and citrullin utilization 
ydjH -0.93 -2.27 1 .34 aw 

roeB 0.99 -0.29 1 .28 Arginine, ornithin and citrullin utilization 
yfhM - 1 .02 -2.30 1 .28 aw Survival of ethanol stress 
ydjl -0.93 -2. 1 7  1 .25 aw 

S 1 60 -0.38 - 1 .56 1 . 1 7  ow 
yv/B -0.77 - 1 .85 1 .09 ow 
yb(O - 1 .40 -2.47 1 .08 ow Similar to erychromycin esterase 
yvlD -0.29 - 1 .34 I .OS ow 
pbpE - 1 .28 -2.33 I .OS ow Cell wall synthesis 
argl 1 .02 -0.02 I .OS Arginine utilization 
yual - 1 .00 -2.02 1 .02 aw 

yuaG - 1 .3 2  -2.33 1 .0 1  aw Sporulation (early stage) 
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le 2B. Genes down-regulated in the rasP mutant strain compared to the 
sigW mutant strain. Changes that are statistically significant (p<0.05) are indicated in 
bold. 

Name rasPIWT sigW/WT rasP/sigW Function 
rasP -6.09 0.20 -6.29 Control of cell division and SigW activity 
ybbK -0.69 3.07 -3.76 Opposite of sigW 
ybbj -0.6 1 2.68 -3.29 Opposite of sigW 
S928 -0.59 2.25 -2.84 Between mgsR and rsbRD 
murQ - 1 .23 0.9 1  -2. 1 4  Cell wall turnover 
ybbH -0.98 0.94 - 1 . 9 1  Transcriptional regulator 
spbC -0.70 I . I  I - I .BO Toxin, kills non-sporulating cells 
csn - I .BB -0.35 - 1 .54 Chitin degradation 
ylqB - I . I S  0.29 - 1 .45 
ykzV -0.3 1 1 . 1 3  - 1 .44 
cotT -0.40 0.9 1  - 1 .3 1  Spore coat protein 
yxaj - 1 .03 0.23 - 1 .25 
S93 5  - 1 .07 0. 1 5  - 1 .22 
S480 -0.91 0.24 - 1 . 1 5  
estA -0.63 0.45 - 1 .09 Extracellular lipase 
yweA -0.96 0. 1 2  · I .OB 
mreBH - 1 .09 -0.04 - 1 .06 Cell shape determination 



Table 3A. Genes up-regulated in the prsW mutant strain compared to the )> 
sigW mutant strain. Changes that are statistically significant (p<0.05) are indicated in "O 

"O 
bold. (D 

::::, 
0.. x· 
Iv 

Name prsW/WT sigW/WT prsW/sigW ow Function ;:;o 
rsiW -0.66 -6.84 6. 1 8  ow Control of SigW activity (D 

sigW -0.76 -6.83 6.07 ow Sigma W factor 0.. 
(D 

spoOM - 1 .43 -4.92 3.49 ow Sporulation ::!) 
S69 1 - 1 .02 -3.66 2.64 ow ::::, 
ysdB - 1 .04 -3.54 2.49 ow rt' 

5· pstS 1 .7 1  -0.67 2.38 Phosphate ABC transporter (binding protein) ::::, 
yeoA - I .JO -3.6 1 2.3 1 ow 0 S462 -0.95 -3.23 2.28 ow -
yjoB - 1 . 1 7  -3.40 2.23 aw rt 
yxjl -0.95 -3. 1 2  2. 1 7  aw 

::::,-
(D 

ydjP - 1 .22 -3.34 2. 1 2  ow a yoaG -0.95 -3.07 2. 1 2  ow � pstBA I .SO -0.56 2.06 • pspA -0.76 -2.68 1 .9 1  ow (D 
ythP - 1 .08 -2.98 1 .90 ow ATP transporter (ATP binding protein) OQ 

C: 
S690 - 1 .0 1  -2.90 1 .89 ow 0 ydjG -0.68 -2.5 1 I .BJ ow ::::, 
yq(A -0.37 -2. 1 1 1 .75 ow 0 
ythQ - 1 .0 1  -2.74 1 .73 aw ABC transporter -
Sl 495 - 1 . 1 9  -2.89 1 .7 1  aw 0:, 
ydjH -0.57 -2.27 1 .70 ow a a. pstBB 1 .4 1  -0.29 1 .70 Phosphate ABC transporter (binding protein) 

� S7 1 9  -0.80 -2.49 1 .69 ow VJ 
yq(B -0.56 -2.25 1 .69 ow VJ 
ybfO -0.78 -2.47 1 .69 ow Similar to erythromycin esterase C: 

0-fosB - I .JS -3.03 1 .68 ow Fosfomycin resistance c:!'. 
ydbS -0.79 -2.46 1 .67 ow 

pstA 1 .2 1  -0.45 1 .66 Phosphate ABC transporter (permease) 
ydbT -0.88 -2.47 1 .59 ow 

ydjl -0.6 1 -2. 1 7  1 .57 aw 

pstC I . I S  -0.4 1 1 .56 Phosphate ABC transporter (permease) 
yfhL - 1 .00 -2.52 1 .52 ow SdpC resistance 
yqeZ -0.72 -2.21  I .SO ow 
yfhM -0.92 -2.30 1 .38 ow Survival of ethanol stress 
S l 60 -0. 1 9  - 1 .56 1 .37 ow 

yob) -0.88 -2.24 1 .36 ow 
S658 - 1 . 1 8  -2.48 I .JO ow 

yuaG - 1 .06 -2.33 1 .27 ow Sporulation (early stage) 
yv/A -0.69 - 1 .9 1  1 .22 ow 

yv/B -0.67 - 1 .85 1 . 1 9  aw 

pbpE - 1 .20 -2.33 1 . 1 3  aw Cell wall synthesis 
ysdA 0.80 -0.33 1 . 1 2  
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Table 3 B. Genes down-regulated in the prsW mutant strain compared to the 

sigW m utant strain. Changes that are statistically significant (p<0.05) are indicated in 
bold. 

Name prsWIWT sigW/WT , rsW/sigW Function 
prsW -4.30 0. 1 9  0.08 Control of SigW activity 
ybbK -0.54 3.07 -3.76 Opposite of sigW 
ybbj -0.70 2.68 -3.29 Opposite of sigW 
5928 -0.4 1 2.25 -2.84 Between mgsR and rsbRD 
cotT -0.49 0.9 1 - 1 .3 I Spore coat protein 
S 1 492 -0.69 0.55 -0.2 1 
S455 -0.70 0.41 -0.24 
yloF -0.90 0. 1 8  -0.48 
S760 -0.52 0.5 1 -0.55 
S4 1 5  -0.86 0. 1 4  -0.30 
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Table I A. Genes down-regulated during induced expression of plsY-strepll )> 
in B. subtilis 1 68 (p<0.05 and q<0.05). Only genes with effect values > I "O are repre- "O 
sented. (D 

::::, 
CL 

Name Effect Regulation Function X 
stress/no stress w 

plsY 0.0 1 Phospholipid biosynthesis (essential) :I 
(D 

S l492 -3.SO S' of yxkC 3 
S l 568 -3.23 5' of yybF CT 
tlpA -3.22 SigD Methyl-accepting chemotaxis protein .., 
pgdS -3. 1 6  SigD Polyglucamic acid degradation ::::, 
S 1 1 90 (inter) -3.08 tlpA-S I 1 90-mcpA (D 

S584 -2.97 5' of flgB "O 
yfmT -2.96 SigD 0 
S l 3 1 3  -2.83 S' of epsA rt 

(D 
S756 -2.77 5' of deoD ::::, 
yfmS -2.74 SigD Soluble chemotaxis receptor 0 mcpB -2.68 SigD Methyl-accepting chemotaxis protein < 
yybF -2.67 (D .., 
yxkC -2.64 SigD,TnrA "O 
tasA -2.60 AbrB, SinR Major component of biofilm matrix 0 S479 -2.60 5' of ykoW CL 
yokE -2.57 SP�-prophage C 
mcpA -2.57 SigD Methyl-accepting chemotaxis protein n 

rt 
S 1 345 -2.55 5' of swrAA 5· 
epr -2.54 SigD, DegU, ScoC, SinR Minor extracellular protease ::::, 
yokF -2.54 SP�-prophage VI 

S l 327 -2.S3 S' of cw/0 .., 
sipW -2.5 1 AbrB, SinR Signal peptidase I (D 

VI 
yomK -2.5 1 SP�-prophage VI 

ylqH -2.50 ::::, 
hemAT -2.46 SigD Movement towards oxygen 0:, 
S582 (inter) -2.45 ylqH-S582-sucC 0 
swrAA -2.44 Swarming motility protein a. 
swrAA -2.43 Swarming motility protein � 
epsE -2.42 SinR, EAR riboswitch Glucosyl transferase. inhibitor of motility VI 

ykoW -2.37 VI s::: 
yvyC -2.36 SigD 0-
motB -2.35 SigD Flagellar motor rotation �-
yoaH -2.35 SigD Membrane-bound chemotaxis receptor � 
yxkH -2.33 
epsl -2.33 SinR, EAR riboswitch Biofilm formation 
ybdO -2.29 SigD,AbrB 
S l 452 -2.29 5' of speE 
motA -2.28 SigD Flagellar motor rotation 
fliD -2.26 SigD Flagellar hook-associated protein 2 
fliT -2.26 SigD Chaperone for FliD export 
tlpC -2.23 SigD Methyl-accepting chemocaxis protein 
epsH -2.22 SinR, EAR riboswitch Biofilm formation 
S 1 344 (intra) -2.22 swrAA-S 1 344-minj 
S7 1 5  -2.22 5' of yoyA 
rnhB -2.2 1 Mn2+-dependent RNAse Hi t  
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Name Effect Regulation Function 
stress/no stress 

epsD -2. 1 9  SinR, EAR riboswitch Biofilm formation 
lytD -2. 1 9  SigD Major autolysin 
ms -2. 1 9  SigD Chaperone for flagellin export 
yo/B -2. 1 9  SP[3-prophage 
epsA -2. 1 8  SinR Biofilm formation 
epsK -2. 1 7  SinR, EAR riboswitch Biofilm formation 
epsF -2. 1 5  SinR, EAR riboswitch Biofilm formation 
epsG -2. 1 4  SinR, EAR riboswitch Biofilm formation 
S l 369 -2. 1 2  5' of ggaA 
epsj -2. 1 2  SinR, EAR riboswitch Biofilm formation 
epsC -2. 1 2  SinR, EAR riboswitch Biofilm formation 
S 1 350 -2. 1 1  5' of yvzE 
yqaR -2. 1 0  
yjcQ -2.07 SigD 
yvbX -2.06 
yqxM -2.04 AbrB, SinR TasA anchoring/assembly protein 
ylqG -2.04 
S7 1 4  (inter) -2.03 yoyA-S7 1 4-yobl 
lytA -2.03 LytR, SigD. SlrR, YvrHb Secretion of major autolysin LytC 
yoyA -2.02 
lytF -2.0 1  SigD, SlrR Major autolysin 
cw/0 -2.0 1 WalR Endopeptidase-type autolysin 
yvzG -2.0 1 Inhibitor of swarming motility 
lytB -2.00 Lyt,. SigD, SlrR,YvrHb Modifier of major autolysin LytC 
S694 - 1 .99 5' of yaaH 
epsL - 1 .98 SinR, EAR riboswitch Biofilm formation 
cgeE - 1 .94 GerE, GerR, SigK Maturation of the spore crust 
epsB - 1 .93 SinR Biofilm formation 
ya/A - 1 .92 SP[3-prophage 
mcpC - 1 . 9 1  SigD Methyl-accepting chemotaxis protein 
S I  1 3 3  - 1 .9 1  5' of rpsD 
xkdN - 1 .90 PBSX prophage 
ypfA - 1 .89 
xkdj - 1 .87 Xpf PBSX prophage 
yscB - 1 .85 SigD 
yvbW - 1 .85 
epsM - I .BS SinR, EAR riboswitch Biofilm formation 
yabN - 1 .84 
(lhP - 1 .82 SigD Flagellar hook-basal body protein 
yabP - I .BO sporulation 
xkdK - 1 .79 Xpf PBSX prophage 
a/aS • 1 .79 T-box Translation (essential) 
yoyG - 1 .78 
ypfB - 1 .78 SigF sporulation 
yxeC - 1 .77 
xh/A - 1 .77 PBSX prophage, host cell lysis 
epsN - 1 .76 SinR, EAR riboswitch Biofilm formation 
S 1 404 - 1 .76 5' of flhO 
S l 473 - 1 .75 S' of qaxA 
S 1 24 (inter) - 1 .75 tlpC-S 1 24-nucA 
S4 1 8  (intra) - 1 .73 yjbK-S4 1 B-yjbJ 
yjcP - 1 .70 SigD 
(lhO - 1 .69 SigD Flagellar basal-body rod protein 
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Name Effect Regulation Function 
stress/no stress ""O 

xkdl - 1 .67 Xpf PBSX prophage ""O 
CD lytC - 1 .67 LytR, SigD, SlrR,YvrHb Autolysin (cell wall degradation) :::, 

yvyF - 1 .67 ComK, SigD Cl. 
xkdM - 1 .66 Xpf PBSX prophage x· 
yjbj - 1 .65 SigD Cell wall turnover w 
tJpB - 1 .63 SigD Methyl-accepting chemotaxis protein 3: xkdE - 1 .63 Xpf PBSX prophage CD 
xepA - 1 .63 Xpf PBSX prophage. phage release 3 S494 (inter) - 1 .6 1  ykvl-S494-queC er 
xkdG - 1 .60 Xpf PBSX prophage -; 
S 1 305 (intra) - 1 .60 yvbX-S I 305-yvbW :::, 
yvaQ - 1 .60 Membrane-bound chemotaxis receptor CD 
ykzM - 1 .59 PBSX prophage ""O 
xkdH - 1 .57 Xpf PBSX prophage -; 

0 
rluD - 1 .56 r-t 

xkdP - 1 .56 PBSX prophage CD 

xkdS - 1 .55 PBSX prophage :::, 

cheV - 1 .55 SigD CheA-modulator 0 
xkdF - 1 .55 Xpf PBSX prophage CD 
S457 (intra) - 1 .54 yxdM-S457-yxdN -; 

""O 
glpT - 1 .53 CcpA, GlpP Glycerol-3-phosphate uptake -; 
mraY - 1 .5 1  Peptidoglycan precursor biosysnthesis (essential) 0 

Cl. 
yob/ - 1 .50 C 
xkdX - 1 .47 PBSX prophage 
xkdW - 1 .46 PBSX prophage a· 
yrvj - 1 .46 Cell wall metabolism :::, 
yabO - 1 .46 Recycling of stalled ribosomes V, 
hisS - 1 .46 T-box Translation ( essential) r-t 

-; 
xkdQ - 1 .45 PBSX prophage CD 

V, 
xkzB - 1 .45 PBSX prophage V, 
f/gL - 1 .45 ComK, SigD Flagellar-hook associated protein 3 :::, 
xkdR - 1 .43 PBSX prophage 
dapB - 1 .42 Biosynthesis of lysine and peptidoglycan (essential) 
queC - 1 .40 preQ I riboswitch tRNA modification I"'\ 

xkdO - 1 .39 PBSX prophage 
(lgK - 1 .39 ComK, SigD Flagellar-hook associated protein I VI 

S557 - 1 .37 5' of murE VI s:: 
degR - 1 .37 SigD Control of DegU activity 0-
f/hB - 1 .37 !:!'. 
flhA - 1 .36 CodY, SigD, Spo0A Flagella-associated protein � 
speE - 1 .35 Spermidine, polyamine biosynthesis 
yvyG - 1 .33 ComK, SigD 
S505 (inter) - 1 .30 5' of ptsG 
epsO - 1 .29 SinR, EAR riboswitch Biofilm formation 
sbp - 1 .29 SigE, SigM, SpolllD 
yw/C - 1 .28 DnaA Translation 
murE - 1 .28 Stringent response Peptidoglycan precursor biosynthesis ( essential) 
estB - 1 .28 AbrB Lipid degradation 
pcrB - 1 .28 SigG Confers dry-heat resistance to dormant spores 
i/eS - 1 .27 T-box Translation (essential) 
ykoV - 1 .27 
456 - 1 .27 5' of xtmA 
asps - 1 .26 T-box Translation (essential) 
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Name Effect Regulation Function 
stress/no stress 

