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V{tÑàxÜ D 

An introduction to protein secretion by bacteria 

In all living organisms proteins are the building blocks and working machines that keep the 
cells alive, active and allow proliferation. After synthesis all proteins are transported to 
their final destination in the cell or to the outside of the cell, where they can execute their 
functions. Large numbers of proteins are transported to the outside of the cell to allow 
interactions between the cytoplasm and the extracytoplasmic environment and to ensure 
correct positioning of extracellular proteins, such as flagella and pili in microorganisms. 
The term ‘protein secretion’ describes this process of targeting, docking and translocation. 
It involves a complex cascade of actions that is conserved in many different 
(micro)organisms. In any case, passage of the protein across the highly hydrophobic 
phospholipid bilayer is ensured by specific protein translocation complexes and chaperones 
without compromising the integrity of the membrane. Additional proteins are required for 
preprotein processing and protein modifications.   
Protein secretion by bacteria can cause problems but can also be advantageous at the same 
time. Pathogenic bacteria can infect humans and animals and subsequently secrete toxins, 
whereas certain non-pathogenic bacteria produce and secrete useful enzymes, which can be 
applied for biotechnological purposes. Both for pharmaceutical and biotechnological 
applications, protein secretion machineries of bacteria as well as the secreted products have 
been a target of research for many decades. One of the most common model organisms 
used for such studies is the Gram-negative bacteria Escherichia coli. However, over the last 
four decades research on a Gram-positive model organism, Bacillus subtilis, has picked up 
rapidly. Even though many secretion-related proteins and mechanisms between these two 
organisms are conserved, there are also some distinct and important differences. This is 
mainly due to the different organisation of the cell envelope. Whereas Gram-positive 
bacteria have a single membrane protected by a thick cell wall, Gram-negative bacteria 
have a very thin cell wall and are challenged to translocate the secretory proteins across two 
membranes, separated by the periplasmic space. 
 

Protein secretion step by step 

Most proteins, whether they are destined to remain in the cytosol or are to be transported 
elsewhere, are synthesized at cellular ribosomes, with the exception of non-ribosomal 
synthesized proteins, such as lipopeptides or antibiotics. A large number of these proteins is 
translocated out of the cell to the cell membrane, the cell wall or the extracellular 
environment. These proteins can be divided into two groups. The first group comprises 
proteins that cross the bacterial membrane by means of a specific N-terminal signal peptide. 
Proteins belonging to the second group do not contain such a signal peptide and have 
secretion signals located (in most cases) at the C-terminal end of the secreted proteins. Such 
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proteins include prophage-associated proteins, toxins, dehydrogenases and flagellum-
related proteins (Tjalsma et al., 2004). Most of these proteins are exported by dedicated 
ATP Binding Cassette (ABC) transporters or other dedicated systems. Holins, for instance, 
are proteins that can form pores in the membrane through which the lytic enzymes of 
bacteriophages, which usually lack a signal peptide, gain access to the cell wall (Young and 
Bläsi, 1995). Signal peptide-independent protein secretion is however not in the scope of 
this thesis and will not be discussed beyond this point.  
For signal peptide-dependent protein secretion, the first amino-terminal amino acids of the 
peptide form a type of signature that is recognised by chaperones and translocation 
machineries. This signal peptide forms a key component to ensure a smooth journey of the 
protein through the cell, across the membrane and to its final destination.  
 
If you want to leave the cell – make sure to get a specific ticket 
 
The signal peptide, consisting of a short stretch of amino acids, contains all the required 
information for protein translocation. Its characteristics ensure recognition by the secretion 
machinery, correct topology of the protein in the membrane prior to, during and after 
translocation and prevention of premature folding.  
Over the last decades characteristics of signal peptides have been mapped providing 
information about the final destination of the secreted proteins as well as chaperones, 
secretion machinery components and enzymes involved. One highly conserved and 
common characteristic is the three-partite structure, consisting of a positively charged 
amino-terminal (N) domain, a hydrophobic (H) domain and a more polar carboxy-terminal 
(C) domain, which is often a β-sheet structure to ensure interaction with the active site of 
the signal peptidase (Figure 1) (von Heijne, 1990). Within this conserved structural 
organisation, signal peptides are very diverse and can vary in length, amino acid 
composition and hydrophobicity.  
Once the pre-protein is translocated across the membrane, the signal peptide is cleaved off 
by specific enzymes called signal peptidases (SPases) , allowing the protein to fold into its 
active conformation and perform its function at the correct location. In bacteria, at least 

+++ AXA A 

N H C

Figure 1  Three-partite structure of a secretory signal peptide.  
The positively charged N domain (N) generally contains two or three lysine and/or arginine 
residues (indicated with +). The hydrophobic domain (H) precedes the C domain (C) that 
contains a cleavage site (consensus AXA) for proteolytic processing by type I signal peptidases 
(indicated with a scissor symbol). This figure was adapted from Tjalsma et al. (2000).   
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four different classes of signal peptides can be distinguished (Tjalsma et al., 2000). This 
differentiation is mainly dependent on the type of SPase that is required to release the signal 
peptide from the secreted protein and determines which route the protein must take for its 
translocation across the membrane. Type I SPases represent those that cleave the ‘standard’ 
signal peptides, which are mostly present on secreted proteins destined for the extracellular 
environment of the cell. Such signal peptides include those present on proteins that are 
secreted via the Sec and the Tat pathway. Type II SPases are lipoprotein-specific and cleave 
signal peptides that contain a conserved amino acid motif called the lipobox with the 
consensus sequence L-(A/S)-(A/G)-C (Tjalsma et al., 2004). Additionally, type II SPase-
dependent signal peptides tend to have a shorter C region (von Heijne, 1990). The third 
class of signal peptides can be found on prepilin-like proteins, in B. subtilis specifically 
cleaved by SPase ComC. In these signal peptides, the C domain with the ComC cleavage 
site is situated between the N- and the H domain, to provide access to ComC that acts at the 
cytoplasmic side of the membrane (Tjalsma et al., 2000). Lastly, the fourth class of signal 
peptides is found on ribosomally synthesized bacteriocins and pheromones that are 
exported by ABC transporters (Tjalsma et al., 2000). These signal peptides are devoid of a 
hydrophobic H domain. An overview of various protein secretion routes in B. subtilis is 
shown in Figure 2.  
Over the last two decades in silico prediction of N-terminal signal peptides has contributed 
significantly to the identification of secreted proteins in many different organisms. Several 
different prediction programs, such as SignalP (Bendtsen et al., 2004;Nielsen et al., 1997) 
and LipoP (Juncker et al., 2003), recognise specific type I and type II SPase cleavage sites 
in the N-terminal region of protein sequences. Application of such prediction programs on 
the complete proteome of B. subtilis has resulted in a clear overview of putative membrane-
linked proteins (~18%), lipoproteins (~2.5%), cell wall-associated proteins (~0.5%) and 
extracellular proteins (~4%) (Tjalsma et al., 2000).   
 
If you want to reach your final destination – choose the correct means of transport 
 
A subset of proteins resides in the membrane with their sole purpose to transport other 
proteins or molecules across that membrane. They can range from tightly regulated 
channels to active transporters or electron flow carriers. Bacteria have adopted a wide range 
of such protein secretion complexes, each responsible for the efficient trafficking of a 
specific subset of proteins. Examples of these are for instance type I-V protein secretion 
systems (Juhas et al., 2008;Holland et al., 2005;Cianciotto, 2005;Plano et al., 2001), 
specifically categorised for Gram-negative bacteria based on their mode of action in 
translocating proteins across the cytoplasmic and/or periplasmic membrane.  
 
By far the best studied protein translocation machinery is the Secretory pathway (Sec). In 
bacteria, the majority of secreted proteins are translocated via this pathway. A detailed 
understanding of all the components involved and their interaction to facilitate the secretion 
of Sec-dependent proteins has become available after several decades of extensive studies, 
mainly using the Gram-negative model organism Escherichia coli. In short, proteins 
destined to be secreted into the extracellular environment or inserted into the membrane via 
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the Sec pathway are recognised by the signal recognition particle (SRP) or by the specific 
chaperone SecB (for a review see Driessen and Nouwen, 2008). As a bound complex, these 
chaperones ensure the unfolded state of the substrates and subsequently target them to the 
membrane-bound protein translocation channel, consisting of the SecYEG complex and an 
ATP-dependent SecA motor protein. A great deal of knowledge about these key 
components of the Sec pathway and their working mechanisms has become available by 
resolving the molecular structure of these proteins. NMR, electron cryomicroscopy and 

Figure 2  Overview of protein secretion routes in Bacillus subtilis. 
The major routes for signal peptide-dependent and signal peptide-independent protein secretion 
are depicted. Of these, the most widely used route is the Sec pathway, which is (together with 
the Tat pathway) responsible for the secretion of approximately 50% of the extracellular 
proteome. Proteins that have to be retained at the extracytoplasmatic site of the membrane can 
either lack an SPase cleavage site (-AXA), be lipid-modified (+lipobox), contain transmembrane 
(+TM) domains or contain cell wall-binding repeats (CWB). Such proteins make up approximately 
24% of the secretome. Events of proteolysis, shedding or cell wall turnover result in the release 
of these proteins into the medium. Finally, about 26% of the extracellular proteome lacks typical 
signal peptides and can escape from the cytoplasm by cell lysis or via the flagellar export 
machinery, the holin systems or other identified export systems. This figure was adapted from 
Tjalsma et al. (2004).  
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protein crystallography approaches have provided high resolution structures of, amongst 
others, SecA, SecB and SecYEG (for a review see Driessen and Nouwen, 2008), revealing 
the essential domains of these proteins involved in membrane insertion, protein-protein 
interaction, substrate binding and energy coupling and hydrolysis.   
 
Such a wealth of data is currently unavailable for a second highly conserved protein 
translocation machinery: the Twin-arginine translocation (Tat) pathway (Sargent et al., 
2006;reviewed in Lee et al., 2006a). Specialised in translocating a specific group of pre-
folded substrates across the membrane, each harbouring a specific double RR motif in their 
signal peptide, this pathway is (in general) less widely used when compared to the Sec 
pathway. Its discovery only two decades ago in thylakoids of chloroplasts has initiated an 
increase in elaborate studies targeted towards obtaining a detailed understanding and 
possible utilisation of this specialised protein translocation pathway. Its ability to 
translocate prefolded proteins across the membrane facilitates a wide range of possible 
applications in the biotechnological and pharmaceutical industries in which protein 
degradation has formed a vast problem ever since bacteria were exploited for the 
production and secretion of, for instance, enzymes. A more detailed description of this 
pathway and its components will be discussed further on in this chapter.  
 
Travelling requires energy – lots of energy 
 
Because of their polar properties, proteins are unable to cross or insert themselves into the 
di-electric barrier of the membrane lipid bilayer without the aid of specialised transport 
systems. Protein secretion systems actively move substrates across the membrane or assist 
in the insertion into the membrane. Most protein secretion systems depend on ATP for 
energy, although GTP and the proton motive force (pmf) are also known to be key 
components. A combination of energy sources may sometimes be required for efficient 
protein translocation, as was previously outlined by Geller (Geller, 1991).  
Even though the essential role of ATP in energy supply has been established for most 
protein translocating systems, the Tat pathway surprised everyone in its unusual 
independence of ATP. In contrast, it relies solely on the proton gradient present in the 
membrane (Cline et al., 1992;Mould and Robinson, 1991). The role of the membrane 
electric field in Tat-mediated protein translocation is so far unknown, leaving the use of the 
ΔpH or the complete pmf by the Tat system open for discussion (Alder and Theg, 2003b). 
The ability of the Tat translocon to move folded proteins across the membrane leads to an 
accompanying problem of having to avoid ion leakage. During Sec-mediated protein 
translocation proteins are moved in a thread-like manner, of which energy costs have been 
measured to more than 1000 mol ATP per substrate (depending on the substrate size and 
the degree of folding) in the presence of a pmf (Bassilana et al., 1992). Protein 
translocation via the Tat pathway requires at least 10-fold more energy, probably due to the 
folded state of the substrate and the prevention mechanism of ion leakage (Alder and Theg, 
2003b).   
 

If you do not fulfil the requirements – access is denied 
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The bacterial cell is like a miniature factory producing and delivering a wide assortment of 
goods and products. As in a real factory, the production as well as the delivery mechanisms 
must be thoroughly inspected as mistakes can lead to malfunctioning products, which can 
potentially harm the cell. During protein secretion, several proofreading and quality control 
steps are included to ensure efficient protein transport. These are involved in verifying 
correct folding of the protein, signal peptide requirements or possible mistakes present in 
the protein.  
Such a proofreading system can exist in the form of a protein chaperone, such as TorD for 
TorA or NapD for NapA in E. coli (Maillard et al., 2007;Jack et al., 2004), which bind to 
the signal peptide of their respective substrate to prevent translocation until all assembly 
processes are complete (reviewed in Sargent, 2007) or HybE, which acts as a proofreading 
chaperone for Tat-dependent hydrogenases (Dubini and Sargent, 2003). Folding quality 
control for Tat-dependent protein translocation was previously suggested by DeLisa et al. 
who demonstrated the necessity of Tat substrate prefolding before transport can take place 
(DeLisa et al., 2003). Subsequent reports have even demonstrated that the Tat machinery 
plays a key role in the proofreading process, as misfolded substrates are degraded in the 
presence of Tat components but remain stable in the cytosol in a tat deletion mutant (Matos 
et al., 2008). It has been suggested that the Tat signal peptide also plays a major role in this, 
as the RR motif and hydrophobicity may be sensed by the Tat machinery (Berks et al., 
2000) or function as a binding site for an accessory protein that protects the signal peptide 
until after cofactor binding and/or folding of the substrate (Santini et al., 1998).  
 

The Twin-arginine translocation (Tat) pathway 

Most proteins are moved across the membrane in an unfolded state and require folding after 
translocation in order to execute their function. As mentioned above, some proteins fold 
prematurely because of cofactor binding or simply because they fold too tightly or rapidly 
due to their protein properties or (extra)cellular environments. These proteins are unable to 
be secreted via the conventional Sec route.  
 
Protein translocation via the Tat pathway - an exception to the rule 
 
A protein translocation complex specialised in the secretion of pre-folded proteins is the Tat 
pathway, first discovered in the early 1990’s in thylakoids of chloroplasts (Cline et al., 
1992;Mould and Robinson, 1991). Activity of this newly discovered pathway was found to 
be independent of ATP as an energy source and relied solely on the proton gradient present 
in the membrane. For this reason, the pathway was named the ΔpH pathway and later 
renamed to Twin-arginine translocation when a common double arginine feature was 
discovered in all the Tat-dependent substrates. Homologues of the components making up 
the Tat system were lateron found in numerous other organisms, including Gram-negative 
and Gram-positive bacteria as well as archaea.  
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The Tat signal peptide 

A combination between specific signal peptide properties and the folded state of the 
substrate are thought to make up the main determinants of Tat-dependent translocation of 
that substrate. One of the most distinct features of the Tat signal peptide is the double 
arginine motif present in the N domain. These double arginines have been found to be 
essential for most Tat-dependent substrates, although replacement of one of them with the 
equally positively charged lysine does not lead to a complete abolishment of secretion 
(Mendel et al., 2008;Stanley et al., 2000). In addition, several other important features have 
been mapped that have eventually led to the ultimate consensus Tat signal peptide motif S-
R-R-x-F-L-K, in which x is normally a polar amino acid. This motif is merely a reference 
point and by no means a prerequisite as Tat signal peptide requirements seem to be 
substrate- and organism specific. For instance, even though the FLK motif is conserved in 
Tat-dependent substrates of bacteria, in thylakoids of chloroplasts these amino acids are 
very rare and other signal peptide requirements seem to apply. Furthermore, in bacteria the 
degree of functional importance of the consensus residues varies between different 
substrates (Mendel et al., 2008).  
 
The properties of the N-terminal part of the mature protein, located directly behind the 
SPase cleavage site have been found to play an important, if not essential role as well. 
Earlier reports have stated the significance of the positive charge in the C region of signal 
peptides as a Sec-avoidance signal (Cristóbal et al., 1999), with later reports describing an 
equal significant positive charge at the N terminus of the mature protein (Tullman-Ercek et 
al., 2007). This positive charge, as well as the positive charge provided by the RR/KR 
motif, may very well be involved in electrostatic interactions with the negatively charged 
lipid headgroups at the membrane (Shanmugham et al., 2006), subsequently leading to 
membrane insertion of the Tat substrate prior to interactions with the Tat complex (Hou et 
al., 2006;Shanmugham et al., 2006). On the other hand, the positive charges may be 
required for efficient binding to the signal binding pocket in the Tat receptor complex 
(Kreutzenbeck et al., 2007). Such binding to the receptor complex is facilitated by the 
different properties in the entire signal sequence and/or a discrete area around the consensus 
motif (Alami et al., 2003).  
 
With the help of the consensus sequence and information about additional Tat signal 
peptide requirements, several prediction programs have been developed for the 
identification of Tat-dependent substrates in a wide variety of organisms. One of the first 
prediction programs was Tatfind (Dilks et al., 2003;Rose et al., 2002), developed for the 
identification of putative Tat substrates in Halobacterium sp. NRC-1 and other prokaryotes. 
Parallel to Tatfind other prediction programs, such as TatP (Bendtsen et al., 2005) and 
TATPred (Taylor et al., 2006) have been introduced with the common goal to identify Tat-
dependent substrates in prokaryotes.  
Application of these systems has shown that there are great differences in the extent to 
which the Tat pathway is used in different organisms. In B. subtilis for instance only four 
Tat-dependent proteins have been identified (Widdick et al., 2008;Jongbloed et al., 2004) 
with an additional 69 predicted to be secreted via the Tat pathway based on their signal 
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sequence properties (Jongbloed et al., 2000). In contrast, the Tat pathway in Streptomyces 
species seems to be the major route of protein translocation, as the majority of secreted 
proteins are translocated via this system (Widdick et al., 2006). The ability of the 
Streptomyces Tat system to secrete such a broad selection of substrates has eventually led 
to the development of a convenient tool for screening proteins on Tat-dependency (Widdick 
et al., 2008). This reporter system will be further discussed in the Addendum of this thesis.  
 
The Tat components  

Even though the Tat proteins are highly conserved among a wide variety of organisms, 
some significant differences exist. Three integral membrane proteins have been identified 
to make up the Tat system: TatA (Tha4 in plants), TatB (Hcf106 in plants) and TatC 
(cpTatC in plants). TatA and TatB are similar in size and sequence and both contain a 
single membrane-spanning domain, with TatB having a slightly larger C-terminal domain. 
TatC is significantly larger and spans the membrane six times (Punginelli et al., 
2007;Behrendt et al., 2004). The E. coli chromosome encodes two additional tat genes: 
tatD and tatE (Figure 4A). TatE was found to be highly similar and functionally 
interchangeable with TatA (Sargent et al., 1998), whereas TatD is not involved in Tat-
dependent protein translocation (Wexler et al., 2000). Biophysical and biochemical assays 
as well as mutational analysis have identified the TatABC complex as the ‘core’ Tat 
complex (Sargent et al., 1999;Sargent et al., 1998;Bogsch et al., 1998) that forms high 
molecular mass complexes in the membrane (Barrett et al., 2005). Of this core complex, a 
TatB/C interaction has been identified as an initial membrane receptor complex (Alami et 
al., 2003), whereas a multimeric TatA complex most likely forms a pore-like structure 
through which translocation can occur (Lange et al., 2007;Gohlke et al., 2005) (Figure 3). 
Continuing research directed towards these components, complexes and their interactions, 
results in various assembly and activity models. The TatA component especially is a 
popular subject of investigation, leading to the demonstration of TatA tube structures in E. 
coli (Berthelmann et al., 2008) dependent on the TatC component for their stability, 
cytosolic TatA complexes in B. subtilis specifically interacting with the PhoD substrate 
(Westermann et al., 2006) and bifunctional Gram-positive TatA complexes, able to replace 
both TatA and TatB of E. coli (Barnett et al., 2008; Chapter 2 of this thesis).   
The TatB and TatC proteins have also been studied extensively and subjected mainly to 
genetic manipulations, such as the construction of chimeric complexes and site-directed as 
well as suppressor mutants. This has led to the understanding that both the N-terminal 
transmembrane α-helix as well as the adjacent amphipathic α-helical section of the TatB 
protein are essential for function (Lee et al., 2002) and that the overall structural fold and 
not specific amino acid residue properties are essential for activity (Lee et al., 2006b). For 
TatC, on the other hand, specific individual residues have been identified that determine the 
activity and specificity of this protein (Holzapfel et al., 2007;Buchanan et al., 2002;Allen et 
al., 2002). Additionally, pinpointing several suppressor mutants in the TatC protein that are 
able to restore translocation of a substrate with a defective signal peptide, has also provided 
additional clues on specific amino acid residues essential for signal peptide recognition and 
binding (Kreutzenbeck et al., 2007;Strauch and Georgiou, 2007). Taken together, the 
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results obtained from these genetic studies have identified the complete N-terminal half of 
TatC as the specific recognition and binding site of Tat signal peptides.  

 
The Tat pathway in Bacillus subtilis 

The non-pathogenic bacterium Bacillus subtilis is a soil-dwelling organism that has adopted 
several survival strategies to help cope with ever-changing environmental conditions. Next 
to the ability to actively take up DNA from the environment or form endospores, B. subtilis 
also secretes high amounts of proteins into the extracellular medium. This feature is widely 
exploited in industry, where the production and secretion of heterologous proteins by this 
GRAS (Generally Regarded As Safe) organism is applied for the production of a wide 
variety of food and non-food products. Most secretory proteins in B. subtilis are secreted 
via the general Sec pathway in an unfolded manner, leaving them vulnerable to 
extracellular proteolysis. The presence of a naturally occurring Tat machinery capable of 
secreting pre-folded proteins therefore offers a possible solution to overcome this 
degradation problem.  
 
The Tat machinery of B. subtilis consists of two separate TatAC-type Tat translocases, each 
responsible for the secretion of one specific substrate identified to this date. The 

Figure 3  Model for Tat-dependent protein translocation. 
1] Tat-dependent substrates with consensus RR-containing signal peptides fold inside the 
cytoplasm due to cofactor binding or specific protein properties. The pre-folded protein is then 
targeted (with or without the aid of chaperones) to a membrane-bound TatABC complex. 2] TatB 
and TatC form a structural and functional unit (within a membrane-bound TatABC complex) that 
forms the primary binding site for substrates, with TatC specifically interacting with the RR
consensus region in the signal peptide. 3] After substrate binding, a separate homooligomeric 
TatA complex is recruited to form the active translocon. 4] Translocation of the Tat substrate 
across the membrane most likely occurs through a pore-like structure formed by several TatA 
units. 
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phosphodiesterase PhoD is secreted via the TatAdCd complex (Jongbloed et al., 2000) and 
has its gene located in front of the tatAd and tatCd genes in the same operon, controlled by 
the PhoPR-dependent PphoD promoter (Figure 4B). Consequently, phoD, tatAd and tatCd are 
only expressed during growth in medium with a limited phosphate source (Eder et al., 
1996). The low amount of phosphate is sensed by PhoR, which then phosphorylates the 
response regulator PhoP after which PhoP-P is able to bind to a cascade of promoters, 
initiating the so-called Pho response (Eder et al., 1999). The iron-dependent peroxidase 
YwbN (Sturm et al., 2006) is the second identified Tat-dependent substrate of B. subtilis 
and depends on the TatAyCy complex for its secretion (Jongbloed et al., 2004). The tatAy 
and tatCy genes are also organised in an operon, controlled by a constitutive promoter 
(Figure 4B). The gene for YwbN is located elsewhere on the chromosome. Additionally, a 
third TatA paralogue, with no TatC counterpart, is encoded by the tatAc gene (Figure 4B) 
and has no assigned function in Tat-dependent protein translocation to this date.   
 
The B. subtilis chromosome does not contain any tatB genes. Since the TatB protein in E. 
coli was proven to be essential for Tat-dependent protein translocation, it has been 
suggested that B. subtilis TatA is bifunctional and therefore able to carry out the function of 
both E. coli TatA and TatB (Jongbloed et al., 2006). This theory was experimentally proven 

A] E. coli 

B] B. subtilis 

  yigR       tatA        tatB              tatC            tatD             rfaH 

 ybeM       tatE               lipA             ybeF 

  ycbR                 phoD            tatAd         tatCd               pcp 

                                   ydiH     tatAy          tatCy              ydiK 

                                  yndA     tatAc          cotC               yncM 

Figure 4  Chromosomal organisation of the tat genes in E. coli and B. subtilis.  
A] The tatABCD genes of E. coli are organised in an operon with the tatE gene located 
elsewhere on the chromosome. B] The genes for TatAd and TatCd that make up the TatAdCd 
translocase are located downstream from the phoD gene encoding the TatAdCd-dependent 
phosphodiesterase D. The genes for the second Tat translocase, tatAy and tatCy, are similarly 
organised in an operon elsewhere on the chromosome. The tatAc gene is monocistronic and 
does not have a tatC counterpart. This figure is adapted from Jongbloed et al. (2000).   
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by Barnett et al. (2008) and provides interesting clues on the evolutionary diversion of Tat 
components and complexes in several different organisms. Even though many properties 
and amino acid residues have been retained, also some significant differences in Tat 
component structure, complex formation and working mechanisms can be observed when 
comparing the Tat complexes of plants, archaea, Gram-negative and Gram-positive 
bacteria. This issue will be further discussed in Chapters 2 and 4 of this thesis.  
 
Tat in pathogens and Streptomyces species 

Even though protein translocation via the Tat pathway is currently best characterised for 
thylakoids and E. coli, homologues of the Tat components have been identified in a wide 
range of other organisms, including pathogenic bacteria. The Tat pathway can be the most 
preferred pathway for protein secretion in some of these organisms, such as Streptomyces 
and archaea, or play a very minimal role, such as in B. subtilis. As a result, a wide range of 
substrates with different functions are dependent on the Tat pathway for their secretion, 
including virulence factors in certain pathogenic bacteria. For instance, Tat component 
homologues have been identified in the chromosomes of, amongst others, Pseudomonas 
aeruginosa, Vibrio cholerae, Mycobacterium tuberculosis, Listeria monocytogenes, 
Salmonella enterica, Neisseria meningitidis, Yersinia pestis and Staphylococcus aureus (De 
Buck et al., 2008b). In some of these the Tat complexes and their substrates have been 
further characterised and the role of Tat in virulence established. Some strains in which the 
Tat system had been disabled showed a reduced activity in virulence, even though only one 
type of substrate (phospholipase C proteins) has been identified as Tat-dependent with a 
direct role in virulence (De Buck et al., 2008b;Raynaud et al., 2002). Nevertheless, an 
indirect role of the Tat pathway in virulence may already be sufficient reason to further 
characterise its function and working mechanism, with the eventual aim of using it as a 
target for novel antimicrobial compounds.  
 
Finally, the Tat pathway in Streptomyces species deserves special attention, since it seems 
to have adopted a diverged strategy that best suits the organism. Unlike most Gram-positive 
organisms, which have TatAC-type complexes and sometimes multiple copies of tat genes, 
Streptomyces is a Gram-positive organism that has retained the tatB gene, of which its 
product was proven to be important, but not essential for protein translocation (De 
Keersmaeker et al., 2005b). Of the Tat components, TatC is essential whereas TatA and 
TatB are dispensable and are, next to the membrane embedded localisation, also found as 
active soluble complexes in the cytoplasm (De Keersmaeker et al., 2007). In addition, 
unlike the majority of Tat-containing organisms in which the Sec pathway is the major 
route for protein transport, protein secretion in Streptomyces is directed mainly through the 
Tat pathway (Widdick et al., 2006). The development of a facile reporter system based on 
the Tat-dependent agar-degrading enzyme agarase (encoded by the dagA gene in S. 
coelicolor), has facilitated the identification of a long list of Tat-dependent substrates for 
Streptomyces species. In addition, this reporter system can be utilised in S. lividans for the 
identification of Tat substrates of a wide variety of different organisms as well, including E. 
coli, plant species, Pseudomonas syringae and B. subtilis (Widdick et al., 2008, Addendum 
of this thesis).  
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The scope of this thesis 

A tightly controlled process comprising numerous proteins, chaperones, cofactors and 
organic or chemical compounds ensures efficient movement of proteins to their final 
destination, where they are intended to execute their function in order to keep the cell alive. 
The multitude of factors involved presents us with an extremely organised chaos in which 
we attempt to understand the requirements and working mechanisms so we can somehow 
apply this knowledge to our own benefit.  
This thesis deals with a specific detail of that chaos; a specialised protein secretion system 
in the Gram-positive model organism Bacillus subtilis. The presence of this system in a 
wide range of different organisms, including pathogenic bacteria, makes it an interesting 
target for study. Since B. subtilis is a non-pathogenic organism widely used in 
pharmaceutical and biotechnological industries for the production and secretion of various 
proteins, a detailed understanding of its secretion systems is considered valuable. The 
Twin-arginine translocation system is unique in its ability to secrete pre-folded proteins to 
the extracellular environment, which may very well overcome the problem of protein 
degradation by extracellular proteinases. Even though the Tat system is present in several 
different organisms, B. subtilis distinguishes itself in the fact that it has two of these 
systems, which are highly similar but nevertheless display a different substrate specificity. 
The main question addressed in this thesis is ‘what determines this specificity?’ with the 
underlying question of ‘why does Bacillus have two Tat secretion systems for such a 
restricted number of substrates?’. Ultimately, answers to these questions may be employed 
for efficient usage of the Tat system of B. subtilis for the production of heterologous 
proteins and enzymes.   
 
To study the specificity requirements displayed by the TatAdCd and TatAyCy complexes 
of B. subtilis, both the Tat components and the Tat substrates were subjected to detailed 
studies. Indepth biochemical and structural studies have resulted in a more detailed 
understanding of the size and the composition of the TatAdCd and TatAyCy complexes. A 
description of a study directed towards TatAdCd complex formation as well as activity in 
the Gram-negative bacterium Escherichia coli is described in Chapter 2. Overexpression 
resulted in active Tat complexes that were purified from the membrane and further analysed 
using gel filtration chromatography and Blue Native gel electrophoresis. The resulting 
complexes observed showed a similar composition as was previously shown for E. coli 
TatABC, but also some significant differences. In addition, Chapter 3 describes a similar 
approach for the TatAyCy complex and a characterisation of specific signal peptide 
properties that are recognised by E. coli and B. subtilis Tat complexes.  
In Chapter 4, the individual components of the B. subtilis Tat complexes were studied to 
see if the formation of active mixed complexes is possible and if the substrate specificity 
can be relaxed when abundant complexes are present.  
An even more detailed study on the Tat components is described in Chapter 5, where 
constructed TatCd and TatCy chimeric proteins as well as site-directed TatC mutant 
proteins provide clues about distinct activity and specificity requirements.  
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Next to the Tat components, the Tat-dependent substrates of B. subtilis have also been 
studied. Chapter 6 describes a novel second function of PhoD in the regulation of its own 
phoD-tatAd-tatCd operon, beside its originally assigned function as a phosphodiesterase in 
the cell wall and extracellular environment. Additionally, in the Addendum a facile 
reporter system for Tat-dependent protein translocation in Streptomyces lividans is 
described, which was used for the identification of two additional Tat-dependent substrates 
of B. subtilis.  
In Chapter 7, the cross-reactivity between two autoregulation gene expression systems, 
SURE and NICE, is reported. In an attempt to develop a double induction system in 
Lactococcus lactis for regulated gene expression of Tat components and Tat substrates in a 
biological Tat-deprived organism, cross-reactivity between the nisin response regulator 
(NisR) and the subtilin-inducible promoter (PspaS) was observed and further characterised.  
To conclude, Chapter 8 offers an indepth discussion on the requirements for protein 
translocation via the Tat machinery in B. subtilis and its use in biotechnology, including 
suggestions for future research.  
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A minimal Tat system from a Gram-positive organism: a 
bifunctional TatA subunit participates in discrete TatAC 

and TatA complexes 
The Tat system transports folded proteins across bacterial and thylakoid membranes. 
In Gram-negative organisms, a TatABC substrate-binding complex and a separate 
TatA complex are believed to coalesce to form an active translocon, with all three 
subunits essential for translocation. Most Gram-positive organisms lack a tatB gene, 
indicating major differences in organisation and possible differences in mode of 
action. Here, we have studied Tat complexes encoded by the tatAdCd genes of Bacillus 
subtilis. Expression of tatAdCd in an Escherichia coli tat null mutant results in efficient 
export of a large, cofactor-containing E. coli Tat substrate, TorA. We show that the 
tatAd gene complements E. coli mutants lacking either tatAE or tatB, indicating a 
bifunctional role for this subunit in B. subtilis. Secondly, we have identified and 
characterised two distinct Tat complexes that are novel in key respects: a TatAdCd 
complex of ~230 kDa that is significantly smaller than the analogous E. coli TatABC 
complex (~370 kDa on Blue Native gels) and a separate TatAd complex. The latter is a 
discrete entity of ~270 kDa as judged by gel filtration chromatography; very different 
to the highly heterogeneous E. coli TatA complex that ranges in size from ~50 kDa to 
over 500 kDa. TatA heterogeneity has been linked to the varying size of Tat substrates 
being translocated, but the singular nature of the B. subtilis TatAd complex suggests 
that discrete TatAC and TatA complexes may form a single form of translocon. 
 
 

Introduction 

The Twin-arginine translocation (Tat) pathway is involved in the transport of proteins 
across the chloroplast thylakoid membrane and the plasma membranes of a wide range of 
bacteria (Robinson and Bolhuis, 2004;Dalbey and Kuhn, 2000;Rodrigue et al., 1999;Santini 
et al., 1998;Sargent et al., 1998;Weiner et al., 1998). It differs fundamentally from the other 
export pathway, the Sec pathway, in its ability to translocate pre-folded proteins over the 
plasma membrane. This process appears not to require energy in the form of ATP 
hydrolysis but is instead dependent on the presence of the proton motive force across the 
membrane (Robinson and Bolhuis, 2004;Santini et al., 1998;Cline et al., 1992). Substrates 
for this translocation pathway bear N-terminal signal peptides that contain a highly 
conserved, characteristic twin-arginine motif in the N-terminal domain of the signal peptide 
(Stanley et al., 2000;Berks, 1996;Chaddock et al., 1995).   
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In Escherichia coli and other Gram-negative organisms, the above studies have identified 
three genes as being essential for Tat-dependent protein translocation: tatA, tatB and tatC 
(usually in the form of a tatABC operon). The three tat genes of E. coli encode membrane 
proteins of 9.6, 18.4, and 28.9 kDa in size, respectively. The TatA and TatB proteins are 
both predicted to contain a single transmembrane spanning domain, while the larger TatC 
protein is predicted to contain six transmembrane-spanning domains (Behrendt et al., 
2004). These three proteins have been shown to form two main types of complex within the 
cytoplasmic membrane of E. coli. The first is a TatABC complex of ~370 kDa (Oates et al., 
2003;Bolhuis et al., 2001), which is thought to be involved in substrate recognition and 
binding; in particular, substrates appear to interact initially with the TatB and TatC subunits 
(Alami et al., 2003;Cline and Mori, 2001). The second form of Tat complex appears to 
contain only TatA molecules, and whereas the E. coli TatABC complex is both discrete and 
stable, the TatA complexes range in size from less than 100 kDa to over 500 kDa (Gohlke 
et al., 2005;Oates et al., 2005). Single-particle electron microscopy reveals TatA to form 
ring-like structures of varying diameter (Gohlke et al., 2005), prompting suggestions of a 
role in formation of the translocation pore.  
Tat systems in other Gram-negative organisms appear (so far) to conform to a similar 
pattern, whereas Gram-positive organisms contain very different Tat systems. In virtually 
every case, with the exception of Streptomyces species (Schaerlaekens et al., 2001), these 
organisms contain only tatAC genes, indicating fundamental differences between the two 
types of Tat apparatus. Because TatA and TatB proteins share a degree of sequence 
homology, one possibility is that the TatA proteins in Gram-positive bacteria are 
bifunctional, performing the function of both the TatA and TatB proteins of E. coli 
(Jongbloed et al., 2006). Alternatively, TatB may perform a function in E. coli that is not 
required in Gram-positive organisms, or the two types of system may differ in other key 
respects.  
 
In this study we have set out to characterise in detail a Tat system from a Gram-positive 
organism, Bacillus subtilis. This is a non-pathogenic, Gram-positive soil bacterium that 
secretes high levels of extracellular proteins. B. subtilis contains three variants of the tatA 
gene, denoted tatAd, tatAy and tatAc, together with two variants of tatC, denoted tatCd and 
tatCy; it lacks a tatB gene. Previous studies have shown the presence of two distinct 
translocases, one involving TatAd and TatCd, the other involving TatAy and TatCy. 
TatAdCd and TatAyCy display differing substrate specificities (Jongbloed et al., 2004). 
The secretion of PhoD, a protein with phosphodiesterase and alkaline phosphatase activity, 
is completely TatAdCd-dependent (Jongbloed et al., 2000). Its gene proceeds that of tatAd 
and tatCd in an operon, which is part of the pho-regulon that is only expressed under 
phosphate-limiting conditions. No other TatAdCd-dependent substrates have been 
identified to date. TatAyCy has been shown to form an active translocase for the 
translocation of YwbN (Jongbloed et al., 2004), an iron-dependent DyP-peroxidase (Sturm 
et al., 2006). The function of the third TatA component, TatAc, remains unknown. 
Little is currently known about the organisation of the B. subtilis Tat proteins within the 
membrane. Here, we analyse the organisation and nature of the complexes formed by the 
components of the B. subtilis TatAdCd pathway. We show that these subunits form an 
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active translocase when expressed in an E. coli background, and we furthermore show that 
TatAd is indeed bifunctional. Finally, we show that the B. subtilis Tat complexes have 
unexpected properties that suggest a new model for Tat-dependent protein transport, 
involving a single defined translocon rather than a spectrum of size variants.  
 
 

Results 

Overproduced TatAdCd forms an active translocation pathway in E. coli 
We sought to determine whether overproduced TatAdCd can form an active translocation 
pathway in E. coli, to use a single defined background for comparing Tat systems from 
Gram-negative and Gram-positive organisms. The tatAdCd genes were expressed in an E. 
coli tat null mutant (∆tatABCDE), and we conducted a TMAO reductase activity assay as 
described in the Materials and methods section. TMAO reductase (TorA) is a periplasmic 
protein required for growth of E. coli on a minimal TMAO and glycerol medium. It is a 
known E. coli Tat substrate that is frequently used for Tat export assays because its 
presence can be detected through an assay using methyl-viologen-linked reduction on a 
native polyacrylamide gel. The tatAdCd genes were overexpressed from plasmid pBAdCd 
in ∆ABCDE cells under anaerobic conditions, after which the cells were fractionated and 
TorA was localised as shown in Figure 1.  
The right-hand set of lanes in Figure 1 show control tests in which the wild-type E. coli 
strains, MC1061 and MC4100 (from which the ∆ABCDE strain was derived) were 
fractionated into membrane, cytoplasm and periplasm samples (lanes M, C and P 
respectively). The data show that the TorA activity is localised primarily in the periplasm as 
expected, with low levels found in the cytoplasm as is often observed (Bolhuis et al., 2001). 
In the ∆ABCDE strain (denoted ∆tat), no periplasmic activity is detected, and TorA is 
found exclusively in the cytoplasm. Expression of plasmid-borne E. coli TatABC in this 

Figure 1  Expression of B. subtilis tatAdCd in an E. coli tat null mutant leads to efficient export of 
TorA. The figure shows a native polyacrylamide gel stained for TMAO reductase (TorA) activity.
Membrane, cytoplasm and periplasm samples (M, C, P) were prepared and analysed from two
wild type strains of E. coli (MC1061 and MC4100 as indicated), from tatABCDE cells (tat) and 
from tatABCDE cells expressing E. coli tatABC from plasmid pBAD-ABC, or B. subtilis tatAdCd
from plasmid pBAdCd as indicated. Mobility of active TorA is indicated. 



Chapter 2 

30 

strain (from the pBAD-ABC vector) restores export activity as expected. The important 
point is that production of B. subtilis TatAdCd, expressed from the same vector, also leads 
to efficient export of TorA. Clearly, TatAdCd is able to form an active translocation 
pathway in the E. coli ∆ABCDE strain. This is the first demonstration that a TatAC-type 
system from a Gram-positive organism can function in a Gram-negative background and 
export authentic E. coli Tat substrates. Moreover, since TatB has been found to be essential 
for TorA translocation in E. coli (Sargent et al., 1999), this strongly suggests that B. subtilis 
TatAd displays both TatA and TatB activity.   
 
Overproduction of TatAdCd does not fully complement E. coli ∆ABCDE cells 
in Tat-dependent substrate translocation.  

Although repeated tests consistently showed TatAdCd to be capable of efficiently exporting 
TorA, it was considered important to analyse its ability to also export other substrates. We 
first tested whether the cells can export a fusion protein comprising the TorA signal peptide 
linked to green fluorescent protein (GFP). This fusion is exported by the Tat pathway in E. 

Figure 2  Production of B. subtilis 
TatAdCd leads to export 
of TorA-GFP. A construct 
comprising the TorA signal 
peptide linked to GFP 
(TorA-GFP) was expressed 
from the pBAD-24 plasmid 
in wild type MC4100 cells, 
tatABCDE cells (tat), 
and tatABCDE cells 
expressing E. coli tatABC
or B. subtilis tatAdCd
(using the compatible 
pEXT22 plasmid). A] Cells 
were fractionated into 
membrane, cytoplasm and 
periplasm samples (M, C, 
P) which were immuno-
blotted using anti-GFP 
antibodies. Mobilities of 
mature size GFP and the 
precursor form (Pre) are 
indicated. B] Cells were 
analysed by confocal laser 
microscopy as detailed in 
the Materials and methods 
section; scale bar is 1 m. 
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coli (Barrett et al., 2003;Thomas et al., 2001). We expressed torA-GFP in E. coli ∆ABCDE 
cells and co-expressed tatAdCd or E. coli tatABC on the compatible pEXT22 plasmid as 
detailed in the Materials and methods section. The cells were fractionated into membrane, 
cytoplasm and periplasm fractions (Figure. 2A). In control tests (Figure 2A, wild type), 
GFP is found as mature size protein in the periplasm (P) when expressed in wild type cells. 
Some mature size protein is also found in the cytoplasm, but we have observed this 
phenomenon before and concluded that it is due to proteolytic clipping of the precursor 
form (Barrett et al., 2003). The TorA-GFP accumulates exclusively in the cytoplasm when 
expressed in a tat null mutant (tat), again mostly as mature size protein. The remaining 
panels show that the protein is exported if either E. coli TatABC or B. subtilis TatAdCd are 
co-produced in a tat background. High levels of mature protein are present in the 
periplasm in both cases, confirming efficient export. These data were confirmed by 
confocal microscopy of the cells (Figure 2B). Clear periplasmic halos of GFP fluorescence 
are evident when TorA-GFP is produced in wild type cells or in cells producing TatAdCd 
or E. coli TatABC. In contrast, the fluorescence is purely cytoplasmic when the construct is 
expressed in tatABCDE cells.  
Figure 2B also illustrates an important point regarding the ability of the TatAdCd system to 
export other Tat substrates. Two Tat substrates in E. coli, amidase A and C , have been 
shown to be involved in cytokinesis (Bernhardt and de Boer, 2003). These substrates are 
mislocalised in a ∆ABCDE deletion strain causing a distorted cell division phenotype; as a 
result the cells grow in long chain-like filaments (Ize et al., 2003). The wild type phenotype 
is clearly restored by complementing the ∆ABCDE strain with plasmid-borne TatABC 
(TatABC image). However, expression of B. subtilis tatAdCd also restores the wild type 
cell division phenotype (TatAdCd image), strongly suggesting that the TatAdCd complex 
of B. subtilis is able to translocate one or both of the amidase A and C proteins.  
 
We also analysed the translocation of SufI, another authentic E. coli Tat substrate, in the E. 
coli ∆ABCDE deletion strain complemented with B. subtilis TatAdCd (Figure 3). The 
mature size 50 kDa SufI protein is clearly detected in the periplasm (P) of wild type 
MC4100 cells with some precursor protein apparent in the cytoplasmic fraction (C). An 

Figure 3  SufI is not transported by B. subtilis TatAdCd. Membrane, cytoplasm and periplasm samples 
(M, C, P) were prepared and analysed from wild type E. coli cells (MC4100 panel), from 
tatABCDE cells (tat) and from tatABCDE cells expressing B. subtilis tatAdCd from plasmid 
pBAdCd as indicated. Samples were immunoblotted using antibodies to E. coli SufI, the mobility 
of which is indicated. Mobilities of two molecular weight markers (in kDa) are shown on the left. 
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additional band slightly smaller than mature SufI is also detected in the membrane fraction 
(M), although the significance of this band is unclear. As expected, deletion of the E. coli 
Tat machinery resulted in accumulation of SufI in the cytoplasm (tat). In this case, export 
could not be restored by production of B. subtilis TatAdCd (tat/pBAdCd), with no SufI 
detected in the periplasm. We conclude that not all Tat-dependent substrates of E. coli can 
be translocated by this AC-type translocase.  
 

TatAd is bifunctional and able to complement both the tatAE and tatB E. 
coli mutants.  

The absence of a tatB gene in most Gram-positive organisms suggests that the Gram-
positive TatA subunits are able to carry out both the TatA and TatB roles involved in Tat 
systems from Gram-negative organisms (Jongbloed et al., 2006). Since this important point 
has not yet been addressed experimentally, we expressed B. subtilis tatAd in the E. coli 
tatAE and tatB strains to test whether TatAd can complement the defects. The results 
(Figure 4) show that TorA is transported to the periplasm when His-tagged TatAd is 
expressed in either the tatAE or tatB strains, clearly demonstrating that this subunit is 
able to execute both the TatA and TatB roles. Note that the signal intensity of the 
periplasmic TorA band appears to be low when TatAd is expressed in the tatAE strain, but 
this assay is not quantitative, and from other experiments TatAd complements the two 
strains to an apparently equal extent (data not shown). In the control sample, no periplasmic 
TorA activity is detected when TatAd is produced in a tat null mutant strain (tatABCDE; 
the panel is overexposed to detect the cytoplasmic and membrane-bound TorA activity in 
the P and M lanes), or in the uncomplemented tatAE or tatB strains, because Tat activity 
is absolutely dependent on the presence of TatB plus either TatA or the TatA homologue, 
TatE (Sargent et al., 1998 and data not shown). 

 

Figure 4  B. subtilis TatAd complements both the ΔtatAE and ΔtatB E. coli mutants. His-tagged tatAd
was expressed using the pBAd-his vector (Materials and methods section) in the E. coli ΔtatAE, 
ΔtatB and ΔtatABCDE mutants as shown. After induction for 3 h in the presence of 0.1 mM
arabinose, cells were fractionated into membrane, cytoplasm and periplasm samples (M, C, P) and
these were analysed on a native gel that was stained for TorA activity. Similar fractionations were 
made using ΔtatAE and ΔtatB cells in control experiments. 
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Purification of overproduced TatAdCd reveals the presence of two forms of 
Tat complex: TatAdCd and TatAd.   

To analyse the Tat complexes present after production of B. subtilis TatAdCd in E. coli, 
membranes were solubilised in digitonin after which the lysate was subjected to Streptactin 
affinity chromatography utilising the Strep-tag II on the C terminus of TatCd as described 
in the Materials and methods section. Column fractions were subjected to immunoblotting 
using specific antibodies to TatAd and the Strep-tag II on TatCd. The data shown in Figure 
5A confirm that essentially all of the TatCd-strep had bound to the column; virtually none 
was detected in the wash fractions. Most of the TatCd-strep was found in elution fractions 2 
to 4, with a clear peak in fraction 3. A small amount of TatAd co-purified with the TatCd-
strep, strongly suggesting the presence of a TatAdCd complex. However, the vast majority 
of the TatAd did not co-elute with the TatCd-strep and was instead detected in the first 
three wash fractions. This is reminiscent of similar studies on E. coli TatABC, with the 
majority of additional ‘free’ TatA likewise detected in the wash fractions as a separate 
complex (Bolhuis et al., 2001). The data thus point to the presence of two types of 
complex, one composed of TatAdCd and another composed only of TatAd.  

Figure 5  Separation of distinct B. subtilis
TatAdCd and TatAd-containing 
complexes and purification of 
the B. subtilis TatAdCd complex.
A] Membranes were prepared from 
tatABCDE cells expressing B. 
subtilis tatAdCd (from pBAdCd), 
solubilised in digitonin and applied 
to a Streptactin affinity column as 
detailed in the Materials and 
methods section. The figure shows 
immunoblots of wash (1-8) and 
elution (1-6) fractions using 
antibodies against the Strep-tag II 
on the C terminus of TatCd (protein 
is denoted as TatCd-strep) and 
against TatAd. Mobilities of 
molecular weight markers (in kDa) 
are shown on the left. B] 
Purification of the TatAdCd 
complex to homogeneity. Solubi-
lised membranes from cells ex-
pressing tatAdCd were subjected 
to Q-Sepharose, Streptactin and 
Superose-6HR gel filtration chro-
matography as detailed in the 
Materials and methods section. 
Samples of each eluate were ana-
lysed on a silver-stained gel (right 
hand image) or blotted with 
antibodies to TatAd (left image).  
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To determine the composition of the TatCd/TatAd-containing complex, the elution 
fractions were subjected to gel filtration chromatography using a Superose-6 matrix. Figure 
5B shows a silver-stained gel of samples from each stage of the overall purification 
protocol: total membrane starting material, Q-Sepharose chromatography, Streptactin 
affinity chromatography and gel filtration chromatography. The final sample shows the 
presence of only the 25 kDa TatCd subunit. TatAd does not stain well with silver but its 
presence was confirmed by immunoblotting (Figure 5B, left panel). The TatAdCd complex 
has thus been purified to homogeneity. Note that the TatAd blot of the purified samples is 
weak compared to the original membrane sample. This reflects the fact that only a very 
small proportion of the TatAd pool is associated with TatCd.  
 
Highly discrete TatAdCd and TatAd complexes 
The sizes of the two forms of B. subtilis Tat complex were analysed using calibrated gel 
filtration chromatography. Digitonin-solubilised membranes from cells expressing 
TatAdCd-strep were applied to a calibrated Superose-6 gel filtration column as described in 
the Materials and methods section, and elution fractions were immunoblotted using 
antibodies against TatAd and TatCd-strep (Figure 6A). The elution profiles of the TatAdCd 
and TatAd complexes were quantified by densitometry of the bands and the graphs are also 
shown in Figure 6A. We also expressed, solubilised and fractionated the membrane-bound 
E. coli TatABC and TatA complexes under exactly the same conditions for comparison, 
and we analysed the TatA-type complexes extracted from the cytoplasm (also indicated in 
Figure 6A). The data show that TatCd elutes in fractions 20 to 27, and TatAd in fractions 
22 to 26. Quantification of the intensity of the bands reproducibly shows that TatCd is 
eluting with a peak in fraction 23 corresponding to a molecular weight of ~350 kDa, 
whereas the bulk of the TatAd elutes later with a peak in fraction 24, which corresponds to 
a molecular weight of around 270 kDa. Given that the vast majority of TatAd is not bound 
to TatCd (above), the data indicate the presence of a ~350 kDa TatAdCd complex and a 
~270 kDa TatAd complex. These figures include the digitonin micelle which contributes 
substantially to the size estimate (Oates et al., 2005). 
For comparison, we expressed E. coli TatABC using the same expression system and 
solubilised the membranes using the same protocol. When subjected to gel filtration 
chromatography under identical conditions, E. coli TatA elutes across a much broader 
range of fractions than does TatAd, reflecting the enormous range of sizes determined for 
this complex (Oates et al., 2005;Bolhuis et al., 2001;Silvestro et al., 1989). In contrast, the 
B. subtilis TatAd elutes with a far sharper peak which clearly indicates the presence of a 
complex that is both smaller and far more homogeneous than the E. coli counterpart. 
Digitonin forms particularly large micelles, so for a more accurate estimation of the size of 
the TatAd complex, we expressed TatAd alone and solubilised the membranes in either 
dodecyl maltoside or octyl glucoside prior to fractionation in the same detergent (Figure 
6B, upper graph white squares or triangles, respectively). In both cases the TatAd complex 
elutes later than when solubilised in digitonin (black triangles), presumably due to the much 
smaller micelle size. In both dodecyl maltoside and octyl glucoside TatAd elutes at a 
position that corresponds to a mass of 160 kDa, which we assume to be a more accurate 
reflection of the complex size (although the micelle will still contribute to a degree).  
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Cytosolic TatAd is present as very large aggregates 
Although studies on the E. coli and thylakoid systems have focused on roles of membrane-
bound TatABC proteins, recent studies on the B. subtilis TatAdCd system have suggested a 
completely different mode of action in which the precursor of PhoD is initially recognised 
by TatAd in the cytosol (Schreiber et al., 2006;Westermann et al., 2006;Pop et al., 2002). 
This would differ dramatically from the E. coli and thylakoid systems, where substrates 

Figure 6  TatAdCd and TatAd are discrete complexes that differ from their E. coli counterparts. A] 
Digitonin-solubilised membranes from cells expressing tatAdCd or E. coli tatABC were applied to 
a calibrated Superose-6HR column. Peak elution fractions were analysed by immunoblotting
using antibodies to the Strep-tag II (on TatCd) or TatAd as indicated. The immunoblots were
analysed by densitometry (of the entire set of elution fractions) and the intensities of the bands are
shown plotted against fraction number. TatAdCd and TatAd elutions are denoted by black
diamonds and black triangles, respectively. The elution of E. coli TatA complexes was analysed 
under identical conditions and is shown in the same graph (squares). B] Fractionation of 
membrane-bound and cytosolic TatAd. Upper graph: tatAdCd were expressed as in A and 
membranes were solubilised in 1% digitonin as in A, or 1% octyl glucoside or 1% dodecyl 
maltoside, and subjected to Superose 6 chromatography in the same detergent. The graph shows
the elution of TatAd in digitonin (black triangles), octyl glucoside (white triangles) or dodecyl
maltoside (white squares). The elution of digitonin-solubilised E. coli TatA is also illustrated for 
comparative purposes (black squares). The lower graph of panel B shows the fractionation of
cytosolic TatAd. Here, tatAdCd were expressed as in A (with TatAd untagged), or with a 6-His tag 
attached to the C terminus of TatAd using the pBAd-his vector. After lysis of the cells, the 
cytosolic fraction was subjected to Superose 6 gel filtration chromatography as in A, but without
detergent present at any step. Fractions were immunoblotted for TatAd and the graph illustrates 
the elution profiles for untagged (white diamonds) and His-tagged TatAd (black triangles). 
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bind to a membrane-bound TatBC dimer (Alami et al., 2003;Cline and Mori, 2001). Having 
characterised the size properties of membrane-bound TatAd when expressed in E. coli, we 
therefore tested whether TatAd is also present in the cytosol. This was done after 
expression of two forms of TatAd, an untagged version of TatAd (using the plasmid 
pBAdCd as in the above studies) and one with a His6 tag present on the C terminus of 
TatAd (pBAd-his plasmid). The two forms were expressed using the pBAD24 vector, and 
the cytosolic fraction was subjected to Superose 6 gel filtration chromatography (Figure 6B, 
lower graph). The data show that the untagged TatAd is present as very large multimeric 
forms. The protein elutes in fraction 14 (white diamonds) which corresponds to an average 
size of ~2 MDa. Surprisingly, the presence of a His tag causes a huge change of structure 
and the protein elutes much later from the column, at a position corresponding to a size of 
~200 kDa (similar to that observed in Pop et al., 2002). These data do raise questions about 
the significance of the cytosolic TatAd, and this issue is discussed below. 
 
Blue Native gel electrophoresis shows the presence of a ~230 kDa TatAdCd 
complex  

To analyse the purified TatAdCd and TatAd complexes further, Blue Native (BN) 
polyacrylamide gel electrophoresis was utilised according to the method described in 
Materials and methods section (Figure 7). Gel filtration chromatography provides a 
reasonable estimate of complex size, but is heavily affected by the size of detergent 
micelles. To circumvent this effect and obtain a more accurate description of the 
complexes, purified TatAdCd and solubilised membranes containing TatAdCd were run on 
a BN polyacrylamide gel. This gel system has been specifically developed for the analysis 
of membrane protein complexes because it effectively removes the bias caused by the 
detergent micelles. Digitonin-solubilised membranes from cells producing B. subtilis 
TatAdCd-strep (lanes Bs), E. coli TatABC (lanes Ec), or purified B. subtilis TatAdCd-strep 
(lanes AdCd) were loaded onto a BN gel. The gels were subjected to western blotting 
followed by immunodetection with antibodies against the Strep-tag II (Figure 7A), E. coli 
TatA (Figure 7B) and B. subtilis TatAd (Figure 7C). 
Reproducing earlier findings (Oates et al., 2005), the E. coli TatABC complex was detected 
as a band co-migrating with the marker band of 440 kDa using antibodies against the Strep-
tag II (Figure 7A, lane Ec). Previous studies have shown that, after careful calibration of 
this gel system, the actual size of this complex is ~370 kDa as judged by this technique 
(Oates et al., 2005). Analysis of purified B. subtilis TatAdCd complex (prepared as 
described above) reveals a band that co-migrates with the 232-kDa marker. A band of the 
same size is detected when the same blot is probed with antibodies to TatAd (Figure 7C), 
confirming that this band corresponds to a TatAdCd complex of ~230 kDa. A band of 
similar size is evident in samples of whole membranes taken from cells expressing 
TatAdCd (lane Bs), although it is less clear, and some smearing is evident. However, 
because essentially all of the TatAdCd complex binds to the Streptactin affinity matrix, and 
only the ~230 kDa TatAdCd complex is detected, we are confident that this is the major 
species of TatAdCd complex present in the membrane. 
Figure 7B clearly shows the 'ladder' of differently sized E. coli TatA complexes, but it has 
not been possible to study the B. subtilis TatAd complex using BN gels. Although the 
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TatAd antibodies clearly detect the purified TatAdCd complex in Figure 7C (lane AdCd), 
there is no clear additional band in the whole-membrane sample (lane Bs) from cells 
expressing TatAdCd. It is possible that the TatAd complex is too small for accurate analysis 
using the BN system under these conditions. 

Discussion 

A wealth of data have emerged from studies on the TatABC and TatA complexes of Gram-
negative bacteria (particularly E. coli) as well as the corresponding plant thylakoid 
complexes (Hcf106-TatC complex and homo-oligomeric Tha4 complexes). In most 
respects, the E. coli and plant systems appear to operate by broadly similar mechanisms in 
which two key points are considered to be noteworthy. First, cross-linking data point to the 
presence of a membrane-bound substrate-binding complex in which TatB and TatC play 
critical roles (Alami et al., 2003;Cline and Mori, 2001). A tight association between these 
components has been confirmed by one study that showed a translational TatB-TatC fusion 
to be active (Bolhuis et al., 2001). Secondly, the available evidence indicates that a TatA 
(or Tha4) complex assembles and exists as a separate entity and appears to be recruited by 

Figure 7  Blue Native gel electrophoresis identifies a discrete TatAdCd complex with an estimated 
mass of ~230 kDa. Samples of tatABCDE cells expressing E. coli tatABC (lanes Ec) or B. 
subtilis tatAdCd (lanes Bs), and samples of purified TatAdCd (denoted AdCd; see Fig. 5) were 
subjected to Blue Native gel electrophoresis as described in the Materials and methods section. 
The gel was immunoblotted using antibodies against the Strep-tag II on the C termini of 
TatC/TatCd (panel A), against E. coli TatA (panel B) or TatAd (panel C). Mobilities of molecular 
mass markers (in kDa) are indicated on the left, and the mobilities of E. coli TatABC and B. 
subtilis TatAdCd are also indicated. 
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the TatABC complex (or plant Hcf106-TatC complex) only at the point of translocation 
(Dabney-Smith et al., 2006).  
 
In this study we have sought to study Tat complexes from the Gram-positive organism 
Bacillus subtilis. The absence of tatB genes in the majority of Gram-positive organisms 
clearly indicates that their Tat systems differ significantly from the E. coli model, and it is 
important to identify similarities and differences (particularly any mechanistic differences) 
between the two types of system. In this context, our data are important because they show 
for the first time that an authentic E. coli Tat substrate, TorA, can be effectively transported 
by the B. subtilis TatAdCd system. This indicates that there are no system-specific factors 
in B. subtilis that are required for this system to operate, which could be absent in Gram-
negative organisms. This focuses attention on the TatAdCd subunits as the critical 
components.  
The absence of a tatB gene in B. subtilis raises the possibility that TatA is bifunctional in 
Gram-positive bacteria, fulfilling the roles of both TatA and TatB from Gram-negative 
organisms (Jongbloed et al., 2006). This possibility is backed up by the recent 
demonstration that selective mutations in E. coli TatA can enable it to carry out both TatA 
and TatB functions (Blaudeck et al., 2005). In this report we have provided experimental 
confirmation of the bifunctional nature of TatAd; this subunit can complement both the 
tatAE and tatB E. coli mutants. TatA and TatB play completely different roles in the E. 
coli Tat system (Gohlke et al., 2005;Robinson and Bolhuis, 2004;Alami et al., 
2003;Bolhuis et al., 2001;Dalbey and Kuhn, 2000), which clearly indicates a dual role for 
TatAd in the B. subtilis TatAC-type mechanism. 
 
When compared with the E. coli Tat complexes, the B. subtilis Tat complexes exhibit 
important common features but also significant differences. The primary common feature is 
the presence of two distinct Tat complexes. We have shown that expression of the B. 
subtilis tatAdCd genes results in the presence of separate membrane-bound TatAdCd and 
TatAd complexes, and these results are very reminiscent of findings on the E. coli system 
where separate TatABC and TatA complexes are present at steady state (Gohlke et al., 
2005;Oates et al., 2005;Bolhuis et al., 2001). 
However, the B. subtilis Tat complexes encoded by tatAdCd differ from their E. coli 
counterparts in three important respects. One of these has already been noted: the absence 
of TatB in the core substrate-binding complex; its position appears to be occupied by 
TatAd. The second relates to the nature of the TatAdCd complex; like the E. coli TatABC 
complex, the TatAdCd purifies as a highly discrete entity, but our data indicate that the B. 
subtilis TatAdCd complex is significantly smaller than its E. coli counterpart: 230 kDa 
compared to 370 kDa for the E. coli complex as estimated previously by BN gels (Oates et 
al., 2005). This may have implications for the number and/or organisation of the TatC-
containing domains, although it should be noted that an individual TatAdCd domain is 
smaller than an equivalent E. coli TatABC domain (~35 kDa compared with 56 kDa, 
assuming equimolar stoichiometry as observed for TatBC in the E. coli complex (Bolhuis et 
al., 2001). 



The B. subtilis TatAdCd complex 

39 

The third, and perhaps most significant difference concerns the TatA complexes. The E. 
coli TatA complex exists as a remarkably heterogeneous set of complexes that range in size 
from ~50 kDa to well over 500 kDa (Gohlke et al., 2005;Oates et al., 2005), and this 
heterogeneity can be clearly presented as a striking ladder of bands on BN gels. In the 
above studies it was proposed that this heterogeneity could provide the flexibility for this 
system to assemble active translocons of differing sizes, which would be logical if a wide 
range of substrates are to be accommodated without compromising membrane integrity. In 
contrast, the B. subtilis TatAdCd complex is highly discrete in nature; there is no evidence 
for heterogeneity among the complexes isolated. Nevertheless, this combination of 
TatAdCd and TatAd complexes is able to transport substrates of very differing sizes, such 
as authentic TorA (85 kDa) and GFP (25 kDa), as well as its original PhoD substrate in B. 
subtilis (62.5 kDa). On the basis of these data, we believe that the active translocon may be 
a singular unit capable of accommodating substrates that differ dramatically in terms of size 
and shape. This would, of course, require real flexibility within the active translocation 
complex. This scenario would raise questions about the functional significance of the E. 
coli TatA heterogeneity but would be consistent with our observation that the TatA size 
spectrum is identical in cells that are completely unable to export proteins via this pathway 
(Barrett et al., 2005). 
 
The TatAd complex is furthermore surprisingly small; the size exclusion chromatography 
estimate is ~160 kDa, and the detergent micelle probably accounts for some of this 
estimate. These data have interesting implications for the translocation mechanism because 
TatAdCd is capable of exporting TorA, which is one of the larger Tat substrates. If, as 
proposed, the active Tat translocon is generated by the coalescence of a TatABC and TatA 
complex, the sizes of the E. coli complexes have been deemed to be consistent with this 
model (for example, an active translocon of up to 1 MDa in size could be generated by 
fusion of one of the largest TatA complexes with the 370 kDa TatABC complex). It is less 
clear whether a substrate of this size can be transported in a folded state by a translocon 
comprising a 270 kDa TatAdCd complex and 160 kDa TatAd complex. Therefore, it may 
be the case that the actual translocation process is more complicated than currently 
imagined, perhaps involving the recruitment of several TatA or TatAd (or even several 
TatABC or TatAdCd) complexes in both Gram-negative and Gram-positive bacteria. 
 
Finally, it is useful to consider these data in the light of other studies on Tat systems from 
Gram-positive organisms. Recent studies on the B subtilis TatAdCd system (Schreiber et 
al., 2006;Westermann et al., 2006;Pop et al., 2002) suggest a translocation mechanism that 
is very different to any current model for the E. coli or thylakoid Tat system. These studies 
showed that TatAd can be detected as cytoplasmic oligomers of ~250 kDa and these 
oligomers were shown to be able to bind the precursor form of PhoD, the natural substrate 
of TatAdCd (a membrane-bound form of TatAd is also present in B. subtilis). The authors 
proposed that cytosolic TatAd acts as a soluble receptor for substrate, after which the 
membrane-bound TatCd recognises this cytosolic assembly and assists in its membrane 
integration. More confusingly still, studies on Streptomyces lividans (one of the few Gram-
positive organisms containing tatABC genes) have shown that both TatA and TatB can be 
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detected in the cytoplasm, and the authors proposed that a cytosolic TatAB complex binds 
substrates and delivers them to TatC (De Keersmaeker et al., 2007). These models are 
fundamentally different in key respects to current models for the Tat system in Gram-
negative bacteria and plant thylakoids, where the Tat components are only active in the 
membrane (Gohlke et al., 2005;Oates et al., 2005;Alami et al., 2003;Bolhuis et al., 
2001;Cline and Mori, 2001).  
 
Although our aim in this study was to analyse the potentially bifunctional TatAd protein 
and the complexes formed by TatAdCd expression, our data do have relevance to this 
ongoing debate about Tat mechanism(s) and whether they do indeed differ so diametrically 
in Gram-negative and Gram-positive organisms. First, we have shown that the TatAd 
subunit carries out both TatA-like and TatB-like roles in E. coli, and because these subunits 
are believed to function in the membrane in E. coli, it is logical to assume that TatAd 
likewise carries out these functions as a transmembrane protein. Secondly, we have shown 
that the TatAdCd system can transport TorA and a TorA-GFP fusion protein, and there is 
firm evidence that a basically similar TorA-fusion protein interacts with a membrane-bound 
TatBC-containing complex in E. coli. Cross-linking studies with a construct comprising the 
TorA signal peptide linked to a thylakoid lumen passenger protein (Holzapfel et al., 2007) 
have shown that the TorA signal peptide specifically binds to a membrane-bound TatBC 
heterodimer as previously shown for another Tat precursor protein, SufI (Alami et al., 
2003). We have shown that TorA-GFP is capable of using the B. subtilis TatAdCd 
apparatus instead, and it thus seems probable that it interacts with a membrane-bound 
TatAdCd complex (which we have shown to be present) rather than following a completely 
different export pathway involving the binding of a soluble TatAd complex. Nevertheless, 
these are indirect forms of evidence and different, more direct approaches are required to 
determine whether TatAd functions in the membrane, the cytoplasm or both.  
 
 

Materials and methods 

Bacterial strains, plasmids and growth conditions All strains and plasmids used are listed in Table 1. 
E. coli MC4100 (Casadaban and Cohen, 1979) was used as the parental strain and ΔtatABCDE 
(Sargent et al., 1998) has been described previously. Arabinose-resistant derivatives were used as 
described previously (Bolhuis et al., 2001). E. coli was grown aerobically in Luria broth (LB) at 
37°C. E. coli was grown anaerobically in LB supplemented with 0.5% glycerol, 0.5% trimethylamine 
N-oxide (TMAO), and 1 µM ammonium molybdate. The media were supplemented with ampicillin 
(Ap) to a final concentration of 100 μg/ml and arabinose to 0.5 mM when required. Media were 
supplemented with kanamycin (Km; 10 µg/ml), chloramphenicol (Cm; 5 µg/ml) and/or 
spectinomycin (Sp; 100 µg/ml). 

DNA techniques  
All cloning techniques and transformation of E. coli were performed as described by Sambrook et al. 
(1989). All enzymes used were from Roche Molecular Biochemicals, or Fermentas Life Sciences. 
The PCR was performed using Expand DNA polymerase (Roche Applied Science). For arabinose-
inducible overproduction of B. subtilis TatAdCd, plasmid pBAdCd was constructed as follows. 
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Table 1  Plasmids and strains 

The tatAdCd operon was amplified from B. subtilis 168 chromosomal DNA with primers RTEAdF 
(5’-CGC GTC TCG CAT GTT TTC AAA CAT TGG AAT ACC GGG CTT G-3’) and JJdstrep02 
(5’-ATA TTC TAG ATT ATT TTT CAA ACT GTG GGT GCG ACC AAT TCG AAG CGG CCG 
CCG CTG TTT CTT CC-3’). RTEAdF was designed as such that restriction of the generated 
tatAdCd-strep PCR amplified fragment with dovetail enzyme Esp3I would create an NcoI overhang, 
to ensure direct cloning into the vector pBAD24. JJdstrep02 was constructed in such a way that a C 
terminal Strep-tag II (Voss and Skerra, 1997) (underlined) would be directly attached to tatCd during 
the PCR amplification. pBAdCd was constructed by ligating an Esp3I- and XbaI-cleaved PCR-
amplified fragment of tatAdCd-strep into NcoI- and XbaI-cleaved pBAD24. For isopropyl β-D-
thiogalactopyranoside (IPTG)-inducible overproduction of B. subtilis TatAdCd, tatAdCd-strep was 
cut out of pBAdCds with NheI and XbaI and ligated into XbaI-cut pEXT22 to construct pEXT-AdCd.  
For arabinose-inducible overproduction of B. subtilis TatAd, plasmid pBAd-his was constructed as 
follows. The tatAd gene was amplified from B. subtilis 168 chromosomal DNA with primers 
RTEAdF (5’-CGC GTC TCG CAT GTT TTC AAA CAT TGG AAT ACC GGG CTT G-3’) and 
TatAdhis-Xba-R (5’-GCT CTA GAT CAG TGA TGG TGA TGG TGA TGG CCC GCG TTT TTG 
TCC TGC-3’). TatAdhis-Xba-R was constructed in such a way that a C terminal His6 tag (underlined) 
would be directly attached to tatAd during the PCR amplification. pBAd-his was constructed by 
ligating an Esp3I- and XbaI-cleaved PCR-amplified fragment of tatAd-his into NcoI- and XbaI-
cleaved pBAD24. 

Expression and purification of the TatAdCd complex and TatAd complex.  
E. coli ΔtatABCDE cells containing plasmid pBAdCd or pBAd-his were grown aerobically to mid-
exponential phase with induction of tatAdCd on plasmid pBAdCd and tatAd on plasmid pBAd-his 
using 0.5 mM arabinose. The membranes were isolated as described previously and solubilised in 2% 
digitonin (Bolhuis et al., 2001). Solubilised membranes were incubated with 2 μg/ml avidin to block 
any biotin-containing proteins before application to an equilibrated 2 ml Streptactin affinity column 
(Institut fur Bioanalytik). The column was washed with eight column volumes of equilibration buffer 

Plasmids Relevant properties Reference 
   
pBAD-ABC pBAD24 derivative containing the E. coli tatABC operon; Apr (Bolhuis et al., 2001)  
pBAdCds pBAD24 derivative containing the B. subtilis tatAdCd-strep 

operon; Apr  
This study 

pEXT-AdCd pEXT22 derivative containing the B. subtilis tatAdCd operon; 
Kmr 

This study 

pBAd-his pBAD24 derivative containing the B. subtilis tatAd-his gene; Apr This study 

   
Strains Relevant properties Reference 
E. coli   
MC1061 F; araD139;  (ara-leu)7696;  (lac)X74; galU; galK; hsdR2; 

mcrA; mcrB1; rspL 
(Wertman et al., 1986)  

MC4100 F- lacU169 araD139 rpsL150 relA1 ptsF rbs flbB5301 (Casadaban and Cohen, 
1979)  

MC4100 
ΔtatABCDE tat deletion strain (Sargent et al., 1998)  
B. subtilis   
168 trpC2 (Kunst et al., 1997)  
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containing Tris-HCl pH 8.0, 10% glycerol, 150 mM NaCl, and 0.1% digitonin. Bound protein was 
eluted from the column in six 1.0 ml fractions using the same buffer as above but containing 3 mM 
desthiobiotin (Sigma). Elution fractions were pooled and concentrated to 250 µl using Vivaspin-4 
centrifugal concentrators (molecular weight cut off 10,000; Vivascience). The concentrated sample 
was loaded onto a Superose-6HR gel filtration column (Amersham Biosciences) and was eluted with 
the equilibration buffer described above. For complete purification of the TatAdCd complex, the 
sample of solubilised membrane was subjected to Q-Sepharose chromatography before the Streptactin 
and Superose-6HR chromatography steps, as previously described (Bolhuis et al., 2001). 

SDS-PAGE and Western Blotting  
Proteins were separated using SDS-polyacrylamide gel electrophoresis and immunoblotted using 
specific antibodies to TatAd (kindly provided by J. Müller (Pop et al., 2002)) and donkey anti-rabbit 
IgG horse radish peroxidase conjugate. The Strep-tag II on TatCd was detected directly using a 
Streptactin-horse radish peroxidase conjugate (Institut fur Bioanalytik). SufI, a Tat-dependent 
substrate of E. coli, was detected using specific antibodies (kindly provided by T. Palmer). GFP was 
detected using a specific anti-GFP antibody (Living Colours) followed by donkey anti-rabbit IgG 
horse radish peroxidase conjugate. An ECL detection kit (Amersham Pharmacia Biotech) was used to 
detect the proteins.  

Blue Native polyacrylamide gel electrophoresis 
Blue Native (BN) polyacrylamide gel electrophoresis was performed as described previously (Oates 
et al., 2005). The membranes were prepared as described above and solubilised in 50 mM Bis-Tris, 
pH 7.0, 750 mM 6-aminocaproic acid and 2% (w/v) digitonin. Solubilised membranes and purified 
protein were loaded and separated on a polyacrylamide gradient gel (5-13%). Proteins were detected 
by immunoblotting as described above. 

TMAO reductase activity and TorA-GFP assays  
TMAO reductase activity assay was performed as described previously (Bolhuis et al., 2001;Silvestro 
et al., 1989). E. coli cells were grown anaerobically until mid-exponential growth phase prior to 
fractionation into periplasmic, cytoplasmic, and membrane fractions. The cell fractions were loaded 
and separated on a 10% native polyacrylamide gel that was subsequently assayed for TMAO 
reductase activity as described previously. For TorA-GFP export assays, a construct comprising the 
TorA signal peptide linked to GFP (Thomas et al., 2001) was expressed using the pBAD24 plasmid 
as previously described (Barrett et al., 2003). For these experiments, tatAdCd was expressed from the 
compatible pEXT22 vector.  

Microscopy  
Images were recorded with a Leica DMRE microscope equipped with a Leica TCS SP2 confocal unit 
and an argon laser. The 488-nm laser line was selected, and the images were recorded with a 
photomultiplier using the Leica confocal software. The samples were analysed with a 63x oil 
immersion objective (numerical aperture, 1.4; Leica). The image size is 512 x 512 pixels and images 
were averaged from four successive scans. 
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Complex-organisation and substrate recognition 
requirements for the Twin-arginine translocation systems 

of Bacillus subtilis  

The Tat system transports folded proteins across the bacterial plasma membrane. In 
Gram-negative bacteria, membrane-bound TatABC subunits are all essential for 
activity, whereas Gram-positive bacteria usually contain only TatAC subunits. In 
Bacillus subtilis, two TatAC-type systems, TatAdCd and TatAyCy, operate in parallel 
with different substrate specificities. Here, we have characterised essential targeting 
determinants and show that both systems recognise similar signal peptide properties 
in E. coli. Both systems translocate GFP fused to three distinct E. coli Tat signal 
peptides, namely DmsA, AmiA and MdoD. Mutagenesis of the DmsA signal peptide 
confirmed that both Tat pathways recognise similar targeting determinants within 
Tat signals. Replacement of the -1 serine by alanine almost blocks export completely, 
firmly establishing the importance of this -1 residue. Surprisingly, the +2 leucine in 
the DmsA signal peptide (sequence SRRGLV) appears to play an equally important 
role as substitution by alanine or phenylalanine blocks export. For TorA translocation 
by the TatAdCd complex, substitution by lysine of either of the twin-arginine residues 
in the signal peptide can be tolerated, whereas the presence of twin-lysine residues 
blocks export completely. Although the E. coli Tat substrate TorA was translocated by 
TatAdCd but not by TatAyCy in E. coli, we conclude that these systems are not 
predisposed to recognise only specific Tat signal peptides, as suggested by their 
narrow substrate specificities in B. subtilis. Furthermore, we also analysed complex 
organisation for the TatAyCy pathway of B. subtilis. This revealed a discrete TatAyCy 
complex together with a separate, homogeneous ~200 kDa TatAy complex. The latter 
complex differs significantly from the corresponding E. coli TatA complexes, pointing 
to major structural differences between Tat complexes from Gram-negative and 
Gram-positive organisms. Like TatAd, TatAy is also detectable in the form of massive 
cytosolic complexes. 
 
 

Introduction 

The Twin-arginine translocation (Tat) pathway is involved in the transport of proteins 
across the chloroplast thylakoid membrane and the plasma membranes of a wide range of 
bacteria (Müller, 2005;Robinson and Bolhuis, 2004). Operating in parallel with Sec-type 
protein transport systems, a notable feature of the Tat system is its ability to transport 
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prefolded proteins; this form of translocation mechanism differs in fundamental respects 
from that of the Sec translocase, where substrates are threaded through the membrane in an 
unfolded state. In general, it appears that the Tat pathway is required for the transport of 
proteins that fold too rapidly or tightly to be transported in a Sec-dependent manner, and for 
substrates that bind complex redox cofactors before transport to the periplasm or 
extracellular medium. Tat-dependent signal peptides are surprisingly similar to Sec-type 
signal peptides and both comprise three distinct domains: an N-terminal positively charged 
domain (N domain), a hydrophobic core domain (H domain) and more a polar C domain, 
ending with the Ala-Xaa-Ala consensus motif that specifies cleavage by signal peptidases. 
However, Tat signal peptides contain a key RR motif at the junction between the N and H 
domains, and mutagenesis experiments have shown this to be important for translocation. 
In chloroplasts, substitution of either arginine, even by equally positively charged lysine, 
results in a complete block in translocation by the thylakoidal Tat system (Henry et al., 
1997;Chaddock et al., 1995). Among bacterial Tat systems, the well-studied Escherichia 
coli Tat system has rather less stringent requirements: substitution of either arginine by 
lysine leads to a modest reduction in export rate, while substitution of both arginine 
residues blocks translocation (Stanley et al., 2000). In contrast, intact twin arginines are 
required for efficient export of one Tat substrate in Zymomonas mobilis (Halbig et al., 
1999).  
 
In terms of Tat complex composition, Gram-negative bacteria contain three essential Tat 
components, namely the integral membrane proteins TatA, TatB and TatC. E. coli TatA, 
TatB and TatC have molecular masses of 10, 18 and 30 kDa, respectively. Multiple copies 
of these subunits form two types of complex: a substrate-binding TatABC complex of ~370 
kDa, in which TatB and TatC are the critical components, and a series of separate TatA 
complexes that vary in size from less that 100 kDa to well over 500 kDa (Oates et al., 
2005;Sargent et al., 1998). Crosslinking studies strongly suggest that the binding of 
substrate triggers recruitment of the separate, homooligomeric TatA complexes to form the 
fully active translocon (Mori and Cline, 2002). Studies indicate that the TatA complexes are 
involved in the formation of pores through which Tat substrates are translocated (Gohlke et 
al., 2005), with the size variation perhaps linked to the need to transport substrates of 
differing size. However, the actual translocation mechanism is poorly understood.  
 
While the E. coli and plant Tat systems appear to be generally similar in structural and 
mechanistic respects, the vast majority of Gram-positive bacteria, with the exception of 
Streptomyces species (Schaerlaekens et al., 2001), contain Tat systems that lack a tatB gene 
and hence contain only the TatAC subunits (Yen et al., 2002). Some Gram-positive 
bacteria, such as Bacillus subtilis, also contain multiple Tat pathways that operate in 
parallel with differing substrate specificities (Jongbloed et al., 2004). B. subtilis is a 
harmless soil-dwelling bacterium that contains three tatA genes, denoted tatAd, tatAy and 
tatAc, and two tatC genes denoted tatCd and tatCy. The tatAd gene is expressed in an 
operon with tatCd and these two components form a minimal Tat translocase responsible 
for the translocation of the substrate PhoD. The phoD gene is expressed upstream of the 
tatAd/Cd genes and this operon is expressed under phosphate-limited conditions. PhoD is 
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the only known substrate of the TatAdCd system (Jongbloed et al., 2004;Pop et al., 
2002;Jongbloed et al., 2000). The protein has phosphodiesterase and alkaline phosphatase 
activity, and PhoD is targeted to the cell wall, where it is involved in the release of 
inorganic phosphate (Müller and Wagner, 1999). The absence of a TatB component led to 
the idea that the TatAd protein may be bifunctional, fulfilling the roles of both TatA and 
TatB of E. coli (Jongbloed et al., 2006). We confirmed this point in a recent study by 
showing that TatAd could indeed complement both the E. coli tatA/E and tatB null mutant 
strains (Barnett et al., 2008). The TatAd and TatCd proteins were also shown to form two 
types of complexes within the membrane: a TatAdCd complex that is significantly smaller 
than its E. coli counterpart (~230 kDa as judged by Blue Native PAGE) and a 
homogeneous TatAd complex (~160 kDa as judged by gel filtration) that does not exhibit 
the same size variation as E. coli TatA complexes (Barnett et al., 2008).  
The tatAy and tatCy genes are co-expressed in an operon to form a second minimal Tat 
translocation pathway in B. subtilis (Jongbloed et al., 2004). This operon is constitutively 
expressed and only a single substrate has been identified for this pathway: YwbN, a heme-
containing DyP-type peroxidase. The third tatA gene of B. subtilis, tatAc, is not expressed 
with any other Tat components and its contribution to the Tat pathway is not known 
(Jongbloed et al., 2004;Jongbloed et al., 2002;Jongbloed et al., 2000). 
 