SyncE - 1 .22 
f/gM - 1 .2 1 ComK, ScoC, sigD Control of SigD activity 
cmk - 1 .20 Synthesis of CTP and dCTP (essential) 
sipU - 1 .20 Signal peptidase I 
yckA - 1 .20 ABC transporter 
S I 036 - 1 .20 5' of greA 
yqaT - 1 . 1 9  
hag - 1 . 1 9  CodY, CsrA, ScoC, SigD Flagellin 
nucA - 1 . 1 8  ComK Membrane-associated nuclease 
SI 090 (inter) - 1 . 1 6  ytxC-S I 090-thrS 
S558 (intra) - 1 . 1 6  murE-S558-mraY 
yncF - 1 . 1 6  Nucleotide metabolism (dUTP diphosphatase) 
purT - I . I S  Purine biosynthesis 
yvrG - 1 . 1 5  Regulation of cell surface maintenance (TCS) 
S587 (inter) - I . I S  rpsB-S587-t.sf 
YJfB - 1 . 1 4 SigD 
glyQ - 1 . 1 4  T-box Glycyl tRNA synthetase ( essential) 
va/5 - 1  . 1 3  T-box Valyl tRNA synthetase ( essential) 
yabQ - 1 . 1 3  SigE Sporulation 
nosA - 1 . 1 2  PsdR Resistance against toxic peptides 
yvcP - 1 . 1 1  Nitric oxide synthase 
yobV - I . I I 
S l 5 2 1  - I . I  I 5' of yxeF 
S366 (inter) - 1 . 1 1 comK-S3 66-S36 7-yhxD 
S 1 33 (inter) - 1 . 1 0  yczH-S 1 33-sipU 
yvrH - 1 . 1 0  YvrH Regulation of cell surface maintenance 
yw/D - 1 . 1 0  
scpA - 1 .07 Stringent response DNA maintenance and segregation (essential) 
yacP - 1 .07 T-box 
ywmB - 1 .07 
yvcQ - 1 .06 Resistance against toxic peptides 
yydD - 1 .06 
cysS - 1 .05 T-box Cysteine t-RNA synthase (essential) 
yf,j - I .OS 
yxeF - I .OS 
dgk - 1 .05 Purine salvage and interconversion 
slrR - 1 .04 Abh, SinR Regulation of initiation of biofilm formation and 
autolysis 
pfkA - 1 .04 Catabolic enzyme in glycolysis 
ytwl - 1 .04 
yhcH - 1 .03 ABC transporter 
S298 (inter) - 1 .03 yfhQ-S298-fabL 
S640 (intra) - 1 .02 yncF-S640-ynzj 
S263 (intra) - 1 .02 nasA-S263-yf/K 
SS49 - 1 .0 1  S '  of ylbH 
yndj - 1 .0 1  
camK - 1 .0 1  AbrB. CodY, ComK, Regulation of competence development 

ScoC, DegU. Rok 
S367 (inter) - 1 .00 camK-S366-S367-yhxO 
S 1 1 66 (inter) - 1 .00 metK-S I 1 66-asnB 
glyS - 1 .00 T-box Glycyl tRNA synthase (13 subunit) (essential) 
S670 - 1 .00 5' of yneP 
yorO - 1 .00 SPl3 prophage 
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Table I B. Genes up-regulated during induced expression of plsY-strepll in B. )> 
subtilis 1 68 (p<0.05 and q<0.05). 

-0 
-0 

(l) 
:::, 
0. 

Name Effect Regulation Function x· 
Stress/no stress w 

dppD 3.85 AbrB, CodY Di peptide ABC transporter 3: dppB 3.7 1 AbrB, CodY Dipeptide ABC transporter 
(l) dppC 3.68 AbrB, CodY Di peptide ABC transporter 3 dppE 3.53 AbrB, CodY Di peptide ABC transporter 

dppA 3.2 1 AbrB, CodY Degradation of cell wall peptides 
S 1 00 1  2.93 5' of czcD :::, 
S 1 403 2.90 3'MT of rapD (l) 
yozY 2.85 -0 
S637 2.79 3' of ynft: 0 
yitM 2.72 rt 
yxjj 2.70 DegU, SigB Survival of ethanol and salt stresses (l) 

S47 1 (inter) 2.62 Between ispA and metE :::, 
S 1 39 1  2.55 5' of ywqH 0 
ywql 2.54 (I) 
yobB 2.50 .., 

-0 S 1 088 2.48 3' of ysdB .., 
ywqH 2.47 0 

0. ywqj 2.42 C 
phrA 2.40 CodY, ComA, SpoOA Control of sporulation initiation ("\ 

rt S 1 070 (indep) 2.36 5· S 1 496 2.36 5' of yxjj :::, 
S658 (inter) 2.36 SigW (core) Between (asB and /exA VI 
yfkN 2.32 CcpA, PhoP Probably phosphate acquisition (essential) rt 

ywqL 2.29 (l) 
VI ispA 2.29 Biosynthesis of isoprenoids VI 

(osB 2.26 SigW (core) Fosfomycin resistance protein :::, yxiB 2.25 
rapA 2.23 CodY, ComA, SpoOA Control of sporulation initiation 0:, 

0 
yxiC 2.2 1  ('\ 
S 1 495 (indep) 2. 1 0  SigW (core) @= 
yhzC 2.05 VI 

ywqK 1 .98 I.I) s:: S465 1 .96 3' PT of yk(D 0-
ybfO 1 .94 AbrB, SigW (core) Similar to erythromycin esterase C!'. 
racX 1 .93 SigW (core) Control of biofilm formation Bf 
S442 (inter) 1 .92 Between yjzH and yjdH 
y(mB 1 .88 
S95 1 (indep) 1 .87 Clusters with dppABCD 
yual 1 .86 SigW (core) 
yjcL 1 .86 
yuaF 1 .85 SigW (core) 
yitO 1 .83 
S260 1 .83 S' of y(mB 
yueC I .B l  
yxiD I .BO 
S 1 489 I .BO 3' of yxzE 
yfhM 1 .78 SigB, SigW 

(but in cluster CS) 
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Name Effect Regulation Function 
Stress/no stress 

S6S9 (indep / 1 .76 SigW (core) 
S692 1 .72 s· of yozQ 
yfhL 1 .68 SigB, SigW SdpC resistance 

(but in cluster CS) 
yozQ 1 .68 SigG 
S462 (indep) 1 .64 SigW (core) 
S693 I .S9 3' of yozQ 
yueD I .SS 
ydjP I .S4 SigE, SigW 

(but in cluster C2) 
yjoB I .S3 SigW (core) 
yvdA I .S2 
ythQ I .S I  SigW (core) ABC transporter 
ythP I .S I  SigW (core) ABC transporter (ATP binding protein) 
yueB I .SO Receptor for phage SPP I 
yukB I .SO 
yjdH 1 .49 SigE 
yjzH 1 .49 SigW (core) 
yeaA 1 .44 SigE, SigW 

(but In cluster C2) 
ywhB 1 .42 
S 1 70 (indep) 1 .4 1  
S I  000 (intra) 1 .39 Between czcD and yrdP 
yukE 1 .38 
S 1 3 1 S  1 .37 3' of yvdR 
copB l .3S CzrA Cadmium export 
dinB 1 .32 LexA Nuclease inhibitor (response to DNA damage) 
yqxl 1 .3 1  CcpA, SpoOA 

(down in rasP) 
yrdP 1 .3 1  CzrA Cation exporter 
yqxj 1 . 3 1  SpoOA 
S282 (intra) 1 .30 
ydjO 1 .30 SigE, SigW 

(but in cluster C2) 
S32S 1 .29 
yvdR 1 .29 
S226 1 .28 
yuaE 1 .28 (upstream of sigW-

regulated operon and 
in cluster C2) 

S980 1 .27 
yvzA 1 .27 AbrB, DegU 
yuaB 1 .27 AbrB, DegU Pellicle formation 

(downregulated in rasP) 
S942 1 .27 
io/S 1 .27 lolR 
S I  1 1 2 1 .26 
yodC l .2S 
S 1 1 1 1  1 .24 
ysdB 1 .24 SigW (core) 
yvcB 1 .23 AbrB, DegU 
yvdS 1 .23 
czcD 1 .2 1  CzrA Cation efflux 
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Name Effect Regulation Function 
Stress/no stress "'O 

yukD 1 . 1 9  "'O 
(l) ymcC 1 . 1 7  :::, 

S I S44 I . I S  0.. 
ygzB 1 . 1 3  x ·  
cotT 1 . 1 2  SigK. (up i n  sigW) Spore coat protein w 
zur I . I I Zur Regulation of zinc homeostasis 3: yv/C 1 . 1 0  SigW (core) (l) 
ytoA 1 . 1 0  3 yukC 1 .08 er 
yvdT 1 .07 .., 
S486 1 .04 :::, 
arsB 1 .04 ArsR, SigF Arsenite exporter (l) 

S44 I (inter) 1 .03 "'O 
yrpB 1 .02 .., 

0 
yooN 1 .00 SigW (core) rt 
yusD 1 .00 SpoOA :::, S I  1 84 0.99 
arsC 0.98 ArsR, SigF Arsenate reductase 0 
rok 0.94 AbrB, Rok, SinR, SpoOA Regulation of competence (l) 
yf,S 0.94 .., 

"'O 
S 1 263 (intra) 0.92 .., 
yolC 0.89 LexA SP� prophage 0 

0.. yusE 0.88 C 
yv/A 0.88 AbrB, SigW (core) rt 
S488 0.88 5· 
ytzK 0.86 SpoOA :::, 
S I S35 0.85 V) 

S22 (intra) 0.84 rt .., 
yrkC 0.82 SigK (l) 

V) 
yuiB 0.8 1 CodY VI 
S I O l 3  0.8 1 :::, 
S 1 234 (indep) 0.76 

0::, yraL 0.75 
yyzN 0.72 � S l 237 0.7 1 
S l 06 0.69 VI 

spol/SB 0.69 Antitoxin (sporulation) VI c:: yydK 0.69 Transcriptional regulator (GntR familiy) 0-
S 1 235 (inter) 0.68 !::!'. 
yceC 0.67 SigW (potential), � 

SigB, SigM 
S4 1 1  0.66 
spol/SA 0.66 SigK Toxin/programmed cell death 
S832 0.56 
S 1 236 (indep) 0.55 
yuaD 0.53 
pe/C 0.52 Pectate lyase 3 
S l 303 0.46 
yooQ OAS 
yooR 0.43 
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T 2A Genes down-regulated upon induced expression of plsY-strepll in 

sigW mutant cells (p< 0.05 and q<0.05). The cut-off value was set to -2.50. 

Name Effect value Effect value  Regulation Function 
sigWstress/ WT stress/ 

WTnostress WTnostress 
sigW -8. 14  0.52 AbrB, SigW (core) ow factor 
rsiW -7.85 0.63 AbrB, SigW (core) Control of SigW-activicy 
mtnA -7.00 0.25 S-box Methionine salvage 
mtnK -6.83 0.42 S-box Methionine salvage 
S909 -5.8 1 0.38 Between artP and artQ 
(intra) 

yuaG -5.77 I .SB SigW (core) Sporulaaon 
yuaF -5.68 1 .85 SigW (core) 
argD -5.60 1 .48 AhrC Biosynthesis of arginine 
artP -5.60 0.76 Arginine uptake 
carA -5 54 I .SB AhrC Biosynthesis of arginine 
carB -5.53 1 .32 AhrC Biosynthesis of arginine 
argB -5.47 I . S I  AhrC Biosynthesis of arginine 
argf -5.39 1 .54 AhrC Biosynchesis of arginine 
yua/ -5.38 1 .86 SigW (core) 
S 1 495 -5.3 1 2. 1 0  sigW (core) 
(indep) 

S462 -5.28 1 .64 sigW (core) 
(indep) 

spaOM -5.24 1 . 1 0  SigH, SigW (core) Sporulation 
argG -5. 1 9  0.96 AhrC Arginine biosynthesis 
ydjG -5. 1 9  0.09 AbrB, 5igW (pot) 
pspA -5. 1 7  0.28 AbrB, SigW (pot) 
ydbT -5. 1 7  0.8 1 SigW (pot) 
ydjH -5.09 -0. 1 1 AbrB, SigW (pot) 
argF -5.05 1 .22 AhrC Arginine b1osynthesis 
S858 -5.02 -0.4 1 3'of ndk 
ythP -4.94 I .S I  SigW (core) ABC transporter 
yeaA -4.92 1 .44 SigE, SigW (pot) 
ydbS -4.82 0.74 SigW (pot) 
artQ -4.80 0.36 Arginine uptake 
argC -4.68 2. 1 2  AhrC Arginine biosynthesis 
S69 1 -4.67 0.68 SigW (core) S' of yaaG 
ythQ -4.65 I .S I  SigW (core) ABC transporter 
yxjN -4.6 1 -0. 1 4  
ydjP -4.58 1 .54 S1gE, SigW (pot) 
artR -4.56 0.38 Arginine uptake 
ydjl -4.48 0.27 AbrB, SigW (pot) 
czcD -4.37 1 .2 1  CzrA Cation efflux (resistance against Zn, 

Cu. Co. Ni) 
adcA -4.36 1 .09 Zur Zinc uptake 
S947 {inter) -4.32 0.04 Between cccA and trmK 
argH -4.29 0.93 AhrC Arginine biosynthesis 
yaaG -4.26 0.55 SlgW (core) 
S204 -4. 1 8  - 1 .27 5' of thiL 
(osB -4. 1 8  2.26 SigW (core) Fosfomycin resistance 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ ""O 

WTnostress WTnostress ""O 
(!) ypjA -4. 1 7  -0.48 ::::, 

yhef -4. 1 1 -0.32 Multidrug AC transporter 0.. 
S I  000 (intra) -4.08 1 .39 Between czcD and yrdP x· 
ywrE -4.03 1 . 1 8  SigW (core) w 
ilvC -3.98 -0.38 CcpA, CodY, T-box, Biosynthesis of ile, leu and val � TnrA (!) 
yqeZ -3.96 1 .03 SigW (core) Serine protease, resistance against 3 sublancin O'" 
yb(O -3.95 1 .94 AbrB, SigW (core) Similar to erythromycin esterase ., 
yheH -3.89 -0. 1 9  Multidrug ABC transporter ::::, 
yweA -3.87 -0.20 AbrB (!) 

ilvH -3.87 -0.34 CcpA, CodY, T-box, Biosynthesis of ile, leu and val ""O 
TnrA ., 

0 
S950 -3.83 1 .29 5' of S95 1 rt 

S I  07 1 (inter) -3.74 -0.54 Upstram of ifvB (!) 

S34 1 (inter) -3.74 -0.43 Downstream of yhef ::::, 

S l 462 -3.74 0. 1 4  5 '  of yweA 0 
yrdP -3.74 1 .3 1  CzrA Resistance against toxic metals (!) 
S 1 60 (inter) -3.70 0.70 SigW (pot) Downstream of ydb T ., 

""O 
ilvB -3.70 -0.68 CcpA, CodY, T-box, Biosynthesis of ile, leu and val ., 

TnrA 0 
0.. S658 (inter) -3.68 2.36 SigW (core) Downstream of (osB C 

trpE -3.65 -0.27 TRAP Biosynthesis ofTrp n 
!:!. oppB -3.62 1 .4 1  CodY, ScoC Uptake of oligopeptides 0 

ocpS -3.57 0.3 1 SigW (pot) ::::, 
yjoB -3.S6 1 .53 SigW (core) Ill 
S690 -3.56 0.79 SigW (core) 3' of yooG rt ., 
S484 -3.55 0.27 3'PT of mtnA (!) 