Little is currently known about the mechanism or substrate specificity of the B. subtilis Tat 
system or any other TatAC-type system. Here, we have used simple and direct export 
assays in E. coli to probe the Tat signal determinants that are important for recognition by 
the TatAdCd system. The data show that three distinct determinants have important roles in 
signal peptide recognition by this Gram-positive system and by the E. coli Tat system. We 
show that both the TatAdCd and TatAyCy systems recognise similar targeting determinants 
despite their distinct substrate specificities within B. subtilis. In addition, we show that, like 
TatAdCd, the TatAyCy system consists of two types of complexes within the membrane: a 
TatAyCy complex and a separate TatAy complex that resemble more closely the TatAdCd 
and TatAd complexes than the known E. coli Tat complexes. This observed homogeneity of 
TatA complexes in B. subtilis suggests that this may be a general feature of TatA 
complexes in Gram-positive bacteria, and a major difference compared to Gram-negative 
species. 
 
A somewhat controversial aspect of B. subtilis Tat studies has been the identification of a 
cytosolic species of TatAd that has been shown to bind the substrate PhoD (Pop et al., 
2003). This led to the suggestion that TatAd binds its substrate in the cytosol and acts as a 
guidance factor, targeting substrate molecules to membrane-localised TatCd by a 
mechanism that would be completely different to the current E. coli model (Schreiber et al., 
2006;Westermann et al., 2006). We therefore considered it important to test for the 
presence of cytosolic TatAy. After overexpression in E. coli, we show that TatAy does 
indeed have a cytosolic as well as a membrane-associated localisation, and the possible 
significance of this cytosolic TatA is discussed. 
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Results 

A twin-arginine motif in the signal peptide plays a key role in the initial interaction between 
a substrate and the Tat translocon, but the absolute importance of this motif can vary. In 
chloroplasts, an intact RR motif is all-important (Henry et al., 1997;Chaddock et al., 1995), 
whereas the E. coli Tat system does tolerate KR and RK motifs, and disruption of both 
arginine residues is required to effect a full block in translocation (Stanley et al., 2000). 
Similar approaches have been applied to Gram-positive Tat systems and a comprehensive 
study on the Streptomyces lividans system showed that the twin-arginine motif is an 
important determinant, as expected (Li et al., 2006). Substitution of both arginine residues 
by lysine was shown to substantially inhibit, but not block completely, the export of one 
substrate studied, and other residues in the signal peptide were also substituted (see below). 
 

Table 1  Summary of effects of mutations on Tat signal peptides. (Table legend on next page) 

Organism/                                                                   Level of inhibition 
substrate                    Sequence          None      Mild-moderate     Severe         Complete              Reference 
RR-motif       
E.c. TorA-GFP SRRRFL  KR  KK 
   RK   

DeLisa et al., 2002, 
t.s.  

E.c. SufI SRRQFL  RK  KK 
   KR   

Stanley et al., 2000 

E.c. YacK QRRDFL    KR  
E.c. TorA-MalE SRRRFL   KK KQ 
      

Kreutzenbeck et al., 
2007 

S.l XlnC SRRGFL  KR KK  Li et al., 2006 
Z.m. GFOR TRRALV   KR RK 
      

Halbig et al., 1999 

-1 residue       
E.c. SufI SRRQFL S to A S to C   Stanley  et al., 2000 
E.c. TorA-GFP SRRRFL   S to A  t.s. 
E.c. DmsA-YFP SRRGLV    S to A t.s. 
       
+2 residue       
E.c. SufI SRRQFL F to L F to A   
   F to Y   

Stanley  et al., 2000 

E.c. TorA-GFP SRRRFL F to A  F to R F to D t.s. 
  F to S    t.s. 
E.c. DmsA-YFP SRRGLV   L to F L to A t.s. 
     L to D t.s. 
S.l. XlnC SRRGFL  F to W F to Y  
    F to T  
    F to H  
    F to S  
    F to K  

Li et al., 2006 
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The Tat systems referred to above all contain three components (TatABC, or homologues 
thereof) but most Gram-positive organisms lack the TatB component that is essential in 
these systems and, instead, contain a different, two-component class of Tat system. Much 
less is known about the importance of the RR motif in these systems, partly because 
efficient export assays have proved difficult to establish in model Gram-positive organisms. 
B. subtilis, for example, is difficult to study because only a single substrate has been 
identified for each of the two Tat systems. Furthermore, this organism contains high levels 
of protease activity.  
We showed recently that the B. subtilis tatAdCd operon is active when expressed in an E. 
coli tat null mutant (Barnett et al., 2008) and this enables us to use established export 
assays to study the requirements and characteristics of this Gram-positive Tat system. We 
subjected the key elements of two Tat signal peptides to site-specific mutagenesis in order 
to characterise the essential determinants. In the experiments described below, substrates 
were expressed in E. coli using the arabinose-inducible pBAD24 plasmid (with induction 
for 3 h) and the tatAdCd and tatAyCy genes were expressed from the compatible pEXT22 
plasmid without induction. In parallel, we analysed export of these mutant substrates by the 
E. coli TatABC system by expressing the tatABC operon using the same pEXT22 plasmid. 
All experiments were carried out in the ΔtatABCDE background strain. The effects on 
export are summarised in Table 1, which also summarises previous mutagenesis studies on 
Tat signal peptides from both Gram-negative and Gram-positive organisms for ease of 
comparison. Figure 1A shows the sequences of the E. coli TorA and DmsA signal peptides 
that were used in this study. 
 
Similar importance of the double RR motif for recognition by the E. coli 
TatABC and the B. subtilis TatAdCd systems 

A particularly effective Tat export assay involves the use of a fusion protein comprising the 
signal peptide of E. coli TorA linked to green fluorescent protein (GFP). This TorA-GFP 
protein is exported efficiently by the E. coli TatABC and the B. subtilis TatAdCd systems. 
The B. subtilis TatAyCy translocase does not export the TorA or TorA-GFP fusion proteins 
(data not shown) and was therefore not included in this experiment. In control assays when 
the substrate is expressed in an E. coli tat null mutant, no periplasmic protein is detected 
(Barnett et al., 2008;Thomas et al., 2001). The protein is then found only in the cytoplasmic 
and membrane fractions. The importance of the twin-arginine consensus motif for 
recognition by the TatAdCd system was tested by substituting one or both arginine residues 
by lysine, and the results are shown in Figure 1B. The sequence of the TorA signal peptide 
is shown in Figure 1A, together with that of DmsA, which was also used in some 
experiments (see below). The sequence around the RR motif is SRRRFL in TorA, and 

The table shows the effect of mutating residues in Tat signal peptides, with emphasis on the RR motif, the 
preceding (-1) residue and the subsequent +2 residue. The residue(s) in question are shown underlined in the 
six-residue sequences. Examples shown in bold illustrate the effects observed on the export of the mutant
precursor by the E. coli TatABC, B. subtilis TatAdCd and B. subtilis TatAyCy systems studied here. Note that the 
levels of inhibition (mild-moderate, sereve, etc.) are, in a sense, artificial because different forms of export
assays were used in different studies. E.c., E. coli; Z.m., Z. mobilis; S.l., S. lividans; t.s., this study. 
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previous studies on the TorA signal peptide have shown that the first two arginine residues 
(underlined) form the RR motif (DeLisa et al., 2002). However, we also tested whether the 
positioning of the RR motif is important for recognition by the B. subtilis TatAdCd system 
by substituting the third arginine in some constructs (below). Expression of the wild type 
(non-mutated) TorA-GFP construct is illustrated in the panel denoted TorA-RRR wt in 
Figure 1B, and the data show that a significant proportion of mature-size GFP is found in 
the periplasm (lane P), indicating successful export. Some protein is found in the membrane 
fraction, often running as a smear on immunoblots, and this has been observed previously 
(Barrett et al., 2003). Rapid induction of TorA-GFP often results in the accumulation of 
misfolded, inactive protein that binds to the membrane (lane M) and is slowly degraded 
(Barrett et al., 2003). We routinely observed smaller GFP polypeptides, often of near 
mature size, in the cytoplasm (C). This is due to proteolytic degradation of the precursor 

Figure 1  Substitution of the twin arginine motif by twin lysine blocks TorA-GFP export by the B. 
subtilis TatAdCd system but single lysine mutations are tolerated. A] The sequence of the 
TorA signal peptide, together with that of DmsA, which is used in later experiments. B] TorA-GFP 
was expressed for 3 h in an E. coli tat null mutant strain that constitutively expresses B. subtilis
tatAdCd from a separate plasmid. The TorA-RRR wt panel shows export of the non-mutated 
precursor (which contains an intact RR motif plus subsequent +1 arginine residue). The export of 
constructs containing mutated signal peptides with one or more of the arginine residues 
substituted by lysine is indicated. Membrane (M), cytoplasm (C) and periplasm (P) samples were
prepared and analysed by immunoblotting using anti-GFP antibodies. The mobilities of mature-
size GFP and the precursor form (Pre) are indicated. 
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protein, which appears to be unavoidable with this substrate; this has been noted with 
TorA-GFP (Barrett et al., 2003). The extent of proteolysis differs widely between 
experiments for unknown reasons. The important point is that the fractionation procedure is 
effective.  
The effects of mutating one of the RR motif arginine residues are shown in the TorA-KRR 
and RKR panels. Neither of the single lysine substitutions affects export efficiency by 
TatAdCd significantly, and mature-size GFP is clearly present in the periplasm. However, 
substitution of both arginine residues (TorA-KKR panel) leads to a complete block in 
export. Clearly, substrate recognition and/or -translocation is dependent on the presence of 
at least one arginine in this motif. We are unable to determine whether substitution of a 
single arginine causes a significant reduction in export kinetics, because the assay is 
insufficiently quantitative in terms of export rates. Nevertheless, the cells are fractionated 
after induction of TorA-GFP synthesis for only 3 hours and major effects on export 
efficiencies would be detected under these conditions. The TorA signal peptide contains the 
sequence SRRRFL, and a combination of mutagenesis and bioinformatic studies has shown 
that the consensus sequence for bacterial Tat signals is SRRxFL, with the +2 Phe and +3 
Leu highly prevalent, although not essential for translocation (Stanley et al., 2000;Berks, 
1996). The TorA signal peptide thus conforms closely to a consensus Tat signal but in this 
case the +1 x residue following the twin-arginine motif is another arginine. This enabled us 
to test whether the twin-arginine motif has to be positioned precisely, relative to other 
determinants, in order to be recognised by this Gram-positive Tat system. Accordingly, we 
expressed a TorA-GFP mutant containing KKR in place of RRR, on the basis that the twin-
arginine motif would be completely altered but the presence of the +1 arginine provides a 
KR motif. This KR motif would be shifted by one residue (towards the C terminus) 
compared to the KRR mutant, which is exported efficiently. An export assay with this KKR 
mutant is shown in Figure 1B. The mutant is not exported to any detectable extent, 
demonstrating that the context of the RR motif is critically important. Previous studies have 
analysed the transport of similar TorA-GFP mutants by the E. coli Tat system and the 
effects of the single/double lysine substitutions are similar to the effects shown here on 
export by TatAdCd (DeLisa et al., 2002). We analysed the export efficiency of the above 
mutants by E. coli TatABC to compare the export requirements of this B. subtilis system 
with the well-characterised E. coli system under similar conditions and our data effectively 
confirmed the data reported by DeLisa et al. (2002). The single arginine mutants are 
exported with wild type, or near wild type efficiency, while the twin-lysine mutant is not 
exported to any detectable extent (data not shown).  
 
The +2 phenylalanine in the TorA signal peptide is not required for targeting 
by the TatAdCd or TatABC systems 

Phenylalanine is very commonly found in bacterial Tat signals at the +2 position (Stanley et 
al., 2000;Berks, 1996) and we tested whether this residue is important for transport by the 
TatAdCd system. This residue in TorA-GFP (Phe14) was substituted by a variety of 
residues and the data are shown in Figure 2. The results show that the F14A and F14S 
mutants are exported with efficiencies that resemble those obtained with the wild type 
construct. However, an F14R mutant is exported with a much lower level of efficiency and 
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substitution of Phe14 with aspartate (F14D) blocks export completely. Clearly, 
phenylalanine is not a strict requirement at this position and removal of the hydrophobic 
side chain in this signal peptide does not have a serious effect. However, an acidic side 
chain at this position cannot be tolerated by the TatAdCd system. Unlike the RR motif 
mutations, these TorA-GFP mutations have not been characterised in terms of their effects 
on export by the E. coli Tat system, so we studied their export using the same general 
expression system, with the substrates again expressed from the arabinose-inducible 
pBAD24 plasmid and the translocase (E. coli tatABC operon) expressed using the pEXT22 
vector. The data (lower panel of Figure 2) show that the mutants have similar effects on 
export by the E. coli system: the F14A and F14S mutants are exported with efficiencies that 
closely resemble those of non-mutated TorA-GFP, the F14R mutant is exported with a 
much lower level of efficiency and the F14D mutant is not exported at all. The +3 Leu in 
the TorA signal peptide was not studied in such detail, but we made one substitution in 
which it was replaced by Ala. The data (Figure 2B) show that the mutation has no 
detectable effect on export efficiency, and the protein is exported to a similar extent in cells 
expressing either TatAdCd or E. coli TatABC. A particularly hydrophobic residue is thus 
not a requirement at this position in the TorA signal peptide. 
 

Figure 2  Effects of mutating the +2/+3 hydrophobic residues in the TorA signal peptide. The basic 
experiment was as shown in Figure 1, with mutated TorA-GFP constructs expressed in E. coli 
tat null cells containing B. subtilis TatAdCd or E. coli TatABC as indicated. A] The effects of 
mutating the +2 phenylalanine to arginine, aspartate, serine or alanine. B] The effects of 
mutating the +3 leucine to alanine. Other symbols are as in Figure 1. 
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TatAyCy is active in E. coli and able to recognise three different E. coli Tat 
signal peptides 

The TatAyCy translocase does not export the TorA signal peptide (data not shown) and to 
test targeting determinants for this translocase requires alternative substrates. The tatAyCy 
genes were overexpressed in an E. coli tat null (ΔtatABCDE) mutant on the pEXT22 
plasmid alongside one of three heterologous Tat substrates expressed on the compatible 
pBAD24 plasmid. The substrates comprised green fluorescent protein (GFP) fused to the 
Tat signal peptides of E. coli AmiA, MdoD, or DmsA. In addition, wild type E. coli 
(MC4100) cells expressing the substrate were used as a positive control for export and 
ΔtatABCDE cells were used as a negative control. Following expression from both 
plasmids, cells were fractionated into periplasm (P), cytoplasm (C), and membrane (M) 
fractions and analysed by immunoblotting with anti-GFP antibodies. Figure 3A shows that 
AmiA-GFP is exported by wild type (WT) cells, with mature-size GFP detected in the 
periplasmic fraction (P). No periplasmic band was observed in the tat null mutant strain as 
expected, but most of the AmiA-GFP is exported when either TatAyCy or TatAdCd is 
expressed in the tat null background, with strong mature-size GFP signals in the 
periplasmic samples. Indeed, export is more efficient than with wild type cells (where the 
periplasmic mature band is rather weak) but this may reflect the fact that the tatAdCd 
genes, or the tatAyCy genes, are overexpressed compared to wild type cells. This 

Figure 3  Production of B. subtilis 
TatAyCy and TatAdCd leads to 
export of AmiA-GFP, DmsA-GFP 
and MdoD-GFP in E. coli.
Constructs comprising the A]
AmiA, B] DmsA or C] MdoD signal 
peptide (SP) linked to GFP 
(TatSP-GFP) were expressed from 
the pBAD24 plasmid in wild type 
MC4100 cells, ΔtatABCDE cells 
(Δtat), and ΔtatABCDE cells 
expressing B. subtilis tatAyCy or 
tatAdCd (using the compatible 
pEXT22 plasmid). Cells were 
fractionated into periplasmic, 
cytoplasmic and membrane 
components (P, C, M) that were 
immunoblotted using specific anti-
GFP antibodies. Mobilities of the 
precursor forms and mature-size 
GFP are indicated (Pre, GFP).  
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demonstrates for the first time that TatAyCy is active in E. coli. The cytosolic fractions 
contain bands caused by proteolytic cleavage of the precursor protein as observed 
previously (it should also be noted that this assay is not quantitative and the amount of 
protein detected is variable). Essentially the same results were obtained with the two other 
substrates tested; DmsA-GFP export assays are shown in Figure 3B and MdoD-GFP assays 
are shown in Figure 3C. Both substrates are exported by wild type E. coli cells, and by cells 
overproducing TatAyCy and TatAdCd. MdoD-GFP, in particular, is an excellent substrate 
for these studies with the vast majority exported by both B. subtilis systems as well as by 
the TatABC system in wild-type E. coli cells. DmsA-GFP is exported more efficiently in 
wild type cells than in TatAdCd- or TatAyCy-producing cells, with a greater accumulation 
of precursor protein (Pre) evident in the latter cases. The precursor protein is mostly found 
in the membrane fraction, in agreement with earlier studies (Barrett et al., 2003) in which a 
Tat signal peptide-GFP fusion was found to accumulate strongly with the membrane if not 
exported (much of the membrane-bound GFP was incorrectly folded, suggesting a non-
specific interaction rather than a specific interaction with the translocon). Nevertheless, 
these cells clearly export DmsA-GFP with a clear periplasmic mature-size band apparent in 
both cases. No export of any substrate was observed in the tat null mutant strain, and most 
of the cytoplasmic protein is degraded as observed in a previous study involving the use of 
DmsA-GFP (Ray et al., 2003). This shows that the two B. subtilis Tat systems recognise all 
three Tat signal peptides, despite exhibiting markedly different substrate specificities in B. 
subtilis. 
 
 
Critical importance of the +2 Leu in the DmsA signal peptide 

Most of our mutagenesis studies were carried out on the TorA-GFP substrate, but we 
considered it important to analyse other signal peptides in case the important determinants 
vary between different signal peptides. The above data indicate that the twin-arginine is not 
the only key determinant in Tat signal peptides, since the presence of a KR motif is 
insufficient to support translocation when it is shifted by only a single residue. Previous 
studies on thylakoid signal peptides showed that translocation by the thylakoid Tat system 
is dependent on the presence of a highly hydrophobic residue at either the +2 or +3 
positions after the RR motif, and we initially focused attention on this region (Brink et al., 
1998). We chose the DmsA signal peptide, in this case fused to YFP, because this signal 
peptide does not contain the FL consensus motif and instead has the sequence SRRGLV. 
The +2 Leu (Leu19) was substituted by several different residues and surprising results 
were obtained, as shown in Figure 4. The top panel contains data obtained with cells 
producing TatAdCd. In control tests with the non-mutated DmsA-YFP construct (DmsA-
WT panel) the protein is exported by TatAdCd and processed to the mature size, 
confirming that the TatAdCd system recognises the DmsA signal peptide as well as the 
TorA signal. As with the TorA-GFP substrate, export is incomplete and some protein is 
present in the cytoplasm and membrane fractions. Substitution of the +2 leucine (Leu19) by 
aspartate (DmsA-L19D) causes a block in export and no periplasmic protein is evident. 
This result is unsurprising, since a similar mutation at the corresponding position in TorA-
GFP (F14D) had this effect. More interestingly, the L19A mutant is not exported to any 
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detectable extent either, indicating clearly that this mutation profoundly affects the export-
competence of this precursor protein. Also surprising is the finding that substitution by Phe 
(L19F panel) again causes a substantial inhibition of import. This mutant is exported very 
inefficiently indeed, despite the prevalence of Phe at this position in other Tat signal 
peptides. These data confirm the extreme importance of this region and suggest that 
different substitutions can have markedly differing effects depending on the composition of 
the surrounding sequence. To determine if the mutations had the same effect on 
translocation by the TatAyCy translocase, we tested the ability of TatAyCy to export a 
DmsA-GFP fusion protein containing the same mutations within the signal peptide (Figure 
4, middle panel). The data show that the non-mutated DmsA-GFP construct (WT) is 
exported in these cells and processed to the mature size in the periplasm (P). A considerable 
amount of mature-size protein is also found in the cytoplasm (C), due to non-specific 
proteolysis of the signal peptide. In results similar to those obtained with TatAdCd, we find 

Figure 4  Substitutions of the +2 leucine in the DmsA signal peptide have a dramatic effect on
export. A DmsA-YFP construct was expressed using the pBAD24 plasmid in ΔtatABCDE cells 
containing TatAdCd (upper panel), TatAyCy (middle panel) or E. coli TatABC (lower panel). The 
figure shows data from cells expressing the non-mutated precursor (DmsA-WT) and mutants 
containing aspartate, alanine or phenylalanine substitutions in place of Leu19. Mobilities of the 
precursor forms and mature size GFP are indicated (Pre, GFP). 
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that the L19A and L19D mutations result in a complete block in export while the L19F 
mutant allows a low but detectable level of translocation to occur (indicated by the presence 
of mature-size GFP in the periplasmic sample lane). The same mutants were tested for 
export by E. coli TatABC (Figure 4, lower panel) and very similar data were obtained. The 
L19D is not exported at all, and the L19F mutant is exported very inefficiently. A minor 
difference is that very low level export of L19A is observed (whereas no export of this 
mutant was detected with TatAdCd and TatAyCy-producing cells) but the export efficiency 
is very low indeed and this mutation almost blocks export. Clearly, this +2 residue plays a 
prominent role in recognition of the DmsA signal peptide by either the E. coli or the B. 
subtilis Tat systems. 
 
Importance of the -1 serine residue 

As noted previously, the −1 residue directly preceding the RR motif is usually hydrophilic, 
and one that favours the capping at the N termini of helices, such as serine, threonine, 
aspartate or asparagine (Stanley et al., 2000). However, replacement of the −1 serine with 
alanine (which does not have this capping propensity) did not affect export kinetics of the 
SufI precursor in the study reported by Stanley et al. (2000). Replacement with cysteine did 

Figure 5  The −1 serine residue is an important targeting determinant in both the DmsA and TorA
signal peptides. Cells were fractionated into membrane (M), periplasm (P) and cytoplasm (C) 
samples as in previous figures; the mobilities of the precursor  forms of GFP/YFP are indicated
(Pre) as are the mature proteins (XFP). A] The serine residue immediately preceding the twin
arginine motif in the DmsA signal peptide (Ser15) and that of TorA (Ser10) was substituted by
alanine in the DmsA-YFP and TorA-GFP fusion proteins. Both were expressed in ΔtatABCDE
cells producing TatAdCd or E. coli TatABC. B] Control assays were carried out using the wild 
type constructs in the same strains.  
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cause a marked inhibition of export, suggesting that a more hydrophobic side chain is 
detrimental at this position (Stanley et al., 2000). We studied the importance of the −1 
serine in both the TorA and DmsA signal peptides by substituting them with alanine, and 
the data are shown in Figure 5A. Surprisingly, in view of the above SufI data, both 
mutations drastically inhibit export by the TatAdCd system, with only a very small 
proportion of the protein exported. Similarly, export of the SufI S15A mutant decreased 
significantly in cells expressing the TatAyCy system. Figure 5B shows the two non-
mutated substrates expressed in TatAdCd, TatAyCy or TatABC-producing cells, where a 
clear majority of the substrate is exported. The inhibition is even more pronounced when 
either of the −1 serine mutants is expressed in TatABC cells, to the extent that export is 
inhibited almost completely. These data provide firm evidence that the identity of the −1 
side chain can be very important for translocation, and suggest a vital role for a hydrophilic 
side chain at this position within these signal peptides. In view of the surprising findings 
with some of the mutated signal peptides, it was considered important to determine whether 
the observed export is mediated solely by the Tat pathway. We analysed all of the 
transport-competent mutants in a ΔtatABCDE strain to address this question directly. The 
data (Figure 6) show that export is blocked in every case, confirming that any observed 
export can be attributed to the Tat pathway. This is probably not surprising, since there are 
indications that the Sec pathway has difficulty transporting GFP (Thomas et al., 2001) but 
it is nevertheless useful to confirm this point experimentally. 

Bioimaging of Tat-dependent export 
While fractionation and immunoblotting are effective means of assaying for Tat-dependent 
protein export, the use of GFP as a passenger protein provides an alternative means of  

Figure 6  The mutated precursor proteins are exported exclusively by the Tat pathway.
Translocation-competent TorA-GFP mutants (upper panel) together with DmsA-YFP and several 
of the mutated forms (indicated) were expressed in ΔtatABCDE cells to test whether they can be 
translocated by the alternative Sec pathway. After expression of precursors for 3 h, cells were
fractionated into membrane (M), cytoplasm (C) and periplasm (P) samples as in previous figures. 
The mobility of the precursor and mature forms of the substrates is indicated.  
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Figure 7  Confocal microscopy of cells producing TatAdCd together with DmsA-YFP or TorA-GFP 
mutants. Confocal images of ΔtatABCDE cells expressing tatAdCd together with non-mutated
forms of TorA-GFP or DmsA-YFP (denoted WT) or four versions containing the indicated
mutations. The scale bar represents 1 μm.  
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studying the export process. Earlier, we used confocal microscopy to demonstrate Tat-
mediated export of TorA-GFP to the periplasm (Thomas et al., 2001), and we used this 
approach with the mutants described above. Apart from the desirability of applying an 
alternative assay for this protein transport process, live cell imaging allows us to identify 
any anomalies that may arise during the expression of these GFP constructs. As an 
example, we found that expression of GFP-tagged Tat components sometimes leads to the 
appearance of punctate aggregates that are probably unphysiological (Ray et al., 2005). 
Figure 7 shows images of cells producing TatAdCd together with TorA-GFP or DmsA-
YFP. The non-mutated wild type (WT) fusion proteins are visible as halos of fluorescence 
around the cells, consistent with their demonstrated location within the periplasm. Some 
cells appear brighter than others, with less well-defined halos, and this is due to the 
arabinose-inducible pBAD promoter used in this study. We and others have found that 
individual cells become induced at different times, and to different extents, once arabinose 
is added to the medium. The remaining images show cells producing TatAdCd together 
with the mutated precursors, and the data generally agree well with the fractionation data. 
For example, the above data show that all of the DmsA-YFP and DmsA-GFP mutations are 
severely affected in export (Figures 4 and 5) and the images likewise show no evidence of 
halos, with the XFP fluorescence distributed evenly in the cytoplasm. Among the TorA-
GFP mutants, TorA-L15A, TorA-F14A and TorA-F14S exhibit clear halo patterns, whereas 
others (TorA-F14R, TorA-F14D and TorA-S10A) show evenly distributed fluorescence. 
These data are consistent with the fractionation data that showed the former to be exported 
whereas the latter group is not. 
 
Characterisation of separate TatAyCy and TatAy complexes formed during 
overexpression of the tatAyCy genes 

Our recently published studies concerning the B subtilis TatAdCd translocase organisation 
showed separate TatAdCd and TatAd complexes that are very different from their E. coli 
counterparts. To understand Gram-positive Tat systems in a more general sense and 
simultaneously probe the basis for the observed substrate specificities of TatAdCd and 
TatAyCy in B. subtilis, we analysed the TatAyCy system not only in terms of substrate 
specificity, but also in terms of complex-organisation. A key aim was to probe the 
mechanism of the TatAyCy system in the light of suggestions that Gram-positive Tat 
systems may operate in a fundamentally different manner to those of Gram-negative 
organisms.  
 
To study the TatAyCy translocase complexes, E. coli ΔtatABCDE cells expressing 
tatAyCy-strep (with a Strep-II tag fused to the C terminus of TatCy) from the plasmid 
pBAyCys were fractionated and membranes were isolated. Total membranes were 
solubilised in 2% digitonin and subjected to streptactin affinity chromatography as 
described in the Materials and methods section. All column fractions were immunoblotted 
using antibodies against the Strep-II tag on TatCy, and against TatAy (Figure 8, top panel). 
Using the anti-Strep antibody, a proportion of TatCy-strep was detectable in the column 
wash fractions, but most of the protein bound to the column. The TatCy-strep was then 
specifically eluted from the column across elution fractions 2-5 with a clear peak in fraction 
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3. A corresponding band was present in the same peak elution fraction in the TatAy 
immunoblot, indicating the presence of a TatAyCy complex. The vast majority of the 
TatAy protein did not bind the column and was detected in the first few column wash 
fractions, indicating the presence of a separate TatAy complex. 
To confirm the association of TatAy and TatCy in a complex, the peak fractions from the 
first column were pooled and run on a second streptactin column (Figure 8, lower panel). 
The column was washed and eluted in the same manner and the data show that the majority 
of both subunits co-elute in the elution fractions. This confirms the presence of a TatAyCy 
complex. In summary, the combined data clearly point to the presence of separate TatAyCy 
and TatAy complexes, and the key point is that this two-complex organisation is a common 
feature of all Tat systems analysed in this way to date (Barnett et al., 2008;Oates et al., 
2005). 

Gel filtration chromatography reveals a TatAyCy complex of ~200 kDa 
Apart from the absence of a TatB component, the earlier study on the TatAdCd system 
revealed a major difference from the E. coli TatABC system in that TatAd is present as a 
small, highly homogeneous complex (Barnett et al., 2008). The corresponding E. coli TatA 

Figure 8  Separation of distinct TatAyCy membrane-bound complexes. Membranes were prepared 
from ΔtatABCDE cells producing B. subtilis TatAyCy (from plasmid pBAyCys), solubilised in 
digitonin and applied directly to a Streptactin affinity column as described in the Materials and 
methods section. All column fractions were immunoblotted using antibodies against the Strep-II 
tag on TatCy and to TatAy. Peak TatCy- and TatAy-containing fractions in the elution series (E2-4) 
were pooled and re-run on a second column, which was processed in an identical manner. Whole 
membranes (M), column flow through (FT), wash fractions (W1-10), and elution fractions (E1-6) 
are all indicated. Mobility of TatCy-strep and TatAy are indicated on the right. Molecular weight
markers are indicated on the left. 
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complex is remarkably heterogeneous, with an average size far greater than the TatAd 
complex. This raises the possibility that the TatAd complex is atypical, with its restricted 
size distribution perhaps related to the narrow substrate specificity. To characterise a 
second Gram-positive Tat system in this respect, we examined the size and characteristics 
of both the TatAyCy and TatAy complexes. 
For analysis of the isolated TatAyCy complex, the peak elution fractions from the 
streptactin column (see above) were pooled, concentrated and applied to a calibrated 
Superose-6 gel filtration column. All column elution fractions were immunoblotted using 
antibodies against the Strep-II tag on TatCy or against TatAy (Figure 9A). The 
immunoblots show TatCy to elute in fractions 20-28 with a peak in fraction 25. A small 
amount of TatAy co-elutes with TatCy, confirming that these two components are present 
as a stable complex. Only a very small proportion of the TatAy protein present in the 
plasma membrane is found in this complex as shown above using affinity chromatography. 

This is reflected by the weakness of the band that is detectable in the TatAy immunoblot. 
The peak elution fractions were analysed by densitometry and band intensity was plotted 
against fraction number (Figure 9B). The data show that the complex is eluting as a 
relatively tight peak (suggesting that TatAyCy is rather homogeneous) and calibration of 
the column shows the complex to be ~200 kDa in size, significantly smaller than the E. coli 
TatABC complex (600 kDa by gel filtration chromatography (Oates et al., 2003)) and also 
smaller than the TatAdCd complex (350 kDa by gel filtration chromatography (Barnett et 
al., 2008)). These size estimates are influenced by the size of the detergent micelle and the 
true sizes of the protein complexes are likely to be smaller.  

Figure 9  Purified TatAyCy is a discrete 
200kDa complex. A] Affinity-purified 
TatAyCy-strep was applied to a 
Superose-6 gel filtration column as 
described in the Materials and methods 
section. Peak elution fractions (19-31) 
were immunoblotted using antibodies 
against the Strep-II tag on TatCy and to 
TatAy. Mobility of TatCy-strep and 
TatAy are shown on the right. Molecular 
weight markers (in kDa) are indicated 
on the left. B] The TatCy immunoblot 
was analysed by densitometry and 
intensities of bands plotted against 
fraction number. The column was 
calibrated using a set of protein 
standards of known molecular weight, 
namely thyroglobin (669 kDa), ferritin 
(440 kDa), ovalbumin (43 kDa), and 
ribonuclease A (13.7kDa). 
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Membrane-bound TatAy complex is small and homogeneous (~200 kDa) 
whereas cytosolic TatAy forms large complexes or aggregates (~5 MDa) 

The TatAy complex was analysed in a similar manner, but in this case we studied the 
complex after isolation from both the membrane and cytosol fractions. Recent work on the 
TatAdCd pathway of B. subtilis has shown that TatAd is in the cytosol as well as the 
plasma membrane, and the cytosolic form has been proposed to act as the initial receptor 
for substrate (Pop et al., 2003). We first sought to determine whether TatAy also displays 
this dual localisation when expressed in E. coli. For this purpose, we introduced plasmid 
pBAyCys in E. coli ΔtatABCDE cells after which cytosolic (C) and membrane (M) samples 
were analysed using specific TatAy antibodies (Figure 10A). The data show that TatAy is 
indeed present in both membrane and cytosolic fractions. We also analysed the size and 
homogeneity of the cytosolic and membrane-associated TatAy complexes, using the 

Figure 10  TatAy forms a ~200 kDa complex 
within the plasma membrane and 
large aggregates within the cytosol. 
Molecular weight markers are indicated 
on the left. Mobility of TatAy is shown on 
the right. A] Membrane (M) and cytosolic 
(C) fractions of E. coli ΔtatABCDE cells 
overproducing TatAyCy-strep were 
immunoblotted with anti-TatAy 
antibodies. B] The cytosolic fraction of E. 
coli ΔtatABCDE cells overproducing
TatAyCy-strep was applied directly to a 
superose-6 HR gel filtration column in the 
absence of detergent and peak elution 
fractions (1-15) were immunoblotted with 
anti-TatAy antibodies. A slower running 
band in lanes corresponding to the TatAy 
elution is indicated with an asterisk. C]
Streptactin column flowthrough and wash 
fractions containing free TatAy 
complexes isolated from membranes 
from TatAyCy-strep overproducing cells 
were subjected to gel filtration chroma-
tography and peak elution fractions (18-
33) were immunoblotted with anti-TatAy 
antibodies. D] Immunoblots of all elution 
fractions of membrane-localised open 
squares) and cytosolic TatAy (filled 
squares) were analysed by densitometry. 
Intensities of the bands were plotted 
against fraction number. The column was 
calibrated using standards of known 
molecular weight as detailed in Figure 9.  
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Superose-6 column as above. This column has a separation range of 5 kDa to 5 MDa. We 
found that cytosolic TatAy eluted over fractions 8-12 with a peak in fraction 10 (Figure 
10B), which equates to a size of ~10 MDa as determined from the calibration curve 
prepared using the markers detailed in Figure 10. This value is above the theoretical 
maximum size range given for this column, which prevents us from making an accurate 
determination of the complex size. Nevertheless, the data demonstrate that the cytosolic 
TatAy complex is ca. 5 MDa in size (or larger). It is therefore likely that the cytosolic 
TatAy is forming large complexes or aggregates in the same way as cytosolic TatAd has 
been found to do previously (Barnett et al., 2008). A slower migrating band is also present 
in the immunoblot that follows the elution pattern of monomeric TatAy (indicated with *). 
This band may represent a dimer or trimer of cytosolic TatAy.  
 
In contrast, membrane-localised TatAy eluted across fractions 20-30 with a peak in fraction 
25 (Figure 9C), corresponding to a size of ~200 kDa. Finally, immunoblots were analysed 
by densitometry and the intensity of the bands was plotted against the fraction number, with 
cytosolic TatAy indicated by filled squares and membrane-bound TatAy by open squares 
(Figure 10D). The data confirm that the membrane-bound TatAy complex is much smaller 
than the cytosolic TatAy complex; it is also far more homogeneous when compared with E. 
coli TatA complexes that were isolated and run under exactly the same conditions (Gohlke 
et al., 2005;Oates et al., 2005).  
 
 

Discussion 

Previous studies have shown that the E. coli and plant systems recognise broadly similar 
signal peptides, but the two types of system do differ in terms of both signal peptide 
composition and the importance of the targeting determinants (Li et al., 2006;DeLisa et al., 
2002;Thomas et al., 2001;Stanley et al., 2000;Henry et al., 1997;Berks, 1996;Chaddock et 
al., 1995). Bacterial signal peptides contain the consensus signal sequence SRRxFLK in 
which the twin arginines are almost invariant, the +2 phenylalanine is very common 
(present in the majority of bacterial Tat signals) and the +3 lysine is also favoured. Plant 
Tat signals contain the twin-arginine motif but the FLK residues are rarely, if ever found. 
As discussed above, the two systems also display differing tolerances to mutations within 
the twin-arginine motif. In this study we have sought to understand key basic aspects of Tat 
translocation signals recognised by a Tat system from the Gram-positive organism Bacillus 
subtilis. The absence of tatB genes from the majority of Gram-positive organisms clearly 
indicates that their Tat systems differ significantly from the E. coli/chloroplast model. In 
fact, other studies on B subtilis TatAdCd have suggested a radically different translocation 
model in which TatA, rather than TatBC, is the substrate-binding unit. Moreover, TatA is 
proposed to operate in the cytoplasm (Westermann et al., 2006;Pop et al., 2003). This 
model is fundamentally different from current models for the Tat operation in Gram-
negative bacteria and plant thylakoids. Irrespective of the actual translocation mechanism, 
however, it is of interest to characterise the Tat signal peptide recognition process with 
Gram-positive TatAC-type systems for the first time. 
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In general, our data indicate that the TatAdCd system recognises targeting determinants 
very similar to the previously characterised E. coli system. Clearly, the TatAdCd system is 
not predisposed to interact with only the PhoD signal peptide. Moreover, the mutagenesis 
studies strongly suggest that the signal peptide determinants shown to be recognised by 
TatABC and TatAdCd are equally important for productive interaction with the TatAyCy 
system; each signal peptide mutation has broadly similar effects on export by all three 
systems.  
 
Mutagenesis of the RR motif in TorA-GFP shows that this motif is important (as expected) 
but not essential for transport. The presence of twin-lysine leads to a complete block in 
export, but single lysine mutations (the KRR and RKR mutants) are exported with 
reasonable efficiency. It is likely that these mutations slow the rate of export, but the effects 
are insufficiently dramatic to be evident over the 3 hours of substrate induction used in this 
study. Overall, the results are reminiscent of those reported by Stanley et al. (2000), who 
observed similar effects on the E. coli TatABC system. However, the importance of the two 
arginine residues can vary, depending on the precursor and/or organism under study. Both 
arginine residues are for instance required for the export of NADP-containing glucose-
fructose oxidoreductase in Zymomonas mobilis (Halbig et al., 1999). In contrast, a twin-
lysine motif still supported low-level, but detectable export of xylanase in S. lividans (Li et 
al., 2006). It is also relevant to emphasise that in this discussion our definition of complete 
inhibition refers to an inability to detect export. It is likely that very low-level export is 
taking place with some of these “blocked” precursors, and indeed Kreuzenbeck et al. (2007) 
(using a highly sensitive growth assay) concluded that low-level export of a TorA-MalE 
construct with a twin-lysine motif must have taken place.  
 
Additional determinants clearly play a vital role in the functioning of a Tat signal peptide, 
with both the TatAdCd and E. coli TatABC systems. First, we observe a block in export 
when a KR motif is present but shifted towards the C terminus by a single residue (the 
KKR mutant shown in Figure 1). In one sense, a similar result was noted by Buchanan et 
al. (2001), who found that the full TorA protein cannot be exported when twin-lysine is 
present in place of twin-arginine (i.e. a KKR sequence is present). However, studies on the 
authentic TorA precursor are complicated by the involvement of the assembly chaperone 
TorD, which plays an important role in export. This may explain why Buchanan et al. 
found the second arginine of the RR motif to be critical for TorA export, while we observe 
that an identical RK mutation has little effect on the export of TorA-GFP.  
The most important points to emerge from this study are firstly, that the crucial “additional 
determinants” are located both before and after the RR motif. Secondly, their significance 
can vary, depending on the signal peptide under consideration. This is the case with both 
the Gram-positive and Gram-negative systems under study here. First, we show for the first 
time that the −1 serine can be a key determinant in its own right. A relatively conservative 
substitution of the −1 serine (by alanine) severely inhibits the export of TorA-GFP and 
DmsA-XFP by both the TatAdCd, TatAyCy and TatABC systems. Yet an identical 
mutation in the SufI signal peptide did not affect export, although a serine>cysteine 
mutation did. 
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The results of other studies have already pointed to the presence of important targeting 
information immediately after the RR motif, and altering the overall hydrophobicity can 
affect the export efficiency of Tat substrates in vivo (Ize et al., 2002). Our studies show that 
a single hydrophobic residue can have a key role in bacterial Tat signals. In thylakoid Tat 
signals, it is essential that either the +2 or +3 residue is a hydrophobic residue such as 
leucine, methionine or valine (Brink et al., 1998). In bacteria, phenylalanine is very much 
preferred at the +2 position. The Phe side chain is not essential for export of SufI, because a 
+2 leucine supports efficient export of this precursor, whereas a +2 alanine does not 
(Stanley et al., 2000). This previous work therefore suggested that hydrophobic residues are 
strongly preferred at the +2, and perhaps +3 position. Again, our data indicate that the 
importance of this determinant can vary between different signal peptides. Substitution of 
the +2 phenylalanine by alanine in the TorA signal peptide has no detectable effect (F14A 
mutant in Figure 2) and even serine is perfectly acceptable at this position (F14S export 
efficiency is equally high). There are, however, some constraints regarding the side chains 
that are permitted at this position; the F14D mutant is not exported and the F14R mutant is 
exported at very low levels.  
Previous studies on the S. lividans TatABC system also pointed to an important role for the 
+2 residue; substitution of the conserved Phe by a variety of residues resulted in xylanase 
export efficiencies that varied from 20–40% of the wild type levels (these effects are given 
in Table 1, where we have attempted to summarise our data and illustrate previously 
characterised effects of a variety of Tat signal peptide mutations in several other bacteria 
and precursor proteins). Our data obtained with the DmsA signal peptide provide the 
clearest evidence yet that a hydrophobic residue can be an absolute requirement at this 
position. This signal peptide has the sequence SRRGLV, and we have found that 
substitution of the +2 leucine by alanine leads to a complete block in export. Perhaps 
surprisingly, the subsequent (+3) valine residue is clearly unable to support any level of 
transport, despite being equally hydrophobic on most hydrophobicity scales. Again, we 
emphasise the variability of signal peptides; a +2 phenylalanine to alanine substitution in 
the TorA signal has no detectable effect, implying that a hydrophobic determinant is either 
not required or provided by the +3 leucine in this signal (SRRRFL). We conclude that Tat 
signal peptides contain at least three determinants that, individually, can assume huge 
importance for the translocation process: a hydrophilic −1 residue (typically serine, 
threonine, aspartate or asparagine), a conserved twin-arginine motif, in which at least one 
arginine is a requirement, and a subsequent hydrophobic determinant centered around the 
+2 residue and perhaps the +3 residue. These determinants appear equally important for 
export by the E. coli TatABC and B. subtilis TatAdCd and TatAyCy systems. 
 