Ill 
S 1 366 (intra) -3.5 1 -0.84 Between ggoA and ggoB Ill 
cysP -3.48 -0.60 CymR, S-box Sulfate uptake ::::, 
oppC -3.46 1 .39 CodY, ScoC Uptake of oligopeptides 

0:, sot -3.45 - 1 .04 CymR, S-box Sulfate activation 
S l 3 1 3  -3.4 1 -2.83 5' of epsA Q. 
mtnE -3.38 0.94 Methionine salvage 
oppD -3.36 1 .28 CodY, ScoC Uptake of oligopeptides Ill 

yq(A -3.36 1 . 1 6  SigW (core) Resistance against sublancin V> 
s:::: mtnU -3.35 0.54 0-

yoyD -3.34 0.27 r-+ 

nogP -3.34 -0.94 N-acetlyglucosamine uptake and phos- � 
phorylation 

S823 -3.32 0. 1 2  5 '  of ifvD 
ykwC -3.3 1 - 1 .00 Putative �-hydroxyacid dehydrogenase 
oppF -3.28 1 .22 CodY, ScoC Uptake of oligopeptides 
S403 -3.27 1 .36 5' of oppD 
S93 -3.26 - 1 .06 5' of ybgF 
trpB -3.20 -0.09 TRAP Biosynthesis of trp 
S943 (inter) -3.20 0.67 Between n(o and yq(U 
cysH -3. 1 7  -0.S4 CymR, S-box Sulfate reduction 
S570 (intra) -3. 1 7  -0.83 Between cysC and sym T 
yjeA -3. 1 6  0.76 WalR Degradation of DNA 
cysC -3. 1 5  -0.82 CymR, S-box Sulfate reduction 
S445 -3. 1 4  0.87 5' of yjeA 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ 

WTnostress WTnostress 
yjzH -3. 1 2  1 .49 SigW (core) 
yodF -3. 1 1  0.32 TnrA 
pbpE -3.07 1 .82 SigW (core) 
ybgF -3.04 -0.7 1 
tlpA -3.03 -3.22 AbrB, SigD Control of chemotaxis 
yxjl -3.02 1 .26 DegU, SigB, 

SigW (core) 
yq(B -3.0 1  0.82 SigW (core) Resistance against sublancin 
tasA -3.00 -2.60 AbrB, SinR 
racX -2.99 1 .93 SigW (core) Control of biofilm formation 
yxeK -2.98 -3.20 CymR Sulfur metabolism 
/euB -2.98 -0.05 CcpA, CodY,T-box, Leucine biosynthesis 

TnrA 
aroH -2.98 -0. 1 6  Biosynthesis of phe, tyr and trp 
copB -2.96 1 .35 CzrA Cadmium export 
5 1 282 -2.95 1 . 1 4  5' of capB 
sumT -2.94 -0.79 CymR, S-box Siroheme biosynthesis, sulfite reduc-

tion 
S 1 1 90 (inter) -2.94 -3.08 Between mcpA and mcpB 
leuC -2.92 -0.24 CcpA, CodY, FsrA, Leucine biosynthesis 

T-box,TnrA 
S569 (intra) -2.92 -0.22 Between pyrE and cysH 
leuA -2.89 -0.72 CcpA, CodY,T-box, Leucine biosynthesis 

TnrA 
yv/A -2.88 0.88 SigW (core) 
aroB -2.83 -0. 1 9  Biosynthesis of phe, tyr and trp 
ylqB -2.8 1 - 1 .47 AbrB, SigD 
trpA -2.80 -0.02 TRAP Tryptophan biosynthesis 
nagBB -2.78 -0.55 Glucosamine utilization 
aroE -2.77 -0.34 TRAP Biosynthesis of phe, tyr and trp 
thrB -2.77 - 1 .03 Threonine biosynthesis 
sipW -2.77 -2.5 1 AbrB, SinR Signal peptidase I, biofilm formation 
motA -2.76 -2.28 SigD Motility protein 
yvfH -2.72 0.49 ComA Lactate uptake 
ilvD -2.72 0.60 CodY Biosynthesis of ile, leu and val 
hom -2.72 - 1 .33 Biosyntesis of lys and thr 
yxeO -2.7 1 -2.76 CymR 
motB -2.69 -2.35 SigD Motility protein 
cheR -2.68 -0.56 Motility and chemotaxis 
epsl -2.67 -2.33 AbrB, EAR ribo- Biofilm formation 

switch, SinR 
yxeP -2.67 -2.50 CymR 
SI 1 04 -2.67 -2.44 5' of pfkA 
5 1 309 -2.65 0.56 5' of yvfH 
epsL -2.65 - 1 .98 AbrB, EAR ribo- Biofilm formation 

switch, Sin R 
ggaA -2.63 -0.64 Teichoic acid biosynthesis 
thrC -2.63 - 1 .00 Threonine biosynthesis 
yydG -2.6 1 -0.04 AbrB Control of LiaRS activity 
yfhA -2.60 -0,92 Fur Iron acquisition 
epsA -2.59 -2. 1 8  AbrB. SinR Biofilm formation 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ ""O 

WTnostress WTnostress ""O 
lytB -2.58 -2.00 LytR, 5igD, SlrR, Autolysis (modification of LytC) (D 

:::J 
YvrHb 0.. 

lytA -2.57 -2.03 LytR, SigD, SlrR, Autolysis (secretion of LytC) x· 
YvrHb w 

ycxA -2.55 -0. 1 3  ComA Putative sodium-dependent exporter � yocS -2.54 1 .35 (D 
S l 245 -2.54 - 1 .74 5' of ham 3 oppA -2.54 1 . 1 4  CodY, ScoC er 
ybfP -2.54 0.83 AbrB, SigW (core) ) 

epsK -2.52 -2. 1 7  AbrB, EAR ribo- Biofilm formation :::J 
switch, SinR (D 

vm/R -2.5 1 -0.43 RNA switch/ other Efflux of antibiotics ""O 
yvbl -2.5 1 -0.90 ) 

0 
hisC -2.5 1 -0.0 1 TRAP Biosynthesis of phe, tyr and trp rt 

/euD -2.50 -0.38 CcpA. CodY, FsrA. Leucine biosynthesis (D 

T-box,TnrA :::J 

lytC -2.50 - 1 .67 LytR, SigD, SlrR, Major autolysin 0 
YvrHb (D 

) 
""O 

) 

Table 28. Genes up-regulated upon induced expression of plsY-strepll in sigW 
0 
0.. 
C 

mutant cells (p< 0.05 and q<0.05). The cut-off value was set to -2.50. * indicates () 
!:!. 

plsY, which had been induced on purpose. 0 
:::J 
VI 

) 

Name Effect value Effect value Regulation Function (D 
VI 

sigWstress/ WT stress/ VI 

WTnostress WTnostress :::J 
yhxD 7.74 0.63 SigB Survival of ethanol stress 0, oxdC 7.74 0.37 Yvrl-YvrHa Oxalate decarboxylase (acid stress Q 

protein) '"' 
ysnF 7.72 0.35 SigB Survival of ethanol stress � 
ydaD 7.65 -0.0 1 SigB VI 

S I  278 (5') 7.6 1 0.4 1 VI 

yf/T 7.32 0.87 SigB 5' of oxdC 0-
ohrB 7.25 0.23 SigB Organic peroxide resistance r-+ 

gspA 7. 1 4  0. 1 3  SigB Biosynthesis of phospholipids � 
(essential) 

yjgC 7. 1 2  -0. 1 7  SigB Formate dehydrogenase 
gsiB 7.00 0.25 SigB, Sigl General stress protein 
ydaE 6.97 0.07 SigB Lyxose isomerase 
S928 (inter) 6.95 I .OB Between mgsR and rsbRD 
nhaX 6.85 0.47 SigB Putative regulator of nhaC 
yjgD 6.83 -0. 1 7  SigB Survival of ethanol stress 
katE 6.82 -0.25 SigB Detoxification of hydrogen peroxide 
S I  1 99 6.79 1 . 1 9  5' of yuzA 
ydaS 6.75 0. 1 8  SigB 
csbD 6.7 1 0. 1 2  SigB Survival of ethanol stress and low 

temperatures 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ 

WTnostress WTnostress 
yuzA 6,66 1 .52 SigB, SigG 
yocB 6.63 0.43 SigB Survival of stress conditions 
ydaP 6.6 1  0.09 SigB Utilization of glycolate and glyoxylate 
yvgO 6.44 1 .00 AbrB, SigB Survival of ethanol stress 
yjgB 6.3 1 0.08 SigB Survival ethanol stress 
mgsR 6.3 1 0.8 1  SigB Transcriptional regulator that controls 

general stress genes 
yfhK 6.26 0. 1 2  SigB Survival of ethanol stress and low 

temperatures 
ywzA 6.26 1 .08 SigB 
yjcZ 6.24 -0.08 
ybyB 6. 1 4 0.99 SigB Survival of ethanol stress 
csbC 6, 1 2 0.38 SigB Putative pentose transporter 
mreBH 6.02 0. 1 1 Sigl Cell shape determining protein 
yfkM 5.99 0.47 Fur, SigB Survival of salt and ethanol stress 
yhdN 5.98 0.60 SigB Aldo/keto reductase (specific for 

NADP) 
S 1 3 1 8  5.94 0.34 5' of clpP 
S292 (inter) 5.89 0. 1 0  Between yfhK and yfhL 
ykpC 5.86 0. 1 2  
ybbj 5.85 0.7 1 
katX 5.85 0.25 RsfA, SigB, SigF Detoxification of hydrogen peroxide 
yczO 5.83 0.95 
ykzN 5.8 1 0.22 
ycdF 5.75 -0. 1 8  SigB Survival of ethanol stress and low 

temperatures 
cotG 5.75 0. 1 7  GerE, GerR, SigK Spore coat protein 
ybbD 5.72 1 .76 Cell wall recycling (N-acetylglucasomi-

nidase) 
ybbC 5.70 1 .88 
ykzl 5.67 0.29 SigB 
S536 5.67 0.29 5' of ykzl 
rsbRD 5.63 0. 1 0  SigB Control of SigB activity 
ycbP 5.60 -0.2 1 SigB 
ycdG 5.58 -0. 1 5  SigB 
ybbK 5.50 0.48 
ybbE 5.50 1 .67 Cell wal recycling (N-acetyl-muramyl-

L-alanine amidase 
cypC 5.48 0.23 SigB Fatty acid 
5276 5.48 0. 1 0  5' of yfkE 
cotX 5.48 0.04 GerE Spore coat protein 
cotY 5.48 0.05 GerE Spore crust protein 
S 1 078 5.46 O.S I 5' of trxA 
ydbD 5.45 -0.40 5igB Survival of ethanol stress 
ywjC 5.42 0.93 SigB 
ywtG 5.34 0.24 SigB 
yqxL 5.3 1 -0.02 LexA Magnesium transporter 
S 1 343 5.30 0.28 5' of csbA 
ywiE 5.25 -0.4 1 S1gB Minor cardiolipin synthetase 
S420 (intra) 5.24 0. 1 1  Between cotY and cotZ 
bmrU 5. 1 9  0.37 5igB Multldrug resistance protein 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ "O 

WT nos tress WTnostress "O ro ybbF 5. 1 9  1 .59 N-acetyl muramic acid uptake and ::::l 
phosphorylation 0... 

ykgA 5. 1 6  0. 1 4  SigB Survival of salt and ethanol stress x· 
yxbG 5. 1 6  0.47 SigB w 
yycD 5. 1 1  0.42 SigB Survival of ethanol stress 3: S 1 367 (5') 5 . 1 1 1 .62 ro 
S468 5.07 0.3 1 3' of ykzN 3 yoxC 5.07 0.26 SigB Survival of ethanol stress CT 
ydaT 5.05 0.06 SigB Survival of ethanol stress and low • 

temperatures ::::l 
yqhB 5.04 -0.06 LexA, SigB Survival at low temperatures ro 
cotW 5.02 0. 1 0  GerE, SigK Spore coat protein "O 
ygxB 5.00 -0.37 SigB 0 
S42 1 5.00 0.09 Between cotW and cotX rt 

yfkE 4.99 -0. 1 8  SigB, SigG Calcium uptake/export ro 
cgeA 4.94 -0. 1 7  GerE, GerR, SigK Spore crust protein ::::l 

yfkD 4.92 -0.20 SigB 0 
yf/A 4.9 1 -0.0 1 Abh,AbrB, SigB ro 
S926 4.89 -0.0 1 3' of yqxL • 

"O 
aldY 4.87 0.34 SigB Aldehyde dehydrogenase • 
yoxB 4.85 0. 1 3  SigB 0 

0... cotV 4.83 -0.06 GerE, SigK Spore coat protein C 
S 1 243 (indep) 4.82 0.32 r, 

!:!. yobA 4.80 0.7 1 0 yozU 4.80 0.60 ::::l 
mdxE 4.78 0. 1 0  Maltodextrin utilization VI 
spoVIF 4.75 0. 1 0  GerR, SigK Required for spore coat assembly and rt • 

resistance ro 
VI 

S 1 290 (indep) 4.74 0.4 1 VI 
ywmE 4.63 -0. 1 4  SigB Survival of thanol stress ::::l 
yerD 4.62 0.28 SigB 

0:, yhcM 4.62 -0.2 1 SigB, SigF, SigG Q 
pps 4.60 1 . 1 0  Similar to phosphoenolpyruvate a. 

synthase � 
S489 4.52 -0.0 1 5' of spoOE VI 

cotZ 4.49 0. 1 6  GerE, SigK Spore crust protein V) 
C: yaa/ 4.45 0.35 SigB Survival of ethanol stress 0-

ma/K 4.42 -0. 1 0  Regulation of malate uptake st 
ybbH 4.39 I .  I I  Probably regulation of muramic acid v;· 

utilization 
yhdF 4.39 1 .27 SigB 
yvdj 4.38 0.0 1 
mdxF 4.36 -0. 1 0  Maltodextrin utilization 
S707 4.36 1 .36 5' of pps 
pls'fl' 4.34 0.0 1 Phospholipid synthesis 
yjzE 4.32 0.85 SigB 
S 1 1 36 (indep) 4.32 0.57 
yvaA 4.3 1 -0.52 SigB Scylla-inositol dehydrogenase 
mdxD 4.3 1 0.25 Starch and maltodextrin utilization 
ma/L 4.30 0.07 Starch and maltodextrin utilization 
S555 (indep) 4.29 1 .04 
mdxG 4.29 -0. 1 8  Maltodextrin utilization 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ 

WTnostress WTnostress 
ykzV 4.26 0.29 Transcriptional regulator 
pgcM 4.2 1 0.29 Starch and maltodextrin utilization 
yj/B 4.2 1 -0.27 
S 1 320 (intra) 4.20 0.5 1 Between mdxD and mdxE 
S450 (inter) 4. 1 9  -0.46 Between yj/B and uxaC 
S365 (inter) 4. 1 7  0.24 Between yhxD and yhzC 
yyzH 4. 1 6  0.32 
murQ 4. 1 0  0.88 Putative etherase ( cell wall turnover) 
yxkO 4.05 -0.22 SigB Survival of ethanol stress 
abnB 4.02 1 .96 CcpA. SigH Arabinan degradation 
S 1 244 (inter) 4.00 0.42 Between yutK and yutj 
S275 (indep) 4.00 -0.06 
ytaB 3.99 -0.34 SigB Survival of ethanol and salt stresses 
yaaH 3.98 0.32 SigB, SigE Spore coat protein, survival of ethanol 

stress 
yobO 3.97 1 .60 AbrB, CcpA 
yqjF 3.97 0.06 
S485 3.96 0.92 3' of ogt 
yczN 3.96 0.30 
S l 496 3.96 2.36 5' of yxif 
S725 3.96 1 .76 5' of yobO 
yfkl 3.95 0.06 SigB 
yfkj 3.95 -0.08 SigB Survival of ethanol stress 
yvrj 3.94 0.0 1 Yvrl-YvrHa 
yvrL 3.93 0.38 Yvrl-YvrHa Control of Sig(Yvrl-YvrHa) activity 
S 1 S 1 6  3.92 1 .68 5' of abnB 
S727 (inter) 3.88 I .BB Between yobO and csaA 
he/D 3.88 0. 1 3  DNA 3'-5' helicase IV (DNA repair 

and recombination) 
S424 (inter) 3.86 -0.08 Between yjcZ and spoV/F 
ynzL 3.86 0.83 
yoaZ 3.85 0.53 
ydaG 3.83 0.04 SigB Survival of ethanol stress and low 

temperatures 
yxzF 3.82 -0.29 SigB 
cgeB 3.82 -0.29 GerE, SigK Maturation of the outermost layer of 

the spore 
kmE 3.80 0.95 Initiation of sporulation 
ydaC 3.79 0. 1 2  
yxnA 3.78 -0.07 SlgB Survival of ethanol stress 
ogt 3.76 0.65 06-methylguamine DNA alkyltrans-

ferase (DNA repair) 
yycR 3.76 0.6 1 
S26 1 (inter) 3.74 0.56 Between yf/T and pel 
yfkH 3.74 -0. 1 3  SigB Survival of ethanol stress 
ywmF 3.70 -0.04 S1gB 
yjdB 3.70 0.64 AbrB, PhoP 
spollAA 3.66 1 .37 AbrB, SigF, SigG, SigH, Control of SigF activity 

SinR, SpoOA 
yocK 3.64 I . I S  SlgB Survival of ethanol stress 
sspN 3.62 0.74 SigF, SigG Protection of spore DNA 
yxiS 3.6 1 -0.54 SigB Survival of ethanol and salt stresses 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ ""O 

WT no stress WTnostress ""O 
S 1 326 (indep) 3.59 0.76 (l) 

:J 
ywaD 3.58 0.5 1 Double-zinc aminopeptidase a.. 
sigF 3.53 0.95 AbrB, SigF, SigG, SigH, Transcription of sporulacion genes x· 

SlnR, Spo0A w 
rpmEB 3.5 1 0.93 SigB, Zur Survival of salt stress (accesory ribo- 3: somal protein) (l) 
yhzE 3.50 1 .33 Small spore protein 3 S272 3.47 -0. 1 2  3 '  MT of yf/A er 
spal/AB 3.45 1 .23 AbrB, SigF, SigG, SigH, Control of SigF activity 

SlnR, Spo0A :J 
S347 3.44 1 .33 3' of yhzE (l) 

S 1 225 (indep) 3.43 1 .06 ""O 
yfhD 3.43 0.82 SigB Survival of ethanol stress and low 0 

temperatures rt 

S 1 224 (indep) 3.40 0.84 (l) 

yxeE 3.35 0.28 GerE, SigK Spore coat protein :J 

S547 (indep) 3.35 1 .07 0 
tip 3.33 0.68 SigF, SigG Thioredoxin-like protein (l) 
S357 (indep) 3.32 0.72 ., 

""O 
spa/IQ 3.29 0.57 SigF Forespore engulfment • 
yfhF 3.29 0.23 SigB Survival of ethanol stress and low 0 a.. 

temperatures C 
yfhE 3.29 0.04 SigB Survival of salt and ethanol stresses (") 

!:!. and low temperatures 0 
S I  1 92 (intra) 3.27 0.57 Between yugU and yuzH :J 
spal/R 3.26 -0.25 SigF Control of SigE activation VI 
yugU 3.26 0.67 SigB Survival of ethanol srtess rt 

yuzH 3.25 0.6 1 (l) 
VI 

rs(A 3.23 -0.06 RsfA, SigF, SigG Control of SigF expression VI 
S705 3.23 0.53 S' of yaaW :J 
spaVFB 3.20 -0.30 SigK Dipicolic acid production 

0:, S748 3. 1 9  1 .57 S' of cw/S a 
S 1 64 3. 1 9  1 .28 � S949 (inter) 3. 1 8  1 .03 Between sigA and cccA 
yesN 3. 1 7  0.78 V) 

S 1 1 93 (indep) 3. 1 7  0.43 V) c:: S323 (inter) 3. 1 6  -0.26 Between pgcA and glpD 0-
S385 (3'PT) 3. 1 5  0.03 !:!, 
SS72 (indep) 3. 1 5  0.86 � 
ydi} 3. 1 4  1 .8 1  
S33 (inter) 3. 1 3  1 .23 Between spoVG and etc 
S269 3. 1 2  0.7 1 S' of yf/D 
yhcO 3. 1 1 0.08 SigE, SigK 
yhaR 3.08 1 .46 CcpA 
yqjM 3.08 0.40 Resistance against oxidative and elec-

trophile stress 
S 1 23 3.07 -0.08 S' of yckC 
yesM 3.07 1 .06 CcpA 
S 1 4 1 8  (inter) 3.07 -0. 1 7  Between ywmE and fdhD 
dace 3.06 0.84 SigH Carboxypeptidase (cell wall synthesis) 
yuxL 3.06 0.44 
sspG 3.06 1 .03 GerE, SigK Protection of spore DNA 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ 

WTnostress WTnostress 
S970 3.04 0.42 5' of yqeF 
yf/D 3.04 0.90 
S l 395 3.03 -0.27 5'of ywzD 
csbB 3.02 -0.84 SigB, SigX Survival of ethanl and salt stress 
spoVFA 3.0 1 -0.37 SigK Dipicolic acid production 
cotT 3.00 1 . 1 2  SigK Spore coat protein (inner) 
yuk} 3.00 1 . 1 3  
ydjM 2.99 - 1 . 1 3  PhoP,WalR 
S l 403 2.98 2.90 3'MT of rapD 
S48 I (inter) 2.96 -0. 1 6  Between rsgl and htpX 
yw/B 2.95 -0.34 SigB 
S 1 202 (indep) 2.95 0.62 
yfhO 2.95 - 1 .30 
gltP 2.92 1 .75 
yo/C 2.9 1 0.89 AbrB, LexA SPl3 prophage 
rocC 2.9 1 0.49 AhrC, CodY, RocR, Amino acid permease (arginine, orni-

SigL thine and citrulline uptake) 
S295 (Intra) 2.90 - 1 .04 Between csbB and yfhO 
yttP 2.90 1 .20 CcpA. PhoP, SpoOA 
S 1 342 (inter) 2.86 0.27 Between csbA and uvrB 
y,sT 2.86 1 .49 
rocB 2.86 0.4 1 AhrC, CodY. RocR, Arginine, ornithine and citrulline utill-

SigL zation 
phrK 2.85 0.35 AbrB, SigH Control of ComA activity 
rsbX 2.85 0. 1 0  CcpA. SigB Control of SigB activity 
ocoC 2.84 - 1 .02 AcoR. CcpA. SigL Acetoin utilization 
ykkA 2.84 0.06 
S38 1 (mdep) 2.83 0.26 
S9 (indep) 2.82 1 .44 Between dsdA and coaA 
S 1 358 (indep) 2.8 1 1 .2 1  
yoxA 2.8 1  0.78 SigH Aldose- 1 -epimerase 
sigB 2.8 1  0. 1 4  CcpA, SigB RNA polymerase sigma factor B 
ykkB 2.80 -0.02 
S 1 378 2.80 0. 1 6  3'PT of gerBC 
ytxj 2.80 0.90 SigB, SigH 
yitA 2.79 -0.0 1 SigK Sulfate adenylyltransferase 
acoA 2.77 - 1 .27 AcoR, CcpA, SigL Acetoin utilization 
yhcR 2.77 1 .44 Utilization of nucleic acids 
ykuT 2.76 -0.04 SigB Resistance to osmotic downshock 
S I  1 34 (3'PT) 2.75 0.87 
acoB 2.75 - 1 .27 AcoR, CcpA, SigL Acetoin utilization 
ywzD 2.74 -0.30 
csbA 2.74 -0.08 SfgB 
ygaB 2.72 0.50 
yozM 2.71 0.39 CcpA, LexA 
etc 2.7 1  -0.58 SigB Ribosomal protein 
S 1 477 2.70 0. 1 7  3'PT of gspA 
yf/H 2.69 -0.26 SigB 
S394 (intra) 2.69 -0.03 Between yitB and yitA 
yvzE 2.69 0.89 
yvbG 2.68 0.37 
ydfB 2.68 -0.02 
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Name Effect value Effect value Regulation Function 
sigWstress/ WT stress/ "'O 

WTnostress WTnostress "'O 
(D ytO 2.67 0.22 SigF Sporulation protein ::::l 

mutT 2.66 -0. 1 1 DNA repair, protection against oxida- 0... 
tive stress X 

ymzB 2.65 -0.34 AbrB, SigB Survival of ethanol and salt stress w 
S230 2.64 -0.09 5' of yebE 3: ydjN 2.64 -0.54 

(D 
dhaS 2.63 1 .09 Aldehyde dehydrogenase 3 yqjL 2.63 0.2 1 SigB. SigM, SigW Resistance against paraquat (putative CT 

hydrolase) • � 
S566 2.63 1 .06 5' of ylmB ::::l 
pro) 2.62 0.39 Biosynthesis of proline (D 

proH 2.62 0.4 1 Biosynthesis of proline "'O 
yyzG 2.6 1 0.25 0 
yvrE 2.60 -0.96 SigB Survival of salt stress rt 

56B0 2.60 0.62 5' of iseA (D 

/iaH 2.59 - 1 . 1 2  LiaR Resistance against oxidative stress and ::::l 

cell wall antibiotics 0 
< 

5 1 47 2.57 0. 1 5  5 '  of ywcE (D 
S396 (inter) 2.55 0.90 Between yitT and ipi • 

"'O 
yyaB 2.55 1 .22 • 
ykzW 2.54 -0.83 CcpN Control of arginine metabolism and 0 

0... 
glycolysis C: 

5606 (inter) 2.54 - 1 .34 Between pbpX and ymdA () 
!:!. yisK 2.53 0.72 0 dps 2.53 - 1 .35 SigB Mini-ferritin (iron storage) ::::l 

S93 1 (indep) 2.53 0.80 (/) 

ocoL 2.5 1 - 1 .07 AcoR, CcpA. Sigl Acetoin util ization rt • 
ymO 2.5 1 -0.25 (D 

(/) 
(/) 

::::l 
ex, 
Q 

Vl 
Vl 
C: 
0-
t::t. 
� 
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3 20 

T .ble . Genes down-regulated upon induced expression of plsY-strepll in 
cssRS mutant cells. The cut-off value was set at - 1 .00. Effect values in bold are statis
tically significant (p< 0.05 and q<0.05). 

Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
cssR -4.5 I 0.65 CssR Response to secretion stress 
cssS -4. 1 6  0.58 CssR Response to secretion stress 
yxeM -l.79 -3 1 7  CymR 
adcA -l.78 1 .09 Zur Zinc uptake 
yxeL -].75 -3.22 CymR 
S 1 568 -].7] -3.23 
yybF -].67 -2.67 5• of yybF 
pyrK -3.6] - 1 .33 PyrR Pyrimidine biosynthesis 
pyrD -l.59 - 1 .29 PyrR Pyrimidine biosyntheses 
yxeK -l.58 -3.20 CymR Sulphur metabolism 
pyrB -3.52 - 1 .64 PyrR Pyrimidine biosynthesis 
yxeO -3.47 -2.76 CymR 
pyrAB -l.46 - 1 .09 PyrR Pyrimidine biosynthesis 
pyre -l.46 - 1 .75 PyrR Pyrimidine biosynthesis 
pyrF -l.45 - 1 .29 PyrR Pyrimidine biosynthesis 
S 1 0 1  -l.42 1 .87 5' of ycdA 
yxeN -].4 1 -2.73 CymR 
sat -3.29 - 1 .04 CymR, S-box Sulfate activation 
yxjN -l.28 -0. 1 4  
pyrE -l.27 - 1 . 1 0  PyrR Pyrimidine biosynthesis 
yrdP -3. 1 9  1 .3 1  CzrA Resistance to toxic metal ions 
czcD -l. 1 8  1 .2 1  CzrA Resistance against Zn, Cu, Co, Ni  
pyrAA -l. 1 8  - 1 .45 PyrR Pyrimidine biosynthesis 
S I  000 (intra) -3. 1 7  1 .39 Between cdzC and yrdP 
tasA -3. 1 4  -2.60 AbrB, SlnR Biofilm formation 
(euC -l. l l  - 1 .49 Btr, CitB, Fur Iron acquisition 
yxeP -3. 1 1 -2.50 CymR 
S 1 3 1 3  -3. 1 0  -2.83 5· of epsA 
ycdA -].09 1 .96 Abh,AbrB Swarming motility 
purA -3.05 - 1 . 1 7 PurR Purine biosynthesis 
estA -3.0] -0.99 AbrB Lipid degradaton 
ybbA -].00 - 1 .22 Btr, CltB, Fur Iron acquisition from bacillibactin 
glpT -2.99 - 1 .5] CcpA. GlpP Glycerol-3-phosphate uptake 
sumT -2.96 -0.79 CymR, S-box Siroheme biosynthesis, sulfite reduction 
yxeB -2.95 - 1 . 1 4  Fur Siderophore uptake 
sipW -2.94 -2.5 I AbrB, SinR Biofilm formation 
ykuN -2.94 -0.78 Fur Electron transfer 
pyrP -2.88 - 1 .02 PyrR Uracil transport via proton symport 
epsl -2.86 -2.]] AbrB, EAR Biofilm formation 

riboswitch, SinR 
ykuP -2.8 1 -0.70 Fur Electron transfer 
S I  1 04 -2.8 1 -2.44 5' of p(kA 
S82 -2.77 - 1 .32 5· of glpT 
yxeQ -2.76 -2.08 CymR 



Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ ""O 

WT no stress WT no stress ""O 
5494 (inter) -2.75 - 1 .6 1  Between ykvl and queC ro 

::::l 
nagP -2.72 -0.94 N-acetylglucosamine uptake and phos- 0.. 

porylation X 
583 -2.68 - 1 .33 5' of ypeP w 
epsF -2.67 -2. 1 5  AbrB, EAR Biofilm formation 3: riboswitch, SinR ro 
epsE -2.65 -2.42 AbrB, EAR Biofilm formation 3 riboswitch, SinR CT 
epsG -2.64 -2. 1 4  AbrB, EAR Biofilm formation ..... 

riboswitch, SinR ::::l 
S44(inter) -2.63 -0.35 Between lysS and ctsR ro 
epsH -2.59 -2.22 AbrB, EAR Biofilm formation ""O 

riboswitch, SinR ..... 
0 

queC -2.58 - 1 .40 preQ I riboswitch tRNA modification rt 

epsK -2.58 -2. 1 7  AbrB, EAR Biofilm formation ro 
riboswitch, SinR ::::l 

S I  024 (indep) -2.56 -0.06 0 
yhel -2.54 -0.32 Mulitple antibiotics resistance ro 
epsL -2.52 - 1 .98 AbrB, EAR Biofilm formation ""O 

riboswitch, SinR ..... 
593 -2.5 I - 1 .06 5' of ybgF 0 

0.. feuB -2.50 - 1 .29 Btr, CitB, Fur Iron acquisition C 
epsN -2.49 - 1 .76 AbrB, EAR Biofilm formation () 

riboswitch, SinR !:!. 
0 

truA -2.48 - I .S I stringent response tRNA modification ::::l 
pyrG -2.48 - 1 .70 Pyrimidine biosynchessis V, 

epsM -2.47 - 1 .85 AbrB, EAR 
riboswitch, SinR ro 

epsj -2.45 -2. 1 2  AbrB, EAR Biofilm formation 
V, 
V, 

riboswitch, SinR ::::l 
queE -2.45 -0.83 preQ I riboswitch tRNA modification 

0:, S 1 305 (intra) -2.43 - 1 .60 Between yvbX and yvbW 
ybgF -2.43 -0.7 1 C'!. 
5 1 270 -2.43 0.44 3'MT of yuzO 
epsD -2.42 -2. 1 9  AbrB, EAR Biofilm formation VI 

riboswitch, SinR VI s:: queD -2.4 1 -0.95 preQ I riboswitch tRNA modification 0--
epsA -2.4 1 -2. 1 8  AbrB, SinR Biofilm formation .... 
yjhA -2.38 0.85 � 
S I  1 85 -2.38 1 . 1 8  5' of yuaB 
yheH -2.38 -0. 1 9  Multiple antibiotic resistance 
S 1 366 (intra) -2.34 -0.84 Between ggaA and ggaB 
yxal -2.28 0.09 
5 1 46 1 -2.27 - 1 .26 5' of rocG 
mraY -2.27 - 1 .5 1  Peptidoglycan precursor biosynthesis 
yvbX -2.26 -2.06 
rocG -2.25 -0.77 AbrB,AhrC, Arginine utilization 