Additionally, we have sought to study the TatAyCy complex of B. subtilis, to determine 
similarities and differences that may shed new light on the substrate specificity displayed 
by both Tat complexes in their host organism. In our previous work, gel filtration 
chromatography using the detergent digitonin gave a size estimate of ~600 kDa for E. coli 
TatABC (Oates et al., 2005) but just 350 kDa for TatAdCd (Barnett et al., 2008, Chapter 2 
of this thesis). In this study we show the TatAyCy complex to be even smaller with a size 
estimate of just 200 kDa. It thus appears that a clear difference may exist between the Tat 
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complexes of Gram-negative and Gram-positive bacteria in terms of the size of the TatC-
containing substrate-binding complex. Some of the difference may stem from the absence 
of a TatB component, but the complexes may well contain differing numbers of TatC 
containing domains and this important question merits further attention. 
 
The most notable characteristic of the TatAd complex is that it displays none of the 
heterogeneity found among E. coli TatA complexes (Gohlke et al., 2005;Oates et al., 2005). 
Here, we show that also the TatAy complex is both small and homogeneous with an 
estimated size (using gel filtration chromatography) of ~200 kDa, which is again even 
smaller than the TatAd complex (estimated to be ~270 kDa under the same conditions; ref 
(Barnett et al., 2008)). The key point is that the TatAy complex, like the TatAd complex, is 
relatively homogeneous. This provides the first indication of a major general difference 
between TatA complexes of Gram-positive and Gram-negative bacteria. In this context, it is 
interesting that the B. subtilis Tat systems are capable of transporting a variety of substrates 
with very different sizes. This finding suggests that there is no strict correlation between 
TatA heterogeneity and substrate sizes.  
 
A controversial aspect of studies into the TatAdCd system of B. subtilis was the 
identification of a soluble substrate-binding species of TatAd in the cytoplasm (Pop et al., 
2003). This led to the idea that the substrate first interacts with cytosolic TatAd before 
targeting to the membrane-localised TatCd component (Westermann et al., 2006). This 
would imply that completely different mechanisms might be operating in B. subtilis and E. 
coli. We recently found that the TatAdCd pathway was active in an E. coli background and 
able to translocate the E. coli Tat substrate TMAO reductase (TorA) (Barnett et al., 2008, 
Chapter 2 of this thesis). In E. coli, TorA has its own dedicated cytosolic chaperone TorD, 
which binds strongly to its signal peptide prior to its recognition by the membrane-localised 
TatABC substrate binding complex (Genest et al., 2006). The fact that TatAdCd can 
translocate TorA in E. coli suggested that in fact this Tat system is operating in a manner 
more closely resembling the E. coli model. We further found that cytosolic TatAd, present 
following overproduction of TatAdCd in E. coli, was forming large complexes or 
aggregates for which a possible role in the translocation process is difficult to assess 
unambiguously (Barnett et al., 2008). We therefore considered it important to test for the 
presence of cytosolic TatAy in the present study. We did indeed find that alongside its 
membrane localisation, TatAy was present as a soluble species in the cytosol. We also 
found that, like cytosolic TatAd, TatAy forms very large complexes or aggregates. The 
functional significance of this pool of cytosolic TatA is not clear. A recent study has found 
that E. coli TatA can also be found in the cytoplasm where it forms large homooligomeric 
complexes in tube-like structures (Berthelmann et al., 2008). The presence of large soluble 
TatA complexes in E. coli suggests that the Tat systems of Gram-positive and Gram-
negative bacteria may be more similar than previously thought. This fits well with our 
observation that the E. coli and B. subtilis Tat systems are capable of translocating a similar 
set of substrates, but makes the differences we observe between the membrane-localised 
Tat complexes of E. coli and B. subtilis all the more intriguing. However, the ability of E. 
coli to export such a range of substrates, when co-producing either the native Tat system or 
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either B. subtilis Tat system, provides a powerful tool to investigate both the structures and 
functions of the different Tat complexes. 
 
 

Materials and methods 

Bacterial strains, plasmids and growth conditions 
All strains and plasmids used are listed in Table 2. E. coli MC4100 was used as the parental strain and 
ΔtatABCDE has been described (Sargent et al., 1998). Arabinose-resistant derivatives were used as 
described (Bolhuis et al., 2001). E. coli was grown aerobically in Luria broth at 37 °C. Media were 
supplemented with (final concentrations) 0.5% (w/v) glycerol, 0.5% trimethylamine N-oxide 
(TMAO) and 1 μM ammonium molybdate. Media were supplemented with ampicillin (Ap) to a final 
concentration of 100 μg/ml, kanamycin (Km) to 50 μg / ml, arabinose to 0.5mM when required and 
IPTG to 5mM when required.  

Table 2  Plasmids and strains 

 

Plasmids Relevant properties Reference 

   
pBAD-ABC pBAD24 derivative containing the E. coli tatABC operon; Apr (Bolhuis et al., 2001)  
pBAdCds pBAD24 derivative containing the B. subtilis tatAdCd-strep 

operon; Apr  
(Barnett et al., 2008) 

pBAyCys pBAD24 derivative containing the B. subtilis tatAyCy-strep 
operon; Apr 

This study 

pBAD-DmsA-
GFP 

pBAD24 derivative containing DmsA-GFP; Apr (Ray et al., 2003) 

pJDT1 pBAD24 derivative containing TorA-GFP; Apr (Thomas et al., 2001) 

pBAD-AmiA-
GFP  

pBAD24 derivative containing AmiA-GFP; Apr This study 

pBAD-MdoD-
GFP  

pBAD24 derivative containing MdoD-GFP; Apr This study 

pEXT-AdCd pEXT22 derivative containing the B. subtilis tatAdCd operon; 
Kmr 

(Barnett et al., 2008) 

pEXT-AyCy pEXT22 derivative containing the B. subtilis tatAyCy operon; 
Kmr 

This study 

   

Strains Relevant properties Reference 
E. coli   
MC4100 F- lacU169 araD139 rpsL150 relA1 ptsF rbs flbB5301 (Casadaban and Cohen, 

1979)  
MC4100 
ΔtatABCDE 

tat deletion strain (Sargent et al., 1998)  

B. subtilis   
168 trpC2 (Kunst et al., 1997)  
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DNA techniques 
All cloning techniques and transformation of E. coli were performed as described (Sambrook et al., 
1989). All enzymes used were from Roche Molecular Biochemicals, or Fermentas Life Sciences. The 
polymerase chain reaction (PCR) was performed using Expand DNA polymerase (Roche). For 
arabinose inducible overproduction of the B. subtilis tatAyCy operon with a C-terminal Strep-II tag 
attached to the TatC component, plasmid pBAyCys was constructed as follows. The tatAyCy operon 
was amplified from B. subtilis 168 chromosomal DNA with primers RTEAyF (5’-CGC GTC TCG 
CAT GCC GAT CGG TCC TGG AAG CCT TGC TG-3’) and JJystrep02 (5’-ATA TTC TAG ATT 
ATT TTT CAA ACT GTG GGT GCG ACC AAT TCG ATT GCC CAG AAG ACA CGT CCC G-
3’). RTEAyF was designed as such that restriction of the generated tatAyCy-strep PCR-amplified 
fragment with dovetail enzyme Esp3I would create a NcoI overhang, to ensure direct cloning in the 
vector pBAD24. JJystrep02 was constructed as such that a C-terminal Strep-II tag (underlined) would 
be directly attached to tatCy during the PCR amplification. pBAyCys was constructed by ligating an 
Esp3I- and XbaI cleaved PCR-amplified fragment of tatAyCy into NcoI- and XbaI cleaved pBAD24. 
For IPTG-inducible overproduction of B. subtilis TatAyCy, tatAyCy-strep was cut out of pBAyCys 
with NheI and XbaI and ligated into XbaI-cut pEXT22 to construct pEXT-AyCy.  
For construction of pBAD-AmiA-GFP and MdoD-GFP the signal sequences for the two Tat 
substrates AmiA and MdoD were amplified by PCR from E. coli genomic DNA using the primers 
PCR_AmiA_EcoRI_for (GGC CGA ATT CAC CAT TAT GAG CAC TTT TA), and 
PCR_AmiA_EcoRI_rev (GGC CGA ATT CGC TGT GTC CGT TGC TGG TT) for AmiA, and 
PCR_MdoD_EcoRI_for (GGC CGA ATT CAC CAT TAT GGA TCG TAG AC) and 
PCR_MdoD_EcoRI rev (GGC CCA ATT CGT CAA AAC GCT GGG TTT GC) for MdoD. The PCR 
products were cut with EcoRI and then gel-purified. The expression vector pBAD24 containing 
dmsA-GFP was cut with EcoRI to release the DmsA signal sequence and then dephosphorylated after 
which the two PCR products amiA and mdoD were ligated into the vector (T4 Ligase NEBiolabs). 
The orientation of the two inserts was confirmed by sequencing. 

Mutagenesis of TorA-GFP and DmsA-YFP 
The pJDT1 plasmid encoding TorA-GFP was used as a template for Quikchange® Site-directed 
Mutagenesis (Thomas et al., 2001). To construct pBAD-DmsA-YFP, the following substitutions were 
made to pBAD-DmsA-GFP (Ray et al., 2003) using Quikchange site-directed mutagenesis (Qiagen): 
V118L (, D222G, T252Y, and H280L. Primers used for Quikchange® site-directed mutagenesis of 
TorA-GFP and DmsA-YFP are listed in Table 3. 

SDS-PAGE and Western blotting  
E. coli cells were fractionated as described (Bolhuis et al., 2001), and proteins were separated by 
SDS-PAGE and immunoblotted using specific antibodies to TatAd (kindly provided by J. Müller or 
specific antibodies to TatAy and donkey anti-rabbit IgG horse radish peroxidase (HRP) conjugate. 
The Strep-tag II on TatCd and TatCy was detected directly using a streptactin-HRP conjugate (Institut 
fur Bioanalytik). SufI, a Tat-dependent substrate of E. coli, was detected using specific antibodies 
(kindly provided by T. Palmer). GFP was detected using a specific anti-GFP antibody (Promega) 
followed by goat anti-rabbit IgG horse radish peroxidase (HRP) conjugate. An ECL detection kit 
(Amersham Pharmacia Biotech) was used to detect the proteins. 

TMAO reductase activity and Tat pre-GFP assays 
TMAO reductase activity assay was performed as described previously (Bolhuis et al., 2001;Silvestro 
et al., 1989). E. coli cells were grown anaerobically until mid-exponential growth phase prior to 
fractionation into periplasmic, cytoplasmic, and membrane fractions. Cell fractions were loaded and 
separated on a 10% native polyacrylamide gel that was subsequently assayed for TMAO reductase 
activity as described previously. Pre-GFP export assays: a construct comprising either the TorA 
(Thomas et al., 2001), DmsA (Ray et al., 2003), MdoD, or AmiA signal peptide linked to green 
fluorescent protein (GFP) was expressed using the pBAD24 plasmid as described above. For these 
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experiments, tatAyCy or tatAdCd were expressed from the compatible pEXT22 vector. Following 
expression from both plasmids, cell fractions were prepared as described above and immunoblotted 
using anti-GFP antibodies (Living Colors). 
 
Table 3  Mutagenesis primers used in this study. Mutations are shown in bold. 

Microscopy 
Images were recorded with a Leica DMRE microscope equipped with a Leica TCS SP2 confocal unit 
and an argon laser. The 488nm laser line was selected and images were recorded with a 
photomultiplier using the Leica confocal software. Samples were analysed with a 63× magnification 
oil-immersion objective (numerical aperture 1.4; Leica). The image size is 512×512 pixels and 
images were averaged from four successive scans.  

Production and purification of the TatAyCy complex and TatAy complex  
E. coli ΔtatABCDE cells containing plasmid pBAyCys were grown aerobically to mid-exponential 
phase with induction of tatAyCy on plasmid pBAyCys using 0.5 mM arabinose. Cells were 
fractionated into membrane and cytosolic components as described previously, and the membranes 
were solubilised in 2% digitonin (Bolhuis et al., 2001). Solubilised membranes were incubated with 2 
μg/ml avidin to block any biotin-containing proteins before application to an equilibrated 4 ml 
Streptactin affinity column (Institut fur Bioanalytik). The column was washed with 10 column 
volumes of equilibration buffer containing Tris-HCl pH 8.0, 2% glycerol, 150 mM NaCl, and 0.1% 
digitonin. Bound protein was eluted from the column in 6 x 2.0 ml fractions using the same buffer as 
above but containing 3 mM desthiobiotin (Sigma). Elution fractions were pooled and diluted 50-fold 

Signal peptide Primer 
  

WT-TorA-SRRRFLA  

TorA-SRRRSLA F-TorAF14S     CATCACGTCGGCGTTCTCTGGCACAACTC 
R-TorAF14S     GAGTGGTGCCAGAGAACGCCGACGTGATG 

TorA-SRRRRLA F-TorAF14R     CATCACGTCGGCGTCGTCTGGCACAACTC 
R-TorAF14R     AGATTGTGCCAGACGACGCCGACGTGATG 

TorA-SRRRDLA F-TorAF14D     CATCACGTCGGCGTGATCTGGCACAACTC 
R-TorAF14D     GAGTTGTGCCAGATCACGCCGACGTGATG 

TorA-SRRRALA F-TorAF14A     CATCACGTCGGCGTGCTCTGGCACAACTC 
R-TorAF14A     GAGTTGTGCCAGAGCACGCCGACGTGATG 

TorA-ARRRFLA F-TorAF14A      CTCTTTCAGGCAGCACGTCGGCGTTTTC 
R-TorAF14A      GAAAACGCCGACGTGCTGCCTGAAAGAG 

TorA-SRRRFAA F-TorAL15A      CGTCGGCGTTTTGCGGCACAACTCGGC 
R-TorAL15A     GCCGAGTTGTGCCGCAAAACGCCGACG 

WT-DmsA-SRRGLV  

DmsA-SRRGFV F-DmsAL19F    GTGAGTCGCCGTGGTTTTGTAAAAACGACAG 
R-DmsaL19F    CTGTCGTTTTTACAAAACCACGGCGACTCAC 

DmsA-SRRGDV F-DmsAL19D    GTGAGTCGCCGTGGTGACGTAAAAACGACAGCGATC 
R-DmsAL19D    GATCGCTGTCGTTTTTACGTCACCACGGCGACTCAC 

DmsA-SRRGAV F-DmsAL19A    GAGTCGCCGTGGTGCGGTAAAAACGACAG 
R-DmsAL19A    CTGTCGTTTTTACCGCACCACGGCGACTC 

DmsA-ARRGLV F-DmsAS15A     GGCTGCTGAGGTGGCTCGCCGTGGTTTGG 
R-DmsAS15A     CCAAACCACGGCGAGCCACCTCAGCAGCC 
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in equilibration buffer to reduce the concentration of desthiobiotin in the eluted samples before 
application to a second 4 ml Streptactin affinity column. This time the column was washed with 5 
column volumes of equilibration buffer and eluted in 6 x 2.0ml fractions using the elution buffer 
described above. For gel filtration experiments affinity-purified TatAyCy was concentrated to 250 μl 
using Vivaspin-4 centrifugal concentrators (molecular weight cut off 10,000; Vivascience). The 
concentrated sample was loaded onto a Superose-6HR gel filtration column (Amersham Biosciences) 
and was eluted with the equilibration buffer described above (Bolhuis et al., 2001).  
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Relaxed specificity of the Bacillus subtilis TatAdCd 
translocase in Tat-dependent protein secretion 

Protein translocation via the Twin-arginine translocation (Tat) pathway is 
characterised by the translocation of prefolded proteins across the hydrophobic lipid 
bilayer of the membrane. In Bacillus subtilis, two different Tat translocases are 
involved in this process and both display a different substrate specificity; PhoD is 
secreted via TatAdCd, whereas YwbN is secreted via TatAyCy. It was previously 
assumed that both TatAy and TatCy are essential for the translocation of pre-YwbN. 
Through complementation studies we now show that TatAy can be functionally 
replaced by TatAd when the latter is offered to the cells in excess amounts. Moreover, 
under conditions of overproduction TatAdCd, in contrast to TatAyCy, shows an 
increased tolerance towards the acceptance of various Tat-dependent proteins.  
 
 

Introduction 

Translocation of proteins across hydrophobic membranes of cells is an essential mode of 
survival for all organisms. Several mechanisms have evolved to ensure this transport. 
Among these mechanisms, the Twin-arginine translocation (Tat) pathway has been shown 
to be capable of translocating fully folded proteins across the membrane. Proteins that 
depend on this translocase for their secretion are characterised by an R/K-R-X-φ-φ motif in 
their signal peptide, in which φ represents a hydrophobic residue. Protein translocation via 
this pathway has been extensively studied in mainly thylakoids of plants and the Gram-
negative bacterium Escherichia coli (Lee et al., 2006a;reviewed in Robinson and Bolhuis, 
2004;Berks et al., 2003). Details on the unique mechanism of activity of the Tat pathway 
remain to be elucidated, although several working models have been proposed that assist in 
the understanding of this complex translocation machinery (Westermann et al., 2006;Oates 
et al., 2005;Cline and Mori, 2001). In both E. coli and thylakoids the Tat core complex has 
been shown to consist of TatA, TatB and TatC. Of these, the TatB and TatC proteins are 
involved in initial substrate recognition and binding (Alami et al., 2003), whereas TatA is 
thought to form a protein translocation channel (Gohlke et al., 2005). These three proteins 
are known to interact with and be dependent on each other, ensuring the formation of a 
stable core complex (Lange et al., 2007;Mangels et al., 2005). Additionally, in E. coli a 
fourth Tat component (TatE) has been identified that shows high similarity with TatA. This 
protein is able to substitute for TatA in the translocation of several Tat substrates (Sargent 
et al., 1998). 
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The above described composition of the Tat machinery is fairly consistent for the majority 
of thylakoidal and Gram-negative Tat machineries. In Gram-positive microorganisms, 
however, some distinct differences in the composition of the Tat complex have been 
observed (Jongbloed et al., 2006). All Gram-positive Tat systems, with the exception of 
those in Streptomyces species, lack the TatB component. Moreover, most contain multiple 
paralogues of TatA and TatC. Recently, complementation studies with TatA of Bacillus 
subtilis showed a bifunctional activity of Gram-positive TatA, as it was able to restore 
secretion in both a tatA and a tatB mutant of E. coli (Barnett et al., 2008).    
 
To obtain further insight in the working mechanism of the Gram-positive Tat secretion 
system, including differences and similarities with that of Gram-negative bacteria and 
thylakoids in chloroplasts, the Gram-positive soil bacterium Bacillus subtilis has been 
adopted as a model organism for these studies. Within B. subtilis, three variants of the TatA 
protein have been identified, denoted TatAd, TatAy and TatAc. TatAd has been shown to 
form an active complex with one of the two B. subtilis TatC proteins, namely TatCd. The 
genes encoding these proteins are located in the phoD operon of the pho regulon, which is 
only expressed during phosphate starvation growth conditions (Jongbloed et al., 2000). 
PhoD, a phosphodiesterase of which the corresponding gene is located directly upstream of 
the tatAd gene, is the only substrate identified so far as being dependent on TatAdCd for its 
secretion. The second TatC component, TatCy, forms an active complex with TatAy, and 
specifically translocates the iron-dependent peroxidase YwbN (Jongbloed et al., 2004). The 
function of the third TatA protein (TatAc) is unknown, although it has been established that 
this protein is not required for translocation of the two Tat-dependent substrates identified 
to this date (Jongbloed et al., 2004). Previous complementation studies in E. coli have 
already confirmed the difference in substrate specificity between the two Tat translocases 
of B. subtilis. In a tat deletion strain of E. coli the secretion of the Tat-dependent TMAO 
reductase TorA could only be restored when TatAdCd of B. subtilis was offered to the cell. 
Although shown to be active in the secretion of several other Tat-dependent proteins of E. 
coli, TatAyCy was unable to enable the secretion of TorA (Barnett et al., 2008). 
 
Even though the difference in substrate specificity between TatAdCd and TatAyCy has 
been clearly documented, it is so far unknown how these translocases recognise their 
substrates and whether substrate recognition and the formation of a functional translocase is 
restricted to the specific TatAdCd and TatAyCy combinations only. Therefore, to shed new 
light on the working mechanism and specificity of these two Tat translocases, 
complementation studies were performed in several B. subtilis tat mutant backgrounds and 
the effect of Tat component complementation on the translocation of YwbN and PhoD in 
these strains was monitored. Here we show that TatAd can functionally replace TatAy 
when offered in excess amounts to a tatAy mutant B. subtilis strain, suggesting that TatAd 
and TatCy can “cross-interact” and that the resulting translocase is able to transport YwbN 
to the extracellular medium. Furthermore, our results show that the overproduction of both 
TatAd and TatCd enables the secretion of YwbN in the absence of its specific TatAyCy 
translocase. In contrast, no secretion of TatAdCd-dependent PhoD was observed upon 
overproduction of TatAy and TatCy in the absence of TatAd or TatCd components. These 
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findings demonstrate that TatAdCd is more tolerant in the acceptance of Tat-dependent 
substrates when compared to TatAyCy and suggests that the TatA component plays a 
determining role in this process.  
 
 

Results 

TatAd can functionally replace TatAy 

To study the level of functional compatibility between Tat components of Bacillus subtilis, 
the secretion of the TatAyCy-dependent substrate YwbN was monitored in several tat 
deletion strains, complemented by different B. subtilis Tat components expressed from a 
constitutive promoter (production increased approximately 5 to 10-fold, data not shown). 
For this purpose, the X-ywbN-myc cassette and plasmids encoding different Tat 
components and operons were introduced in tat mutant strains as described before 
(Jongbloed et al., 2004). Next, overnight TY cultures of wild type and tat deletion strains, 
with or without complementation plasmids, were diluted 100-fold in fresh TY medium. 
Strains were grown to exponential growth phase, at which time YwbN-myc production was 
induced by the addition of 1% xylose. After three hours of induction cells were harvested 
by centrifugation, separating cellular fractions from extracellular medium fractions. To 
analyse the production and secretion of YwbN-myc, SDS PAGE samples were prepared as 
described in the Materials and methods section and analysed by SDS PAGE, Western 
Blotting, and immunodetection with antibodies raised against the c-Myc epitope. 
Importantly, analysis of the presence of this protein in cellular fractions demonstrated the 
production of YwbN-myc in all strains studied (data not shown). Notably, no significant 
accumulation of YwbN precursor was observed in these fractions.  
TatAy was shown to be a key-component in the secretion of YwbN, as deletion of this vital 
component completely abolishes YwbN secretion (demonstrated in Figure 1A, lane ΔAy). 
Since the deletion of tatCy results in the same effect (Figure1B, lane ΔCy) and because the 
genes are organised in an operon, it has been suggested that these two components together 
form an active complex, in which both play a critical role in the secretion of YwbN 
(Jongbloed et al., 2004). Notably, the absence of (pre-)YwbN in these fractions implicates 
that these tat mutant strains do not show an increased sensitivity to lysis as was also 
described previously for B. subtilis (Jongbloed et al., 2002) and in contradiction to what 
was observed for tat mutants of E. coli (Stanley et al., 2001). Moreover, analysis of the 
presence of the cytoplasmic protein DnaJ demonstrated the absence of this protein in 
medium fractions of wild type and the tatAy mutant strains indicating that tat mutant strains 
are not more sensitive to lysis (data not shown). To study putative complementation of 
tatAy or tatCy deletions, individual Tat components were introduced in the tatAy and tatCy 
mutant strains expressed from pGDL48 derivatives. YwbN secretion into the extracellular 
medium was detected using c-Myc specific antibodies.   
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As expected, YwbN secretion was restored in both the tatAy and the tatCy deletion strains 
by the production of plasmid-borne TatAy or TatCy, respectively (Figure 1A, lane Ay and 
Figure 1B, lane Cy), as well as by complementing the tatAy and tatCy deletion strains with 
the complete TatAyCy complex (Figure 1A and B, lane AyCy). Strikingly, plasmid-borne 
TatAd is also able to restore YwbN secretion in the tatAy deletion strain (Figure 1A, lane 
Ad). It should be noted that during these experimental growth conditions in rich TY 
medium the endogenous tatAd and tatCd genes are not expressed. Therefore, these 
observations suggest that TatAd is able to form an active complex with endogenous TatCy, 
resulting in secretion of YwbN at levels comparable to the situation of complementation 
with plasmid-borne TatAy. In addition, and as expected on the basis of the results with 
complementing TatAd, the production of TatAd and TatCd (Figure 1A, lane AdCd) also 

Figure 1 YwbN secretion in several tat mutant backgrounds, complemented by various Tat
components. Secretion of YwbN-myc (indicated on the right) in the extracellular medium was
detected using specific antibodies against the C-terminal myc-tag. The size of the protein is 
indicated by marker bands on the left (in kDa). Secretion of YwbN-myc in the parental strain B. 
subtilis 168 X-ywbN-myc is shown in the first lane (wt). A] Bacillus subtilis ΔtatAy (lane ΔAy) with 
xylose-induced YwbN-myc complemented by plasmid-borne TatAy (lane Ay), TatAyCy (lane 
AyCy), TatAd (lane Ad), TatAdCd (lane AdCd) or TatAc (lane Ac). B] Bacillus subtilis ΔtatCy (lane 
ΔCy) with xylose-induced YwbN-myc complemented by plasmid-borne TatCy (lane Cy), TatAyCy 
(lane AyCy), TatCd (lane Cd) or TatAdCd (lane AdCd). C] Bacillus subtilis ΔtatAyCy (ΔAyCy) and 
ΔtatAyCy-tatAc (ΔAyCyAc) with xylose-induced YwbN-myc (X-ywbN) complemented by plasmid-
borne TatAyCy (lane AyCy) or TatAdCd (lane AdCd). -, non-complemented strains.  
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efficiently restores YwbN secretion. In contrast to TatAd forming a functional Tat complex 
with TatCy, TatAy seems to be unable to form functional complexes with TatCd, as TatCd 
is unable to complement the deletion of tatCy (Figure 1B, lane Cd). However, introduction 
of TatAdCd in the tatCy mutant strain does restore YwbN secretion (Figure 1B, lane 
AdCd), suggesting that the TatAdCd complex is able to translocate YwbN. Notably, in this 
situation the TatAy component is still available for YwbN secretion as well. However, the 
assumption that TatAdCd alone is capable of YwbN transport is confirmed by the results 
shown in Figure 1C, lanes AdCd, demonstrating that even in the absence of both TatAy and 
TatCy (strain ΔtatAyCy) constitutive production of TatAdCd can restore the secretion of 
YwbN.  
 
TatAdCd can only aid in the secretion of YwbN when overproduced 

The above described phenomenon of TatAdCd being functional in the secretion of YwbN 
was only observed when TatAd and TatCd components were expressed from pGDL48 
derivatives. Since the genes are constitutively expressed from the erythromycin promoter of 
pDGL48, the production of the TatAd and TatCd components is most likely increased. This 
is also demonstrated by the fact that introducing constitutively expressed TatAyCy in 
ΔtatAy and ΔtatCy mutant strains mostly results in an increase in YwbN secretion (Figures 
1A, B and C, lane AyCy) compared to that in the parental strain (Figures 1A, B and C, lane 
wt). To examine whether TatAdCd is also able to complement tatAy and/or tatCy deletions 
at wild type expression levels of endogenous tatAd and tatCd, ΔtatAy and ΔtatCy mutant 
strains were grown in a low phosphate medium, thereby initiating the expression of 

tatAdCd from the chromosome 
(Antelmann et al., 2000). Cells were 
grown in the presence of 1% xylose 
for three hours after reaching 
exponential phase to induce 
expression of ywbN-myc and the 
secretion of YwbN was monitored. 
As is clearly shown in Figure 2, 
YwbN cannot be detected in the 
extracellular medium of cells in 
which the tatAy and/or tatCy genes 
are deleted (Figure 2, lanes Ay, Cy, 
AyCy). This implicates that under 
growth conditions with wild type 
expression levels of tatAd and tatCd, 
the TatAdCd translocase is 
specifically dedicated to the export of 
PhoD and, putatively, other yet 
unknown TatAdCd-specific 
substrates. This is consistent with 
earlier findings by Jongbloed et al. 
(2004).  

Figure 2  Secretion of YwbN in several tat mutant
backgrounds when grown in LPDM. Cells
were grown in Low Phosphate Depletion
Medium (LPDM) as described in the Materials 
and methods section. The expression of
ywbN-myc was induced by the addition of 1%
xylose. YwbN-myc in the extracellular 
medium (indicated on the right) was
visualised using specific antibodies against
the C-terminal myc-tag. The size of the 
protein is indicated by marker bands on the
left (in kDa). ΔAy, B. subtilis 168 ΔtatAy X-
ywbN; ΔCy, B. subtilis 168 ΔtatCy X-ywbN; 
ΔAyCy, B. subtilis 168 ΔtatAyCy X-ywbN; 
ΔAdCd, B. subtilis 168 ΔtatAdCd X-ywbN; 
Δtotal, B. subtilis 168 Δtat total2 X-ywbN. 
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TatAyCy components are unable to complement the absence of TatAd and 
TatCd  

The results described above implicate that certain Tat components can “cross-interact” to 
form an active translocase (i.e. TatAd with TatCy) and that a certain degree of substrate 
tolerance, at least by B. subtilis TatAdCd translocases, is accepted. This possibility was 
further investigated by performing complementation studies in ΔtatAd and ΔtatCd mutant 
backgrounds. B. subtilis strains 168 ΔtatAd, ΔtatCd and Δtat total were grown in a Low 
Phosphate Depletion Medium (LPDM) to induce the expression of the phoD operon, 

including phoD, tatAd and tatCd. Shortly after reaching transition phase, cells were 
separated from the growth medium by centrifugation. Next, the presence of PhoD in 
cellular fractions of the above mentioned strains was verified by analysis of these samples 
by SDS PAGE and Western Blotting and subsequent immunodetection using specific 
antibodies against PhoD (data not shown). The secretion of PhoD to the extracellular 
medium was monitored by applying a similar approach. As shown in Figure 3, PhoD is 
only secreted to the medium when the absence of TatAd and TatCd components is restored 
by re-introduction of the respective TatAd and/or TatCd components expressed from a 

Figure 3  PhoD secretion in several tat mutant backgrounds, complemented by various Tat
components. Cells were grown in Low Phosphate Depletion Medium (LPDM) to induce the 
expression of phoD and tatAdCd. The secretion of PhoD (indicated on the right) to the 
extracellular medium was detected using specific antibodies against PhoD. The size of the protein
is indicated by marker bands on the left (in kDa). Secretion of PhoD by the parental strain Bacillus 
subtilis 168 is indicated in the first lane (wt). A] B. subtilis 168 ΔtatAd (lane ΔAd) complemented 
by plasmid-borne TatAd (lane Ad), TatAy (lane Ay), TatAc (lane Ac), or TatAdCd (lane AdCd) B] 
B. subtilis 168 ΔtatCd and B. subtilis 168 Δtat total, in which all Tat components are absent, 
complementated by plasmid-borne TatCd (lane Cd), TatCy (lane Cy), TatAdCd (lane AdCd) or
TatAyCy (lane AyCy). Non-complemented strains are indicated with the – symbol.   
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plasmid (Figures 3A and B, lanes Ad, Cd and AdCd). In contrast, the introduction of 
plasmid-borne TatAy, TatCy or TatAyCy does not result in PhoD secretion (Figures 3A 
and B, lanes Ay, Cy and AyCy). Although the complementation by plasmid-borne TatAd in 
a ΔtatAd mutant background is less efficient when compared to wild type secretion levels 
(Figure 3A, lane Ad), these experiments were repeated several times and showed a 
reproducible secretion pattern. In none of the cases complementation by TatAy was 
observed. These results show that, unlike previous observations for TatAdCd, the TatAyCy 
complex is not able to complement the absence of TatAdCd components and suggest that 
TatAyCy is less substrate tolerant when compared to TatAdCd.  
 
TatAc does not actively participate in Tat-dependent protein translocation 

The third tatA gene of B. subtilis, tatAc, is monocistronic and has no TatC counterpart. So 
far no functional activity for TatAc has been documented. Since the tatAc gene is not 
associated with any tatC gene on the chromosome, it seems unlikely that this third TatA 
component of Bacillus subtilis is involved in the secretion of Tat-dependent proteins. This 
hypothesis is confirmed by the inability of TatAc to complement the absence of TatAy in 
the secretion of YwbN or of TatAd in the secretion of PhoD (Figure 1A, lane Ac and Figure 
3A, lane Ac). 
 
 

Discussion 

The two Tat translocases of Bacillus subtilis are known to display different substrate 
specificities: YwbN is specifically secreted via TatAyCy and PhoD via TatAdCd 
(Jongbloed et al., 2004). To obtain more insight in specificity determinants of Tat-
dependent protein secretion in B. subtilis, the ability of plasmid-borne Tat components 
(solely or in combination, i.e. TatAdCd or TatAyCy) to complement different tat deletions 
was studied. Which specific molecular interactions determine substrate specificity remains 
to be elucidated.   
 
By monitoring the secretion of epitope-tagged YwbN during the complementation in tatAy 
and tatCy deletion strains by different Tat components, we were able to show that the 
absence of TatAy can be complemented by plasmid-borne TatAd (Figure 1A, lane Ad). In 
contrast, the absence of tatCy could not be complemented by tatCd expressed from the 
pCCd plasmid (Figure1B, lane Cd). Nevertheless, it seems that YwbN translocation can be 
facilitated by a TatAdCd complex in the absence of both TatAy and/or TatCy components, 
since YwbN was shown to be secreted in ΔtatCy and ΔtatAyCy(Ac) mutant strains that are 
complemented by the overproduction of the TatAd and TatCd components (Figure 1B, lane 
AdCd and Figure 1C, lanes AdCd). In previous studies, it was shown that TatAdCd is able 
to translocate the E. coli Tat substrate TorA in the E. coli tat null mutant strain ∆ABCDE 
(Barnett et al., 2008). Notably, complementation by TatAdCd in E. coli as well as in B. 
subtilis was only observed when excess amounts of TatAd and TatCd components were 
offered to the cells (Figures 1 & 2 of this study and Barnett et al., 2008). It is therefore 
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feasible that the TatAdCd complex may have a low affinity for the YwbN substrate when 
produced at wild type levels, which cannot be detected with the techniques used in this 
study. The overexpression of TatAd and TatAdCd can overcome this low affinity, which 
results in a relaxed substrate specificity. Taken together, these results provide new insights 
in the substrate specificity and complex formation of Tat components of B. subtilis. The 
fact that TatAd can complement the absence of TatAy for the secretion of YwbN suggests 
that it is likely that TatAd forms an active complex with TatCy, provided that TatAd is 
present in excess amounts. In contrast, a TatAdCy complex seems to be unable to enable 
the secretion of PhoD, as the overproduction of TatCy in a ΔtatCd mutant background (in 
which TatAd is still produced) does not result in the presence of PhoD in the extracellular 
medium of this strain (Figure 3B, lane Cy). Likewise, TatAy is unable to form an active 
complex with TatCd for the secretion of YwbN, even when TatCd is overproduced (Figure 
1B, lane Cd) or of PhoD (Figure 3A, lane Ay). This ambiguous behaviour of Tat 
components can only be explained by yet to be identified specificity determinants in the 
amino acid sequence of the separate Tat components and/or Tat substrate signal peptides 
that promote successful Tat protein interactions, substrate recognition and pre-protein 
transport in some cases (export of YwbN by TatAdCy) but not in other cases (export of 
PhoD by TatAdCy or export of YwbN by TatAyCd).  
 
In previous studies it was shown that the third B. subtilis TatA component, TatAc, is not 
required for the translocation of YwbN or PhoD (Jongbloed et al., 2004). Accordingly, we 
now show that TatAc, despite its production in excess amounts, is unable to complement 
for the absence of TatAy or TatAd in the secretion of YwbN or PhoD, respectively (Figure 
1A, lane Ac and Figure 3A, lane Ac). It is conceivable that TatAc does not play any part in 
Tat-dependent protein translocation. The fact that TatAc does not have a TatC counterpart 
supports that theory. On the other hand, we cannot exclude the possibility that TatAc, like 
TatE of E. coli, provides an additional pool of TatA molecules that might be needed under 
conditions of high Tat production. Moreover, also the existence of TatAc-specific 
substrates can still not be excluded. In that case, the transport of these putative substrates 
has to be accomplished in conjunction with TatCd and/or TatCy. 
 
With respect to the working mechanism of the Tat machinery of E. coli and thylakoids, it 
has been proposed that a TatBC complex is involved in the initial recognition and binding 
of Tat-dependent substrates (Alami et al., 2003;Bolhuis et al., 2001;Cline and Mori, 2001) 
and that subsequently TatA proteins are recruited to form the translocation channel (Berks 
et al., 2000). Recent results of studies concerning Gram-positive Tat complex formation in 
E. coli suggest a similar model for the activity of B. subtilis Tat complexes (Barnett et al., 
2008, Chapter 2 of this thesis). Considering the fact that B. subtilis does not contain a TatB 
analogue, it would be plausible to assume that TatCy is involved in the recognition and 
binding of pre-YwbN, and that subsequently a separate TatAy complex is recruited that will 
be responsible for the translocation of the YwbN protein. This proposed working model for 
YwbN secretion by TatAyCy differs from the recently proposed working model for 
TatAdCd-dependent translocation of PhoD by Westermann et al. (2006) and Schreiber et 
al. (2006). These authors favour a model in which cytosolic TatAd is involved in the initial 
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recognition and binding of the double arginine-containing signal peptide of pre-PhoD, after 
which this TatAd-prePhoD complex is targeted to a membrane-associated TatCd complex. 
This complex then assists in the membrane insertion of the cytosolic TatAd-prePhoD 
complex and subsequent pre-PhoD translocation. Taken together, these two models either 
contradict or supplement each other. Our complementation data suggest that the two Tat 
translocases of B. subtilis operate in a different manner, at least at the level of Tat substrate 
specificity. This hypothesis is illustrated in Figure 4. Since we were able to show that 
TatAd can be involved in the secretion of both PhoD and YwbN, it is conceivable that this 
component is responsible for the tolerant character of the TatAdCd translocon during 
overexpression conditions in rich medium. To explain the observations described for our 
complementation studies, we propose, in concordance to earlier findings of Westermann et 
al. (2006), that TatAd can be actively involved in the recognition and binding of random 
Tat signal sequences, after which it can interact with membrane-bound TatCd. In contrast to 
TatAd, TatCd is very specific in complex formation with TatAd only: TatAy was shown to 
be unable to form an active complex with TatCd, at least for the secretion of YwbN. 
However, TatAd is not restricted to its own counterpart TatCd, but is also capable of 
forming an active complex with TatCy. Since this was only observed for the secretion of 

Figure 4  Tat component interactions and activities. The Tat proteins studied are represented by 
rectangles in a membrane, connected by intracellular and extracellular loops. TatA has a single 
membrane-spanning domain with a predicted outside N terminus and inside C terminus. TatC has 
six transmembrane-spanning domains and a predicted in-in topology. TatAy and TatCy are 
represented by black rectangles, whereas TatAd and TatCd are represented by light-grey 
rectangles. The naturally present TatAyCy complex is specific in the secretion of YwbN (hexagon) 
harbouring an RR consensus motif in the signal peptide. In the absence of TatAy,
complementation with plasmid-borne TatAd results in secretion of YwbN to the extracellular 
environment. In contrast, results indicative of a TatAyCd complex that is active in the secretion of
either YwbN or PhoD could not be obtained (indicated with a black cross). Finally, overproduction
of the TatAdCd complex in a rich medium can facilitate the secretion of YwbN in B. subtilis and 
TorA (octagon) in E. coli (Barnett et al., 2008). Additionally, the at wild type levels produced as 
well as overproduced TatAdCd complexes secrete PhoD (pentagon) in B. subtilis. 
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YwbN, and not for PhoD, we propose that TatCy is the specificity determining factor in the 
TatAyCy complex and thus responsible for recognising the signal sequence of YwbN (in a 
TatAd-preYwbN complex or separately). After recognising and binding pre-YwbN, TatCy 
will subsequently form an active translocation complex with either TatAd or TatAy. This 
model is only applicable when there are excess amounts of TatAd present, since lower 
(wild type) production levels (i.e. under the conditions of phosphate depletion) of TatAd do 
not lead to a YwbN-exporting TatAdTatCy machine. Under these conditions a clear 
substrate specificity of both Tat complexes is observed: TatAyCy being specifically 
involved in YwbN secretion and TatAdCd being specifically active in PhoD secretion.  
 