CcpA, RocR, Sigl 
yrzl -2.25 -0.28 AbrB 
ylqH -2.25 -2.50 
yqxM -2.24 -2.04 AbrB, SinR TasA anchoring protein (biofilm forma-

tion) 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT ;tress w 10 stri 
epsO -2.24 - 1 .29 AbrB, EAR Biofilm formation 

riboswitch, SinR 
yuaB -2.20 1 .27 AbrB, DegU Pellicle formation 
bdbA -2.20 - 1 .67 Abh,AbrB, Rok. Trans-acting protein folding catalyst, 

YvrHb protein secretion 
murD -2.20 - 1 .42 Peptidoglycan precursor biosynthesis 
S484 -2. 1 8  0.27 3' PT of mtnA 
glpQ -2. 1 7  -0.80 CcpA, GlpP Glycerol-3-phosphate utilization 
S34 1 (inter) -2. 1 6  -0.43 Between yhe/ and yhej 
S I  02S (inter) -2. 1 5  -0.32 Between yrzf and yrhH 
S 1 330 -2. 1 5  0.84 S' of yvcA 
rpmC -2. 1 3  - 1 .07 stringent response Ribosomal protein, translation 
(euA -2. 1 1 - 1 .07 Btr, CitB, Fur Iron acquisition 
rplj -2. 1 1 -0.5 1 stringent response Ribosomal protein, translation 
S I  059 (inter) -2.09 - 1  27 Between rpmA and spo0B 
epsB -2.06 - 1 .93 AbrB, SinR Biofilm formation 
yxjM -2.05 0.62 
rps) -2.05 - I .OS stringent response Ribosomal protein, translation 
yfhA -2.04 -0.92 Fur Iron acquisition 
opuCB -2.03 -0.65 Compatible soulte transport 
yalj -2.02 - 1 .69 Abh,AbrB, Rok, 

YvrHb 
spaVE -2.02 - 1 .39 SigE, SpolllD Spore cortex peptidoglycan biosynthe-

sis 
a/sT -2.0 1 -0.57 TnrA Amino acid uptake 
rplP -2.00 -0.93 stringent response Ribosomal protein, translation 
S582 (inter) -2.00 -2.45 Between ylqH and sucC 
rplD - 1 .99 -0.79 stringent response Ribosomal protein, translation 
yvbW - 1 .98 - 1 .85 
S558 (intra) - 1 .98 - 1 . 1 6  Between murE and mraY 
rp/E - 1 .96 -0.93 stringent response Ribosomal protein, translation 
S I  026 (inter) - 1 .96 -0.09 Between yrhG and yrzf 
yozV - 1 .96 - 1 . 1 0  
yetK - 1 .96 - 1 .35 
tyrA - 1 .96 -0.83 TRAP Biosynthesis of tyrosine 
yxjL - 1 .96 0.66 
yc/O - 1 .95 -0.29 Fur Iron acquisition 
ycgL - 1 .95 - 1 .68 
rocA - 1 .95 -0.99 AbrB,AhrC, CodY. Arginine, ornithine and citrulline utiliza-

RocR, SigL tion 
flhA - 1 .94 - 1 .36 CodY, SigD, SpoOA Movement and chemotaxis 
S 1 229 (inter) - 1 .94 -0.63 Between besA and dhbA 
S I  027 (indep) - 1 .93 -0. 1 3  
yvcA - 1 .93 1 .29 AbrB, DegU Complex colony development 
epsC - 1 .93 -2. 1 2  AbrB, EAR Biofilm formation 

riboswitch, SinR 
S 1 460 (inter) - 1 .92 -0.46 Between rocG and rocA 
ykbA - 1 .92 -0.65 Exchange of serine and threonine 
rp/NA - 1 .9 1  -0.8 1 stringent response Ribosomal protein, translation 
rp/C - 1 .90 - 1 .02 stringent response Ribosomal protein, translation 
yadF - 1 .90 0.32 TnrA 
nagBB - 1 .90 -0.55 Glucosamine utilization 
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Name Effect Effect Regulation Function )> 
.... ,. sr----u:-.;./ \AIT -6-----f "O 

,o � s "O 
yrvj - 1 .90 - 1 .46 Cell wall metabolism (1) 

:::, 
ggaA - 1 .89 -0.64 Teichoic acid biosynthesis 0... 
queF - 1 .89 -0.34 preQ I riboswitch Nitrile reductase x· 
S I  1 4  (inter) - 1 .89 - 1 .73 Between cah and ycgL w 
yc/P - 1 .88 -0.42 Fur Iron acquisition 3: rpsQ - 1 .88 -0.79 stringent response Ribosomal protein, translation (1) 
yvbj - 1 .87 - 1 .35 3 bdbB - 1 .87 - 1 .52 Abh,AbrB, Rak, Genetic transformation, thiol disulfide cr 

YvrHb oxidoreductase 
S674 - 1 .86 -0.59 5' of alsT :::, 
S57 (inter) - 1 .86 - 1 . 1 8  Between rp/Q and ybxA (1) 

S559 (intra) - 1 .85 - 1 .3 1  Between spoVE and murG "O 
sirB - 1 .84 -0.67 CymR, S-box Siroheme biosynthesis, sulfite reduction 0 
yocR - 1 .83 0.00 r-t 

S l 523 - 1 .82 -0.75 3'PT of yxeB (1) 

sspB - 1 .82 -0.7 1 SigG Protection of spore DNA :::, 

cah - 1 .80 - 1  77 Resistance to cephalosporin 3 0 
rpsF - 1 .80 -0.83 ComK, stringent Ribosomal protein (translation) (1) 

response ..., 
"O 

ybxB - 1 .79 -0.56 stringent response ..., 
efeM - 1 .79 -0.45 Fur Iron uptake 0 

0... 
rpmGA - 1 .79 -0.24 Ribosomal protein (translation) C: 
f/hF - 1 .78 - 1 . 1 6  CodY, SigD, Spo0A Placement and assembly of polar flagella f"I 

!'.:!. rpsC - 1 .78 -0.90 stringent response Ribosomal protein S3 (translation) 0 
S I  1 86 - 1 .77 0.47 :::, 
xynA - 1 .77 -0.32 Xylan degradation V, 

ylxH - 1 .77 - 1 . 1 4  CodY, SigD, Spo0A Self-resistance to surfactin and swar- r-t ..., 
ming motility (1) 

V, 
motB - 1 .76 -2.35 SigD Motility and chemotaxis V, 

rplB - 1 .76 -0.82 stringent response Ribosomal protein L2 (translation) :::, 
S495 - 1 .76 -0.2 1 

0, ackA - 1 .74 - 1 .64 CcpA, CodY Acetate kinase (overflow metabolism) Q 
motA - 1 .72 -2.28 SigD Motility and chemotaxis (flagellar motor a. 

rotation) 
yf,Y - 1 .7 1  -0.39 Fur Iron acquisition V) 

vm/R - 1 .  7 1  -0.43 RNA switch/other Efflux of antibiotics (virginiamycin M, V) 
C: 

lincymicin) 0-
yqgO - 1 .7 1  -0.04 !::!'. 
S I  1 1 9 - 1 .  7 1  - 1 .59 5' of ackA � 
ypjA - 1 .7 1 -0.48 
yoyD - 1 .70 0.27 
fhuG - 1 .69 -0.57 Fur Siderophore uptake 
(huB - 1 .68 -0.73 Fur Siderophore uptake 
rplV - 1 .68 -0.82 stringent response Ribosomal protein L22 (translation) 
mdr - 1 .68 -0.53 Drug resistance 
cheB - 1 .68 - 1 . 1 7  CodY, SigD, Spo0A Motility and chemotaxis 
f/hB - 1 .68 - 1 .37 CodY, SigD, Spo0A Flagella-associated protein 
5587 (inter) - 1 .68 - I . I S  Between rpsB and ts( 
rpsH - 1 .67 -0.60 stringent response Ribosomal protein SB (translation) 
rp/L - 1 .67 -0.36 stringent response Ribosomal protein LI 2 (translation) 
5 1 575 - 1 .66 -0.78 5' of rpsF 
553 1 - 1 .65 -0.96 5' of pdhA 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
rps£ - 1 .65 -0.45 stringent response Ribosomal protein S5 (translation) 
S l 44 1  - 1 .65 - 1 .45 5' of pyrG 
ywJA - 1 .65 -0.38 Fur 
yxeR - 1 .65 - 1 .48 Ethanolamine uptake/export 
fysA - 1 .64 -0.36 SigG Biosynthesis of lysine 
copB - 1 .63 1 .35 CzrA Cadmium export 
yvcB - 1 .63 1 .23 AbrB, DegU 
yweA - 1 .63 -0.20 AbrB 
adeC - 1 .63 -0.32 Purine salvage and interconversion 
murE - 1 .62 - 1 .28 stringent response Peptidoglycan precursor biosynthesis 
besA - 1 .62 -0.56 AbrB, Fur Iron acquisition 
5576 (inter) - 1 .62 -0.39 Between yfoV and sdaAB 
rplX - 1 .62 -0.68 stringent response Ribosomal protein L24 (translation) 
rpsR - 1 .6 1  -0.96 ComK, stringent Ribosomal protein S I B  (translation) 

response 
yqgN - 1 .6 1  0.02 
S 1 472 - 1 .6 1  - 1 .03 5' of qoxA 
yo/B - 1 .6 1  -2. 1 9  AbrB 
S7 1 0  - 1 .60 -0. 1 1  5' of xynA 
yxkH - 1 .59 -2.33 
fytA - 1 .59 -2.03 LytR, SigD, SlrR. Secretion of maier autofysin lytC 

YvrHb 
purT - 1 .59 - 1 . 1 5  Purine biosynthesis 
rpsS - 1 .59 -0.85 stringent response Ribosomal protein Sf 9 (translation) 
yc/Q - 1 .59 0.02 Fur Iron acquisition 
yxkC - 1 .59 -2.64 SigD,TnrA 
natA - 1 .59 - 1 .46 NatR Sodium export 
ypjB - 1 .59 -0.49 SigE 
fhuD - 1 .58 -0 57 Fur Siderophore uptake 
rpsNA - 1 .58 -0.56 stringent response Ribosomal protein S 1 4  (translation) 
fhuC - 1 .58 -0.42 Fur Siderophore uptake 
ybxA - 1 .57 -0.96 
rplR - 1 .57 -0.64 stringent response Ribosomal protein LI 8 (translation) 
cheC - 1 .57 -0.79 CodY, SigD, SpoOA Motility, chemotaxis 
cheD - 1 .57 -0.76 CodY, SigD, SpoOA Motility, chemotaxis 
dltD - 1 .57 -0.86 SigD, SigM, SigX, Teichoic acid biosynthesis 

SpoOA, stringent 
response, YvrHb 

rplF - 1 .57 -0.50 stringent response Ribosomal protein L6 (translation) 
yvbf - 1 .57 -0.90 
efeU - 1 .56 -0.46 Fur Iron uptake 
yxeC - 1 .56 - 1 .77 Biosynthesis of lysine and peptidoglycan 
dapH - 1 .56 -0.70 
yvyC - 1 .56 -2,36 SigD 
thrB - 1 .55 - 1 .03 Blosynthesis of threonine 
tcyB - 1 ,55 -0.95 Cystine uptake 
ssbA - 1 .55 -0.70 ComK, stringent DNA replication, recognition and repair 

response 
S 1 580 (inter) - 1 .55 -0.77 Between rnpA and oxaAA 
hom - 1 .54 - 1 .33 Biosynthesis of methionine and threo-

nine 
natB - 1 .54 - 1 .24 NatR Sodium export 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ "O 

WT no stress WT no stress "O 
(D ykuS - 1 .54 -0.60 ::::i 

S557 - 1 .54 - 1 .37 S' of  murE 0.. 
yvzA - 1 .53 1 .27 AbrB, DegU X 
lytB - 1 .53 -2.00 LytR, SigD, SlrR, Modifier protein of the major auto- w 

YvrHb lysin 3: lytC 
(D 

rpmD - 1 .S I -0.57 stringent response Ribosomal protein L30 (translation) 3 yo/A - 1 .S I - 1 .92 AbrB CT 
natA - 1 .S I -0.99 AbrB Sodium export ""'i � yvjA - 1 .S I -0.89 ::::i 
estB - I  .SO - 1 .28 Lipid degradation (D 

S I OO I  - I .SO 2.93 S' of czcD "O 
dapL - I .SO -0.62 Lysine and peptidoglycan biosynthesis ""'i 

0 
ileS - I  .SO - 1 .27 T-box lsoleucyl-tRNA synthetase (translation) r-t 

pheS - I .SO -0.95 T-box Phenylalany-tRNA synthetase (transla- (D 
::::i tion) 
0 yxaj - I .SO - I .SO AbrB, Rok < yukB - I  .SO I .SO (D 

adcC - I .SO 0.57 Zur Zinc uptake ""'i 
"O 

yokE - I .SO -2.57 ""'i 
cheW - I  .SO -0.76 CodY, SigD. SpoOA Control CheA activity 0 

0.. S I  00 (inter) - I  .SO -0.8 1 Between estA and yczC C 
yvdD - I .SO -0.64 (") 

!:!. cheA - I .SO -0.89 CodY, SigD, SpoOA Chemotactic signal modulator 0 S I  1 66 (inter) - 1 .49 - 1 .00 Between metK and asnB ::::i 
S l 282 - 1 .49 1 . 1 4  5' of copB VI 
ywnC - 1 .49 -0.85 r-t 

""'i 
S36 (inter) - 1 .49 -0.70 Between yabR and spoil£ (D 

VI S I  336 - 1 .48 -0.98 5' of yvmC VI 
yet) - 1 .48 -0.57 ::::i 
yxeG - 1 .48 -0.23 co yf,Z - 1 .47 -0.8 1 Fur Iron acquisition a 
dltC - 1 .47 -0.73 SigD. SigM, SigX, Teichoic acid biosynthesis a. 