Topology predictions of TatCy show that this protein most likely forms four intracellular 
loops and three extracellular loops, that are connected by six transmembrane domains. 
Which part of the TatCy protein is involved in the recognition and binding of YwbN is so 
far unknown. Studies with E. coli TatC provided some clues concerning the role of 
conserved residues in the first two cytoplasmic loops in substrate recognition, since 
conservative substitutions of these residues resulted in a complete block in protein 
translocation (Holzapfel et al., 2007;Allen et al., 2002). It is possible that the same regions, 
or even residues, within the TatCy protein are involved in recognition of and/or binding to 
pre-YwbN. We are currently pursuing this line of research further.  
Finally, the specific cross-interactive nature of TatAdCd when produced in excess amounts 
leads to the hypothesis that the TatAdCd translocase is less specific in its affinity for Tat 
substrates than TatAyCy. This could consequently result in a preference of the TatAdCd 
translocase over the TatAyCy translocase as a candidate for the commercial production of 
pre-folded heterologous proteins.  
 
 

Materials and methods 

Bacterial strains, plasmids and media 
All strains and plasmids used in this study are listed in Table 1. All strains were grown in TY 
(trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto yeast extract (0.5%; 
w/v) and NaCl (1%; w/v), unless indicated otherwise. Induction of a phosphate depletion response 
was achieved by overnight growth in HPDM (high phosphate depletion medium) and dilution and 
subsequent growth in LPDM (low phosphate depletion medium). Both media were prepared as 
described by Müller et al.(1997). When required, media were supplemented with erythromycin (Em; 
5 µg/ml), kanamycin (Km; 10 µg/ml), chloramphenicol (Cm; 5 µg/ml) tetracyclin (Tc; 6 μg/ml) 
and/or spectinomycin (Sp; 100 µg/ml). To ensure the production of YwbN-myc, the expression of the 
corresponding gene was induced by the addition of 1% xylose to cells after entering the exponential 
growth phase.  

DNA cloning techniques   
All cloning techniques and transformation of E. coli were performed as described (Sambrook et al., 
1989). Transformation of Bacillus subtilis was performed as described (Bron and Venema, 1972). All 
enzymes used were from Roche Molecular Biochemicals, or Fermentas Life Sciences. The 
Polymerase Chain Reaction (PCR) was performed using Expand DNA polymerase (Roche) as 
previously described (van Dijl et al., 1995). 
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Table 1  Plasmids and strains 

Plasmids Relevant properties Reference 
   
pGDL48 pGDL41 derivative lacking the sipS gene; 7.5 kb; Kmr (Meijer et al., 

1995) 
pCAy pGDL48-derivative containing the tatAy gene; 7.0 kb; Apr; Kmr  (Jongbloed et al., 

2004) 
pCCy pGDL48-derivative containing the tatCy gene; 7.5 kb; Apr; Kmr (Jongbloed et al., 

2004) 
pCACy  pGDL48-derivative containing the tatAyCy operon; 7.7 kb; Apr; Kmr

  
(Jongbloed et al., 
2004) 

pCAd pGDL48-derivative containing the tatAd gene; 7.0 kb; Apr; Kmr This study 
pCCd pGDL48-derivative containing the tatCd gene; 7.5 kb; Apr; Kmr This study 
pCACd pGDL48-derivative containing the tatAdCd operon; 7.7 kb; Apr; Kmr This study 
pCAc pGDL48-derivative containing the tatAc gene; 7.0 kb; Apr; Kmr This study 
pDG646 plasmid carrying erythromycin resistance cassette for Bacillus; 4.3 kb; Apr; 

Emr 
(Guérout-Fleury 
et al., 1995) 

pTHR-
PAytatCy 

pDG1664-derivative containing a PtatAy-tatCy fusion; 7.5 kb; Emr; Spr This study 

pJAd1 pUC21-derivative containing the tatAd gene; Apr (Jongbloed et al., 
2004) 

pJRAd pJAd1-derivative containing flanking regions of tatAd disrupted by a 
terminatorless erythromycin cassette; 5.8 kb; Apr; Emr 

This study 

   
Strains Relevant properties Reference 
E. coli   
MC1061 F; araD139;  (ara-leu)7696;  (lac)X74; galU; galK; hsdR2; mcrA; 

mcrB1; rspL 
 (Wertman et al., 
1986) 

B. subtilis   
168 trpC2 (Kunst et al., 

1997)  
168 X-ywbN trpC2; amyE::xylA-ywbN-myc; Cmr  (Jongbloed et al., 

2004) 
ΔtatAy X-
ywbN 

trpC2; tatAyCy::Sp; thrC::PAy-tatCy; amyE::xylA-ywbN-myc; Spr, Emr; 
Cmr 

This study 

ΔtatCy X-
ywbN 

trpC2; tatCy::Sp; amyE::xylA-ywbN-myc; Spr; Cmr (Jongbloed et al., 
2004) 

ΔtatAyCy X-
ywbN 

trpC2; tatAyCy::Sp; amyE::xylA-ywbN-myc; Spr; Cmr; previously referred 
to as tatAyCy::Sp X-ywbN 

(Jongbloed et al., 
2004) 

ΔtatAyCy-
tatAc2 X-ywbN 

trpC2; tatAyCy::Sp; tatAc::Tc; amyE::xylA-ywbN-myc; Spr; Tcr; Cmr (Jongbloed et al., 
2004) 

Δtat total2 X-
ywbN 

X-ywbN trpC2; tatAyCy::Sp; tatAc::Em; tatAdCd::Km amyE::xylA-ywbN-
myc; Spr; Emr; 

(Jongbloed et al., 
2004) 

ΔtatAd trpC; tatAd::Em; Emr This study 
ΔtatCd trpC2; tatCd::Cm; previously referred to as ΔtatCd(Cm)  (Jongbloed et al., 

2002) 
Δtat total trpC2; tatAyCy::Sp; tatAc::Em; tatAdCd::Cm; Spr; Eryr; Cmr; previously 

referred to as total-tat 
(Jongbloed et al., 
2002) 
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Construction of complementation plasmids pCAd, pCCd, pCACd and pCAc 
To construct plasmid pCAd, the tatAd gene was amplified from the B. subtilis 168 chromosome by PCR 
using primers JW05Ad2 (5’-ACG CGT CGA CGA ATT AAG GAG TGG-3’) and JW06Ad2 (5’-
GGA ATT CCG GTG TCT GCC TCA TCA GC-3’). The amplified fragment was cleaved with SalI 
and EcoRI, and cloned into the corresponding sites of pGDL48 (Meijer et al., 1995), resulting in 
pCAd. To construct plasmid pCCd, the tatCd gene was amplified by PCR using primers CdfwdSal (5’-
ACG CGT CGA CGA AAG GGA GGG CTT TTT TG-3’) and CdrevEco (5’-GGA ATT CGA AGT 
CAC CGG GTG GTA CG-3’). The amplified fragment was cleaved with SalI and EcoRI, and cloned 
into the corresponding sites of pGDL48, resulting in pCCd. To construct plasmid pCACd, the tatAd-
tatCd region was amplified by PCR using primers JW05Ad2 (5’-ACG CGT CGA CGA ATT AAG 
GAG TGG-3’) and CdrevEco (5’-GGA ATT CGA AGT CAC CGG GTG GTA CG-3’). The 
amplified fragment was cleaved with SalI and EcoRI, and cloned into the corresponding sites of 
pGDL48, resulting in pCACd. To construct plasmid pCAc, the tatAc gene was amplified by PCR with 
the primers JW09Ac2 (5’-ACG CGT CGA CTT CAA TCA GGG GGA AAA GG -3’) and JW10Ac2 
(5’-GGA ATT CTC GGC CCA AAC GAT TTA TCC-3’). The amplified fragment was cleaved with 
SalI and EcoRI and cloned into the corresponding sites of pGDL48, resulting in pCAc. 

Construction of Bacillus subtilis ΔtatAy X-ywbN  
To construct B. subtilis ΔtatAy X-ywbN, the promoter region of tatAy was fused to the tatCy gene and 
the resulting cassette was introduced into the thrC locus of B. subtilis strain ΔtatAyCy X-ywbN 
(Jongbloed et al., 2004). Amplification of the upstream region of tatAy was realised using primers 
REAy-up-BamHI-F (5’-CGC GGA TCC GGA AAA CGC TTG ATC AGG ATG-3’) and REAy-up-
Esp3I-R (5’-CGC GTC TCG ATT TGG GCT CCT CCT TTC CC-3’). The tatCy gene was amplified 
using primers PAy-Cy-Esp3I-F (5’-CGC GTC TCG AAA TAT GAC ACG AAT GAA AGT GAA 
TC-3’) and RECy-down-HindIII-R (5’-CCC AAG CTT CTT TGC CGT AGG GTG CAT C-3’). The 
amplified fragments were cleaved with Esp3I. Cleavage of the tatCy PCR product with Esp3I created 
a 5’ overhang compatible with the 3’ overhang of the Esp3I-cleaved PCR product carrying the tatAy 
promoter region, allowing the production of a fusion of the respective promoter region with the tatCy 
gene. The resulting product was cleaved with BamHI and HindIII and cloned into the corresponding 
sites of pDG1664 (Guérout-Fleury et al., 1996), resulting in pTHR-PAytatCy. Finally, strain ΔtatAy X-
ywbN was obtained by ectopic integration of the PtatAy-tatCy cassette into the thrC locus of B. subtilis 
168 ΔtatAyCy X-ywbN via a double crossover event. Correct integration of the PtatAy-tatCy cassette 
was verified by analysing growth on minimal medium (Bron and Venema, 1972) with or without the 
addition of threonine. 

Construction of Bacillus subtilis ΔtatAd  
To construct the ΔtatAd strain, a terminatorless erythromycin resistance cassette was amplified from 
pDG646 with primers Pery-Hind-F (5’-CCC AAG CTT CTC TAG AGG ATC CTT TAA CTC TGG 
C-3’) and Ery-Hind-R (5’-CGG AAG CTT TTA CTT ATT AAA TAA TTT ATA GCT ATT GAA 
AAG AG-3’). The resulting PCR fragment was cleaved with HindIII and ligated into the 
corresponding site of pJAd1 (Jongbloed et al., 2004). The resulting plasmid pJRAd was checked for 
correct orientation of the erythromycin cassette using a SacI restriction analysis and used for 
transformation of B. subtilis 168. Finally, B. subtilis 168 ΔtatAd strain was obtained by a double 
crossover recombination event between the erythromycin-disrupted tatAd gene on pJRAd and the 
chromosomal tatAd gene. Consequently, the downstream tatCd gene was placed under the control of 
the Pery promoter.  

Protein techniques 
To detect YwbN-myc and PhoD, medium and cellular fractions were prepared as described 
previously (Jongbloed et al., 2000). After separation by SDS-polyacrylamide gel electrophoresis, 
proteins were transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) 
as described (Towbin et al., 1979). YwbN was detected with specific antibodies against the C-
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terminal myc epitope (Clontech Laboratories, Inc.) and horse radish peroxidase-conjugated sheep 
anti-mouse antibodies (Amersham Biosciences) according to the manufacturer's instructions. PhoD 
was detected with specific antibodies against PhoD (kindly provided by J Müller) and horse radish 
peroxidase-conjugated donkey anti-rabbit antibodies (Amersham Biosciences) according to the 
manufacturer's instructions.  
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TatC activity- and specificity determinants for protein 
secretion by Bacillus subtilis 

Protein translocation via the Tat machinery in thylakoids and bacteria occurs through 
a cooperation between the TatA, TatB and TatC components, of which the TatC 
protein forms the initial Tat substrate binding site. The Bacillus subtilis Tat 
machinery lacks TatB and comprises two separate TatAC complexes with distinct 
substrate specificities: PhoD is secreted by the TatAdCd complex, whereas YwbN is 
secreted by the TatAyCy complex. To identify the activity- and specificity 
determinants for Tat-dependent protein secretion, we applied several genetic 
engineering approaches to modify and analyse the B. subtilis TatCd and TatCy 
proteins. Cytoplasmic and transmembrane domain exchange between TatCd and 
TatCy resulted in stable chimeric complexes that surprisingly were unable to secrete 
both known substrates of B. subtilis. Site-directed mutagenesis of conserved residues 
in the N-terminal part of both TatC proteins revealed significant differences in the 
degree of importance of these residues between TatCd, TatCy and E. coli TatC. In 
addition, two small C-terminal deletions in TatCy resulted in complete abolishment of 
YwbN translocation, indicating that this terminus is essential for Tat translocation 
activity. Important differences with previous observations for E. coli TatC and 
implications for substrate binding and translocation are discussed. 
 
 

Introduction 

Protein translocation via the Twin-arginine translocation (Tat) pathway occurs via a proton 
gradient-driven process in which pre-folded proteins are transported across the cytoplasmic 
membrane. This process has been extensively studied and described for the Tat system of 
plant thylakoids and for the Gram-negative bacterium Escherichia coli (Sargent et al., 
2006;reviewed in Lee et al., 2006a). In E. coli as well as thylakoids, it has been established 
that the core complex for Tat-dependent protein translocation consists of the three Tat 
components TatA, TatB and TatC (Sargent et al., 1999;Sargent et al., 1998;Bogsch et al., 
1998). The current working model describes recognition of the Tat substrate (via its double 
arginine-containing signal peptide) by a membrane-bound TatBC complex (Alami et al., 
2003). A separate TatA complex is then recruited to form a pore through which 
translocation can occur (Lange et al., 2007;Gohlke et al., 2005). 
 
Much less is known about the mechanism of Tat substrate recognition, binding and 
translocation in Gram-positive bacteria. One of the most striking differences in Tat 
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machinery composition, is the absence of a TatB protein in most Gram-positive organisms, 
with the exception of Streptomyces species. Additionally, some bacteria, including the 
Gram-positive model organism Bacillus subtilis, contain multiple copies of tatA and tatC 
on the chromosome. B. subtilis is a non-pathogenic soil-dwelling bacterium known for its 
ability to secrete high amounts of protein to the extracellular medium. Previous studies 
have described the presence of three orthologues of tatA (namely tatAd, tatAy and tatAc) 
and two orthologues of tatC (tatCd and tatCy) on the B. subtilis chromosome (Jongbloed et 
al., 2000). Their protein products form two separate protein translocation complexes: 
TatAdCd and TatAyCy, which display different substrate specificities. The function of the 
third TatA protein, TatAc, is unknown, although it has been established that it plays no part 
in the secretion of the known Tat-dependent substrates (Eijlander et al., 2009;Jongbloed et 
al., 2004). Recently, a working model has been proposed for B. subtilis in which the TatA 
protein has a dual function, as it can complement for the absence of both TatA and TatB in 
E. coli (Barnett et al., 2008).  
 
So far only two Tat substrates have been described for B. subtilis. PhoD, a phospho-
diesterase only produced under phosphate starvation conditions, is secreted via TatAdCd 
and its gene is located in the same operon as tatAd and tatCd (Jongbloed et al., 2000). 
YwbN, an iron-dependent peroxidase, is secreted via the TatAyCy complex (Jongbloed et 
al., 2004). Recently, two additional possible Tat substrates (QcrA and YkuE) have been 
identified using a reporter system in Streptomyces lividans, but the preferred pathway for 
these substrates in B. subtilis is not yet known (Widdick et al., 2008). The different 
substrate specificities observed within B. subtilis still apply when the two Tat translocases 
are heterologously expressed in E. coli, because the TatAyCy complex is unable to secrete 
the E. coli Tat substrate TorA, in contrast to the TatAdCd complex (Barnett et al., 2008). 
TatC is the largest Tat component, containing six transmembrane spanning domains 
(Punginelli et al., 2007;Behrendt et al., 2004). Together with TatB, it forms the initial 
substrate binding site in E. coli. Site-specific crosslinking analyses showed interaction of 
TatB with the hydrophobic core region of the signal peptide, whereas TatC was shown to 
interact specifically with the signal peptide close to the conserved twin-arginines (Alami et 
al., 2003). Since the twin-arginine residues in the signal peptide are part of a specific 
consensus region, the TatC protein has been repeatedly selected for site-directed 
mutagenesis to study the requirements of this protein for Tat substrate recognition and/or 
binding. Sequence alignment of TatC proteins of various organisms shows that certain 
conserved regions are located in the cytoplasmic loops (Allen et al., 2002). The results of 
these mutagenesis studies indeed point to a range of essential residues in the cytoplasmic N 
terminus as well as the first cytoplasmic loop (Buchanan et al., 2002;Allen et al., 2002) and 
have eventually led to the conclusion that the complete N-terminal half of TatC is involved 
in the binding of Tat-dependent substrates (Holzapfel et al., 2007).   
 
In this study, the results from these mutagenesis experiments were used as a reference to 
identify essential residues in the TatC proteins of B. subtilis. Various chimeric TatC 
proteins consisting of complementary regions of TatCd and TatCy, as well as mutants of 
TatCd and TatCy with single alanine substitutions have been constructed to assess the 



TatC activity determinants  

91 

determinants of Tat-dependent protein translocation as well as substrate specificity in B. 
subtilis. Using translocation assays we have determined essential residues for the secretion 
of both YwbN and PhoD and we point out significant differences in the degree of their 
importance not only when compared to earlier findings for E. coli TatC, but also between 
the two TatC components of B. subtilis itself. 
 
 

Results 

TatC hybrid proteins are unable to secrete YwbN. 

To determine which part(s) of the Bacillus subtilis TatCd and TatCy proteins are involved 
in substrate recognition and binding, TatC hybrid proteins were constructed as described in 
the Materials and methods section. The E. coli TatC protein has an experimentally proven 
topology of six transmembrane regions, with an in-in topology (Punginelli et al., 
2007;Behrendt et al., 2004). For this study, the topologies of B. subtilis TatCd and TatCy 
were predicted and compared to the known topology of E. coli TatC. These models were 
then used to determine suitable fusion sites between TatCy and TatCd regions. We 
constructed fusions of the entire N-terminal half of TatCd to the C-terminal half of TatCy 
(hybrid 1) and vice versa (hybrid 2). For the other hybrids, smaller regions in the TatCy 
protein were replaced by similar regions of TatCd. The predicted topologies of the 
constructed TatC hybrids are depicted in Figure 1.  

The hybrid tatC genes were expressed from the pHB201 E. coli-B. subtilis shuttle vector 
containing the constitutive P59 promoter. The ability of the TatC hybrids to secrete the 
TatAyCy-dependent substrate YwbN was tested in a B. subtilis ΔtatCdCy mutant 

Figure 1  Predicted topologies of B. subtilis TatCy and the constructed TatC hybrid proteins.
Cytoplasmic, transmembrane and extracellular regions in TatCy (black) and TatCd (grey) were
predicted using TMHMM server v. 2.0 and used to construct five different TatC hybrid proteins.
TatC hybrid 1 (H1) consists of the N-terminal half of TatCd and the C-terminal half of TatCy. 
Hybrid 2 (H2) consists of the N-terminal half of TatCy and the C-terminal half of TatCd. Hybrid 3 
(H3) consists of the TatCy protein with the cytoplasmic N terminus replaced by that of TatCd.
Hybrid 4 (H4) consists of the cytoplasmic N terminus, the first transmembrane segment and the 
first extracellular loop of TatCy replaced by those of TatCd. Hybrid 5 (H5) consists of the TatCy
protein with the cytoplasmic C terminus replaced by that of TatCd.  
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background. Cells were grown and SDS PAGE samples were prepared as described in the 
Materials and methods section and analysed by immunoblotting. Surprisingly, none of the 
constructed hybrids was able to complement the absence of TatCy in the ΔtatCdCy mutant 
strain (Figure 2A). As a positive control wild type TatCy expressed from pHB01 was used, 
which can restore secretion of YwbN in this mutant background (Figure 2A, lane TatCy).  
 
TatC hybrid proteins are unable to complement the absence of TatCd. 

The only TatAdCd-dependent substrate identified to this date is the phosphodiesterase 
PhoD. Its gene is located upstream the tatAd and tatCd genes in the same operon, which is 
controlled by the PhoP-dependent PphoD promoter. Consequently, this operon is only 
expressed during growth in a low phosphate medium, inducing the so-called pho response 
(Eder et al., 1999). To bypass growth in a low phosphate medium, we made use of a B. 
subtilis strain with a xylose-inducible phoD gene integrated ectopically into the lacA locus. 
Expression of phoD in this strain after induction with xylose in a rich medium results in the 
expression of endogenous tatAd and tatCd, suggesting an additional regulatory role of 

PhoD (Chapter 6 of this 
thesis). The mechanism of this 
regulatory role and possible 
other factors involved are not 
yet known and are currently 
under investigation. For this 
study, tatCd was disrupted by 
a kanamycin resistance 
cassette as previously 
described (Jongbloed et al., 
2000), resulting in a complete 
abolishment of PhoD 
secretion (data not shown).  
We investigated the ability of 

the TatC hybrid proteins to 
secrete PhoD. Cells were 
grown and SDS PAGE 
samples were prepared as 
described in the Materials and 
methods section and analysed 
by immunoblotting. In 
accordance with the 
observations described above 
for YwbN secretion in a 
ΔtatCdCy background, TatC 
complementation by the 
hybrid proteins in a ΔtatCd 
mutant strain with xylose-

Figure 2  Secretion of YwbN and PhoD by TatCd/Cy chimeric
proteins. B. subtilis ΔtatCdCy X-ywbN (A) and ΔtatCd 
X-phoD (B) expressing TatCd/Cy hybrids on pHB201
derivatives were grown in TY medium in the presence
of 1% xylose to induce the expression of ywbN or 
phoD, respectively. Cells were separated from the 
extracellular medium by centrifugation, after which the
proteins in the medium were precipitated with TCA and
analysed by SDS PAGE and immunoblotting. The 
secretion of YwbN (A) or PhoD (B) into the 
extracellular medium by plasmid-borne TatCy (lane
TatCy), TatCd (lane TatCd) and the TatC hybrids
(lanes H1 to H5) was detected with specific antibodies
against the myc-epitope on YwbN or against PhoD, 
respectively. The molecular weight (in kDa) is indicated
on the left. 
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inducible phoD did not result in a restored secretion of PhoD (Figure 2B), whereas 
complementation by wild type TatCd did (Figure 2B, lane TatCd).  
 
Detection of TatC hybrid proteins in the membrane.  

The observations described above could be due to structural changes in the TatC chimeric 
proteins resulting in an inability to stably integrate into the membrane. To check proper 
production and integration of the hybrid TatC proteins into the membrane, membranes were 
isolated and solubilised as is detailed in the Materials and methods section, and 
immunoblotted with specific antibodies raised against the TatCd protein of B. subtilis. 
Conveniently, these antibodies cross-react with TatCy, allowing detection of both proteins. 
As can be seen in Figure 3 all full length TatC hybrids can be detected in the membrane 
fractions, confirming their production and stability. (Note that no conclusions can be drawn 
about the intensity of the bands, as the amount of membrane isolated per sample was not 
quantified). Importantly, no signs of protein degradation were observed.  

 

Site-directed mutagenesis of conserved and non-conserved residues of TatCy 
and TatCd into alanines. 

Previous mutagenesis studies on E. coli TatC have already identified a range of essential or 
important conserved residues (Kreutzenbeck et al., 2007;Holzapfel et al., 2007;Strauch and 
Georgiou, 2007;Buchanan et al., 2002;Allen et al., 2002), whose modification led to severe 
effects or a complete abolishment of Tat-dependent protein secretion. Such mutations can 
lead to an inability of the protein to recognise or bind the substrate (Holzapfel et al., 
2007;McDevitt et al., 2006), to actively translocate the substrate, or to form a stable 
complex with additional essential TatA, B or C units (Barrett et al., 2005). An overview of 
the changed residues in E. coli TatC and the effects on substrate translocation is shown in 
Table 1. An important outcome of such studies is the identification of the TatC N-terminal 
region as the signal peptide recognition and binding site (Holzapfel et al., 2007). Based on 
TatCd and TatCy protein sequence alignments (Figure 4) and previous mutagenesis studies 
involving E. coli TatC, several conserved and non-conserved residues in the N-terminal 
regions of TatCy and TatCd were selected for single alanine substitutions. 

Figure 3  Detection of TatCd/Cy hybrid proteins 
in the membrane. B. subtilis ΔtatCdCy X-
ywbN, expressing wild type tatCy or the 
tatC hybrids on pHB201 derivatives, was 
grown in TY medium until late exponential 
phase. Membranes were isolated, 
solubilised and analysed with SDS PAGE 
and immunoblotting as described in the 
Materials and methods section. TatCy 
(Cy) and the TatC hybrid proteins (H1 –
H5) were detected with specific -TatCd 
antibodies. 
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TatCy              1 MTRMKVNQMSLLEHIAELRKRLLIVALAFVVFFIAGFFLAKPIIVYLQET     50 
TatCd              1    MDKKETHLIGHLEELRRRIIVTLAAFFLFLITAFLFVQDIYDWLIRD     47 
 
TatCy             51 DEAKQLTLNAFNLTDPLYVFMQFAFIIGIVLTSPVILYQLWAFVSPGLYE    100 
TatCd             48 LDGKLAVLGP---SEILWVYMMLSGICAIAASIPVAAYQLWRFVAPALTK     94 
 
TatCy            101 KERKVTLSYIPVSILLFLAGLSFSYYILFPFVVDFMKRISQDLNVNQVIG    150 
TatCd             95 TERKVTLMYIPGLFALFLAGISFGYFVLFPIVLSFLTHLSSG-HFETMFT    143 
 
TatCy            151 INEYFHFLLQLTIPFGLLFQMPVILMFLTRLGIVTPMFLAKIRKYAYFTL    200 
TatCd            144 ADRYFRFMVNLSLPFGFLFEMPLVVMFLTRLGILNPYRLAKARKLSYFLL    193 
 
TatCy            201 LVIAALITPPELLSHMMVTVPLLILYEISILISKAAYRKAQK---SSAAD    247 
TatCd            194 IVVSILITPPDFISDFLVMIPLLVLFEVSVTLSAFVYKKRMREETAAAA     242 
 
TatCy            248 RDVSSGQ    254                           
TatCd            243            242 

 
 
 

Figure 4  Protein sequence alignment of B. subtilis TatCy and TatCd. Protein sequences were deduced 
from the SubtiList Database and used for comparisons using EMBL-EBI ClustalW2 pairwise 
alignment (needle) tool. Conserved residues are shaded. 

 
In addition, two C-terminal deletions of TatCy of variable lengths were included in this 
study (-5 and -8). An outline of the TatCy and TatCd site-directed mutants is depicted in 
Figure 5. These mutant TatC proteins were then expressed from the pHB201 vector and 
tested for their ability to secrete either YwbN or PhoD in ΔtatCy and/or ΔtatCd mutant 
backgrounds, respectively. The results are shown in Figure 6 and summarised in Table 1. 
Of the eleven site-directed TatCy mutants, four (H14A, L18A, K20A and L98A) were 
found to be completely defective in YwbN secretion and one (E102A) severely affected 
(Figure 6A). Interestingly, a significantly larger number of TatCd site-directed mutants was 
impaired in PhoD secretion as only the K3A, R17A and M102A mutants were still active 
(Figure 6B), with TatCdK3A as well as TatCdR17A showing less efficient secretion of PhoD. 
Even though the TatCyR19A mutant also seems to show a decreased efficiency in YwbN 

Figure 5  Schematic representation of TatCy (black) and TatCd (grey) mutant proteins. The 
transmembrane segments are indicated in roman numerals. The positions of the residues
changed into alanines in this study are indicated. The numbering of residues is according to that
in Figure 4. The two C-terminal deletions of TatCy are indicated – 5 (five amino acid deletion) and 
– 8 (eight amino acid deletion). 
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secretion, this effect was not always observed during reproducible experiments: TatCyR19A 
typically restores YwbN secretion comparable to wild type levels (data not shown). The 
TatCyE102A mutant, however, is typically severely affected in YwbN secretion efficiency. 
The glutamate on this position is one of the few residues of TatC that are highly conserved 
in all domains of life (Buchanan et al., 2002) and is situated in the first cytoplasmic loop of 
TatCy connecting transmembrane helices II and III (Figure 5). Whereas substitution of the 
similar glutamate residue in TatCd (E96) with alanine blocks secretion of PhoD completely, 
TatCyE102A remains active, albeit to a lesser extent when compared to wild type secretion 
levels. Mutagenesis studies on this particular residue in the E. coli TatC protein (E103) 
have produced mixed results. Substitution by alanine, aspartate and arginine all resulted in a 
complete block in Tat protein export activity of SufI and TorA-GFP, implicating a critical 
role of E103 in TatC function (Holzapfel et al., 2007;Buchanan et al., 2002), whereas a 
E103Q mutation was found to result in reduced TorA-GFP secretion (Buchanan et al., 
2002) or had no effect at all (Allen et al., 2002; also see Table 1). Furthermore, co-
purification studies with his-tagged TatBCE103A showed that, in spite of the absence of 
secretion activity, a TatCE103A mutant still had binding affinity for the E. coli Tat substrate 
SufI (McDevitt et al., 2006). These results point to an important role of E103 in substrate 

Figure 6  Secretion of YwbN and PhoD by mutated TatCy and TatCd proteins. Strains producing the 
mutated TatC proteins from pHB201 derivatives were grown in as described above. SDS PAGE 
samples of the extracellular medium fraction were prepared and analysed as described above. 
The position of molecular weight markers (in kDa) is indicated on the left. A] The secretion of 
YwbN to the extracellular medium was detected with specific monoclonal antibodies against the
myc-epitope. The negative control, consisting of the empty pHB201 vector, is indicated by -. As a 
positive control, tatCy expressed from pHB201 was used (Cy). The TatCy site-directed mutants as 
depicted in Figure 5 are indicated by a letter and number. Two C-terminal TatCy deletion mutants 
are indicated as – 5 (five amino acid deletion) and – 8 (eight amino acid deletion). B] The 
secretion of PhoD to the extracellular medium was detected with specific polyclonal antibodies
against PhoD. The negative control, consisting of the empty pHB201 vector, is indicated by -. As a 
positive control, tatCd expressed on pHB201 was used (Cd). The TatCd site directed mutants as 
depicted in Figure 5 are indicated by a letter and number. 
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translocation, which may even vary depending on the type of substrate, but not in substrate 
binding. This may explain the differences observed between TatCyE102 and TatCdE96, for 
which the secretion efficiency of two different substrates was studied.  
Non-conserved residues were modified to study their role in the substrate specificity of 
TatCd and TatCy. The first cytoplasmic loop of TatCy and TatCd contains the highly 
conserved region ERKVTLxYIP. The x represents the position of a unique residue for each 
protein, namely a serine for TatCy (S108) and a methionine for TatCd (M102). The side 
chains of these residues display very different properties, but apparently have no effect on 
substrate specificity as substitution to alanines did not affect secretion for either protein 
(Figures 6A and B).  
Additionally, the importance of the extreme C terminus of TatCy was investigated. As can 
be seen in Figure 4, the C terminus of TatCy is extended by 8 amino acids when compared 
to that of TatCd. The importance of these extended residues was investigated by 
complementing a ΔtatCdCy mutant strain with two C-terminal deletion mutants of TatCy. 
The five amino acid deletion mutant as well as the eight amino acid deletion mutant were 
unable to complement for the absence of wild type TatCy in the secretion of YwbN (Figure 
6A, lanes -5 and -8). This implicates an important, if not essential, role of the TatCy C 
terminus in active substrate translocation.  

Table 1  Overview of effects of amino acid substitution in TatC proteins on substrate translocation. 
Table legend on page 98.  

SufI TorA spTorA-fusion YwbN PhoD  
+ +/- - + +/- - + +/- - + +/- - + +/- - 

E.c. TatC 
L9F (N)        x K        
H12A (N)    x A x B  x A         
L13A (N)    x A   x A         
E15A (N)    x B            
E15Q (N)    x A   x A         
L16A (N)     x A   x A        
R17A (N)     x B x A   x A       
R17K (N)     x  B            
K18M (N)        x K        
K18E (N)        x K        
R19A (N)    xB,A   x A         
R19K (N)    x B            
L20A (I)     x A  x A         
N22I (I)        x K        
P48A* (P)   x H   x A   x A       
K73A (P)    x A   x A         
P85A (II)    x B            
Q90A (II)    x B            
W92A (II)    x B            
F94A (II)  x D x H   x B          
F94L (II)      x B          
F94Y (II)    x B            
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 SufI TorA spTorA-fusion YwbN PhoD 
 + +/- - + +/- - + +/- - + +/- - + +/- - 
F94S (II)        x S        
P97A (C)    x A x B  x A         
L99A (C)    x A x B  x A         
L99P (C)        x S        
Y100A (C)   x H  x B           
E103A (C) x D  x H      x B       
E103D (C)         x B       
E103Q (C)    x A   x A  x B       
E103R (C)  x D       x B       
R104A (C)     x A   x A        
R105A (C)    x B x A   x A        
Y126A (III)   x H  x B           
P142S (P2)        x S        
Y154S (P2)     x A   x A        
E170A (IV) x H    x B           
P172A (IV)    x B            
L178A (IV)    x A   x A         
G182A (C2)    x A   x A         
D211A (V) x H,D        x B       
D211E (V)        x B        
D211N (V)         x B       
S214A (P3)    x B            
E227A (VI)    x B            
B.s. TatCy 
L11A (N)          x      
H14A (N)            x    
I15A (N)          x      
L18A (N)            x    
R19A (N)          x      
K20A (N)            x    
P96A (C)          x      
G97A (C)          x      
L98A (C)            x    
E102A (C)           x     
S108A (C)          x      
B.s. TatCd 
K3A (N)              x  
L8A (N)               x 
H11A (N)               x 
L12A (N)               x 
L15A (N)               x 
R16A (N)               x 
R17A (N)              x  
P90A (C)               x 
L92A (C)               x 
E96A (C)               x 
M102A (C)             x   
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The table shows results of various mutagenesis studies. The effects of site-directed or random mutagenesis in 
the TatC proteins on the translocation or binding of various Tat-dependent substrates is indicated. spTorA-fusion 
represents several reporter proteins fused to the signal peptide of TorA, such as TorA-GFP (Allen et al., 2002), 
TorA-MalE (Kreutzenbeck et al., 2007), and TorA-GFP-SsrA (Strauch and Georgiou, 2007). Residues located in 
the cytoplasmic N terminus are indicated with (N), in the first transmembrane domain with (I), in the first 
periplasmic/outer loop with (P), in the second transmembrane domain with (II), in the first cytoplasmic loop with 
(C), in the third transmembrane domain with (III), in the second periplasmic loop with (P2), in the fourth 
transmembrane domain with (IV), in the second cytoplasmic loop with (C2), in the fifth transmembrane domain 
with (V), in the third periplasmic loop with (P3) and in the sixth transmembrane domain with (VI). +, no effect on 
protein translocation or binding was observed; +/-, the effect on substrate secretion or binding varied from mild to 
severe; -, substrate translocation or binding was completely abolished; E.c., E. coli; B. c., B. subtilis; *, This 
mutation has been shown to cause disintegration of the TatABC complex (Barrett et al., 2005); K, Kreutzenbeck 
et al., 2007 (random suppressor mutants, substrate translocation); A, Allen et al., 2002 (site-directed 
mutagenesis, substrate translocation); B, Buchanan et al., 2002 (site-directed mutagenesis, substrate 
translocation); D, McDevitt et al., 2006 (site-directed mutagenesis, substrate binding); H, Holzapfel et al., 2007 
(site-directed mutagenesis, substrate translocation and binding); S, Strauch and Georgiou, 2007 (random 
suppressor mutants, substrate translocation). 

 
Detection of affected TatC site-directed mutant proteins in the membrane.  

Similar to previous observations concerning the TatC hybrid proteins, an inability of the 
TatC site-directed mutants to translocate Tat substrates could be due to an instability of the 
protein caused by the amino acid change. To ensure production and integration of the 
inactive TatC mutant proteins into the membrane, membranes were isolated and solubilised 
as described above and immunoblotted with specific antibodies raised against the TatCd 
protein of B. subtilis. As can be seen in Figure 7, detection of the site-directed TatC mutant 
proteins in the membrane confirms their stability and does not show any indication of 
protein degradation.  

Figure 7  Detection of TatCy and TatCd site-
directed mutant proteins in the 
membrane. B. subtilis ΔtatCdCy X-ywbN
as well as ΔtatCd X-phoD expressing the 
mutated tatCy and tatCd genes on 
pHB201 derivatives, were grown as 
described above. Membranes were 
isolated, solubilised and analysed with 
SDS PAGE and immunoblotting. TatCy 
and TatCd site-directed mutants were 
visualised using antibodies against 
TatCd. The position of molecular weight 
markers (in kDa) is indicated on the left. 
Negative control (PHB201); plasmid 
pHB201, positive control (Cy); TatCy or 
(Cd); TatCd. The letters and numbers (i.e.
H14) indicate the amino acid in TatCy or 
TatCd that was replaced by an alanine. 
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Discussion 

The Gram-positive bacterium B. subtilis contains two independent Tat translocases, 
TatAdCd and TatAyCy, each responsible for the secretion of one specific substrate, PhoD 
and YwbN, respectively. Complementation studies in E. coli ΔtatA/E and ΔtatB mutants 
have shown that the TatAd component of B. subtilis is bifunctional and able to restore 
secretion of the TorA substrate in both mutant backgrounds (Barnett et al., 2008). In 
addition, our recent findings indicate an ability of TatAd to form an active complex with 
not only TatCd, but also with TatCy when TatAd is overproduced (Eijlander et al., 2009). 
The opposite combination, i.e. TatAyTatCd, was not found to be active, leading to the 
hypothesis that the TatCy component may contain the specificity determinant(s) in 
recognition and binding of the YwbN substrate. Likewise, previous studies in E. coli and 
plant thylakoids have identified the TatBC complex as the substrate receptor complex 
(Mangels et al., 2005;Cline and Mori, 2001), with the TatC protein interacting specifically 
with the RR consensus region in the signal peptide (Gérard and Cline, 2006;Alami et al., 
2003). In this study, we have sought to determine activity- and specificity determinants 
within the two TatC proteins of B. subtilis (TatCy and TatCd) and compare our findings to 
previously published observations for E. coli TatC.  
 
A. Protein sequence alignment of TatCy, TatCd and E. coli TatC 
 
TatCy           MTRMKVNQMSLLEHIAELRKRLLIVALAFVVFFIAGFFLAKPIIVYLQETDEAKQ---LT 57 
TatCd           ---MDKKETHLIGHLEELRRRIIVTLAAFFLFLITAFLFVQDIYDWLIRDLDGKL---AV 54 
TatC            --MSVEDTQPLITHLIELRKRLLNCIIAVIVIFLCLVYFANDIYHLVSAPLIKQLPQGST 58 
                      .   *: *: ***:*::    *..::::  . :.: *   :      :     . 
 
TatCy           LNAFNLTDPLYVFMQFAFIIGIVLTSPVILYQLWAFVSPGLYEKERKVTLSYIPVSILLF 117 
TatCd           LGP---SEILWVYMMLSGICAIAASIPVAAYQLWRFVAPALTKTERKVTLMYIPGLFALF 111 
TatC            MIATDVASPFFTPIKLTFMVSLILSAPVILYQVWAFIAPALYKHERRLVVPLLVSSSLLF 118 
                : .   :. ::. : :: : .:  : **  **:* *::*.* : **::.:  :     ** 
 
TatCy           LAGLSFSYYILFPFVVDFMKRISQDLNVNQVIGINEYFHFLLQLTIPFGLLFQMPVILMF 177 
TatCd           LAGISFGYFVLFPIVLSFLTHLSSG-HFETMFTADRYFRFMVNLSLPFGFLFEMPLVVMF 170 
TatC            YIGMAFAYFVVFPLAFGFLANTAPE-GVQVSTDIASYLSFVMALFMAFGVSFEVPVAIVL 177 
                  *::*.*:::**:...*: . :    .:       *: *:: * :.**. *::*: ::: 
 
TatCy           LTRLGIVTPMFLAKIRKYAYFTLLVIAALITPPELLSHMMVTVPLLILYEISILISKAAY 237 
TatCd           LTRLGILNPYRLAKARKLSYFLLIVVSILITPPDFISDFLVMIPLLVLFEVSVTLSAFVY 230 
TatC            LCWMGITSPEDLRKKRPYVLVGAFVVGMLLTPPDVFSQTLLAIPMYCLFEIGVFFSRFYV 237 
                *  :** .*  * * *    .  :*:. *:***:.:*. :: :*:  *:*:.: :*     
 
TatCy           RKAQKSSAADRDVSSGQ---- 254 
TatCd           KKRMREETAAAA--------- 242 
TatC            GKGRNREEENDAEAESEKTEE 258 
                 *  . .          

 

B. Protein sequence alignment of N regions of various Tat signal peptides 
 
SufI                      MSLSRRQFIQ 
TorA                MNNNDLFQASRRRFLAQ 
YwbN              MSDEQKKPEQIHRRDILK 
PhoD  MAYDSRFDEVQKLKEESFQNNTFDRRKFIQ 
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Figure 8  Protein sequence alignments. A] Predicted hydrophobic regions in B. subtilis TatCy, TatCd and 
E. coli TatC are shaded. The effects of amino acid substitution of residues is indicated in colours: 
red; essential, green; non-essential, blue; important, yellow; inconclusive. Stars indicate 
conserved residues, whereas colons and dots that show conservation in the biochemical 
character of the side chains. B] The sequences of the N region of the signal peptides of E. coli 
substrates SufI and TorA as well as B. subtilis Tat substrates YwbN and PhoD have been aligned. 
The RR motif is indicated in bold. The conserved +2 phenylalanine residue is underlined. The 
divergent isoleucine on this position in the signal peptide of YwbN is highlighted red and bold. A 
common feature in all four signal peptides consisting of the presence of hydrophobic residues on 
positions +3 and -2 are shown in italics. 

 
Inactivity of TatC hybrid proteins points towards multiple essential regions.  

Even though the TatC protein is not highly conserved among organisms, certain regions 
contain a high density of conserved residues, particularly the cytoplasmic loops (Buchanan 
et al., 2002). With the construction of several TatCd/Cy chimeric proteins, we set out to 
determine which regions are essential for the secretion of YwbN or PhoD. Unexpectedly, as 
shown in Figure 2, none of these hybrid proteins were able to secrete either YwbN or PhoD 
in ΔtatCy and/or ΔtatCd mutant backgrounds. This inability is not due to an instability of 
the chimeric proteins, because Figure 3 shows their presence in the membrane, indicating a 
stable membrane integration. By showing that all hybrids are unable to secrete YwbN and 
PhoD, we can conclude that activity determinants for substrate binding, translocation and 
possibly also TatAC complex formation in both B. subtilis TatC proteins are localised in 
multiple regions, which are extremely sensitive to modification.  
Since all B. subtilis TatC hybrids containing an altered N or C terminus were inactive, it is 
reasonable to assume that not only the N-terminal part (Holzapfel et al., 2007;Buchanan et 
al., 2002;as previously suggested by Allen et al., 2002), but also the extreme C terminus of 
TatC is essential in the secretion of Tat substrates (Figure 2, lane H5). This is confirmed by 
the results obtained for two C-terminal deletion mutants of TatCy, which both no longer 
secrete YwbN (Figure 6A, lanes -5 and -8). Whether this part of the protein is involved in 
substrate binding, substrate translocation or is perhaps required for correct complex 
formation with TatAy was not investigated in this study and will have to be addressed in 
additional experiments. 
 
Conserved TatC residues show differences in degree of importance for Tat-
dependent protein secretion.  

Previous mutagenesis studies involving E. coli TatC have provided a wealth of data 
concerning essential and important residues in the TatC protein for Tat substrate binding 
and translocation (summarised in Table 1). In this study, we have applied similar 
approaches to obtain clues on the importance of conserved residues in Gram-positive TatC 
proteins for the first time. Based on protein sequence alignments a range of conserved and 
non-conserved residues in the N-terminal regions of B. subtilis TatCy and TatCd were 
selected for substitution by alanines. The effects of these mutations on the secretion of 
YwbN and PhoD, respectively, are shown in Figure 6 and are summarised in Table 1. 
 



TatC activity determinants  

101 

Strikingly, substitution of conserved residues in TatCy and TatCd resulted in different 
effects on their respective substrate secretion. In addition, significant differences in 
importance of conserved residues in TatCy, TatCd and E. coli TatC were observed. For 
instance, the E. coli TatCL16A mutant showed only a minor effect on secretion efficiency of 
TorA or the TorA-GFP fusion protein (Allen et al., 2002), whereas the leucine-alanine 
substitution on the same position in TatCy (TatCyL18A) and TatCd (TatCdL15A) resulted in a 
complete block in transport of YwbN or PhoD, respectively.  
 
Fig. 8A represents an alignment between B. subtilis TatCy, B. subtilis TatCd and E. coli 
TatC, in which the effect of amino acid substitutions in the TatC proteins on Tat substrate 
translocation is indicated in colours. As is clearly illustrated, amino acids that were 
consistently found to be essential (indicated in red) for E. coli TatC activity (R17 and E103) 
seem to have a different degree of importance for activity of TatCy (R19 and E102), 
whereas they are equally essential for PhoD secretion by TatCd (R16 and E96). 
Furthermore, as is indicated by the residues highlighted in blue, certain amino acids are not 
essential, but do show an effect on substrate binding or translocation when substituted. In 
some cases, the severity of this effect can differ depending on the substrate. For instance, 
Buchanan et al. (Buchanan et al., 2002) described a complete block in transport of TorA-
GFP when the aspartate on position 211 in TatC was changed into an alanine or an 
asparagine, or a severe effect when changed into a glutamate (also shown in Table 1). In 
contrast, the TatCD211A mutant was found to have no effect on secretion or binding of the 
SufI substrate (Holzapfel et al., 2007;McDevitt et al., 2006). It is therefore uncertain 
whether differences in effects of the substituted residues in TatCy and TatCd are the result 
of the use of two different substrates, and if identical effects will be obtained when studying 
translocation of an identical substrate.  
 
Recent studies concerning the essential character of conserved residues in the signal 
peptides of Tat-dependent substrates of E. coli have also indicated that the effect of 
substitution of such a residue may be substrate-dependent (Mendel et al., 2008). For 
instance, the most conserved feature in all Tat substrates, the double arginines, is only 
completely essential for Tat-dependent translocation in some cases, often depending on the 
substrate at study (Mendel et al., 2008). As expected, all information required for substrate 
binding to the TatBC receptor complex is located in the N region of the signal peptide, as 
Tat substrate mutants lacking this region were no longer associated with TatBC (McDevitt 
et al., 2006). Within this N region, the RR motif was in fact shown to play an essential role 
in binding to TatC, as determined by photoaffinity crosslinking studies (Alami et al., 2003). 
However, later reports suggest otherwise. Even though RR>KK and RR>AA mutants of 
SufI can no longer be translocated into the periplasmic space, an interaction with the TatC 
protein was still observed (McDevitt et al., 2006). Additionally, TatC suppressor mutants 
found to restore the secretion of the translocation-defective TorA(RR>KQ)-MalE fusion 
protein were still able to bind the wild type TorA-MalE substrate (Kreutzenbeck et al., 
2007). These observations indicate that the function of the conserved double arginine 
residues in Tat substrates is far more complex than simply functioning as a recognition and 
binding site, as was previously suggested by McDevitt et al. (2006). In fact, when studying 
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binding of substrate to the TatBC complex in thylakoids or E. coli, other equally conserved 
residues in the extended consensus region appeared to play an important role. An example 
of these conserved residues is the phenylalanine on position +2 relative to the RR motif. 
This residue is highly conserved in bacterial Tat signal peptides, although almost never 
observed in Tat substrates of the thylakoidal Tat pathway. Interestingly, introduction of 
such a phenylalanine on position +2 in the tOE17 Tat substrate of thylakoids resulted in an 
increase of binding affinity to the TatBC (Hcf106-cpTatC) complex (Gérard and Cline, 
2007). As is shown in Figure 8B, all signal peptides of substrates used in the above 
described mutagenesis studies contain a phenylalanine on position +2, except for B. subtilis 
YwbN (highlighted in red in Figure 8B). This may explain the differences in essential 
character of changed conserved residues between TatCy and TatCd, such as TatCyE102, for 
the secretion of YwbN and PhoD, although additional mutagenesis and biochemical 
crosslinking studies will have to be performed to prove that theory. 
 
So far the mechanism of secretion of folded proteins by the Tat machinery remains 
inconclusive, although several working models for E. coli Tat have been published (Sargent 
et al., 2006;reviewed in Lee et al., 2006a). The results from this study demonstrate that, 
despite Tat component similarities and regional homologies, specific differences in 
substrate affinity and translocation activity exist even within the same organism. 
Nevertheless, we agree with previous conclusions that the N-terminal half of TatC plays a 
determining role in substrate recognition and binding. In addition, we have shown for the 
first time that the extreme C terminus of TatCy in B. subtilis is also essential for 
translocation activity.  
 
A comparative model of the N-terminal regions of B. subtilis TatCy, TatCd and E. coli 
TatC is depicted in Figure 9, in which the results of mutagenesis studies are indicated in 
similar colours as in Figure 8A. Unfortunately, no crystal structures of the TatC proteins 
have been elucidated yet, which could provide vital clues on the presence of binding 
pockets and the positioning of individual amino acids in respect to their neighbouring 
residues. Therefore, the positioning of the residues in Figure 9 is purely hypothetical, but 
nevertheless illustrates important differences between the three TatC proteins.  
 
It is likely that the substrate specificity determinants for Tat-dependent protein secretion in 
B. subtilis are a combination of explicit properties of TatA and TatC components as well as 
Tat substrate signal peptides and perhaps even the mature protein sequence. Together with 
specific crosslinking and signal peptide mutagenesis studies, models as illustrated in Figure 
9 may provide important clues on Tat substrate binding requirements and, as a result, on 
Tat substrate specificity 
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Materials and methods 

Bacterial strains, plasmids and media. 
All strains and plasmids used in this study are listed in Table 2 . All strains were grown in TY 
(trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto yeast extract (0.5%; 
w/v) and NaCl (1%; w/v). When appropriate, media were supplemented with erythromycin (Em; 5 
µg/ml), kanamycin (Km; 10 µg/ml), chloramphenicol (Cm; 5 µg/ml) and/or spectinomycin (Sp; 100 
µg/ml). To ensure the production of YwbN-myc and PhoD, the expression of the corresponding genes 
was induced by the addition of 1% xylose to cells after these entered the exponential growth phase.  

DNA cloning techniques. 
All cloning techniques and transformation of E. coli were performed as described by Sambrook et al. 
(1989). Transformation of Bacillus subtilis was performed as described by Bron and Venema (1972). 
All enzymes were from Roche Molecular Biochemicals, or Fermentas Life Sciences. The Polymerase 
Chain Reaction (PCR) was performed using Phusion DNA polymerase (Finnzymes) as previously 
described by van Dijl et al. (1995). All primers used are listed in Table 3.  

Construction of TatC hybrid proteins. 
The topology of B. subtilis TatCy and TatCd was predicted using TMHMM Server v. 2.0 
(http://www.cbs.dtu.dk/services/TMHMM-2.0/) and used for the construction of the TatCd/TatCy 
hybrid proteins, allowing a direct replacement of specific cytoplasmic loops or transmembrane 
segments of TatCy by corresponding loops and transmembrane segments of TatCd. The predicted 
topologies of the resulting hybrids are depicted in Figure 1.  

Figure 9  Predicted topologies of the N-terminal regions of B. subtilis TatCy, TatCd and E. coli TatC.
The effect of amino acid substitution on residues in the cytoplasmic N terminus and the first
cytoplasmic loop is indicated in colours: red; essential, green; non-essential, blue; important. 
Transmembrane domains are indicated in grey and are numbered in Roman numerals. 
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To construct plasmid pHBtatCy the tatCy gene was amplified from B. subtilis 168 chromosomal 
DNA using primers MKCy-F and MKCys-R. The amplified fragment was cleaved with SacI and 
BamHI and cloned into the corresponding sites of pHB201 (Bron et al., 1998). Plasmid pHBtatCd  

Table 2  Plasmids and strains 

was constructed in a similar manner using primers MKCd-F and MKCds-R. For the construction of 
plasmid pHBtatC-H1 the 5’ half of tatCd and the 3’ half of tatCy were fused together using overhang 
PCR. In short, the 5’ half of tatCd was amplified using primers MKCd-F and MKCd5-R. The 3’ half 
of tatCy was amplified using primers MKCy3-F and MKCys-R. The amplified fragments were 
diluted 1:100 and used in a second PCR reaction, in which they were able to function as primers on 
each other. The outward primers MKCd-F and MKCys-R were included in the reaction to ensure 
amplification of the fused product. The final product was cleaved with SacI and BamHI and cloned 
into the corresponding sites of pHB201.  
The additional TatC hybrids were constructed in a similar manner. For pHBtatC-H2 the 5’ half of 
tatCy was amplified using primers MKCy-F and MKCy5-R The 3’ half of tatCd was amplified using 
primers MKCd3-F and MKCds-R. For pHBtatC-H3 an N-terminal fragment of tatCd was amplified 

Plasmids Relevant properties Reference 
   
pHB201 B. subtilis/E. coli shuttle vector with P59 constitutive promoter; 6.6 kB; 

Cmr; Emr 
(Bron et al., 1998) 

pHBtatCy pHB201-derivative containing B. subtilis tatCy; 7.3 kb; Cmr; Emr   This study 
pHBtatCd pHB201-derivative containing B. subtilis tatCd; 7.3 kb; Cmr; Emr This study 
pHBtatC-H1 pHB201-derivative containing B. subtilis tatC hybrid 1; 7.3 kb; Cmr; Emr  This study 
pHBtatC-H2 pHB201-derivative containing B. subtilis tatC hybrid 2; 7.3 kb; Cmr; Emr This study 
pHBtatC-H3 pHB201-derivative containing B. subtilis tatC hybrid 3; 7.3 kb; Cmr; Emr This study 
pHBtatC-H4 pHB201-derivative containing B. subtilis tatC hybrid 4; 7.3 kb; Cmr; Emr This study 
pHBtatC-H5 pHB201-derivative containing B. subtilis tatC hybrid 5; 7.3 kb; Cmr; Emr This study 
pAX01 integrates into the B. subtilis lacA locus; 7.7 kb; Apr; Emr (Härtl et al., 2001) 
pAXphoD pAX01-derivative with phoD behind the PxylA promoter; 9.4 kb; Apr; Emr This study 
pJCd2 pUC21-derivative for the disruption of tatCd; 6.3 kb; Apr; Kmr (Jongbloed et al., 

2000) 
   

Strains Relevant properties Reference 

E. coli   
MC1061 F; araD139;  (ara-leu)7696;  (lac)X74; galU; galK; hsdR2; mcrA; 

mcrB1; rspL 
(Wertman et al., 
1986) 

B. subtilis   
168 trpC2 (Kunst et al., 

1997)  
168 X-ywbN trpC2; amyE::xylA-ywbN-myc; Cmr  (Jongbloed et al., 

2004) 
168 ΔtatCdCy 
X-ywbN 

trpC2; tatCy::Sp; tatCd::Km; amyE::xylA-ywbN-myc; Spr, Kmr; Cmr (Jongbloed et al., 
2004) 

168 X-phoD trpC2; tatCy::Sp; amyE::xylA-ywbN-myc; Spr; Cmr This study 
168 ΔtatCd X-
phoD 

trpC2; tatAyCy::Sp; amyE::xylA-ywbN-myc; Spr; Cmr; previously referred 
to as tatAyCy::Sp X-ywbN 

This study 
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with primers MKCd-F and MKH3Cd-R. A C-terminal fragment of tatCy was amplified with primers 
MKH3Cy-F and MKCys-R. For pHBtatC-H4 an N-terminal fragment of tatCd was amplified with 
primers MKCd-F and MKH4Cd-R. A C-terminal fragment of tatCy was amplified with primers 
MKH4Cy-F and MKCys-R. For pHBtatC-H5 an N-terminal fragment of tatCy was amplified with 
primers MKCy-F and MKH5Cy-R. A C-terminal fragment of tatCd was amplified with primers 
MKH5Cd-F and MKCds-R. The correct DNA sequence of all constructs was verified by DNA-
sequencing (ServiceXS).  
 
Table 3  Primers used in this study. Restriction sites are underlined. 

Construction of TatC site directed mutants. 
The amino acid sequences of Tat components of B. subtilis and E. coli as deduced from the SubtiList 
and Colibri Databases were used for comparisons using EMBL-EBI ClustalW2 alignment tool. Based  
on the protein sequence alignment and previous mutagenesis studies performed for E. coli TatC, 
conserved and non-conserved residues in TatCy and TatCd were selected for alanine substitutions. 
Amino acids were replaced by alanines using PhusionTM Site-Directed Mutagenesis according to the 
manufacturer’s instructions. For TatCy and TatCd point mutations 0.6 ng/μl of plasmid pHBtatCy or 
plasmid pHBtatCd respectively was used as template DNA. PCR products were cleaved with DpnI 
directly after amplification to remove all template DNA before ligation with T4 ligase and 
transformation to E. coli. The obtained mutant constructs were sequenced (ServiceXS, Leiden, The 
Netherlands) to ensure correct amino acid substitutions.  

Construction of B. subtilis 168 X-phoD and 168 ΔtatCd X-phoD. 
For xylose-inducible phoD ectopically integrated into the chromosome, phoD was amplified using 
JJPhoD01 and JJPhoD04 primers. The amplified fragment was cleaved with XbaI and BamHI and 
cloned into SpeI and BamHI digested pAX01 (Härtl et al., 2001). The resulting plasmid, pAXphoD, 
was used to transform B. subtilis 168 and allowed to integrate into the lacA locus to create B. subtilis 
strain 168 X-phoD. Production and secretion of PhoD was verified after growth in the presence of 

Name Sequence 

MKCy-F GCCGAGCTCAAAGGAGGTAAGTTAGGATGACACGAATG 
MKCd-F GCCGAGCTCGAAAGGGAGGGCTTTTTTG 

MKCys-R CGCGGATCCTTATTTTTCAAACTGTGGGTGCGACCAATTCGATTGCCCAGAAGACAC 
MKCds-R CGCGGATCCTCATTTTTCAAACTGTGGGTGCGACCAATTCGAAGCGGCCGCCGCTGTTTCT

TC 
MKCy5-R GCGGTCAGCCGTAAACATCGTTTCAAACAAGTCCTGAGAAATCCGCTTC 
MKCd5-R CCGATCACCTGATTGACATTGTGGCCGGAGGATAAATGAG 
MKCy3-F CTCATTTATCCTCCGGCCACAATGTCAATCAGGTGATCGG 
MKCd3-F GCGGATTTCTCAGGACTTGTTTGAAACGATGTTTACGGCTGACCGC 
MKH3Cd-R CGCCAGCGCTACAATCAGCAACCGGATAATCCGGCGGCGAAG 
MKH3Cy-F CGCCGCCGGATTATCCGGTTGCTGATTGTAGCGCTG 
MKH4Cd-R GCCGATGATAAACGCAAATTGCATAAACGGTCCTAGCACAGCCAGCTTTC 
MKH4Cy-F GCTGGCTGTGCTAGGACCGTTTATGCAATTTGCGTTTATCATCG 
MKH5Cy-R CACGAGAAAATCAGAGACTGTGACCATCATATGGGACAGAAGCTCAGGCG 
MKH5Cd-F CATATGATGGTCACAGTCTCTGATTTTCTCGTGATGATCCCGCTTCTTGTC 
JJPhoD01 GCTCTAGAGTCGACGATCAATGAGGAGAGAGG 
JJPhoD04 GCGGATCCTCATCGGATTGCTTCACC 
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xylose. Additionally, the tatCd gene was disrupted as previously described by Jongbloed et al. (2000) 
to create B. subtilis strain 168 ΔtatCd X-phoD. 

Protein techniques 
To detect YwbN-myc and PhoD, medium and cellular fractions were prepared as described 
previously (Jongbloed et al., 2000). After separation by SDS-polyacrylamide gel electrophoresis, 
proteins were transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) 
as described (Towbin et al., 1979). YwbN-myc was detected with specific antibodies against the C-
terminal myc epitope (Clontech Laboratories, Inc.) and horse radish peroxidase-conjugated sheep 
anti-mouse antibodies (Amersham Biosciences) according to the manufacturer's instructions. PhoD 
was detected with specific antibodies against PhoD (kindly provided by J. Müller) and horse radish 
peroxidase-conjugated donkey anti-rabbit antibodies (Amersham Biosciences) according to the 
manufacturer's instructions.  
To detect the TatC hybrid proteins and mutated TatCy and TatCd proteins in the membrane, overnight 
(O/N) cultures were diluted to an OD600 of 0.1 in 100 ml fresh TY broth supplemented with 
antibiotics. Cells were grown to late exponential phase and harvested by centrifugation. Next, the cell 
pellet was incubated in 10 ml Bacillus Birnboim A buffer (20% sucrose, 10 mM Tris-HCl pH 8.1, 10 
mM EDTA, 50 mM NaCl) with 2mg/ml lysozyme for 1 hour at 37 ˚C. The cells were further 
disrupted by sonication. Membranes were separated from the cytoplasm by ultracentrifugation at 
70,000 rpm at 4˚C for 30 minutes (Beckman OptimaTM TLX ultracentrifuge). The cell pellet was 
resuspended in 4 ml solubilisation buffer (30 mM Tris HCl pH8.0, 10% glycerol, 50 mM NaCl, 1% 
Triton-X-100) on a rotor at 4 ˚C O/N. Insoluble material was removed by ultracentrifugation at 
70,000 rpm at 4˚C for 30 minutes, after which the supernatant was collected and labeled membrane 
fraction. SDS PAGE samples of membrane fractions were prepared as described by Laemmli 
(Laemmli, 1970) and analysed by SDS PAGE gelelectrophoresis and Western Blotting using 
antibodies against B. subtilis TatCd (kindly provided by J. Müller) and horse radish peroxidase-
conjugated goat anti-rabbit antibodies (Amersham Biosciences) according to the manufacturer's 
instructions. 
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V{tÑàxÜ I 

A dual function for PhoD in Bacillus subtilis 

The phosphodiesterase PhoD is one of the two identified substrates for secretion via 
the Twin-arginine translocation (Tat) pathway in B. subtilis. Its gene precedes those of 
the Tat translocase components TatAd and TatCd. Together they form the phoD 
operon that is controlled by the PphoD promoter. In response to low amounts of 
phosphate in the growth medium, the PhoPR two-component system is activated, 
resulting in the phosphorylation of the PhoP response regulator. PhoP~P then binds 
to, amongst others, the PphoD promoter to induce the expression of phoD, tatAd and 
tatCd.   
In an attempt to bypass growth in a low phosphate medium to study the secretion of 
PhoD via the TatAdCd pathway, xylose-inducible phoD was ectopically integrated into 
B. subtilis. Despite the presumed absence of the low phosphate-regulated TatAdCd 
translocase, PhoD was detected in the extracellular medium when cells were grown in 
a rich growth medium supplemented with xylose. Further analysis of gene expression 
profiles during these growth conditions revealed a second, regulatory function of 
PhoD, activating its own promoter either directly or indirectly. With this study we 
show that PhoD is possibly a moonlighting protein able to regulate the expression of 
its own operon next to its previously assigned function as a secreted 
phosphodiesterase. 
 
 

Introduction 

Bacillus subtilis is a non-pathogenic soil-dwelling bacterium known for its ability to adapt 
to the numerous stress conditions it can encounter in its natural environment. Such 
adaptations can take place via a signal transduction cascade through two-component 
systems, which allows rapid cellular responses to fluctuations in the environment. During 
growth in a medium with limiting amounts of inorganic phosphate (Pi) at least three 
regulatory systems are responsible for changes in gene expression, of which the first one 
involves the PhoP-PhoR two-component system. The genes regulated by the histidine 
kinase PhoR and the response regulator PhoP are referred to as the Pho regulon. Although 
the PhoP-PhoR two-component system acts as the initial response to low Pi stress by 
inducing Pho-regulon genes, two other systems are also involved in positive and negative 
regulation of the Pho-regulon: ResD-ResE and the phosphorelay resulting in the 
phosphorylation of SpoOA, respectively (Sun et al., 1996).  
The second regulatory system responsible for changes in gene expression comprises the 
alternative sigma factor SigB regulon, which is part of a more general stress response. This 
also includes a number of low phosphate induced genes (Antelmann et al., 2000). A third 
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group of genes of which the expression is induced during growth in a low phosphate 
environment is independent of both SigB and PhoP-PhoR and involves other (unknown) 
factors (Antelmann et al., 2000).  
 
Induction by the PhoP-PhoR two-component system is currently mostly studied to 
understand the adaptation of B. subtilis to low phosphate stress conditions. The Pho regulon 
is activated when external Pi concentrations decrease to less than 0.1 mM (Sun et al., 1996) 
by ATP-dependent autophosphorylation of PhoR. Next, PhoR~P passes the phosphate to 
PhoP, which displays DNA-binding properties and binds to a consensus motif in a range of 
promoter sequences (Liu and Hulett, 1997). PhoP~P-regulated genes include those 
encoding high-affinity Pi transport systems for the uptake of inorganic phosphate (PstS 
system) (Allenby et al., 2004), secreted alkaline phosphatases to liberate Pi from cell wall 
teichoic acids (PhoA, PhoB and PhoD) (Eder et al., 1999;Hulett et al., 1994) and genes 
involved in cell wall polymer turnover, such as tag and tua genes (Qi and Hulett, 1998). 
The promoters upstream of these genes all rely on PhoP~P for activation, although PhoP 
does not have to be phosphorylated to allow DNA binding (Eder et al., 1999). The binding 
of PhoP and PhoP~P is facilitated by a distinct DNA motif, consisting of multiple 
TT(A/T)ACA-like repeats separated by approximately 5 bp (Eder et al., 1999). The core-
binding region for PhoP requires at least four of these repeats. A secondary binding site has 
also been reported for several Pho regulon promoters (Eder et al., 1999).     
 
One of the genes that is part of the Pho regulon is phoD. PhoD is a phosphodiesterase that 
is secreted and resides in the cell wall and the extracellular medium (Müller and Wagner, 
1999). The secretion of PhoD occurs solely via the TatAdCd translocase by means of a 
specific twin-arginine signal peptide (Jongbloed et al., 2000). The phoD gene is located in 
an operon with the tatAd and tatCd genes, which is controlled by the PhoP-dependent PphoD 
promoter. Previous reports have stated that the expression of the phoD operon is completely 
dependent on the binding of several PhoP dimers to a specific PhoP binding region in the 
PphoD promoter during the Pho response (Eder et al., 1999).  
PhoD is one of the two identified Tat substrates for B. subtilis. The second is the iron-
dependent DyP peroxidase YwbN (Sturm et al., 2006), which depends on the second Tat 
translocase of B. subtilis, TatAyCy, for its secretion (Jongbloed et al., 2004). This 
specificity for Tat substrates displayed by the two Tat translocases of B. subtilis is the main 
focus of our studies, and recently published results have already indicated that this 
specificity can be relaxed during overexpression conditions and that the formation of mixed 
Tat complexes is possible (Eijlander et al., 2009). In this study we ectopically integrated 
xylose-inducible phoD into the chromosome of B. subtilis to bypass the necessity for 
growth in a phosphate depletion medium for phoD expression. We investigated the 
production and secretion of X-PhoD, and observed its presence in the extracellular medium 
when cells were grown in a rich medium. Because PhoD is exclusively secreted via the 
TatAdCd translocase and the expression of tatAd and tatCd depends on low amounts of 
phosphate in the growth medium, the secretion of X-PhoD was unexpected. Closer 
inspection using Western Blotting and microarray analysis revealed a second, regulating 
function of PhoD.  
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Results 

Two independent Tat translocases are present in B. subtilis that are each responsible for the 
secretion of one specific substrate identified to date. YwbN is secreted via the TatAyCy 
translocase, whereas PhoD depends on TatAdCd for its secretion. To study the substrate 
specificity displayed by both B. subtilis Tat complexes, attempts were made to bypass the 
necessity for growth in a phosphate depletion medium to achieve phoD expression. Only 
during these growth conditions is the phoD operon expressed, resulting in the production of 
PhoD, TatAd and TatCd with subsequent secretion of PhoD via the TatAdCd translocase. 
However, the limiting Pi conditions cause a considerable amount of stress to the cells, 
resulting in retarded growth compared to growth in rich medium (data not shown). As a 
consequence, overall protein production is significantly decreased, complicating 
biochemical studies to a certain degree.  
 
Production and secretion of xylose-induced PhoD in rich medium 
A B. subtilis strain with xylose-inducible phoD was obtained as described in the Materials 
and methods section. The PxylA-phoD fusion was integrated ectopically in the lacA locus by 
a double crossover event. Growth of this strain in rich TY medium and subsequent 

induction with 1% xylose resulted in 
the production of pre-PhoD (Figure 1, 
lanes cell). Surprisingly, 
immunoblotting of extracellular 
medium fractions with specific 
antibodies showed the presence of 
PhoD in the xylose-induced fraction 
(Figure 1, lane medium +). Because 
the phoD operon, consisting of the 
phoD, tatAd and tatCd genes, is not 
expressed during growth in rich 
medium (Jongbloed et al., 
2000;Antelmann et al., 2000;Eder et 
al., 1996), and secretion of PhoD was 
found to be completely dependent on 
the presence of an intact TatAdCd 
translocase in the membrane 
(Jongbloed et al., 2000), secretion of 
PhoD in the experimental setup as 
described above was unexpected.  
 

 
Ectopically expressed X-phoD results in the expression of tatAd and tatCd  
The second Tat translocase of B. subtilis, TatAyCy, is constitutively expressed and 
responsible for the secretion of YwbN. Recent reports show that heterologous 
overexpression of TatAyCy in a tat null mutant strain of Escherichia coli results in the 

Figure 1  Secretion of xylose-induced PhoD in rich 
medium. Strain B. subtilis 168 X-phoD was
grown in TY medium. When applicable, cells
were induced with 1% xylose (+). After
harvesting, cells were separated from the 
extracellular medium by centrifugation and
SDS PAGE samples were prepared from
both fractions as described in the Materials
and methods section and analysed by
immunoblotting. The presence of Pre-PhoD
and PhoD in the cell and medium fractions is 
indicated. The location of molecular weight
markers is indicated in kDa. 
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secretion of several E. coli Tat substrates into the periplasmic space (Barnett et al., 2009, 
Chapter 3 of this thesis), indicating that this complex is able to recognise and translocate 
other Tat substrates next to YwbN. However, in a tatAdCd mutant strain of B. subtilis, no 
secretion of PhoD was observed in the presence of a TatAyCy complex when the latter was 
produced at wild type levels (Jongbloed et al., 2004) or overproduced (Eijlander et al., 
2009). To nevertheless rule out TatAyCy-dependent secretion of xylose-inducible PhoD in 
rich medium, secretion of PhoD was monitored in a ΔtatAyCy mutant background (Figure 
2, lanes ΔtatAyCy). In accordance with previous observations, PhoD was still secreted into 
the medium, indicating that the TatAyCy translocase is not responsible for the secretion of 
PhoD.  

In contrast, induction of xylose-inducible phoD in a ΔtatAdCd mutant background grown in 
TY medium resulted in a complete abolishment of PhoD secretion (Figure 2, lanes 
ΔtatAdCd), suggesting that the TatAdCd translocase is involved in the secretion of X-
PhoD. To confirm this theory, the presence of the TatAd protein was detected in cellular 
fractions immunoblotted with specific antibodies against TatAd (Figure 3). In contrast to 
growth of B. subtilis 168 X-phoD in TY medium without the addition of 1% xylose (lane -), 
induction of phoD expression with 1% xylose resulted in the concomitant production of the 
TatAd protein (lane +). Since the tatAd and tatCd genes are in an operon together, PhoD is 
secreted in this situation (Figure 1, medium) and TatCd is essential for active translocation 
of pre-PhoD (Jongbloed et al., 2000), it is fair to assume that the expression of the tatCd 
gene is induced as well. These observations suggest that ectopically induced expression of 
phoD in a rich medium induces the expression of its own phoD-tatAd-tatCd operon.  

Figure 2  Secretion of xylose-inducible PhoD in tat mutant strains. B. subtilis 168 ΔtatAyCy X-phoD
and B. subtilis 168 ΔtatAdCd X-phoD were grown in TY medium. When applicable, cells were 
induced with 1% xylose (+). After harvesting, cells were separated from the extracellular medium
by centrifugation and SDS PAGE samples were prepared from both fractions as described in the
Materials and methods section and analysed by immunoblotting. Other labels are as in Figure 1. 

Figure 3  Production of TatAd in the presence of PhoD. 
Strain B. subtilis 168 X-phoD was grown in TY 
medium. When applicable, cells were induced 
with 1% xylose (+). After harvesting, cells were 
separated from the extracellular medium and 
analysed by immunoblotting. The presence of 
TatAd in the cell is indicated. The location of 
molecular weight markers is indicated in kDa.  
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Transcriptional analysis of B. subtilis containing xylose-inducible phoD 
To confirm above described observations, a transcriptional profile of B. subtilis 168 grown 
in TY medium in the presence of xylose was compared to that of B. subtilis 168 X-phoD 
grown in similar conditions using microarray analysis. The results of this study are 
summarised in Table 1, which shows the up-regulated and down-regulated genes in the 
presence of xylose-induced PhoD. The increase of tatAd expression with almost 30-fold 
and tatCd expression with almost 7-fold clearly confirms earlier implications that PhoD 
induces the expression of its own operon, either directly or indirectly.  
 

Table 1  Up- and down-regulated genes after expression of X-phoD in B. subtilis 168. 

 
Other up-regulated genes include some involved in arginine biosynthesis, membrane 
energetics and iron-sulfur cluster biosynthesis. The genes involved in arginine biosynthesis 
argD, carA, carB and argF genes are all located downstream from each other (in a 

Gene ratio Bayes p (Putative) Function/ Functional category 
UP-regulated 
tatAd 29.66 4.44 E-16 Twin-arginine translocation pathway component 
phoD 24.29 0.00 E00 Secreted phosphodiesterase 
tatCd 6.68 1.75 E-06 Twin-arginine translocation pathway component 
argF 7.24 8.56 E-10 Arginine biosynthesis; ornithine carbamoyl transferase 
argD 3.42 3.54 E-07 Arginine biosynthesis; N-acetylornithine aminotransferase 
carA 3.56 7.62 E-07 Arginine biosynthesis; carbamoyl-phosphate transferase arginine  
carB 5.81 7.48 E-10 Arginine biosynthesis; carbamoyl-phosphate transferase arginine  
yojC 5.87 2.55 E-04 Unknown 
yosD 3.56 1.35 E-03 Membrane bioenergetics 
yosR 2.75 9.43 E-05 Membrane bioenergetics; similar to thioredoxin TrxA 
ydeC 4.95 8.34 E-03 Transcription regulation; similar to transcriptional regulator 

(AraC/XylS family) 
ycbU 3.15 4.19 E-08 iron-sulfur cluster biosynthesis; similar to cysteine desulferase 
rocG 2.88 6.77 E-09 glutamate dehydrogenase 
DOWN-regulated 
yuiI -4.48 1.10 E-10 putative bacillibactin esterase, similar to IroE 
dhbA -7.92 0.00 E00 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 2,3-

dihydro-2,3-dihydroxybenzoate dehydrogenase 
dhbB -7.31 7.60 E-12 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 

isochorismate synthase 
dhbC -2.97 2.83 E-06 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 2,3-

dihydroxybenzoate-AMP ligase 
dhbE -3.09 4.16 E-04 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 

isochorismatase 
feuA -3.22 2.71 E-06 iron uptake system 
ybbA  -4.09 2.00 E-05 similar to enterochelin esterase, associated with iron-transport 
ykuN -3.22 2.54 E-12 membrane bioenergetics; similar to flavodoxin  
ykuO -6.05 8.46 E-14 unknown 
ykuP -5.58 1.22 E-09 membrane bioenergetics; similar to flavodoxin 
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predicted operon) on the B. subtilis chromosome in the described order. In addition, a slight 
increase in rocG expression was observed in the presence of PhoD. RocG is a glutamate 
dehydrogenase, responsible for the conversion of glutamate into 2-oxoglutarate for the 
utilisation of arginine as an alternative carbon or nitrogen source. The increase of 
expression of rocG may be due to up-regulation of the arginine biosynthesis genes, because 
the expression of rocG is induced by arginine in the growth medium (Belitsky and 
Sonenshein, 1998;Gardan et al., 1997), although no other genes involved in the Roc 
pathway were found to be significantly up-regulated. 
The ydeC gene, of which the expression is increased almost 5-fold in the presence of PhoD, 
shows homology with YbbB (renamed to Btr, Gaballa and Helmann, 2007). The btr gene is 
located immediately upstream the feuA, feuB, feuC and ybbA genes, of which feuA and 
ybbA were found to be down-regulated in the presence of PhoD (3.22-fold and 4.09-fold, 
respectively). These genes are all part of a response mechanism to iron-limiting conditions. 
The production and secretion of siderophores (iron-chelating molecules) and subsequent 
uptake of siderophore-ferric complexes by specific uptake systems aid the cell in surviving 
the low-iron stress conditions (reviewed in Moore and Helmann, 2005). In B. subtilis, the 
synthesis of the catecholate trilactone siderophore bacillibactin (BB) requires the products 
of the dhb operon, of which several genes were also found significantly down-regulated in 
the presence of PhoD. The btr gene encodes a predicted AraC-type regulator and an 
additional activator that mediates the BB-inducible expression of the FeuABC uptake 
system (Gaballa and Helmann, 2007). By means of the AraC DNA binding domain, Btr 
binds tightly to the DNA regulatory site, consisting of a direct repeat element, upstream of 
the feuA promoter (Gaballa and Helmann, 2007). It thereby represses expression of the feu 
operon in the presence of iron. The de-repression of Btr is induced upon iron-starvation. 
Since the ydeC gene shows homology to transcriptional regulators of the AraC-family, and 
its expression is up-regulated in the presence of PhoD, it is possible that the feu operon is 
even further repressed by additional binding of YdeC to the upstream region.  
 
 

Discussion 

The B. subtilis Tat substrate PhoD is produced during phosphate starvation conditions due 
to activation of its promoter by the PhoP-PhoR two-component system (Eder et al., 1999). 
The tatAd and tatCd genes are located in the same operon and their protein products form a 
membrane-embedded translocase through which PhoD is secreted (Jongbloed et al., 2000). 
Once secreted, PhoD can act as a phosphodiesterase to liberate phosphate from phosphate-
containing molecules in the cell wall or extracellular medium (Müller and Wagner, 1999).  
In this study we show that PhoD has a dual function because it can also (directly or 
indirectly) induce the expression of its own operon. The ability of a protein to execute 
multiple, unrelated functions is known as ‘moonlighting’ (Jeffery, 1999). During xylose-
induced expression of phoD in a rich medium, in which the Pho response is not activated, 
tatAd and tatCd transcription is increased almost 30-fold and 7-fold, respectively, as 
indicated by transcriptional analysis using microarrays. The difference in transcription 
increase between tatAd and tatCd may be due to the presence of a terminator-like structure 
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in the intergenic region between the tatAd and tatCd genes, which possibly functions as a 
control mechanism to ensure correct stoichiometry between the TatAd and TatCd subunits.  
 
Since no DNA-binding properties of PhoD have been documented, and this property cannot 
be deduced from the PhoD sequence, it is likely that the regulation of the phoD operon by 
PhoD is the result of an indirect effect. Nevertheless, direct regulation of PhoD on its own 
operon cannot be excluded based on the results shown in this study. In fact, based on the 
obtained results in this study, it is tempting to assume a direct effect of PhoD regulation on 
its own promoter, as only a limited number of additional genes was up-regulated in the 
presence of PhoD (Table 1). Notably, phoR and phoP expression was not increased as a 
result of expression of X-phoD. Also, apart from phoD, tatAd and tatCd, no other Pho 
regulon genes were significantly up-regulated during the conditions tested, excluding an 
indirect activation of PhoR or PhoP by PhoD.  
The binding of PhoP and PhoP~P to the promoter region of phoD has been studied 
extensively. A dimer of PhoP~P binds to two consensus repeats, with the spacing between 
these two repeats also playing an important role in both PhoP binding and promoter 
activation (Eder et al., 1999). The upstream region of phoD is shown in Figure 4, with the 
two consensus repeats shown in bold within the PhoP and PhoP~P binding sites (shaded 
grey). Further analysis of the promoter region using the DBTBS database (Sierro et al., 
2008) reveals additional putative binding sites for known transcription factors; matched 
sequence hits with a 5% cut-off include those for LevR, SigA and SigB. Induction of Pho 
regulon genes by general stress sigma factor B was described previously, although the 
expression of phoD is still induced in a sigB mutant strain (Antelmann et al., 2000), 
indicating that B is not required for phoD expression. Also, during this study no B-
dependent genes were significantly upregulated after overproduction of PhoD, leaving a 
role of B in the observed regulation of the phoD operon most unlikely.  
 