SpoOA. stringent � 
response, YvrHb V) 

jag - 1 .47 -0.03 Spolllj-associated protein V) 
C: yxzK - 1 .47 -0. 1 1 0-

S 1 480 (intra) - 1 .47 -0.68 Between dltD and d/tE �-
ptsG - 1 .47 - 1 .26 GlcT, stringent Glucose transport and phosphorylation � 

response 
va/S - 1 .47 - 1 . 1 3  T-box Valyl-tRNA synthetase (translation) 
tdk - 1 .47 -0.40 Thymidine nucleotide biosynthesis 
S305 (inter) - 1 .47 -0.55 Between yxgA and tmD-Ser 
fliR - 1 .46 - 1 .08 CodY, SigD, SpoOA Required for flagella formation 
S l 368 - 1 .46 -0.78 s· of yvzl 
S l 99 - 1 .46 -0.75 S' of ydgK 
yxaC - 1 .45 -0.30 
xpf - 1 .45 -0.94 Transcription of PBSX genes 
hisS - 1 .45 - 1 .46 T-box Histidyl-tRNA synthetase 
S I 069 - 1 .45 -0.98 s· of tig 
thrC - 1 .44 - 1 .00 Threonine biosynthesis 
yybK - 1 .44 -0.80 Rok 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
yubD - 1 .44 0.76 
rp/O - 1 .44 -0.56 stringent response Ribosomal protein L I  5 (translation) 
lytC - 1 .43 - 1 .67 LytR, SigD, SlrR, Major autolysin 

YvrHb 
adcB - 1 .43 0.57 Zur Zinc uptake 
S263 (intra) - 1 .43 - 1 .02 Between nosA and yf/K 
yqkA - 1 .43 -0.55 
dltB - 1 .43 -0.73 SigD. SigM. SigX, Teichoic acid biosynthesis 

Spo0A. stirngent 
response, YvrHb 

yqjZ - 1 .43 -0.52 
yjcD - 1 .43 -0.65 
ggaB - 1 .42 -0.7 1 Teichoic acid biosynthesis 
yvzf - 1 .42 -0.60 
afaS - 1 .42 - 1 .79 T-box Alanyl-tRNA synthetase 
sigD - 1 .42 -0.70 CodY, SigD, Spo0A Regulation of flagella, motility, chemo-

taxis and autolysls 
5505 (inter) - 1 .4 1  - 1 .30  Between g/cT and ptG 
yc/N - 1 .4 1  -0.30 Fur Iron acquisition 
mapA - 1 .4 1  -0.74 stringent response Methionine aminopeptidase 
dltE - 1 .4 1  -0.69 SigD, SigM, SigX, Teichoic acid b1osynthesis 

Spo0A, stringent 
response, YvrHb 

S I  1 35 - 1 .4 1  -0.63 5' of rpsD 
adk - 1 .40 -0.59 stringent response ADP formation (purine salvage, nude-

otides, protein secretion) 
5 1 036 - 1 .40 - 1 .20 5' of greA 
yvsG - 1 .39 -0.27 
frr - 1 .39 -0.86 stringent response Ribosome recycling factor (translation) 
dacA - 1 .39 - I . I S  Carboxypeptidase ( cell wall synthesis) 
rp/W - 1 .39 -0.49 stringent response Ribosomal protein L23 (translation) 
pdxT - 1 .38 -0.54 Spo0A Pyridoxal-5'-phosphate biosynthesis 
pyrH - 1 .38 -0.96 stringent response Pyrimidine biosynthesis 
pdxS - 1 .37 -0.46 Spo0A Pyridoxal-5' -phosphate biosynthesis 
asps - 1 .37 - 1 .26 T-box Aspartyl-tRNA synthetase 
rnpA - 1 .36 -0.80 Cleavage of precursor sequences from 

the s· -ends of pre-tRNAs 
rpsD - 1 .36 -0.43 stringent response Ribosomal protein 54 (translation) 
f/iZ - 1 .36 - 1 .0 1  CodY, S1gD. Spo0A Movement and chemotaxis 
yonS - 1 .36 - 1 .24 
yhcK - 1 .36 - 1 .07 Potential c-di-GMP synthase 
5934 (inter) - 1 .36 -0. 1 1 Between rmpGA and yqgN 
ffiQ - 1 .35 - 1 .03 CodY, SigD, Spo0A Movement and chemotaxls 
ydgK - 1 .35 -0.86 
prs - 1 .35 -0.90 stringent response Phosphoribosylpyrophosphate synthesis 

(synthesis of histidine) 
yukC - 1 .34 1 .08 
yvdC - 1 .34 -0.25 
yfxL - 1 .34 -0.75 CodY, SigD. Spo0A Control of SigD activity 
trpS - 1 .34 -0.32 T-box Tryptophanyl-tRNA synthetase 
speB - 1 .33 -1 1 1  Sperm1din, polyamine biosynthesis 
ywdF - 1 .33 -0.34 
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Name Effect Effect Regulation Function )> 
cssRS stress/ WT stress/ ""O 

WT no stress WT no stress ""O 
yjdF - 1 .33 -0.30 ManR (D 

::J 
ywjB - 1 .32 -0.20 Fur 0.. 
yqjY _ ,  .32 -0.42 X 
yhfQ - 1 .32 -0.58 Fur Iron uptake w 
555 - 1 .32 -0.78 5' of rps) 3: 527 - 1 .32 -0.60 5' of rnmV 

(D 
S I  58 1  (inter) - 1 .32 -0.59 Between rpmH and rnpA 3 S 1 33 (inter) - 1 .3 1  - 1 . 1 0  Between sipU and ycsD 
yybj - 1 .3 1  -0.5 1 -; 
yxiD - 1 .3 1  1 .80 ::J 
yncF - 1 .3 1  - 1 . 1 6  Nucleotide metabolism (D 

yoaH - 1 .3 1  -2.35 SigD Membrane-bound chemotaxis receptor ""O 
ytrB - 1 .30 -0.82 YtrA Acetoin uptake -; 

0 
S I  090 (inter) - 1 .30 - 1 . 1 6  Between ytxC and thrS r-t 
nosA - 1 .30 - 1 . 1 2  Nitric oxide production (D 

xtrA - 1 .30 - 1 .03 Xre ::J 

norM - 1 .30 -0.53 0 
mcpB - 1 .29 -2.68 SigD Methyl-accepting chemotaxis proteins (D 
ybzG - 1 .29 -0.38 -; 

""O 
glpF - 1 .28 -0.36 AbrB, CcpA. GlpP Glycerol uptake -; 
yndj - 1 .28 - I  .O f 0 

0.. yusU - 1 .28 -0. 1 6  C 
5640 (intra) - 1 .28 - 1 .02 Between yncF and cotU () 

!:!. yobS - 1 .28 0.06 0 ts( - 1 .28 -0.93 stringent response Elongation factor Ts (translation) ::J 
5785 - 1 .27 0.37 3' of yopL V, 
yu(K - 1 .27 -0.77 r-t 

-; 
yvrB - 1 .27 -0.82 (D 

V, rpsB - 1 .27 -0.55 stringent response Ribosomal protein 52 (translation) V, 
yczC - 1 .26 0.96 ::J yybD - 1 .26 -0.78 
trnD-Cys - 1 .26 0.26 Transfer RNA cys 
yndK - 1 .26 -0.99 n 
yczE - 1 .26 -0.57 � 
5595 - 1 .25 -0.98 Between rpsO and pnpA V, 

fliY - 1 .25 -0.95 CodY, SigD. Spo0A Flagellar motor switch protein V, 
C: yueB - 1 .25 I .SO 0-

yutj - 1 .25 -0.70 Putative NADH dehydrogenase r-+ 

yvzH - 1 .25 -0.20 � 
yxdK - 1 .25 -0.40 Resistance against toxic peptides 
rps/ - 1 .25 -0.7 1 stringent response Ribosomal protein 59 (translation) 
sipU - 1 .25 - 1 .20 Signal peptidase I (protein secretion) 
speE - 1 .25 - 1 .35 
upp - 1 .24 -0.2 1 
yydD - 1 .24 - 1 .06 Spermidine, polyamine biosynthesis 
secY - 1 .24 -0.46 stringent response Preprotein translocase subunit (protein 

secretion) 
5 1 538 - 1 .24 -0. 2 1  5' of yxzK 
ykoW - 1 .24 -2.37 Potential c-di-GMP synthetase and 

phosphodiesterase 
rpsK - 1 .24 -0.48 stringent response Ribosomal protein S I  I (translation) 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
proB - 1 .23 -0.74 T-box Praline biosynthesis 
yukD - 1 .23 1 . 1 9  
aroB - 1 .22 -0. 1 9  Biosynthesis of aromatic amino acids 
yybE - 1 .22 -0.83 Transcriptional regulator 
xkdD - 1 .22 -0.9 1 Xre 
fliD - 1 .22 -2.26 SigD Flageller hook-associated protein 
cheY - 1 .2 1  - 1 .0 1  CodY, SigD. SpoOA Modulation of flagellar switch bias 
yviE - 1 .2 1  - I .OB 
fliP - 1 .2 1  -0.94 CodY, SigD. SPoOA Movement and chemotaxis 
S227 - 1 .2 1  -0.37 5' of guaA 
pheA - 1 .2 1  -0.6 1 Phenylalanine biosynthesis 
yhaj - 1 .20 -0.58 
guaA - 1 .20 -0. 1 5  GMP biosynthesis 
gcaD - 1 .20 -0.98 stringent response Cell wall metabolism 
yj/A - 1 .20 -0.27 
S426 - 1 .20 -0.65 5' of YJCD 
aroH - 1 .20 -0. 1 6  Biosynthesis of aromatic amino acids 
ykzK - 1 . 1 9  -0.80 
c/sA - 1 . 1 9  -0.79 Cardiol ipin biosynthesis 
aroF - 1 . 1 9  -0.38 Biosynthesis of aromatic amino acids 
yfnC - 1 . 1 9  -0.74 
yflK - 1 . 1 9  -0.77 
dinG - 1 . 1 8  -0.84 
m/eN - 1 . 1 8  -0.45 Malate uptake 
S854 (inter) - 1 . 1 8  -0. 1 7  Between qcrC and ypjA 
yhcH - 1 . 1 8  - 1 .03 
S56 (intra) - 1 . 1 8 -0.59 Between rpsK and rpoA 
S 1 365 (intra) - 1 . 1 8 -0.08 Between ggaB and yvzH 
yckA - 1 . 1 7  - 1 .20 
S 1 452 - 1 . 1 7  -2.29 5' of speE 
ykqA - 1 . 1 7  -0.68 
rplQ - 1 . 1 7  -0.62 stringent response Ribosomal protein L 1 7  
yybL - 1 . 1 7  -0.40 Rak 
glyA - 1 . 1 7  -0.07 PurR,T-box Glycine biosynthesis 
coaD - 1 . 1 7  -0.82 Lipopolysaccharide biosynthesis 
glyQ - 1 . 1 6  - 1 . 1 4  T-box Glycyl-tRNA synthetase 
rpsM - 1 . 1 6  -0.52 stringent response Ribosomal protein S 1 3  (translation) 
yyaK - 1 . 1 6  -0.80 
infA - 1 . 1 6  -0.39 stringent response Initiation factor IF- I (translation) 
yhfD - 1 . 1 6  -0.39 
pheT - 1 . 1 5  -0.67 T-box Phenylalanyl-tRNA synthetase 
S550 (inter) - 1 . 1 5  -0.93 Between coaD and ylbK 
ytrD - 1 . 1 5  -0.74 YtrA Acetoin uptake 
yvrA - 1 . 1 4  -0.62 
metN - 1 . 1 4 -0.43 CodY, S-box Methionine uptake 
spcB - 1 . 1 4  -0.72 stringent response Maintenance of chromosome structure 
yvzG - 1 . 1 4  -2.0 1 Control of swarming 
S864 - 1 . l l  -0.54 5' of engA 
rluD - 1 . l l  - 1 .56 
yvcQ - 1 . 1 3  - 1 .06 Resistance against toxic peptides 
flgL - 1 . 1 2  - 1 .45 ComK, SigD Flagella hook-associated protein 3 
ppaC - 1 . 1 2  -0.48 Inorganic pyrophosphatase 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ '"O 

WT no stress WT no stress '"O 
(1) S 1 350 - 1 . 1 2  -2. 1 1 S' of yvyD ::l 

pbpC - I . I  I -0.72 Penicillin binding protein 3 (cell wall CL 
synthesis) x· 

yorN - I . I  I - 1 .05 w 
S I  1 5  (inter) - I . I  I -0.85 Between ycgL and ycgM 3: rpoA - I . I  I -0.5 1 stringent response RNA polymerase alpha subunit (1) 

(transcription) 3 S 1 1  (inter) - I . I  I -0.62 Between docA and pdxS 0-
ytrE - 1 . 1 1 -0.70 YtrA Acetoin uptake ""'I 

pcrA - 1 . 1 0  -0.84 LexA ATP-dependent helicase ::l 
fo/C - 1 . 1 0  -0.96 T-box Folate biosynthesis (1) 

S549 - 1 . 1 0  - 1 .0 1 S' of ylbH '"O 
xkdC - 1 . 1 0  -0.7 1 Xre ""'I 

0 
f/iM - 1 . 1 0  -0.88 CodY, SigD, Spo0A Flagellar motor switch protein rt 
ktrB - 1 . 1 0  -0. 1 3  YdaO riboswitch Potassium uptake (1) 

ndk - 1 . 1 0  -0.46 Nucleoside diphosphate kinase ::l 

yqgT - 1 . 1 0  -0.63 Peptidoglycan hydrolase ( cell wall me- 0 
tabolism) (1) 

yqgC - 1 .09 -0.06 ""'I 
'"O 

aapA - 1 .09 -0.69 Amino acid uptake ""'I 
glyS - 1 .09 - 1 .00 T-box Glycyl-tRNA synthetase (translation) 0 

CL yetH - 1 .09 -0.40 C 
ylqG - 1 .09 -2.04 () 

!:!. S625 (inter) - 1 .09 -0.48 Between g/nA and ynxB 0 pdhA - 1 .08 -0.64 stringent response Pyruvate dehydrogenase ::l 
S878 - 1 .08 -0.32 3' PT of resE VI 
yeeF - 1 .08 0.24 rt 

""'I 
ycbN - 1 .08 -0.96 (1) 

VI 
yjbQ - 1 .07 - 1 . 1 3  VI 
ywzH - 1 .07 -0.8 1 ::l 
yrbF - 1 .07 -0.49 

0::, S479 - 1 .07 -2.60 S' of ykoW C 
thrS - 1 .07 -0.9 1 T-box Threonyl-tRNA synthetase a. 
S 1 32 1  (intra) - 1 .06 -0.94 Between yvcQ and yvcR 
ycbO - 1 .06 -0.88 VI 

sspA - 1 .06 -0.33 SigG Protection of spore DNA VI 
t:: rnhB - 1 .06 -2.2 1 Mn2'-dependent RNase HII  0-

ykuj - 1 .06 -0.65 r-+ 

yvmC - 1 .06 -0.77 AbrB Cyclodipeptidase synthase � 
slrR - 1 .06 - 1 .04 Abh,AbrB, SinR Regulation of biofilm formation and 

autolysis 
serS - 1 .06 -0.69 T-box Seryl-tRNA synthetase 
tetB - 1 .06 -0.25 Resistance to tetracyclin 
S863 (indep) - 1 .06 -0.28 
yybC - I .OS -0.67 
gpsA - I .OS -0.26 Phospholipid biosynthesis 
yoyG - 1 .04 - 1 .78 
rpm) - 1 .04 -0.35 stringent response Ribosomal protein L36 (translation) 
S348 (indep) - 1 .04 -0. 1 4  
ywoB - 1 .03 -0.83 
yfhC - 1 .03 -0.09 Fur 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
dacB - 1 .03 -0.92 SigE Carboxypeptidase (PBP5), cell wall 

synthesis 
f/gK - 1 .03 - 1 .39 ComK, SigD Flagellar hook-associated protein I 
yncE - 1 .02 - 1 .22 
yhcG - 1 .02 -0.92 
parE - 1 .02 -0.58 LexA Chromosome segregation and compac-

tion 
S 1 255 (inter) - 1 .02 -0.39 Between yurR and sspG 
natB - 1 .02 -0.7S AbrB Sodium export 
amtB - 1 .02 -0.6 1 TnrA Ammonium uptake 
t1g - 1 .02 -0.7 1 stringent response Trigger factor (protein folding) 
S I  068 (inter) - 1 .0 1  -0.88 Between tig and clpX 
S50 (intra) - 1 .0 1  -0.S2 Between rplK and rplA 
serA - 1 .0 1  -0.34 Biosynthesis of serine 
trnD-Trp - 1 .0 1  -0. 1 3  Transfer RNA-Trp (translation) 
trnD-Ser - 1 .0 1  -0.43 Transfer RNA-Ser (translation) 
yhcE - 1 .0 1  -0.87 

Table 38. Genes up-regulated upon induced expression of plsY-strepll in 
cssRS mutant cells. The cut-off value was set at -2 .50. Effect values in bold are statis
tically significant {p< 0.05 and q<0.05). * indicates plsY, which was induced on purpose. 

Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
nhaX 5.4 1 0.47 SigB General stress protein 
hut/ 4.87 4.36 CcpA, CodY, HutP Histidine utilization 
hutU 4.85 4.47 CcpA, CodY, HutP Histidine utilization 
S l 343 4.80 0.28 5' of csbA 
S l 5 1 7  (intra) 4.77 4.35 Between hutG and hutM 
hutH 4.75 4.63 CcpA, CodY, HutP Histidine utilization 
fadE 4.67 I .SO CcpA, FadR, SdpR Fatty acid degradation 
fadN 4.60 1 .47 CcpA, FadR, SdpR Fatty acid degradation 
liaG 4.57 -0.40 LiaR 
ybyB 4.55 0.99 SigB Survival of ethanol stress 
ohrB 4.54 0.23 SigB Organic peroxide resistance 
fadA 4.53 1 .49 CcpA, FadR, SdpR Fatty acid degradation 
S l 367 4.53 1 .62 5' of yvzE 
fadH 4.48 1 .68 FadR Fatty acid degradation 
plsY* 4.4 1 0.0 1 Phospholipid biosynthesis 
yf/T 4.34 0.87 SigB Survival of ethanol stress 
katE 4.29 -0.25 SigB Detoxification of hydrogen peroxide 
mgsR 4.27 0.8 1 SigB Controls a subset of general stress 

genes 
yczO 4.20 0.95 
liaF 4. 1 9  -0.2 1 LiaR Control of LiaR activity 



Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ "'O 

WT no stress w· no stress "'O 
(t) ywzA 4. 1 6  I .OB SigB ::J 

S509 (inter) 4. 1 4  1 .47 Between fadH and fadG a. 
fadF 4. 1 2  1 .5 1  FadR Facey acid degradation x· 
liaR 4.04 0. 1 1  LiaR Regulation of the LiaR regulon w 
gsiB 3.99 0.25 SigB. Sigl General stress protein 3: bmrU 3.94 0.37 SigB Mulcidrug resistance (t) 
/iaS 3.92 0.05 LiaR Control of LiaR activity in response 3 

co bacicracin 0-
liaH 3.87 - 1 . 1 2  LiaR Resistance against oxide and cell wall 

antibiotics ::J 
S228 3.87 0.8 1 5' of yebC (t) 

ydeB 3.87 1 .40 "'O 
lia/ 3.84 - 1 .2 1  LiaR Resistance against oxide and cell wall -. 

0 
antibiotics rt 

S I BO 3.83 1 .52 3'MT of ydeB (t) 

fadR 3.67 1 .27 CcpA, FadR Resistance against oxide and cell wall ::J 

antibiotics 
acdA 3.6 1 1 .52 FadR Regulation of fatty acid degradation (t) 
yebC 3.6 1 0.34 SigM -. 

"'O 
fadB 3.60 1 . 1 3  CcpA, FadR Facey acid degradation -. 
et(A 3.50 1 . 1 4  CcpA, FadR Facey acid degradation, calcium 0 a. 

biomineralizacion C 
lcfB 3.49 1 .35 CcpA, FadR Face acid degradation r, 
yjzE 3.48 0.85 SigB !:!. 

0 
S536 3.46 0.29 5' of ykzl ::J 
ykzl 3.44 0.29 SigB VI 
phrA 3.3 1 2.40 CodY, ComA, SpoOA Control of sporulacion initiation rt -. 
ydaS 3.3 1 0. 1 8  SigB (t) 

VI 
SS 1 0  3.29 0.83 5' of fadG VI 
yvgO 3.28 1 .00 AbrB, SigB Survival of ethanol stress ::J 
rapA 3.26 2.23 CodY, ComA, SpoOA Control of sporulacion initiation to S 1 290 (indep) 3.2 1 0.4 1 C 
clpE 3. 1 6  1 .24 CcsR Protein degradacron Q, 
fadG 3. 1 3  0.93 FadR Facey acid degradation 
ykzU 3.09 1 .00 VI 

yhjN 3.07 1 .20 VI 
C: 

etfB 3.0 1 0.89 CcpA, FadR Facey acid degradation 0-
yfhK 2.99 0. 1 2  SigB Survival of ethanol stress and high !:!". 

temperatures � 
gspA 2.99 0. 1 3  SigB General stress protein 
dppD 2.98 3.85 AbrB, CodY Uptake and dipeptides 
S I 023 2.96 -0.34 5' of yrhH 
S l 403 2.96 2.90 3'MT of rapD 
S 1 326 (indep) 2.93 0.76 
/c(A 2.92 1 .22 CcpA. FadR Facey acid degradation 
S l 278 2.88 0.4 1 5' of oxdC 
yneN 2.86 I . I I 
ywaC 2.86 0.20 SigM, SigW (p)ppGpp synchetase 
yqjL 2.86 0.2 1 SigB, SigM, SigW Resistance against paraquat 
S292 (inter) 2.85 0. 1 0  Between yfhK and yfhL 
dppE 2.84 3.53 AbrB, CodY Uptake of dipeptides 
dppC 2.8 1 3.68 AbrB, CodY Uptake of dipepcides 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
csbC 2.79 0.38 SigB Putative pentose transporter 
yrzF 2.79 1 .08 
S669 (intra) 2.78 1 .07 Between citB and yneN 
ydaP 2.74 0.09 SigB Utilization of glycolate and glyoxylate 
yhdN 2.73 0.60 SigB Aldo/keto reductase (lipid synthase) 
gabD 2.70 1 .44 GabR, SigB Utilization of gamma-amino butyric 

acid 
yhaU 2.68 0.64 Potassium ion efflux 
a/bF 2.66 1 . 1 0  AbrB. ResD, Rok Antilisterial bacteriocin (subtilosin) 

production 
albG 2.65 1 .0 1  AbrB, ResD, Rok Antilisterial bacteriocin (subtilosin) 

production 
yrhH 2.63 0.29 SigM, SigW, SigX 
S276 2.6 1 0. 1 0  5 '  of yfkE 
yhzC 2.57 2.05 
yrdQ 2.57 0.58 Transcriptional regulator 
S928 2.54 I .OB Between mgsR and rsbRD 
oxdC 2.54 0.37 Yvrl-YvrHa Oxalate decarboxylase 
dhaS 2.54 1 .09 Aldehyde dehyrogenase (NAD) 
abnA 2.52 1 .3 1  AraR Arabinan degradation 
csbD 2.52 0. 1 2  SigB Survival of salt stress and at low 

temperatures 
S l  1 5 1  2.50 0.94 5' of ytfP 
ytzE 2.47 1 .07 Putative transcription factor 
yjdB 2.47 0.64 AbrB, PhoP 
khtT 2.47 0.86 Potassium ion efflux 
S I 087 2.46 I . I  I 5' of abnA 
khtS 2.45 0.7 1 Control of potassium ion efflux 
S l 225 (indep) 2.44 1 .06 
nfrA 2.4 1 0.76 SigD, SpoOA, Spx FMN-containing NADPH-linked 

nitro/flavin reductase 
S999 2.4 1 0.8 1 3' of yrdQ 
ggt 2.39 2.35 Degradation of poly-glutamate cap-

sules 
yuaE 2.39 1 .28 
ywjC 2.39 0.93 SigB 
S 1 243 (indep) 2.34 0.32 
S725 2.33 1 .76 5' of yobO 
S I 086 2.32 1 .55 Between obnA and araA 
yocB 2.32 0.43 SigB Survival of stress conditions 
alb£ 2.30 0.76 AbrB, ResD, Rok Antilisterial bacteriocin (subtilosin) 

production 
yuxN 2.30 0.62 
S l 342 2.29 0.27 Between csbA and uvrB 
csbA 2.26 -0.08 SigB 
a/bA 2.24 0.57 AbrB, ResD, Rok Antilisterial bacteriocin (subtilosin) 

production 
yxiE 2.23 0.74 CcpA, LicT 
S I 1 55 2.22 0.34 5' of ytaP 
S l 27 1 2.2 1 0.52 5' of yuxN 
ssbB 2.2 1 0. 1 3  ComK Required for efficient genetic trans-

formation 
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Name Effect Effect Regulation 'unction )> 
cssRS stress/ WT stress/ -0 

WT no stress w· no stress -0 
citB 2. 1 8  0.93 CcpC, CodY, FsrA Trigger enzyme (acetonase) (1) 

:::, 
S448 2. 1 8  0. 1 3  5' of yjiB CL 
yxbC 2. 1 6  1 .59 AbrB,CodY, Spo0A x· 
S 1 570 2. 1 5  0.72 5' of yyaR w 
nhaK 2. 1 4  0.00 Monovalent cation export 3: yxbG 2. 1 4  0.47 SigB 

(1) 
S 1 28 1  2. 1 3  -0.06 5' of nhaK 3 mcsA 2. 1 3  0.63 CtsR, SigB, SigF Control of CtsR activity CT 
S485 2. 1 2  0.92 3' of ogt ) 

yqjM 2. 1 1  0.40 NADPH-dependent flavin oxidore- :::, 
ductase (1) 

S 1 335 (indep) 2. 1 0  0.75 -0 
yvyD 2. 1 0  1 .05 SigB, SigH Dimerization of ribosomes in the ) 

stationary phase rt 
S976 (indep) 2.09 0.84 (1) 

mcsB 2.06 0.62 CtsR, SigB, SigF Control of CtsR activity :::, 

racX 2.06 1 .93 SigW Control of biofilm formation 0 
glnK 2.06 0.4 1 TnrA Regulation of the glsA-gln T operon (1) 
S 1 496 2.06 2.36 5' of yxff ) 

-0 
yjiB 2.03 0.20 Oxidation of fatty acids ) 

ykzW 2.02 -0.83 CcpN Control of arginine biosynthesis and 0 
CL 

glycolysis C 
albB 2.02 0.50 AbrB, ResD, Rok Antilisterial bacteriocin (subtilosin) n 

C!. production 0 yxil 2.02 2.70 DegU, SigB Survival of ethanol and salt stresses :::, 
yf/A 2.02 -0.0 1 Abh,AbrB, SigB VI 
ycbP 2.02 -0.2 1 SigB rt 

) 
S 1 275 2.0 1 -0. 1 2  3 '  MT of liaR (1) 

VI 
yfhj 2.00 0.78 VI 
S744 1 .99 1 .04 5' of dhaS :::, S230 1 .99 -0.09 5' of yebE 

0:, mhqA 1 .99 -0. 1 7  MhqR Resistance to methyl-hydroxyquinone 
ywnF 1 .99 0.3 1 Q. 
clpC 1 .98 0.6 1 CtsR, SigB, SigF Protein deagradation §== 
radA 1 .98 0.62 CtsR, CtsR Homologous recombination (DNA V) 

repair protein homolog) V) 
C: yjbC 1 .98 0.49 PerR, SigB, SigM, 0-

SigW, SigX !:!". 
sboA 1 .98 0.26 AbrB, ResD, Rok Antimicrobial peptide Bf 
hrcA 1 .98 0.36 HrcA Regulation of chaperone gene ex-

pression 
S 1 3 1 8  1 .97 0.34 S' of clpP 
ctsR 1 .97 0.65 CtsR, SigB Regulation of protein degradation 
etc 1 .97 -0.58 SigB Ribosomal protein 
yfmB 1 .96 1 .88 
S352 1 .94 0.32 3' of yha/ 
S449 1 .93 1 .39 5' of yj/A 
sigL 1 .93 0.86 CcpA Utilization of arginin, acetion and 

fructose, required for cold adaptation 
S 1 399 1 .9 1  0.33 3' of ywpG 
yhfF 1 .9 1  0.45 
S907 (indep) 1 .9 1  0.0 1 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
S I  1 S8 1 .9 1  0.55 5' of ytvB 
y(iC 1 .90 -0.32 
yd(P 1 .90 -0.53 MhqR, SigB May be involved in protection against 

methyl-hydroquinone 
ylbP 1 .89 0.94 CcpA 
S 1 078 1 .88 0.5 1 5' of trxA 
S95 1 (indep) 1 .87 1 .87 
cypC 1 .87 0.23 SigB Biosynthesis of [3-hydroxy fatty acid 

for lipopeptides 
ma/Q 1 .87 -0.47 
yyaO 1 .86 0.94 
alsR 1 .86 -0.35 Regulation of acetoin synthesis 
ogt 1 .86 0.65 DNA repair 
S409 (inter) 1 .86 0.59 Between yjbC and spxA 
pbpE 1 .85 1 .82 SlgW Endopeptidase (Pbp4*) 
S555 (indep) 1 .85 1 .04 
murG 1 .84 -0.83 SigE. SpolllD Peptidoglycan precursor biosynthesis 
sipV 1 .82 -0.07 LexA Protein secretion (signal peptidase I) 
yjiC 1 .8 1  0.08 
ykuU 1 .8 1  0.08 AbrB 
S908 1 .8 1  0.26 3' PT 
ywcH 1 .80 0. 1 1  SigD, Spo0A 
fruR 1 .80 0.9 1 FruR Regulation of fructose utilization 
S 1 25 1 .80 0.68 5' of hx/R 
S205 1 .80 0.48 S' of moaC 
S260 1 .79 1 .83 S' of yfmB 
ydgC 1 .79 0.42 
sipT 1 .78 -0. 1 6  DegU Protein secretion (signal peptidase I) 
fruK 1 . 77 0.83 FruR Fructose utilization 
S 1 284 1 .76 -0.32 S' of yvaB 
ylbA 1 .75 0.98 AbrB 
yhjE 1 .73 0.05 LexA 
ytvB 1 .72 0.78 
S 1 0 1 3  I .  7 1  0.8 1 5' of yraL 
S 1 382 1 .7 1  0.79 5' of rsbR 
comGA 1 .70 -0.84 ComK Genetic competence (traffic ATPase) 
S 1 546 (indep) 1 .69 1 .09 
comGB 1 .69 -0.75 ComK Genetic competence (DNA trans-

port machinery 
yfkl 1 .69 0.06 SigB 
ywfl 1 .69 0. 1 0 Heme biosynthesis 
S 1 458 1 .67 0.00 S' of ywfl 
ykuV 1 .67 0.00 AbrB Protection of proteins oxidative da-

mage 
ybfO 1 .67 1 .94 AbrB, SigW Similar to erythromycin esterase 
acsA 1 .67 I . I S  CcpA, CodY Utilization of acetate, fatty acids 
S438 1 .67 0.69 5' of yjdB 
oxaAB 1 .67 0. 1 8  MifM Membrane insertion of proteins and 

protein secretion 
a/bC 1 .66 0.46 AbrB, ResD, Rok Export of antilisterial bacteriocin 

(subtilosin) 
ppnKB 1 .66 1 . 1 2  Generation of NADP from NAD 
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Name Effect Effect Regulation Function )> 
cssRS stress/ WT stress/ "O 

WT no stress WT no stress "O 
(!) SI 1 84 1 .65 0.99 3' PT of yuaE :::I 

yraA 1 .65 0.08 AdhR, SigB Degradation of damaged thiol- c.. 
containing proteins X 

ykuE 1 .65 0.43 w 
S l 64 (S') 1 .65 1 .28 :I ykuD 1 .64 0.39 CcpA, SigK Cell wall biosynthesis 

(!) yhfE 1 .64 0.54 3 S98 1 1 .64 1 . 1 4  3 '  of yqaP 
fruA 1 .64 0.67 FruR Fructose uptake and phosphorylation ""'I 

yvaB 1 .64 -0.2 1 MhqR, SigG Resistance to 2-methylhydroquinone :::I 
ypiB 1 .64 1 .37 (!) 

yraL 1 .63 0.75 "O 
S500 1 .62 -0.26 3' of ykvS ""'I 

0 
disA 1 .6 1  0.47 CtsR, SigB, SigM Control of sporulation initiation rt 

hx/R 1 . 6 1  0.34 Regulation of the ribulose mono- (!) 

phosphate pathway :::I 
ykvS 1 .6 1  -0.20 0 
S4 1 I 1 .6 1  0.66 5' of mecA (!) 
comFA 1 .6 1  0.02 ComK Genetic competence (DNA binding "O 

protein) ""'I 

yfl<J 1 .60 -0.08 SigB Survival of ethanol stress 0 
c.. S5 1 9  1 .60 0. 1 2  S' of ykuU C 

murB 1 .60 -0.30 SigE, SigM, SpolllD Peptidoglycan precursor biosynthesis 
!:!. yd(G 1 .59 0.74 0 S 1 96 (intra) 1 .58 0.6 1 Between ydgD and ydgE :::I 

pnbA 1 .58 -0.29 AbrB Lipid degradation VI 
ym(H 1 .58 0. 1 1 Mta rt 

""'I 
yxiS 1 .58 -0.54 SigB Survival of ethanol and salt stresses (!) 