 

5’ - GTAAGAGAACAAGAGCCTCCTGCTGAAAAGCCGAAAAAGAAGGGCTTTTTCAGCAGATTGTTTTC 
3’ - CATTCACTTGTTCTCGGAGGACGACTTTTCGGCTTTTTCTTCCCGAAAAAGTCGTCTAACAAAAG 
 
     GAAATAACTGATAAAGAGCACTGAGTCATTCTGCGAAATGGCTCGGTGTTTTTGTTTTTTTAAGA 
     CTTTATTGACTATTTCTCGTGACTCAGTAAGACGCTTTACCGAGCCACAAAAACAAAAAAATTCT 
 
     TCATGTGAAGAAAAATAGGCCGAATGGGCGGCTTGCAAACGACAGGATATGCAGAAAACGCGTCA 
     AGTACACTTCTTTTTATCCGGCTTACCCGCCGAACGTTTGCTGTCCTATACGTCTTTTGCGCAGT 
 
     TTCAGCCAGCTTTCGGCATGTTTCAGCAGCAGGCTTGTGAGGGAAGACCTGTTTTTAATGTTCAG 
     AAGTCGGTCGAAAGCCGTACAAAGTCGTCGTCCGAACACTCCCTTCTGGACAAAAATTACAAGTC 
 
     CGCTTACAATCAGTTCACACTTCTTCACAGTCGTTTAACAATGATTTCCTATAATGGAGACGATC 
     GCGAATGTTAGTCAAGTGTGAAGAAGTGTCAGCAAATTGTTACTAAAGGATATTACCTCTGCTAG 
 
     AATGAGGAGAGAGGGGATCTTGAATGGCATACGAC – 3’ 
     TTACTCCTCTCTAAAATAGAACTTACCGTATGCTG – 5’ 

Figure 3  The upstream region of phoD. PhoP and PhoP~P binding sites (shaded grey), 6-bp 
TT(A/T)ACA-like consensus repeats (bold) as well as the ATG startcodon of phoD (italics and 
underlined), are indicated and were derived from Eder et al. (1999). Putative recognition sites for 
LevR, A and B transcription factors are also indicated. 

LevR SigmaB 

SigmaA 
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To unravel the mechanism of regulation of the phoD operon by PhoD and to identify all 
factors involved, additional genetic and biochemical studies are required. Unfortunately, the 
microarray analysis did not provide direct clues concerning response regulators, activators 
or repressors that may be involved. First, a direct effect of overproduced PhoD on its own 
promoter region must be investigated, for instance by mobility gel shift assays. In addition, 
promoter-lacZ fusions including phoD upstream regions of variable lengths can indicate 
which region is possibly recognised by PhoD.  
If PhoD fails to bind to its own promoter region, it is possible that it can interact with other 
(regulating) proteins, which will have to be identified through (in vivo) crosslinking and/or 
co-purification experiments. Furthermore, even though tatAd and tatCd are normally not 
expressed in rich medium, it will be interesting to investigate whether the regulating effect 
of PhoD happens prior to or after secretion of PhoD. Possibly, PhoD is released into the 
extracellular milieu in undetectable amounts where its phosphodiesterase function may 
trigger the subsequent increased expression of phoD, tatAd and tatCd, for instance through 
the release and uptake of extracellular phosphate.  
 
 

Materials and methods 

Bacterial strains, plasmids and media 
All strains and plasmids used in this study are listed in Table 2. All strains were grown in TY 
(trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto yeast extract (0.5%; 
w/v) and NaCl (1%; w/v). When required, media were supplemented with erythromycin (Em; 5 
µg/ml), spectinomycin (Sp; 100 μg/ml) and/or kanamycin (Km; 10 µg/ml). To induce expression of 
X-phoD, cells were induced with 1% xylose during exponential growth.   

Table 2  Plasmids and strains 

Protein techniques 
For the detection of PhoD, medium and cellular fractions were prepared as described previously 
(Jongbloed et al., 2000). After separation by SDS-polyacrylamide gel electrophoresis, proteins were 
transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) as described 
(Towbin et al., 1979). PhoD was detected with specific antibodies against PhoD (kindly provided by 
J. Müller) and horse radish peroxidase-conjugated donkey anti-rabbit antibodies (Amersham 
Biosciences) according to the manufacturer's instructions.  

 

Plasmids Relevant properties Reference 
   
pAXphoD pAX01 derivative containing phoD; Emr Chapter 5  
   
Strains Relevant properties Reference 
B. subtilis   
168 trpC2 (Kunst et al., 1997) 
168 X-phoD trpC2, lacA::X-phoD; Emr Chapter 5 
168 ΔtatAdCd trpC2, tatAdCd::Kmr; Kmr (Jongbloed et al., 2004) 
168 ΔtatAyCy trpC2, tatAyCy::Spr: Spr (Jongbloed et al., 2002) 
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Preparation of cells for RNA isolation 
Cells were grown in 50 ml of TY liquid medium. When cells reached an OD600 of 0.5, 1% xylose was 
added. Cells were harvested by centrifugation (1 min, 14,000 rpm, 4 ˚C) after 1 hour of induction. 
Cell pellets were immediately frozen in liquid nitrogen. Total RNA was isolated with the High Pure 
RNA Isolation Kit (Roche Applied Science) according to the manufacturer’s instructions. RNA 
quantity and quality were assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies) and an Agilent Bioanalyzer 2100 with RNA 6000 LabChips (Agilent Technologies 
Netherlands BV).   

Microarray analysis 
DNA microarray experiments were essentially performed as described previously (Lulko et al., 
2007). In short, RNA was isolated from three separately grown replicate cultures of B. subtilis 168 
and B. subtilis 168 X-phoD, prepared as described above. Subsequently, single-strand reverse 
transcription (amplification) and indirect labelling of total isolated RNA, with either Cy3 or Cy5 dye, 
were performed using the CyScribe post-labelling kit (Amersham Biosciences). Labelled cDNA 
samples were hybridized to in-house printed microarray slides containing 70-meric oligo’s covering 
all B. subtilis open reading frames. After overnight hybridization and washing, fluorescent signals 
were quantified with ArrayPro analyzer and processed with MicroPrep (van Hijum et al., 2003). Slide 
data were normalised as described previously (den Hengst et al., 2005), yielding average ratios of 
gene expression levels of the PhoD-producing strain compared to the wild type strain. Expression of a 
gene was considered to be significantly altered when the ratio of differential expression was at least 
two-fold with a Bayes p-value <0.001.  
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SURE meets NICE: cross-reactivity between two 
autoregulated gene expression systems in Lactococcus 

lactis 

Lactococcus lactis has been successfully used as a host organism for the 
(over)production of many (heterologous) proteins. The availability of the nisin-
controlled gene expression system (NICE) has provided a convenient and effective tool 
for such purposes. A similar system, based on subtilin-regulated gene expression 
(SURE), has recently been described for Bacillus subtilis. In this study we set out to 
develop a double-induction system in L. lactis based on a combination of these two 
expression systems. For this purpose, the spaRK genes of Bacillus subtilis ATCC 6633 
were integrated into the chromosome of Lactococcus lactis MG1363 or its nisRK+ 
derivative, NZ9000. A SpaS promoter-gfp fusion was used to measure the activity of 
SpaK and SpaR after induction with subtilin or nisin. Unexpectedly, subtilin 
induction resulted in a fluorescence signal that barely exceeded the background 
fluorescence level. Surprisingly, nisin induction of NZ9000 generated a significant 
transcriptional response of the spaS promoter. In contrast, exchange of PspaS with the 
two other Spa promoters of B. subtilis, PspaB and PspaI, did not yield any GFP signal 
after induction with nisin. Based on these results we conclude that NisR is able to 
activate the PspaS promoter. This finding illustrates the ability to study protein 
overproduction in both Bacillus subtilis NZ8900 and Lactococcus lactis NZ9000 using 
the same PspaS-containing vector. The fact that the PspaB  and PspaI promoters of B. 
subtilis cannot be activated by NisR, indicates a specificity displayed by NisR in the 
recognition of the different spa-boxes, possibly determined by differences in their 
DNA sequence and their location in the three Spa promoters. 
 
 

Introduction 

Inducible gene expression systems have proven to be very beneficial tools for achieving 
protein overproduction. Nisin Controlled gene Expression (NICE) (de Ruyter et al., 1996b) 
and Subtilin Regulated gene Expression (SURE) (Bongers et al., 2005) are two examples of 
these. The induction mechanism of these systems is very similar. They both rely on 
autoregulation of the inducer via a two-component system composed of a membrane-bound 
sensor histidine kinase (NisK or SpaK, respectively) and a response regulator (NisR or 
SpaR, respectively). Activation of these two-component systems relies on the presence of a 
specific signal in the form of a lantibiotic. For Lactococcus lactis this lantibiotic is nisin, a 
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posttranslationally modified pentacyclic peptide with antimicrobial properties (Breukink et 
al., 1999). Nisin is encoded by the structural gene nisA in the nisin gene cluster, which in 
total comprises 11 genes (nisABTCIPRKFEG) involved in the immunity to and production, 
modification and transport of nisin. The gene cluster also includes three promoters, of 
which PnisA and PnisF depend on the presence of nisin for their activity, and PnisR is 
independent on the presence of nisin (de Ruyter et al., 1996a;Kuipers et al., 1995).  
The production of nisin is autoregulated by the NisRK two-component system, which is 
activated by the presence of extracellular modified nisin (Kuipers et al., 1995). 
Phosphotransfer of autophosphorylated NisK to NisR results in transcription of the nisin 
operon by binding of NisR to the promoter region of PnisA (Kuipers et al., 1995). The NICE 
system makes use of this regulation by allowing heterologous gene expression in nisRK-
expressing production hosts and a variety of expression vectors containing the PnisA 
promoter (de Ruyter et al., 1996b).      
Recently, a similar gene expression system was described for the Gram-positive model 
organism Bacillus subtilis, based on subtilin induction via the SpaRK two-component 
system (Bongers et al., 2005). Subtilin, which is encoded by the spaS gene in B. subtilis 
ATCC 6633, shows high homology to nisin in primary sequence as well as secondary and 
tertiary structural features. Moreover, the mechanism of production and the regulation 
mechanism are very similar (for a review, see Kleerebezem, 2004).   
 
The quorum sensing control of nisin and subtilin regulation has been studied extensively, 
leading to the discovery of specific pentanucleotide direct repeats (PDR) in the subtilin- or 
nisin-dependent promoters. These were renamed into nis- and spa-boxes and were shown to 
be essential for lantibiotic-regulated promoter activation (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003). The positioning of the nis-boxes relative to the 
transcription start site seems to be consistent for both nisin-dependent promoters PnisF and 
PnisA (centered at -26 and -37). The positioning of the spa-boxes in the three subtilin-
dependent promoters is organised in a similar manner (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003), although some controversies are present in 
literature concerning the location of the transcription start site (Stein et al., 2003).  
 
Despite the opposing observations, the significance of the spa-box for subtilin-regulated 
gene expression was confirmed repeatedly, as it functions as a binding site for SpaR. 
Mutagenesis experiments involving nucleotide substitutions in the spa-box of the PspaI 
promoter resulted in a decrease of this promoter activity in vivo (Stein et al., 2003). 
Interestingly, replacement of the nis-box in the PnisA promoter by the PDR sequences found 
in the spa-box resulted in activity of this mutated PnisA promoter in Bacillus subtilis after 
induction with subtilin, leading the authors to conclude that the only requirements needed 
for subtilin induced gene expression are the SpaRK proteins and a spa-box (Kleerebezem et 
al., 2004). Using nisin as an inducer instead of subtilin did not result in any promoter 
activity (Kleerebezem et al., 2004), which can be attributed to the absence of NisRK, 
required for sensing nisin as the inducer. Working forward on these observations, this study 
deals with cross-reactivity between the NICE and the SURE systems.  
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The Twin-arginine translocation (Tat) system of B. subtilis is a protein secretion machinery 
able to translocate folded proteins across the membrane. In B. subtilis two paralogous Tat 
systems operate in parallel and have been shown to display a clear substrate specificity 
(Jongbloed et al., 2004): the phosphodiesterase PhoD is secreted via the TatAdCd 
translocase, whereas the iron-dependent peroxidase YwbN depends on the TatAyCy 
complex for its secretion. The substrate specificity of the two B. subtilis Tat complexes and 
the underlying mechanisms form our main research interest. Initially intended for the 
construction of a double-induction system using both subtilin and nisin, to study the Tat 
components and Tat substrates in a Tat-deficient background, the spaRK genes of Bacillus 
subtilis ATCC 6633 were introduced in either Lactococcus lactis MG1363 (nisRK minus) 
or its nisRK+ derivative NZ9000. By making use of a PspaS-gfp fusion (Bongers et al., 
2005), the expression of Green Fluorescent Protein (GFP) after induction with either 
subtilin or nisin was monitored using flow cytometry and fluorescence microscopy. 
Surprisingly, induction with subtilin resulted in extremely low levels of GFP production, 
while nisin was able to induce the production of substantial amounts of GFP, even in the 
absence of SpaRK. In contrast, experiments involving gfp fused to two additional Spa 
promoters of B. subtilis, PspaB and PspaI, did not result in GFP production after induction 
with nisin and therefore revealed a significant difference between the spa-boxes of the three 
subtilin-induced promoters.             
 
 

Results 

Subtilin is unable to induce gfp expression in spaRK-containing L. lactis  

To construct a double–induction system in Lactococcus lactis, the spaRK genes from 
Bacillus subtilis ATCC 6633 were integrated into the mtlA locus of L. lactis strains 
MG1363 and NZ9000. This generated L. lactis MGspaRK, harbouring the spaRK genes, 
and L. lactis NZspaRK, harbouring both the nisRK and spaRK genes.  
To measure the effect of subtilin on the expression of gfp in the absence of nisRK, L. lactis 
strain MGspaRK harbouring pSpaS-gfp was grown in GM17 and 1) remained uninduced 
(MGspa -), 2) was induced with subtilin (MGspa S) or 3) was induced with nisin (MGspa 
N). Prior to induction, a sample was taken (T = 0) to measure the background fluorescence 
that reached a value of approximately 5 for all cells. The fluorescence intensity two hours 
after induction (T = 4) was plotted against the relative cell count (Figure 1A). In addition, 
the average fluorescence (bars, primary Y-axis) was plotted against the time points (X-axis) 
and the growth curve in optical density (lines, secondary Y-axis) in Figure 1B. As can be 
seen in Figure 1, the fluorescence intensity is not increased dramatically after induction 
with 1% subtilin compared to background fluorescence levels: a small increase in GFP 
fluorescence was observed that did not reach higher than an average fluorescence value of 
10. However, when the cell wall is (partly) removed by lysozyme (Prot), subtilin induction 
can produce a 2-fold increase of GFP fluorescence. As a control, B. subtilis NZ8900 
harbouring pSpaS-gfp was included, which reached average fluorescence values of 
approximately 75 after induction with subtilin. Induction with nisin did not result in GFP 
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fluorescence in MGspaRK (MGspa N), which was expected due to the absence of the 
nisRK genes in this strain. 
 
NisR is able to activate the PspaS promoter 

The main requirement for a double-induction system, is that the two systems do not cross-
react with each other. In order to test cross-reactivity between NisRK and SpaRK in L. 
lactis, the spaRK genes were expressed simultaneously with the nisRK genes in L. lactis 
NZspaRK harbouring pSpaS-gfp. The activity of the PspaS promoter was measured in a 
similar manner as described above. Figure 1A shows the mean fluorescence at T = 4 plotted 
against the amount of cells counted. Figure 1B shows the mean fluorescence plotted against 
the time as well as the measured OD600. Consistent with what was seen previously for 
MGspaRK, induction with subtilin did not generate a significant GFP signal. Different 
dilutions of subtilin were tested, which yielded similar GFP fluorescence values (data not 

Figure 1  Activation of PspaS in 
Lactococcus lactis after 
induction with subtilin or 
nisin. L. lactis MGSpaRK and 
NZSpaRK harbouring pSpaS-
gfp were grown as described 
in the  Materials and methods
section and induced with 
subtilin (S) or nisin (N) or 
remained uninduced (-). To 
(partly) remove the cell wall, 
MGSpaRK cells harbouring 
pSpaS-gfp were incubated 
with 2 mg/ml lysozyme 30 
minutes prior to induction 
(Prot). In addition, Bacillus 
subtilis NZ8900 harbouring 
PSpaS-gfp was also included 
and induced with 0.05% 
subtilin (Bsu). The production
of GFP was monitored using 
flow cytometry as described in 
the Materials and methods 
section. The fluorescence 
intensity (in arbitrary units) of 
20,000 cells was determined 
using WinMDI 2.8 and plotted 
against A] the relative cell 
count at T = 4 or B] the optical 
density (OD600) measured
every 30 minutes (Time). 
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shown). Interestingly, induction with nisin yielded a higher GFP signal, with average values 
up to 33.5 (Figures 1A and B, NZspa N). Although significantly increased compared to 
induction with subtilin, this GFP production is less than half of what was produced by B. 
subtilis NZ8900 harbouring pSpaS-gfp after induction with 0.05% subtilin (Figures 1A and 
1B, Bsu). The production of GFP was verified via Western blot analysis using specific α-
GFP antibodies (data not shown).  
To investigate whether the observed induction with nisin is due to the binding of 
phosphorylated NisR to the PspaS promoter or due to the event of phosphotransfer from 
NisK to SpaR, the experiment was repeated in the nisRK+ spaRK- L. lactis strain NZ9000 
(Figure 2). As a control, an empty PspaS -containing plasmid was introduced in L. lactis 
NZ9000 (pNZ8902) to determine the background fluorescence after induction with nisin, 
which reached values up to 5.3. As expected, induction of the SpaS promoter with 1% 
subtilin did not increase the GFP signal (Figure 2, PspaS S). In contrast, induction with nisin 
resulted in average GFP fluorescence values of 36.3 (Figure 2, PspaS N).    

     
NisR shows specificity towards the spa-boxes of the three Spa promoters 

Previous studies have described the discovery of specific pentanucleotide direct repeats 
(PDR) in the subtilin- or nisin-dependent promoters, now known as nis- and spa-boxes. 
These repeats are essential for lantibiotic-regulated promoter activation, because they 
function as the binding site for NisR and SpaR respectively (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003). The induction of gfp gene expression 
controlled by the PspaS promoter after induction with nisin in L. lactis NZ9000 implies that 
NisR is able to recognise and bind the spa-box in PspaS. To investigate whether NisR is able 
to recognise all spa-boxes, the PspaS DNA fragment in pSpaS-gfp was replaced by the PSpaB 
or PspaI DNA fragments as described in the Materials and methods section, to generate 
pSpaB-gfp and pSpaI-gfp. These plasmids were transformed into B. subtilis NZ8900 and L. 
lactis NZ9000. The activity of the Spa promoters was tested by inducing the cells with  

Figure 2  NisR can activate the B. subtilis
PspaS promoter in L. lactis. L. lactis
NZ9000 harbouring pSpaS-gfp was 
grown and induced with subtilin (PspaS

S) or nisin (PspaS N) as described in 
the Materials and methods section. 
The background fluorescence was 
determined using L. lactis NZ9000 
cells harbouring the empty plasmid 
pNZ8902 induced with nisin 
(pNZ8902). The fluorescence intensity 
was determined using WinMDI 2.8 
and plotted against the relative cell 
count at T= 4. 
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Figure 3  NisR displays a specificity towards the spa-boxes of the three subtilin-induced promoters 
of B. subtilis. Cultures of L. lactis NZ9000 harbouring pSpaB-gfp, pSpaI-gfp or pSpaS-gfp were 
grown and induced with nisin (pSpaB+, pSpaI+ and pSpaS+) as described in the Materials and 
methods section, or remained uninduced (pSpaB-, pSpaI- and pSpaS-). Additionally, wild type 
NZ9000 cells were included to determine the background fluorescence of the cells (NZ9000).
O/N cultures of B. subtilis NZ8900 containing pSpaS-gfp, pSpaB-gfp or pSpaI-gfp were grown 
and induced with subtilin (SpaS+, SpaB+ and SpaI+) as described in the Materials and methods
section, or remained uninduced (SpaB- and SpaI-). A] The production of GFP in L. lactis was 
monitored using flow cytometry as described above. The fluorescent intensity of GFP was plotted 
against the relative cell count at T = 4. B] SDS PAGE samples were prepared as described in the
Materials and methods section and analysed using SDS PAGE and Western Blotting using 
specific α-GFP antibodies. The samples for L. lactis (top panel) and B. subtilis (lower panel) are 
indicated. Nisin-induced, wild type L. lactis NZ9000 cells are indicated in the first lane of the top 
panel with the - symbol. The production of GFP is indicated. C] Samples of nisin-induced L. lactis
strains (top three panels) or subtilin-induced B. subtilis strains (lower three panels) were analysed 
using fluorescent microscopy at T = 4 as described in the Materials and methods section.  
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0.05% subtilin-containing supernatant in B. subtilis NZ8900. The production of GFP was 
determined using SDS PAGE and Western Blotting as well as Fluorescent Microscopy. As 
can be seen in Figures 3B and 3C (lower panels), the SpaI promoter is active in B. subtilis 
after induction with subtilin, albeit to a lesser extend than the SpaS and the SpaB 
promoters.     
 
To study the activity of the three Spa promoters in L. lactis NZ9000, cells containing 
pSpaS-gfp, pSpaB-gfp or pSpaI-gfp were grown in GM17 and induced with nisin. 
Uninduced cultures, as well as induced wild type cells of L. lactis NZ9000, were included 
to serve as negative controls. Samples were prepared and analysed using flow cytometry as 
described in the Materials and methods section. The data was analysed as described above. 
The fluorescence intensity values were plotted against the relative cell count (Figure 3A). 
Additionally, the production of GFP was detected with specific antibodies against GFP 
(Figure 3B, top panel) as well as Fluorescence Microscopy (Figure 3C, top panels). All 
three methods show that only the PspaS promoter can be activated after induction with nisin 
in L. lactis NZ9000 (Figures 3A, PspaS+, 3B, top panel lane SpaS+ and 3C, pSpaS-gfp) and 
induction of PspaB-gfp and PspaI-gfp with nisin does not result in the production of GFP.  
 
 

Discussion 

Lactococcus lactis is a very suitable host organism for the overexpression of heterologous 
proteins, including (eukaryotic) membrane proteins (Kunji et al., 2005;Kunji et al., 2003). 
The low amount of proteolytic activity in this organism provides a high advantage over the 
Gram-positive model organism Bacillus subtilis, which has relatively high proteolytic 
activity. Moreover, the availability of a controlled gene expression system based on the 
autoregulation of nisin production (de Ruyter et al., 1996b) has provided a convenient tool 
for heterologous gene expression in L. lactis.  
In this study, we set out to generate a strain in which the NICE system and the B. subtilis 
variant SURE system are combined. By tightly regulating the expression of two 
(heterologous) genes through induction of varying amounts of nisin and subtilin both the 
quantitative effect as well as the qualitative effect of such gene expression can be 
monitored extensively. The main conclusion from this study is that a double-induction 
system based on NICE and SURE cannot be utilised in L. lactis. Firstly, this is due to the 
inability of subtilin to penetrate the L. lactis cell wall. Only in the presence of lysozyme, 
which partly degrades the cell wall, is subtilin able to generate a weak GFP fluorescence 
signal in MGspaRK (Figure 1). Secondly, due to cross-reactivity between the nisin 
response regulator (NisR) and the PspaS promoter, the use of both subtilin and nisin to 
activate their specific promoters PspaS and PnisA, respectively, is unfeasible. Induction with 
nisin will generate gene expression controlled by the PspaS  promoter in a NisRK+ strain, 
even in the absence of SpaRK (Figure 2).  
The detailed mechanism behind the ability of NisR to bind to the PspaS promoter remains to 
be elucidated. It was previously shown that the pentanucleotide direct repeats (PDR) in the 
subtilin- or nisin-dependent promoters provide a specific binding site for the response 
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regulators SpaR and NisR, respectively (Kleerebezem et al., 2004;Stein et al., 2003) 
(Figure 4). Our results indicate that NisR is in fact able to recognise the spa-box of the PspaS 
promoter. Interestingly, additional experiments involving nisin-induced expression of gfp 
controlled by the PspaB and PspaI promoters in L. lactis did not yield a GFP signal (Figure 3). 
This implies that NisR displays specificity towards the spa-boxes of the different subtilin-
induced promoters of B. subtilis. Possibly the PDR sequence or the PDR position in relation 
to the transcription start site of PspaS compared to those of PspaI and PspaB play a role in this 
specific cross-reactivity. For instance, the spacing between the -10 sequence and the 
experimentally determined transcription start site is consistently six basepairs in the nisin-
inducible nisA, nisF and spaS promoter regions. In contrast, this spacing consists of seven 
basepairs in the spaI promoter region and eight basepairs in the spaB promoter region 
(Figure 4). Furthermore, these -10 sequences in the nisin-inducible nisA, nisF and spaS 
promoter regions all contain one cytosine, whereas the spa-boxes in the spaB and spaI 
promoter regions do not (Figure 4). 
Whether SpaR is also able to recognise the nis-box in the Pnis promoters is not indicated by 
our studies. Earlier experiments in B. subtilis showed that nisin induction has no effect on 
gene expression controlled by the PnisA promoter in which the nis-box had been replaced by 
the spa-box (Kleerebezem et al., 2004). These experiments, however, were performed in B. 
subtilis, where there is no NisRK present. To verify our hypothesis, such experiments 
would have to be repeated in L. lactis NZ9000.    
 
By attempting to develop a double-induction system utilising both nisin and subtilin in 
Lactococcus lactis, we have observed cross-reactivity between the nisin response regulator 
NisR and the PspaS promoter. The system described here conveniently enables protein 
overproduction in both B. subtilis and L. lactis using the same PspaS promoter-containing 
vector.    
 
 
 

GTGGATCTTGATATTTTTTTGATTTTTAGAATGTATAGTAAAAATAGAGTATTGTA spaB 
 

GAAAAAAATGATAAAATCTTGATATTTGTCTGTTACTATTTAGGTATTGAAAGGAG spaS 
 

TGTTTTTTTGATTAAATTTTGATAAAAGTATTCTAGAATGGTCTGCATCCGGAAAA spaI 
 

AAACGGCTCTGATTAAATTCTGAAGTTTGTTAGATACAATGATTTCGTTCGAAGGA nisA 
 

TTTTGTTTCTGAATAGATTCTGAAAATTGTTTTATATACTTTTTTTAACATAAAAT nisF 
 
 
Figure 4  Sequence alignment of B. subtilis spaB, spaS and spaI promoter fragments in comparison 

to L. lactis nisA and nisF promoter fragments. Previously determined transcription start 
positions are indicated by an arrow. The -10 regions (bold-italic) and the PDR sequences (bold-
underlined) are indicated. The figure was adapted from Kleerebezem et al. (2004).   
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Materials and methods 

Bacterial strains, plasmids and media 
All strains and plasmids used in this study are listed in Table 1. Lactococcus lactis cultures were 
grown at 30 ˚C (unless indicated otherwise) in M17 broth (Terzaghi and Sandine, 1975) 
supplemented with 0.5% glucose (GM17) or on GM17 solidified with 1.5% agar. When appropriate, 
200 μg ml-1 spectinomycin (Sp), 5 μg ml-1 chloramphenicol (Cm) and/or 4 μg ml-1 erythromycin (Em) 
(all from Sigma Chemical Co., St. Louis, MO) was added to the medium. Bacillus subtilis cultures 
were grown in TY (trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto 
yeast extract (0.5%; w/v) and NaCl (1%; w/v). When appropriate, media were supplemented with Em 
(5 µg/ml) and/or kanamycin (Km; 10 µg/ml). Induction of the cells was achieved with 0.05% to 1% 
subtilin-containing supernatant of B. subtilis ATCC 6633 (Bongers et al., 2005) or 5 ng/ml nisin 
(Sigma, diluted in 0.05% acetic acid according to manufacturer’s instructions). For the production of 
L. lactis protoplasts 2 mg/ml lysozyme was added to the growth culture. Alternatively, cells were 
grown in a chemically defined medium (CDM), prepared as described previously (Mierau et al., 
1994) supplemented with 0.5% glucose or 0.5% mannitol where indicated.  

Table 1  Plasmids and strains 

DNA manipulation, molecular cloning, and transformation.  
Routine DNA manipulations were performed as described previously (Sambrook et al., 1989). Total 
chromosomal DNA from L. lactis was extracted as described previously (Leenhouts et al., 1990). 
Restriction enzymes and T4 DNA ligase were purchased from Roche Molecular Biochemicals or 
Fermentas Life Sciences. PCR amplifications were carried out using Phusion DNA polymerase 
(Finnzyme, New England Biolabs, Ipswitch, MA). PCR products were purified with the High Pure 
PCR product purification kit (Roche Molecular Biochemicals). Electrotransformation of L. lactis was 

Plasmids Relevant properties Reference 
   
pORI38 pWV01 derivative lacking the repA gene; Spr (Leenhouts et al., 

1996) 
pMspa pORI380 derivative, carrying ‘mtla-spaRK fusion; Spr This study 
pSpaS-gfp PspaS translationally fused to gfp, Emr, (previously published as pNZ8907) (Bongers et al., 

2005) 
pSpaB-gfp PspaB translationally fused to gfp, Emr This study 
pSpaI-gfp PspaI translationally fused to gfp, Emr This study 
   

Strains Relevant properties Reference 

B. subtilis   
NZ8900 168 derivative, amyE::spaRK (Bongers et al., 

2005) 
L. lactis   
MG1363 Lac– Prt–; plasmid-free derivative of NCDO712 (Gasson, 1983) 
NZ9000 MG1363 derivative, pepN::nisRK (Kuipers et al., 1998) 
LL108 MG1363 carrying multiple copies of the pWV01 repA gene  in the 

random chromosomal fragment A; Cmr   
(Leenhouts et al., 
1996) 

MGspaRK MG1363 derivative, mtlA::spaRK; Spr This study 
NZspaRK NZ9000 derivative, pepN::nisRK, mtlA::spaRK;  Spr This study 
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performed using a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, CA) as described 
previously (Holo and Nes, 1995). 

Construction of Lactococcus lactis MGspaRK and NZspaRK 
The spaRK genes from Bacillus subtilis ATCC 6633 were introduced into Lactococcus lactis by 
integration into the mtlA locus (required for growth on mannitol) of strains MG1363 and NZ9000. For 
this purpose, primers ‘mtlA-F (5’-CAT GCC ATG GCA ACC ACA TAT TAA AGC GGG-3’) (NcoI 
restriction site underlined) and mtlA’-R (5’-CGC AGG ATC CCG CAG AAA AAT CGA CAT GGT 
C-3’) (BamHI restriction site underlined) were used to amplify an 816 bp fragment of mtlA through a 
standard PCR reaction from L. lactis MG1363 chromosomal DNA. This fragment was fused to 
spaRK, which was amplified using primers spaRbamHI-F (5’-CGC AGG ATC CGC ATG AAA TAA 
ATT CAG GGG-3’)(BamHI restriction site underlined) and spaKhindIII-R (5’-GCC CAA GCT 
TGA GAA GAT GGA TCA GTT CAC-3’)(HindIII restriction site underlined) from B. subtilis 
NZ8900 (Bongers et al., 2005), using an introduced BamHI restriction site. This mtlA-spaRK fusion 
fragment was ligated into the NcoI/HindIII restriction sites of pORI38 (Leenhouts et al., 1996) to 
create pMSpa, which was subsequently transformed into L. lactis LL108 (Leenhouts et al., 1996) 
through electroporation as described above. The constructs were verified by restriction analysis. 
Then, pMSpa was transformed into thermosensitive pVE6007-containing L. lactis MG1363 and 
NZ9000. The repA gene located on pVE6007 (Cmr) ensures replication of pMSpa when grown at 
30˚C (Maguin et al., 1992). During a shift in temperature to 37˚C pVE6007 becomes unstable and 
ceases to replicate, leading to an absence of repA. Without RepA, pMSpa is unable to replicate and is 
forced to integrate into the mtlA locus on the chromosome. An overnight (O/N) culture of MG1363 
and NZ9000 harbouring pMSpa was diluted 1000-fold into fresh GM17 and grown for 24h at 37˚C. 
The culture was plated on GM17 agar supplemented with 200 μg.ml-1 Sp or 200 μg. ml-1 Sp + 5 μg. 
ml-1 Cm. SpecRCmS colonies were grown O/N in a chemically defined medium (CDM) (prepared as 
described previously (Mierau et al., 1994)) supplemented with either 0.5 % glucose or 0.5% mannitol 
as a carbon source. Colonies growing on glucose but not on mannitol were checked for correct 
integration of spaRK in the mtlA locus by standard PCR using primers ‘mtlA-F and spaKhindIII-R. 
Strains harbouring the spaRK genes in the correct locus were renamed MGspaRK and NZspaRK and 
chosen for further analysis.  

Construction of pSpaB-gfp and pSpaI-gfp 
For the construction of pSpaB-gfp and pSpaI-gfp the promoter fragments of PspaB and PspaI were 
amplified with primers PSpaB-F (5’-GCC AAG ATC TAG TCC TTT TTT TAT GGT ATT TAC 
TG-3’) and PSpaB-R (5’-CGG GTC ACC CTC CTA AAA ACA ATT CTA CAT CCC TCT GC-3’) 
for PspaB and PSpaI-F (5’-GCC AAG ATC TAA ATG CTT AAA GTT TCC AGT TGG AA-3’) and 
PSpaI-R (5’-CGG GTC ACC CTC CTC CAT GAA TCC ATG TGA AGA ATC C-3’) for PspaI. The 
obtained PCR fragments were subsequently cleaved with BglII and BstEII and ligated into the 
corresponding sites of pNZ8907 (Bongers et al., 2005), resulting in pSpaB-gfp and pSpaI-gfp, 
respectively. The activity of the promoters was tested in Bacillus subtilis NZ8900 after induction with 
0.05% subtilin.   

Flow cytometry 
Overnight (O/N) cultures of cells were diluted 100x in fresh medium. At an OD600 value of 0.7 – 0.8, 
cells were induced with 1% subtilin-containing supernatant from an O/N culture of B. subtilis ATCC 
6633 (prepared as described previously (Bongers et al., 2005)) or 5 ng/ml nisin (Sigma). Prior to 
sample preparation, L. lactis cells were shaken at 200 rpm for 10 minutes to activate the GFP and 
treated with a Mini-Bead-Beater-8 (Biospec Products) without glass beads for 1 minute at maximal 
speed to separate cell chains into individual cells. Of this suspension, 100 μl was used for measuring 
the GFP fluorescence using a Coulter Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, 
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NL) as previously described (Veening et al., 2005). Obtained data was further analysed using 
WinMDI 2.8 software (http://facs.scripps.edu/software.html). 

Western blot and immunodetection 
For the detection of GFP, 2-ml samples of the grown cultures were taken 2 hours after induction (T = 
4) and spun at 14,000 rpm for 1 minute. Cell samples were prepared and analysed as described 
previously (Jongbloed et al., 2000). After separation by SDS-PAGE electrophoresis, proteins were 
transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) as described 
(Towbin et al., 1979). The blots were incubated with a 1:5,000 dilution of specific polyclonal anti-
GFP antibodies (Molecular Probes) and a 1:10,000 dilution of horse radish peroxidase-conjugated 
donkey anti-rabbit antibodies (Amersham Biosciences) according to the manufacturer's instructions. 
Subsequently, GFP was detected after incubation with ECL solution (Amersham Biosciences) 
according to the manufacturer's instructions.  

Microscopy 
For the detection of produced GFP, O/N cultures of cells were diluted 100x and induced with 0.05% 
subtilin or 5 ng/ml nisin when they reached an OD600 value of 0.7 – 0.8. Two hours after induction (T 
= 4), 6 μl of culture was applied directly to a microscope slide and examined using a 100x oil 
immersion objective on an Axionphot microscope equipped with an AxioVision camera (Zeiss, 
Oberkochen, D). The fluorescent filter set used to detect the green fluorescent proteins was obtained 
from Zeiss. Fluorescent signals of GFP were detected using excitation: 450 to 490 nm and emission: 
>520 nm. AxioVs20 software (Zeiss) was used for image capturing and figures were prepared using 
CorelDRAW Graphics Suite 12 (Corel Corporation).  
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General discussion 

Protein secretion is an essential process for bacterial growth and a highly conserved process 
among bacterial species. It is also recognised as an important feature that can be widely 
used by industry for the commercial production of useful proteins, such as enzymes. Due to 
its GRAS status and its ability to secrete high amounts of proteins to the extracellular 
environment, the Gram-positive bacterium Bacillus subtilis is commercially exploited and 
often referred to as a “cell factory” for the production and secretion of a wide variety of 
proteins (Harwood, 1992). However, the secretion of heterologous proteins is often 
inefficient or not successful, due to particular properties of the secreted protein and/or the 
secretion machinery, or due to extracellular protein degradation (van Dijl et al., 
2002;Bolhuis et al., 1999). The complete process of protein secretion - from production to 
translocation - is an extremely complex but organised mechanism of which we try to 
understand the details to overcome these bottlenecks. Patterns are discovered and models 
are being created in an effort to direct the utilisation of various protein secretion 
machineries in vivo as efficiently as possible. 
Many routes for the translocation of proteins across membranes have been adopted by 
bacteria, which can vary enormously between different species. The most commonly used 
route for protein translocation in bacteria is the general secretion pathway (Sec), which 
translocates proteins in an unfolded manner. Parallel to the Sec pathway, the Twin-arginine 
translocation (Tat) pathway functions specifically for the secretion of folded and/or 
cofactor- containing proteins and forms the focus of this thesis.  
 
The utilisation of the Tat pathway for heterologous protein secretion by B. 
subtilis 

Presenting potential for translocation of pre-folded proteins across the membrane, 
heterologous protein secretion directed via the Tat pathway may possibly evade several 
bottlenecks, such as extracellular protein degradation. Indeed, experimental evidence is 
available for efficient secretion of Sec substrates via the Tat pathway, after their fusion to a 
Tat signal peptide. Subtilisin of B. subtilis was efficiently secreted via the TatAyCy 
machinery when the former was fused to the signal peptide of the TatAyCy substrate 
YwbN (Kolkman et al., 2008). In addition, E. coli phytase AppA fused to the signal peptide 
of PhoD could be successfully translocated by the TatAdCd translocase in B. subtilis 
(Gerlach et al., 2004). However, the requirements for heterologous protein secretion via the 
Tat pathway in B. subtilis are still far from understood. In contrast to these few success 
stories, the majority of tested proteins of interest could not be directed and secreted via Tat, 
or resulted in mixed observations, depending on the Tat signal peptide used (Kolkman et 
al., 2008). Even though the presence of an active Tat translocase and a Tat signal peptide 
are vital requirements, additional essential factors include: a) specific properties of the 
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mature protein (McDonough et al., 2008), b) correct protein folding within the cytoplasm 
(DeLisa et al., 2003), c) the availability of chaperones or folding catalysts (Maillard et al., 
2007;Palmer et al., 2005;Jack et al., 2004;Oresnik et al., 2001) and d) an energy source 
(Alder and Theg, 2003a). An overview of these and other requirements is shown in Figure 
1.   
 
Tat-dependent protein secretion in B. subtilis – one for each instead of one for all  
 
The chromosome of B. subtilis encodes three tatA genes and two tatC genes, of which the 
products of tatAd and tatCd form an active complex together, as well as TatAy and TatCy. 
Interestingly, both Tat complexes are responsible for the secretion of one specific substrate: 
PhoD is secreted via TatAdCd, whereas YwbN is secreted via TatAyCy. Even though 69 
additional proteins are included in a list of putative Tat-dependent substrates due to an RR 
or KR motif in their signal peptides (Jongbloed et al., 2002), only two of these (QcrA and 
YkuE) have so far tested positive in a Tat-dependent reporter system in Streptomyces 
(Widdick et al., 2008, Addendum of this thesis). Nevertheless, their preferred pathway for 
secretion in B. subtilis has not yet been determined. The difficulty to identify additional Tat 
substrates in B. subtilis, by 2D PAGE analysis (Jongbloed et al., 2002;Jongbloed et al., 
2000) or Tat reporter systems, implicates that even though B. subtilis has two Tat 
translocases, they are responsible for a very small and specific subset of substrates. This is 
in high contrast to other organisms, for which a much larger number of Tat substrates has 
been identified (Tullman-Ercek et al., 2007;Widdick et al., 2006). Such an observation 
immediately raises questions like “why are there at least two translocases for such a 
limited number of substrates?”, “why are specifically PhoD and YwbN translocated via the 
Tat pathway?” and most importantly “what determines the specificity in Tat-dependent 
protein translocation in B. subtilis?”.    
 
TAT – Translocation After Trigger? 
 