VI yjgA 1 .58 -0.54 VI 
S72 (indep) 1 .57 0. 1 4  :::I S 1 484 1 .56 0.78 3' of yx/G 

0::, ydbP 1 .55 0.79 
addB 1 .55 0. 1 4  ComK DNA repair and recombination n 
bg/A 1 .55 1 .75 j3-glucoside utilization � 
mecA 1 .54 1 . 1 2  Control of ComK degradation. regu- VI 

lation of competence VI 
C: S 1 7  1 .54 0.6 1 5' of scr 0-

ywrF 1 .54 0.2 1  ...... 
pepF 1 .53 0. 1 5  Protein degradation � 
S 1 54 1 .53 0.80 3' of ydbP 
yfmj 1 .53 0.45 SpoOA 
prpB 1 .53 0.30 CcpA, SigE Mother cell metabolism 
yxel 1 .52 0. 1 8  Desulfurization of organic sulfur 

compounds 
tatCY 1 .52 0.37 TAT protein secretion 
yyzM 1 .52 0.28 Export of antilisterial bacteriocin 

(subtilosin) 
ytzB 1 .52 0.54 
albD I .S I  0.32 AbrB, ResD, Rok Export of antilisterial bacteriocin 

(subtilosin) 
yisB I .S I  0.58 ComK 
cggR I .S I  0.83 CggR Central glycolytic genes regulator 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
comGC I .S I  -0.80 ComK Genetic competence (major pseu-

dopilin) 
rex I .S I  0.02 Regulation of fermentation and 

anaerobic respiration 
S 1 70 (indep) I .SO 1 .4 1  
ypiA I .SO -0.04 
maaC I .SO 0. 1 2  Similar to molybdopterin precursor 

biosynthesis 
yfhP I .SO 0. 1 8  
S206 I .SO -0.54 5' of maaC 
ycgf 1 .49 0.09 
SI 389 1 .49 0.24 3' of ywrF 
scr 1 .49 0.63 Presecretory protein translocation 
ant£ 1 .49 0. 1 0  AbrB 
S 1 498 (indep) 1 .48 0.67 
addA 1 .48 0.35 ComK 
yfhM 1 .48 1 .78 SigB. SigW Survival of ethanol stress 
S209 1 .47 0.54 3' of graEL 
yocK 1 .47 1 . 1 5  SigB Survival of ethanol stress 
tatAY 1 .46 0. 1 6  TAT protein secretion 
ytkL l .4S 0.58 SigB 
ynzL l .4S 0.83 
S 1 544 l .4S 1 . 1 5  3 '  MT of fbp 
yokD 1 .44 -0. 1 9  
yjbH 1 .44 0.06 Stimulation of Spx degradation 
ywrO 1 .44 -0.03 
ytwF 1 .44 0.02 
yodE 1 .44 0.77 MhqR Resistance to methyl hydroquinone 

and catechol 
S296 1 .43 0. 1 7  5' o f  yfhP 
fosB 1 .43 2.26 SigW Resistance to fosfomycin 
yyoR 1 .42 0.34 
spaVAEA 1 .4 1  -0.52 Spore germination 
yhfK 1 .4 1  0.23 Survival of ethanol stress and at low 

and high temperatures 
ytJP 1 .4 1  0.47 
yJbl 1 .40 -0. 1 2  Protection against NO, thiol redox 

homeostasis 
camGE 1 .40 -0.89 ComK Genetic competence, DNA uptake 

(minor pseudopilin) 
yoyB 1 .40 0.86 
mooA 1 .39  -0. 1 0  Nitrate respiration 
sigB 1 .38  0. 1 4  CcpA, SigB Activation of general stress response 
comEA 1 .38 0.0 1 ComK, ComN Genetic competence (membrane 

DNA receptor) 
comGD 1 .38  -0.80 ComK Genetic competence (minor pseu-

dopilin) 
S255 1 .37 1 .08 3' MT of yfmF 
yugP 1 .37 0.06 
yhdY 1 .36  -0.08 Resistance against osmotic down 

shock 
yuzB 1 .36 0.35 

336  



Name Effect Effect Regulation Function )> 
cssRS stress/ WT stress/ "'O 

WT no stress WT no stress "'O 
yphP 1 .36 -0. 1 2  Disulfide isomerase, putative bacil- (D 

::::i 
liredoxin 0.. 

spoVAF I .JS -0.32 SigG Spore maturation x· 
S655 (5') I .JS 0.74 w 
yqiK 1 .34 -0.05 3: ytoA 1 .34 1 . 1 0  

(D 
gntR 1 .34 -0.39 AbrB, CcpA, GntR Regulation of gluconate utilization 3 rib£ 1 .34 -0.46 FMN-box Riboflavin biosynthesis CT 
yocA 1 .34 0.00 • 
S668 1 .33 0.80 5' of citB ::::i 
nasF 1 .33 0.90 Fur, NsrR, ResD, (D 

TnrA "'O 
S I  1 49 1 .33 0.25 5' of ytjP • 

0 
yebE 1 .32 -0.34 rt 

S7 I 8 (indep) I .J I  0.90 !E. 
yvdR 1 .3 I 1 .29 ::::i 

ribD 1 .3 1  -0.60 FMN-box Riboflavin biosynthesis 0 
yvgK 1 .3 1  0.37 (D 
ribAB 1 .3 1  -0.66 FMN-box Riboflavin biosynthesis • 

"'O S I  1 44 1 .3 1  0.63 3' MT of ytoQ • 
yxlF I .JO 0.62 SigY 0 

0.. ycnD I .JO  0.25 Delivery of FMN to enzymes C 
fdhD I .JO -0.22 Putative subunit of a respiration rt 

oxidoreductase er S7 1 7  (indep) I .JO 0.02 ::::i 
S809 (indep) I .JO 0. 1 0  VI 
yneT 1 .30 0.6 1 rt • 
S86 (intra) 1 .30  0.28 Between yb(G and yb(F (D 

VI ytvA 1 .30 0. 1 7  Spx Control of SigB activity VI 
yvdS 1 .30 1 .23 ::::i yjcF 1 .30 0.64 
yuk} 1 .30  1 . 1 3  
ribH 1 .30 -0.38 FMN-box � rap£ 1 .29 0.38 CodY, ComA Control of sporulation initiation r:"" 
ytzl 1 .29 0.54 VI 

S45 (intra) 1 .28 0.40 Between disA and yacL VI 
t: yceB 1 .28 0.75 0-

ydiF 1 .28 -0. 1 5  !:!'. 
yncM 1 .27 0.67 AbrB � 
S l 356 1 .27 0.42 5'of degS 
yveG 1 .26 0.68 PadR 
S975 (indep) 1 .26 0.43 
S738 (inter) 1 .26 0.88 Between yoyB and yozN 
yfhL 1 .25 1 .68 SigB, SigW Resistance against SdpC 
ytzj 1 .25 0.8 1 
S7 1 6  1 .24 0.89 3'of yob) 
ydzF 1 .24 0.34 
yqkD 1 .24 0.46 
yozN 1 .23 0.77 
spol/SA 1 .23 0.66 SigK Programmed cell death 
S4 1 7  1 .23 -0.05 5'of yjbl 
S l 8  1 .23 0.53 3' of scr 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
S 1 2 1 2  1 .23 1 .22 3' PT of yuxO 
S I  1 38 1 .23 0.83 3' of ytzK 
fbp 1 .23 0. 1 5  Gluconeogenesis 
clpP 1 .23 0.55 CtsR, SigB Protein degradation 
S 1 84 (intra) 1 .23 0.44 Between ydzF and ydeN 
dnaK 1 .22 -0.03 HrcA Protein quality control 
yhcX 1 .22 -0.26 
yveF 1 .2 1  0.44 PadR 
yqkF 1 .2 1  -0.42 
phrE 1 .20 0.98 AbrB, CcpA, CodY, Control of sporulation initiation 

ComA, SigH 
S 1 495 (lndep) 1 .20 2. 1 0  
ycgB 1 .20 0. 1 6  
S960 (intra) 1 .20 -0.09 Between hrcA and dnaK 
yrpC 1 .20 -0.25 Peptidoglycan precursor biosynthesis 
ri/S 1 .20 0. 1 6  SigM tRNA modification 
aadK 1 .20 0.30 Resistance to streptomycin 
hrpX 1 .20 0.47 Quality control of membrane pro-

teins 
msrA 1 . 1 9  0.46 Spx Regeneration of methionine and 

restoration of protein function after 
oxidative stress 

yvgN 1 . 1 9  0.38 SigB. SinR Glyoxal reductase 
sbcC 1 . 1 9  0.36 ComK DNA inter-strand cross-link repair 
comGF 1 . 1 8  -0.93 ComK Competence (DNA transport ma-

chinery) 
yx/E 1 . 1 8  0.58 SigY 
S 1 3 1 5  1 . 1 7  1 .37 3' of yvdR 
S396 (inter) 1 . 1 7  0.90 Between yitT and ipi 
yxlG 1 . 1 7  0.60 SigY 
rsbV 1 . 1 7  -0.07 CcpA, SigB Control of SigB activity 
S378 (intra) 1 . 1 7  0.40 Between addA and sbcD 
yonT 1 . 1 6  0.46 Toxin (SP/3 prophage) 
S603 1 . 1 6  -0.2 1 Between ym(H and ymfl 
yrbC 1 . 1 6  -0.35 
rsbX 1 . 1 6  0. 1 0  CcpA, SigB Control of SigB activity 
ym0 1 . 1 6  -0.25 
yrkL I . I S  0.07 
S8 1 5  I . I S  0.02 3'of yokD 
yf1L I . I S  0.77 Acylphosphatase 
ymfF I . I S  -0.22 Mta 
yusD I . I S  1 .00 Spo0A 
ycnE I . I S  0. 1 4  
ytxj I . I S  0.90 SigB, SigH 
groEL 1 . 1 4  0.00 HrcA Protein folding and re-folding 
yvnA 1 . 1 4  0.49 AbrB, CcpA 
mpr 1 . 1 4  1 . 1 6  Extracellular metalloprotease (pro-

tein degradation) 
S342 1 . 1 4  0.43 5' of sspB 
ipi 1 . 1 3  0.67 Intracellular proteinase inhibitor 
S 1 220 1 . 1 3  0.90 5'of yuzE 
ygaC 1 . 1 3  0.2 1 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ -0 

WT no stress WT no stress -0 
(1) msrB 1 . 1 3  0.40 Spx Regeneration of methionine and ::, 

restoration of protein function after a.. 
oxidative stress x· 

rsbW 1 . 1 2  -0. 1 4  CcpA. SigB Control of SigB activity w 
bioYB 1 . 1 2  0.23 Similar to biotin metabolism 3: ytzK 1 . 1 2  0.86 (1) 
5 1 233 1 . 1 2  0.74 S' of yuiD 3 S208 1 . 1 2  0.27 5' of groES CT 
yacL I . I I 0.22 SigB, SigM Survival of salt and ethanol stresses -, 
yodD I . I I 0.43 MhqR May be involved in resistance against ::, 

methyl-hydroquionone (1) 

rok I . I I 0.94 AbrB, Rok, SinR, Regulation of genetic competence -0 
SpoOA -, 

0 
yjcG I . I  I 0.5 1 RNA metabolism 

(1) 5959 (inter) 1 . 1 0  0.06 Between dnaK and dnaj ::, padC 1 . 1 0  0.36 PadR Resistance against salicylic acid 
yitU 1 . 1 0  0.7 1 0 
ywhB 1 . 1 0  1 .42 (1) 
spol/SB 1 . 1 0  0.69 Antitoxin sporulation -, 

-0 
ytrP 1 . 1 0  0.63 -, 
S 1 485 (indep) 1 . 1 0  -0.20 0 a.. S987 1 . 1 0  0.06 3' of yrkL C: 
ecsA 1 .09 -0.04 Regulation of the secretion apparatus n 

and of intramembrane proteolysis ,,-5 1 057 1 .08 0.93 3' PT of nadR :::::, 
ecsC 1 .08 0. 1 7  VI 
yjcH 1 .08 0.53 rt -, 
S I  354 (indep) 1 .07 0.96 (1) 

VI 
yktB 1 .07 0. 1 4  VI 
yx/D 1 .07 0.59 SigY Negative regulation of SigY :::::, S722 1 .06 0.26 5' of yobL 

00 phoE 1 .06 -0.0 1 lsoprenoid biosynthesis 
5639 I .OS -0.42 3' PT of cotU '"' 
yxaB I .OS -0.63 AbrB, SigB lsoprenoid biosynthesis 
uvrA I .OS 0.23 LexA DNA repair after UV damage VI 

5 1 308 I .OS 0.50 5' of yvf1 V) c:: 58 1 3  I .OS -0.44 5' of yokD 0-
ohrR 1 .04 -0. 1 9  Regulation of OhrA in response to ct. 

organic peroxides � 
treR 1 .04 -0.39 CcpA.TreR Regulation of trehalose utilization 
tatAC 1 .04 0.53 TAT Protein secretion 
yo/C 1 .04 0.89 AbrB, LexA 
S I  1 27 1 .04 0.39 5' of ezrA 
yqzM 1 .04 0.63 
hemH I .OJ -0.47 Heme biosynthesis 
5 1 05 I .OJ 0.34 5' of yceC 
ecsB I .OJ 0. 1 5  Regulation of the secretion apparatus 

and of intramembrane proteolysis 
S 1 263 (intra) I .OJ 0.92 Between yusE and yusD 
glxK I .OJ -0.73 AbrB Putative glycerate kinase 
rap/ I .OJ 0.33 Control of transfer of the genetic 

mobile element ICEBs I 
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Name Effect Effect Regulation Function 
cssRS stress/ WT stress/ 

WT no stress WT no stress 
uvrB 1 .02 -0. 1 3  LexA DNA repair after UV damage 
pgcA 1 .02 0.09 Interconversion of glucose-6P and 

a-glucose I P  
yrhE 1 .0 1  0.24 
degS 1 .0 1  0. 1 8  Regulation of degradative enzyme 

and genetic competence 
ygzB 1 .0 1  1 . 1 3  
S978 (indep) 1 .0 1  -0.04 
codY 1 .0 1  0. 1 2  CodY Transcriptional pleiotropic regulator 
S963 1 . 0 1  -0.25 S' of comEA 
yha/ 1 .0 1  0.69 
iolS 1 .00 1 .27 lolR May be involved in myo-inositol 

catabollsm 
ytoQ 1 .00 0.22 
yusF 1 .00 0.62 
yf,V 1 .00 0.24 

Figure I .  Regulation of particular gene clusters upon membrane protein over
production stress. Transcript profiles of cssRS or sigW mutant cells in which overpro
duction of PlsY-strepll was induced ("stress") were compared to the transcript profile of 
non-overproducing cells ("no stress") of the parental strain 168 (WT). A. o0 regulon. B. 
SinR regulon. C .  T-box. aw regulon. S-box. F. TRAP riboswitch. G.  CymR regulon. 

PyrR regulon. I. PurR regulon. Fur regulon. K. Zur regulon. 
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