When taking a closer look at the two identified Tat substrates of B. subtilis, clues can be 
obtained to eventually answer the first two questions addressed above. It is apparent that 
both substrates are produced in response to environmental stress and play a role in the cell’s 
survival mechanisms directed towards that stress. PhoD is a phosphodiesterase directed 
towards the cell wall and secreted into the extracellular medium to liberate phosphate from 
complex phosphate-containing molecules. The transcription of the phoD operon is activated 
under low phosphate growth conditions. Interestingly, PhoD is a possible moonlighting 
protein as its expression in rich medium induces the transcription of the tatAd and tatCd 
genes (Chapter 6), which were previously thought to be expressed in response to low 
amounts of phosphate only (Eder et al., 1996). However, the reason why PhoD is Sec-
incompatible and is translocated via the Tat pathway is unknown. A possible explanation 
could be pre-translocational folding due to cofactor binding.  
YwbN is a predicted iron-dependent peroxidase (Sturm et al., 2006) and is secreted via the 
TatAyCy pathway of B. subtilis. Its proposed function strongly suggests its ability to bind 
ferric cofactors, which may be the reason why YwbN is translocated via the Tat pathway.  
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Figure 1  General specificity determinants for Tat-dependent protein translocation. The expression of 
Tat substrates and chaperones depends on the composition of the growth medium and/or stress-
induced conditions. These have an effect on the availability of cofactors that are required for 
proper substrate folding. The signal peptide is a major specificity determinant and will (mostly) 
contain the highly conserved RR dipeptide and additional determining properties, such as a
shorter and less hydrophobic H region and a Sec-avoidance signal in the C region, close to the 
signal peptidase (SPase) cleavage site. The mature protein also contains specificity
determinants, possibly in the form of Sec-avoidance charges. The folded state of the protein is
crucial and can depend on the binding of cofactors and the availability of chaperones. The
stoichiometry of the individual Tat components may affect the functionality of the actual complex
or the degree of specificity displayed by the complex. A functional Tat complex consists of TatC 
with a bifunctional TatA component (Gram-positive bacteria), or TatA and TatB components 
(Gram-negative bacteria and chloroplasts). Both termini of TatC (the initial substrate recognition-
and binding site) are essential for functionality. Additionally, a cytosolic TatA complex may be
present and function in the translocation process. Substrates can interact with the cytosolic TatA
complex before being transfered to the membrane-bound TatA(B)C complex (dashed arrow), or 
interact directly with membrane-bound Tat(B)C (solid arrow). An energy source in the form of a
proton gradient (H+) and/or proton motive force is essential for efficient substrate translocation.  
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Its gene is located in the ywbLMNO operon, of which the expression is required during 
growth of B. subtilis in low iron minimal medium lacking citric acid (Ollinger et al., 2006). 
During these conditions, YwbN presumably forms part of a YwbLMN elemental iron 
uptake system (Ollinger et al., 2006).  
The roles of the two known Tat substrates in stress-related growth conditions imply that the 
secretion of these proteins by the Tat machinery may be a response to specific triggers in 
the environment. This hypothesis is further supported by the identification of two additional 
putative Tat substrates, QcrA and YkuE (Widdick et al., 2008, Addendum of this thesis). 
QcrA is a cytochrome c oxidoreductase similar to Rieske-type iron-sulfur proteins. Even 
though the preferred (Tat) pathway for QcrA has not yet been identified in B. subtilis, its 
dependency on the Tat pathway for secretion is very likely, as multiple previous reports 
have described Tat-dependent secretion of Rieske-type iron-sulfur proteins in various 
organisms (Aldridge et al., 2008;De Buck et al., 2007;Bachmann et al., 2006;Molik et al., 
2001). Transcription of the qcr operon in B. subtilis is induced at the end of the exponential 
growth phase (Yu et al., 1995) when the cells enter the transition phase and start to adapt to 
limiting nutrients in the environment. The function of the other putative Tat substrate, 
YkuE, is unknown, although its gene is not expressed during growth in a rich medium 
(Ridder and Blom, manuscript in preparation) and is probably induced during specific 
growth conditions, possibly in relation to environmental stress.   
Finally, the third TatA protein of B. subtilis, TatAc, does not yet have an assigned function. 
It has been established that it does not play a role in the secretion of PhoD or YwbN 
(Eijlander et al., 2009, Chapter 4 of this thesis;Jongbloed et al., 2004), although a function 
in Tat-dependent protein translocation cannot be excluded. It is possible that production of 
TatAc proteins during specific growth conditions provides an additional pool of TatA 
components dedicated to the translocation of a specific, yet to be identified, substrate (in 
cooperation with TatCd or TatCy).  
 
The role of individual Tat components  

When Sec-independent protein secretion was first observed during the early 1990’s in 
thylakoids of chloroplasts, three proteins were quickly acknowledged to make up a unique 
pathway, able to translocate folded proteins independent of ATP for energy. Homologues 
of TatA, TatB and TatC were subsequently identified in a wide variety of organisms, 
although some groups of bacteria, such as lactic acid bacteria, are devoid of any tat genes.  
Extensive research directed towards the understanding of protein translocation via this 
newly discovered pathway picked up rapidly. Even though many apparent similarities are 
present, there are also some conspicuous differences. The presence of multiple, separate Tat 
translocases, or the number of substrates dependent on the Tat pathway for their secretion 
can differ enormously between species. Examples of other differences are illustrated by the 
results described in Chapters 2 and 3. For instance, the TatAdCd and TatAyCy complexes 
of B. subtilis are significantly smaller in size when compared to the TatABC complex of E. 
coli. Furthermore, the organisation of the Gram-positive TatA and TatAC complexes also 
proves to be more homogeneous when compared to E. coli TatA and TatABC. 
Interestingly, these distinct differences do not seem to have implications on the working 
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mechanism of substrate recognition and/or translocation, since both Tat complexes of B. 
subtilis are active in E. coli when heterologously expressed (Chapters 2 and 3).  
 
TatA – efficient multi-tasking or slightly ‘schizophrenic’? 
 
One of the most striking differences between Gram-negative and Gram-positive Tat 
systems is the absence of the TatB component from all Gram-positive bacteria, with the 
exception of actinomycetes species, such as Streptomyces. Even though this protein is 
essential for Tat-dependent protein translocation in E. coli (Sargent et al., 1999), B. subtilis 
and many other Gram-positives seem to do very well without it. The TatA and TatB 
proteins show quite some similarities, both on the level of amino acid sequence and on 
predicted topology in the membrane. Nevertheless, each have a specific function in Tat 
complex formation and the substrate translocation process (Orriss et al., 2007;Mangels et 
al., 2005;De Keersmaeker et al., 2005b;Sargent et al., 1999). It has therefore been proposed 
that Gram-positive TatA may be bifunctional; a feature that was experimentally proven in a 
study described in Chapter 2. Overproduction of B. subtilis TatAd in a ΔtatA/E and ΔtatB 
background of E. coli resulted in the secretion of the TorA Tat substrate, indicating that 
TatAd is in fact bifunctional and able to execute the functions of both E. coli TatA and 
TatB (Barnett et al., 2008). Previous studies, involving genetically modified E. coli TatA 
proteins able to complement the absence of both TatA/E and TatB, already provided 
essential clues on the possible bifunctional character of the TatA protein (Blaudeck et al., 
2005).   
 
The TatA protein forms part of the structural TatABC unit, but also forms a separate 
homooligomeric complex in the membrane (Barnett et al., 2009;Barnett et al., 2008;Oates 
et al., 2005). Single-particle electron microscopy analysis of TatA revealed a ring-shaped 
structure, possibly representing a pore through which protein translocation can occur 
(Gohlke et al., 2005). This hypothesis was recently debated in a quantitative study 
describing the TatA complex in Arabidopsis thaliana (Jakob et al., 2009), in which the 
authors favour a different model in which TatA facilitates Tat-dependent protein transport 
by “weakening” the membrane in a yet unknown manner. Such weakening might enable the 
substrates to pass the lipid phase either directly or by assistance of a conformational change 
of the TatB/C receptor complex, as was previously suggested by Natale et al. (2008).   
Next to its membrane-associated localisation (Porcelli et al., 2002), several studies in a 
variety of organisms have also described the presence and functionality of separate, 
cytosolic TatA complexes (Berthelmann et al., 2008;Frielingsdorf et al., 2008;Westermann 
et al., 2006;De Keersmaeker et al., 2005a;Pop et al., 2003). In B. subtilis, soluble TatAd 
molecules were shown to specifically interact with the signal peptide of PhoD, and are 
thought to function as the initial recognition and binding site for the PhoD substrate before 
targeting to and translocation by a membrane-bound TatAdCd complex (Westermann et al., 
2006;Pop et al., 2003). For chloroplasts, a soluble form of TatA in the stroma has been 
described, capable of triggering the membrane translocation step during Tat-dependent 
protein transport (Frielingsdorf et al., 2008). Furthermore, in E. coli tubular structures of 
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soluble TatA modules have been observed alongside membrane-localised TatA 
(Berthelmann et al., 2008), possibly functioning as targeting factors for substrates. 
Even though a distinct function of soluble TatA molecules and complexes has not yet been 
defined, and the possibility of observed artifacts due to overexpression of the Tat 
components still exists, the above described observations indicate an extensive role of the 
TatA component in Tat-dependent protein translocation and highlight detailed differences 
between the Tat translocases of individual organisms that may in fact play a determining 
role in substrate specificity (illustrated in Figure 1).   
 
TatC – the Tat complex ‘gatekeeper’ 
 
Of the identified Tat proteins, TatC is the largest with six transmembrane spanning domains 
and an experimentally proven N-in - C-in topology (Punginelli et al., 2007;Behrendt et al., 
2004). Together with TatB it forms the initial Tat substrate receptor complex and is known 
to interact specifically with the RR consensus region in the substrate signal peptide (Alami 
et al., 2003). Additionally, several other functions have been assigned to TatC, indicating 
that this protein plays a vital role in the substrate translocation process. In E. coli, TatC is 
required for controlling the oligomeric state of TatA (Leake et al., 2008) and is also 
involved in the formation of tubular TatA structures and the polar localisation of the Tat 
components (Berthelmann et al., 2008;Berthelmann and Brüser, 2004). TatC drives the 
assembly of Tat complexes in both E. coli and Streptomyces species (De Keersmaeker et 
al., 2007;Mangels et al., 2005) and is even essential for viability in halophilic archaea 
(Thomas and Bolhuis, 2006).  
The TatC protein sequence is not very conserved among Tat-containing organisms, 
although certain regions in TatC contain a few highly conserved residues. The role and 
importance of these residues, as well as less conserved ones, has been studied extensively 
in Chapter 5 of this thesis. Because TatC has been assigned multiple functions, it is feasible 
that multiple regions of TatC are essential for efficient Tat substrate translocation. This is 
clearly demonstrated by the construction and analysis of several TatCd/TatCy protein 
chimera of B. subtilis, which were all inactive in protein translocation (Chapter 5). 
Nevertheless, multiple observations from several independent studies indicate that 
especially the N-terminal half of TatC is involved in Tat substrate recognition and binding 
(Holzapfel et al., 2007;McDevitt et al., 2006;Buchanan et al., 2002), with a possible role of 
the C terminus in complex formation and stability (Chapter 5).  
Interestingly, modification of several conserved amino acids has different effects on the 
protein translocation efficiency, often depending on the organism or the Tat substrate at 
study. Even within the same organism the importance of conserved residues in two 
paralogous TatC proteins can differ, as is illustrated by the mutagenesis study described for 
the first two cytoplasmic regions of B. subtilis TatCd and TatCy (Chapter 5). Because only 
two Tat substrates for B. subtilis have been identified to date, and both rely on a different 
pathway for their translocation, it is a challenge to test the importance of conserved residues 
between the two TatC proteins without additional effects caused by the use of different 
substrates. To conclude whether the observed differences in effects are caused by specific 
Tat substrate properties or are in fact due to a different working mechanism displayed by 
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the two Tat complexes of B. subtilis, the translocation efficiency by the modified TatC 
proteins should be studied using the same substrate.  
 
The role of the Tat signal peptide  

Almost all proteins directed via the Tat pathway have a common feature in the N-terminal 
region of their signal peptide: the double arginine residues. The importance of these highly 
conserved arginines has been studied considerably, which has resulted in mixed 
observations, often depending on the organism or substrate at study. In chloroplasts, 
substitution of either arginine, even by lysine, results in a complete block in translocation 
by the thylakoidal Tat system (Henry et al., 1997;Chaddock et al., 1995). In E. coli 
however, replacement of one of the arginines by a lysine still allows for translocation, albeit 
less efficiently than two consecutive arginines, whereas substitution of both arginines 
blocks translocation completely (Stanley et al., 2000). The same applies for substrates 
translocated via the TatAdCd pathway of B. subtilis (Mendel et al., 2008, Chapter 3 of this 
thesis). In addition, some naturally occurring Tat substrates without the typical RR motif in 
the signal peptide have also been described (McDonough et al., 2008;Ignatova et al., 
2002;Hinsley et al., 2001). The fact that these double arginines play an important role, but 
are not solely responsible for Tat-directed translocation is further demonstrated by the 
observation that substitutions of the double arginines by lysines, or even alanines, in the E. 
coli SufI substrate lead to a complete block of translocation, but have no effect on substrate 
binding by the TatBC complex (McDevitt et al., 2006).  
 
Protein translocation via the TAT pathway – there’s more to it than just T(h)AT 
 
Even though a large list of putative Tat substrates for a variety of organisms can be drawn 
up based on the specific double arginine peptide, in practice, the majority of these proteins 
turn out to be false positives (Widdick et al., 2008, Addendum of this thesis). This could be 
due to the fact that additional features in the proximity of the RR consensus motif have 
been identified as being equally important (Brink et al., 1998; also see Figure 1). The role 
of three of such conserved residues is described in Chapter 3. Next to the highly conserved 
double arginine residues, the serine directly in front of the double arginines is extremely 
sensitive to modification, although the degree of sensitivity is evidently substrate-specific 
(Mendel et al., 2008). Furthermore, hydrophobic residues on the +2 and +3 positions of the 
SPase cleavage site play a key role in Tat-dependent protein translocation, of which the 
phenylalanine on position +2 and the leucine on position +3 in E. coli Tat signal peptides 
have been studied as described in Chapter 3.  
 
The hydrophobic region (H region) of Tat signal peptides is also acknowledged to play a 
determining role in Tat-dependent protein export. Generally, in Tat signal peptides the H 
region is shorter (Brink et al., 1997) and has a lower hydrophobicity (Cristóbal et al., 1999) 
when compared to Sec signal peptides. Furthermore, the signal peptide of the E. coli Tat 
substrate TorA contains a leucine-rich region in the H domain that apparently plays a 
critical role in the binding of the TorD ‘Tat proofreading’ chaperone (Buchanan et al., 
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2008), which is an essential step for cofactor loading (Pommier et al., 1998) and correct 
TorA folding and targeting (Jack et al., 2004).   
Likewise, the C region of the Tat signal peptide does not only contain the signal peptidase 
cleavage site, but also plays an important role in the Tat-dependent character of the 
substrate. Earlier reports already suggested that the presence of a positive charge in the C 
region serves as a Sec-avoidance signal (Bogsch et al., 1997). The importance of this 
charge was later extended to the role of the first few amino acids of the mature protein in 
Sec avoidance (Tullman-Ercek et al., 2007).  
 
High definition structures of Tat components and complexes  

The availability of high definition structures of the individual Tat components and Tat 
complexes will provide vital information for the understanding of the working mechanism 
of the Tat machinery. Studying the Tat proteins with electron microscopy and 
crystallography techniques can reveal new details on Tat component stoichiometry and Tat 
machine morphology, but also on putative substrate binding pockets or Tat component 
interaction sites. So far, no high definition structures of Tat complexes or individual 
components have been obtained, although some single-particle electron microscopy images 
have already provided clues on the 3D structure of the E. coli TatA complex, supporting the 
pore-forming theory (Gohlke et al., 2005) and showing the formation of tube-like structures 
in the cytosol (Berthelmann et al., 2008). In addition, solid state NMR has been applied to 
study the topology and orientation of B. subtilis TatAd (Müller et al., 2007), followed by 
additional spectroscopy techniques to further analyse the conformations and alignments of 
TatAd fragments (Lange et al., 2007). These studies revealed a helical membrane-spanning 
N-terminal region of TatAd and a helical cytoplasmic segment of TatAd aligned parallel to 
the bilayer surface. Furthermore, photophysical analysis with additional in silico data 
analysis was applied to study the oligomeric state of TatA in E. coli (Leake et al., 2008). 
Such techniques have already provided a large amount of data concerning the number of 
Tat subunits per complex and the stoichiometry of these subunits when high resolution 
structural images are not yet available.  
 
Tat-dependent protein secretion in pathogens 

The proteins making up the Tat machinery have also been identified for a wide range of 
pathogenic bacteria. The role of Tat in the virulence of these organisms is an important 
subject of study from a medical and pharmaceutical point of view. In the last few years the 
number of reports documenting a role of the Tat pathway in virulence has increased 
significantly (reviewed in De Buck et al., 2008b). Deletion mutants of tat genes have for 
instance resulted in affected phenotypes and attenuated virulence for Pseudomonas species 
(Voulhoux et al., 2006;Caldelari et al., 2006;Bronstein et al., 2005;Ochsner et al., 2002), 
Yersinia species (reviewed in Lavander et al., 2007), Vibrio fischeri (Dunn and Stabb, 
2008) and Legionella pneumophila (De Buck et al., 2008a;De Buck et al., 2005). The 
effects of the absence of tat genes depend on the organism or strain at study, but mostly 
include loss of motility, increased sensitivity to environmental stress, decreased biofilm 
formation, decreased iron-acquisition, retarded cell growth and affected cell wall integrity. 
The direct effect of a tatC mutant of Pseudomonas aeroginosa on virulence has been tested 
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in rat lung models, which remained lesion-free, highlighting the importance of the Tat 
pathway for virulence (Ochsner et al., 2002). In Mycobacterium tuberculosis it has not been 
possible to construct tat mutants, indicating that the Tat pathway is essential for the 
viability, and possibly pathogenicity, of this organism (Saint-Joanis et al., 2006). The 
presence of a functional Tat pathway has also been described for a number of other 
pathogenic bacteria, such as Helicobacter pylori, Vibrio cholerae and Staphylococcus 
aureus, although its role in virulence has not yet been determined.   
 
TAT – Tomorrow’s Anti-microbial Target? 
 
Because the Tat pathway has been shown to play an important role in the virulent character 
of several pathogenic bacteria, it may form an interesting target for antimicrobial 
therapeutics. However, similar to what was previously described for Tat-containing non-
pathogenic bacteria, a clear species-, strain- and substrate specificity of the Tat system is 
observed in pathogenic species as well. Homologues of the same substrate protein are either 
secreted via the Sec pathway or via the Tat pathway, depending on the bacterial strain 
(Gonzalez et al., 2007). It has therefore been suggested that the Tat pathway in some strains 
has been adapted to serve the particular needs of the pathogen (De Buck et al., 2008b), 
indicating a highly specialised mechanism that will be difficult to target with general 
antimicrobials. This is also illustrated by a recent study by McDonough et al. (2008), in 
which the existence of M. tuberculosis-specific factors for Tat export of established 
virulence proteins is described, that were not identified for the Tat-containing non-
pathogenic M. smegmatis species. 
Also, the Tat pathway is localised in the inner membrane, creating the requirement for the 
antimicrobial compound to cross the outer membrane of Gram-negative bacteria, or the 
thick peptidoglycan layers of the cell wall of Gram-positive bacteria. And with the 
exception of M. tuberculosis, the Tat system is not essential for viability, eliminating the 
option to effectively kill the bacterial pathogens. Finally, the tat-deficient pathogens may 
contain alternative routes for the secretion of virulence factors, resulting in an attenuation, 
but not complete loss of virulence. Taken together, these limitations do not yet make the 
Tat pathway a more favourable target for antimicrobial compounds than, for instance, the 
more general Sec pathway.  
 
 

Conclusion and future directions 

Before efficient utilisation of the Tat complex of B. subtilis and other Gram-positive 
species in heterologous protein secretion or as an antimicrobial target can be realised, we 
need to answer the question: ‘what determines the specificity in Tat-dependent protein 
translocation?’. Therefore, it is important to study the requirements of efficient 
translocation of Tat substrates during specific growth conditions (Chapter 6 and Addendum 
of this thesis). The results described in this thesis, and conclusions drawn from these 
results, strongly suggest that models created for Tat-dependent protein secretion in 
thylakoids and E. coli cannot per se be applied to B. subtilis. Significant differences have 
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been observed in the working mechanism and substrate specificity between the Tat 
translocases of E. coli and B. subtilis (Chapters 2, 3 and 5 of this thesis) and even between 
the two Tat translocases of B. subtilis (TatAdCd and TatAyCy) (Chapter 5 of this thesis). 
Also, the fact that the substrate specificity can be relaxed during certain expression 
conditions should be considered: when present in excess amounts, the TatAdCd complex is 
able to translocate a wide variety of Tat-dependent substrates (Chapters 2 and 3 of this 
thesis), including TatAyCy-dependent YwbN (Chapter 4 of this thesis). Possibly the former 
translocase is therefore a more apt candidate for heterologous protein secretion than the 
TatAyCy complex.  
 
The substrate specificity displayed by both Tat complexes of B. subtilis is clearly the result 
of a combination of specific properties of the TatA and TatC subunits, as well as the signal 
peptide and possibly also the mature protein of the substrate involved (Figure 1). Therefore, 
more detailed genetic and biochemical studies are required to determine the exact mode of 
action and the requirements for efficient protein translocation by either complex. Such 
studies should focus on the identification of additional substrates, the Tat complex 
formation requirements and also Tat substrate recognition requirements. Detailed 
mutagenesis studies, involving the TatA and TatC components, as well as the substrate 
signal sequences and N-terminal mature sequence, combined with structural and 
biochemical protein-protein interaction studies will offer new insights on specific Tat-
substrate interaction requirements. In the future, all combined obtained data can be used for 
the construction of a Tat signal peptide- and Tat component library to eventually identify 
the optimal signal peptide, combined with the optimal Tat translocase for efficient Tat-
dependent translocation of proteins of interest. At first, a case by case approach is 
inevitable (because Tat-dependent protein translocation in B. subtilis depends on many 
different factors) in which a few basic requirements should always be taken into account. 
Firstly, determining the folding characteristics of the substrate of interest (i.e. cofactor 
binding and chaperone requirement) is crucial. Secondly, to ensure Tat-dependent secretion 
and to prevent secretion of malfolded proteins, a Sec-avoidance signal in the form of a 
positive charge at the C region (including a short region of the mature protein in some 
cases) as well as an optimal RR consensus sequence in the N region of the signal peptide 
are equally essential. Finally, increased production of Tat(Ad and Cd) components can 
result in a more relaxed substrate specificity and facilitate the secretion of (heterologous) 
proteins.   
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TwwxÇwâÅ 

A facile reporter system for the experimental 
identification of Tat signal peptides from all kingdoms of 

life 

We have developed a reporter protein system for the experimental verification of 
twin-arginine signal peptides. This reporter system is based on the Streptomyces 
coelicolor agarase protein, which is secreted into the growth medium by the Twin-
arginine translocation (Tat) pathway and whose extracellular activity can be assayed 
colorimetrically in a semiquantitative manner. Replacement of the native agarase 
signal peptide with previously characterised twin-arginine signal peptides from other 
Gram-positive and Gram-negative bacteria resulted in efficient Tat-dependent export 
of agarase. Candidate twin-arginine signal peptides from archaeal proteins as well as 
plant thylakoid-targeting sequences were also demonstrated to mediate agarase 
translocation. A naturally occurring variant signal peptide with an arginine–
glutamine motif instead of the consensus di-arginine was additionally recognised as a 
Tat-targeting sequence by Streptomyces. Application of the agarase assay to previously 
uncharacterised candidate Tat signal peptides from Bacillus subtilis identified two 
further probable Tat substrates in this organism. This is the first versatile reporter 
system for Tat signal peptide identification.  
 
 

Introduction 

The Twin-arginine translocation (Tat) pathway is a general protein export pathway found in 
the cytoplasmic membranes of most bacteria and in the thylakoid membranes of plant 
chloroplasts. Unlike the well-characterised Sec pathway, protein substrates of the Tat 
pathway are usually transported across the membrane in a folded state. In Gram-negative 
bacteria such as Escherichia coli and some Gram-positive bacteria of the actinobacterial 
class, for example, Streptomyces coelicolor, transport via the Tat pathway is achieved by 
three proteins, TatA, TatB, and TatC (Schaerlaekens et al., 2004;Sargent et al., 
1999;Sargent et al., 1998;Bogsch et al., 1998). Most Gram-positive bacteria, however, 
exemplified by Bacillus subtilis, and archaebacteria have Tat systems that only have TatA 
and TatC components (Dilks et al., 2005;Jongbloed et al., 2004;Pop et al., 2002). The 
organisation of the thylakoid Tat pathway more closely resembles that of the Gram-
negative bacteria, with three essential components designated Tha4, Hcf106, and cpTatC 
(Mori et al., 2001;Mori et al., 1999).  
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Proteins are targeted to the Tat pathway by tripartite N-terminal signal peptides, the amino-
terminal portion (N region) of which contains a conserved twin-arginine motif. For 
eubacterial Tat signal peptides, this motif is defined as (S/T)-R-R-x-F-L-K, where the twin 
arginines are usually, although not always, invariant; the other motif residues occur with a 
frequency exceeding 50%, and x is any polar amino acid (Stanley et al., 2000;Berks, 1996). 
For signal peptides that direct proteins to the thylakoid Tat system, the targeting motif has 
been defined as R-R-x-Φ-Φ, where Φ represents a hydrophobic amino acid (Peltier et al., 
2002;Brink et al., 1998). The Tat pathways in bacteria and chloroplasts are functionally and 
mechanistically related (Cline and Theg, 2007;reviewed in Berks et al., 2003), and in 
support of this, it has been shown that bacterial Tat-targeting signals can function to direct 
the transport of proteins by the thylakoid Tat pathway (Mori and Cline, 1998;Wexler et al., 
1998). However, to date, there are no reports that eukaryotic Tat signals are functional in 
bacterial systems.  
At least three different prediction programs that have been designed to recognise the salient 
features of Tat targeting sequences have been developed (Taylor et al., 2006;Bendtsen et 
al., 2005;Dilks et al., 2003). A comparison of the two generally available programs, 
TATFIND and TatP, suggests that an overlapping set of candidate twin-arginine signal 
peptides is recognised by both programs but that, in addition, a number of potential Tat 
signal peptides are only identified by one method or the other. Moreover, although the 
consecutive arginine residues are very highly conserved, there are a few, naturally 
occurring, Tat-targeting signals where one of the consensus arginine residues has been 
replaced by lysine (Hinsley et al., 2001) or asparagine (Ignatova et al., 2002). These variant 
Tat signal peptides appear to be very rare and are much more difficult to identify by 
bioinformatics means alone.  
 
Despite the availability of Tat prediction programs, there is currently no universal reporter 
system that can be used to verify Tat-dependent protein export by candidate signal peptides. 
Such a reporter would be a particularly important tool in the context of functional genomic 
studies of organisms that cannot be genetically manipulated or for analysis of metagenomes 
from uncultured bacteria. A number of Tat-dependent reporter systems have been 
developed, for example, based on export of green fluorescent protein (DeLisa et al., 2002), 
maltose binding protein (Blaudeck et al., 2003), or chloramphenicol acetyltransferase 
(Hicks et al., 2005). However, these reporters are designed mainly for use in E. coli, with 
the E. coli Tat machinery often not recognising ‘foreign’ Tat signal peptides being a major 
drawback (Pop et al., 2002;Blaudeck et al., 2001), possibly because it only has a relatively 
small repertoire of Tat substrates. Recently, it was predicted bioinformatically (Bendtsen et 
al., 2005;Dilks et al., 2003) and subsequently verified experimentally (Widdick et al., 
2006) that S. coelicolor has an exceptionally large number of Tat-dependent proteins. 
Moreover, heterologous expression of S. coelicolor tat components in E. coli demonstrated 
that the S. coelicolor Tat system is permissive such that it can form functional heterologous 
complexes with E. coli components and recognise native E. coli Tat substrates (Hicks et al., 
2006). Therefore, Streptomyces may represent a more promising host for the development 
of a Tat-dependent protein reporter system. 
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Results 

Agarase as a Tat-dependent reporter protein 

We have demonstrated previously that agarase can be used as a Tat-specific reporter system 
in Streptomyces for the identification of host signal peptides (Widdick et al., 2006). 
Agarase is a secreted enzyme that degrades agar into smaller oligosaccharides (Buttner et 
al., 1987), which can be readily viewed by staining agar plates with iodine, which leads to a 
zone of clearing around the colony (as shown in Figure. 1A). S. coelicolor agarase is a Tat-
dependent, Sec-incompatible protein, and its export can be mediated by any of 27 S. 
coelicolor twin-arginine signal peptides to which it has been genetically fused (Widdick et 
al., 2006). Given the large numbers of Tat substrates in Streptomyces and the flexibility of 
the Streptomyces Tat system for heterologous interactions, we reasoned that agarase might 
form the basis of a reporter system for the general cross-species identification of Tat signal 
peptides. To test this, we initially constructed fusions of mature agarase to two Tat-
targeting signal peptides from the Gram-positive organism B. subtilis. As discussed above, 
B. subtilis differs from S. coelicolor because it lacks the TatB protein. Moreover, it has two 
distinct Tat systems, one encoded by tatAdCd that specifically transports the substrate PhoD 
and a second system designated TatAyCy that has YwbN as a substrate (Jongbloed et al., 
2004;Jongbloed et al., 2000). These constructs were transformed into a wild type and tatC 
variant of Streptomyces lividans (Faury et al., 2004). S. lividans was chosen as a host 
because unlike S. coelicolor, to which it is extremely closely related, it does not encode 
native agarase; moreover, the S. coelicolor agarase promoter is expressed constitutively in 
this strain background (Servin-Gonzalez et al., 1994). Strains were cultured on MM 
medium (per liter: 10 g Agar, 1 g (NH4)2SO4, 0.5 g K2HPO4, and 0.2 g FeSO4·7H2O) 
containing 0.5% glucose. The inoculated plates were grown for 5 days at 30 °C after which 
they were stained with Lugol's solution (Sigma). As shown in Figure 1B, both the B. 
subtilis PhoD (two rightmost panels) and YwbN (two leftmost panels) signal peptides were 
able to mediate Tat-dependent export of agarase in Streptomyces. Quantification of the 
level of extracellular agarase activity, as shown in Figure 2A, demonstrates that the YwbN 
signal peptide mediated the export of more enzyme than the PhoD signal peptide. Whether 
this reflects a difference in the level of translation of the two signal peptide coding regions 
or a difference in export efficiency remains to be shown. Nonetheless, we conclude that 
despite differences in the composition of the Tat machinery and codon usage between the 
two organisms, Bacillus twin-arginine signal peptides can functionally engage with the 
Streptomyces Tat machinery. 
 
Tat-dependent export of agarase can be mediated by signal sequences from 
Gram-negative bacteria, eukaryotes, and archaea 

We next tested whether signal peptides from the model Gram-negative bacterium E. coli 
could mediate export of agarase. The two signal peptides we chose to test were those of 
TorA and SufI. TorA is the trimethylamine-N-oxide reductase enzyme, which allows E. 
coli to grow using trimethylamine- N-oxide as a sole energy source. This is the most 
heavily exploited Tat signal peptide (Blaudeck et al., 2003;DeLisa et al., 2002), and 
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Figure 1 (Figure legend on next page) 
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heterologous expression of the S. coelicolor tat genes in E. coli Δtat− strains has indicated 
that this signal peptide can be recognised by the Streptomyces Tat machinery (Hicks et al., 
2006). As shown in Figure 1C, fusion of the TorA signal peptide to agarase did indeed 
mediate its secretion by the Tat pathway. Analysis of the SufI signal peptide, which is 
another well-characterised E. coli Tat-targeting sequence, showed that it also directed the 
transport of agarase (Figure 1C). Furthermore, as shown in Figure 2A, quantification of 
agarase activity indicated that SufI was a particularly effective signal for the export of this 
reporter protein. 
Since any effective Tat reporter system would be required to recognise Tat signal peptides 
across biological kingdoms, we also tested the ability of known Tat-targeting sequences 
from plants as well as predicted Tat signal sequences from archaea to direct export of 
agarase. The spinach 16K and wheat 23K proteins of the oxygen-evolving complex of plant 
photosystem II are model substrates of the thylakoid Tat system (Creighton et al., 
1995;Klösgen et al., 1992). Figures 1D and 2A demonstrate clearly that the twin-arginine 
signal sequences of both of these proteins were capable of mediating transport of agarase 
by the Streptomyces Tat pathway. This important observation represents the first time that 
eukaryotic twin-arginine signal peptides have been shown to function in a prokaryotic 
system.  
 
The archaeon Haloferax mediterranei has a molybdenum cofactor-containing nitrate 
reductase of the Nar family that has recently been strongly inferred by substrate 
accessibility experiments to be located at the external face of the cytoplasmic membrane 
(Martinez-Espinosa et al., 2007). As shown in Table 1, this protein is synthesised with a 
classical twin-arginine signal sequence, although it lacks an obvious signal peptidase I 
cleavage site and might therefore serve as a non-cleaved signal anchor. When this signal 
sequence was fused to mature agarase, it was clearly able to mediate Tat-dependent export 
of the protein (Figure 1E, two leftmost panels; Figure 2A). Archaeoglobus fulgidus has a 
similar Nar enzyme that is synthesised with a twin-arginine signal sequence, and we also 
tested the ability of that sequence to export agarase. Again, as shown in Figures 1E (two 
rightmost panels) and 2A, this signal is also competent to direct Tat-dependent export of 
agarase. We conclude that archaeal twin-arginine signal sequences are also recognised by 
the Streptomyces Tat machinery.  
 

Figure 1  Signal peptides from the three kingdoms of life mediate Tat-dependent secretion of S. 
coelicolor agarase. Extracellular agarase activity mediated by signal peptides from A] S. 
coelicolor agarase (DagA), B] B. subtilis YwbN (two leftmost panels) and PhoD (two rightmost
panels), C] E. coli TorA (two leftmost panels) and SufI (two rightmost panels), D] wheat 23K (two 
leftmost panels) and spinach 16K (two rightmost panels), and E] NarG from H. mediterranei (two 
leftmost panels) and A. fulgidus (two rightmost panels). For each panel, the signal peptide of the 
indicated protein, fused in frame with the mature sequence of agarase as described in the legend
to Table 1, was expressed in the S. lividans tat+ strain (10–164, designated tat+ and shown on the 
left of each panel set) or in the 10–164 isogenic ΔtatC strain (designated tat− and shown on the 
right of each panel set). 
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A naturally occurring variant Tat signal peptide can mediate export of 
agarase  

Although the vast majority of known Tat-targeting sequences contain the signature pair of 
consecutive arginines, there are a few naturally occurring Tat signal sequences that lack one 
of the paired arginine residues. A likely candidate for a variant Tat signal is Mycobacterium 
tuberculosis RV0063, a probable flavin adenine dinucleotide-containing oxidoreductase, 
which has an arginine–glutamine pairing in place of the twin arginines. Homologues of 
RV0063 in other mycobacterial species have a similar Arg–Gln motif in their signal 
peptides, whereas more distantly related organisms such as Streptomyces avermitilis and 
Frankia sp. encode homologues with a standard twin-arginine pair. In order to test whether 
this variant signal sequence was recognised by the Streptomyces Tat system, we genetically 
fused the coding sequence of the signal peptide to the DNA region for mature agarase. As 
shown in Figures 3A and 2B, the variant signal peptide of RV0063 directed significant 
export of active agarase. It should be noted that although DeLisa et al. (2002) have 

Figure 2 Semiquantitative analysis of extra-
cellular agarase activity mediated by 
twin-arginine signal peptides. Zones of 
clearing around colonies after Lugol 
staining were measured, and relative 
agarase activity was estimated as 
described in Widdick et al. (2006). The 
error bars represent the standard error of 
the mean, n=6–9. A] Relative agarase 
activity from fusion proteins harboring 
signal peptides from native agarase (Sc 
DagA), B. subtilis PhoD (Bs PhoD) and 
YwbN (Bs YwbN), E. coli TorA (Ec TorA) 
and SufI (Ec SufI), wheat 23K (Wh 23K), 
spinach 16K (Sp 16K), H. mediterranei 
NarG (Hm NarG), and A. fulgidus NarG 
(Af NarG). Fusions to the signal peptides 
of SCO1906 (S. coelicolor PhoX 
homologue) and of SCO2068 and 
SCO2286 (both S. coelicolor PhoD 
homologues) were included as positive 
controls, and fusions for the signal 
peptides of SCO3053, SCO5660, and 
SCO6199 were included as negative 
controls. B] Relative agarase activity from 
fusion proteins harboring signal peptides 
from native agarase (Sc DagA), M. 
tuberculosis RV0063 (Mt RV0063), P. 
syringae PhoX (Ps PhoX) and PhoD (Ps 
PhoD), and B. subtilis AbnA, AppA, BglC, 
LipA, LytD, QcrA, YkuE, YuiC, YvhJ and 
WapA. 
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Figure 3 (Figure legend on next page) 
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previously shown by site-directed mutagenesis that an Arg–Gln pairing in the signal 
peptide of TorA was still functional for export, this is the first example of a natural 
occurrence of this sequence in a Tat substrate. These observations confirm that the agarase 
reporter system is a robust method for the verification of Tat-targeting sequences.  
 
Application of the agarase reporter system for the experimental verification of 
Tat signal peptides from Pseudomonas syringae and B. subtilis 

Since we have demonstrated that the agarase assay has general utility as a reporter system 
for Tat signal peptides, we set about using it to look for Tat targeting sequences from the 
genomes of two bacteria. The Tat system of the Gram-negative plant pathogen 
Pseudomonas syringae pv. tomato strain DC3000 has previously been analysed and shown 
to be functional and to be required for optimal virulence (Caldelari et al., 2006;Bronstein et 
al., 2005). P. syringae DC3000 encodes phosphatase proteins of both the PhoD and PhoX 
family; S. coelicolor orthologs of both of these proteins and the B. subtilis orthologue of 
PhoD have been previously shown to be Tat substrates. Unusually, the P. syringae PhoX 
signal sequence has a highly extended N region prior to the twin-arginine motif (Table 1), 
which is not present on the signal sequence of the S. coelicolor orthologue. Nonetheless, 
this signal peptide was capable of directing export of agarase in Streptomyces (Figure 3B, 
two leftmost panels). Conversely, while the signal peptides of PhoD proteins are generally 
very extended, the P. syringae PhoD signal is predicted to be unusually short (Table 1) and 
is not recognised in silico as a Tat signal peptide by TatP, although it does pass the criteria 
for positive identification by the TATFIND program. This signal peptide was also 
functional in the Tat-dependent export of Streptomyces agarase (Figure 3B, two rightmost 
panels). Quantification of agarase activity, as shown in Figure 2B, indicates a high level of 
export mediated in particular by the P. syringae PhoD signal sequence. 
 
Remarkably, despite the fact that it has two distinct Tat systems, only two Tat substrates 
have been confirmed in B. subtilis, that is, PhoD and YwbN, and we have demonstrated 
above that each of these bears Tat-targeting signals that are functional in Streptomyces. 
Application of TATFIND or TatP predicts that there are very few Tat signal peptides 
encoded in the genome of B. subtilis, although using less stringent criteria, for example, 
allowing for a more hydrophobic H region or the presence of a lysine in place of the first 
arginine residue, generates more significant lists (Tjalsma et al., 2004;Jongbloed et al., 
2002;Tjalsma et al., 2000). We therefore selected 10 candidate Tat signal peptides, shown 

Figure 3  Experimental verification of uncharacterised and variant Tat-targeting sequences using 
the agarase reporter system. A-C] The signal peptide of the indicated protein, fused in frame
with the mature sequence of agarase as described in the legend to Table 1, was expressed in S. 
lividans tat+ strain (10–164, designated tat+ and shown on the left of each panel set) or in the 
10–164 isogenic tatC strain (designated tat− and shown on the right of each panel set). The 
signal peptides tested are A] M. tuberculosis RV0063, B] P. syringae PhoX (two leftmost panels) 
and PhoD (two rightmost panels), and C] B. subtilis QcrA (two leftmost panels) and YkuE (two 
rightmost panels). D] The signal peptides of B. subtilis AbnA, AppA, BglC, LipA, LytD, YuiC, 
YvhJ, and WapA were fused in frame to agarase, but the results are shown for the S. lividans tat+ 
strain only. 
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in Table 1, from the list generated by Jongbloed et al. (2002) for testing in the agarase 
reporter assay. As shown in Figures 3C and 2B, two of the signal peptides we tested, those 
of QcrA and YkuE, were able to direct export of S. coelicolor agarase, and we therefore 
conclude that these are bona fide Tat-targeting sequences.  

Protein Amino acid sequence of signal peptide 
  
Sc DagA MVNRRDLIKWSAVALGAGAGLAGPAPAAHAGS 
Bs YwbN MSDEQKKPEQIHRRDILKWGAMAGAAVAIGASGLGGLAPLVQTAGS 
Bs PhoD MAYDSRFDEWVQKLKEESFQNNTFDRRKFIQGAGKIAGLSLGLTIAQSVGAGS 
Ec TorA MNNNDLFQASRRRFLAQLGGLTVAGMLGPSLLTPRRATAAQAGS 
Ec SufI MSLSRRQFIQASGIALCAGAVPLKASAAGGS 
Wheat 23Ka (M)AQKNDEAASDAAVVTSRRAALSLLAGAAAIAVKVSPAAAGS 
Spinach 16Ka (M)AQQVSAEAETSRRAMLGFVAAGLASGSFVKAVLAGS 
Hm NarG MDADSGVSRRTFLEGIGVASLLGIGTSAASDDSLFQGS 
Af NarG MKVSRRDFIKLSAATAFASGLGLGYFQKSRGVGS 
Mt RV0063 MAREISRRTFLRGAAGALAAGAFVGSVRATADPAGS 
Ps PhoX MKLLEENQTTDLENMVGASRAGLTRRGFISAGALCGAAMFLGGNILSRTVLANSVGS 
Ps PhoD MTDFNPDRRRIITGVAGATLLSILSPFARSAGGS 
Bs Abna MKKKKTWKRFLHFSSAALAAGLIFTSAAPAEAAFGS 
Bs AppA MKRRKTALMMSLVMVLAIFLSACSGSKSSNSSAKKGS 
Bs BglC MKRSISIFITCLLITLLTMGGMIASPASAAGGS 
Bs LipA MKFVKRRIIALVTILMLSVTSLFALQPSAKAAEGS 
Bs LytD MKKRLIAPMLLSAASLAFFAMSGSAQAAAGS 
Bs QcrA MGGKHDISRRQFLNYTLTGVGGFMAASMLMPMVRFLADGS 
Bs YkuE MKKMSRRQFLKGMFGALAAGALTAGGGYGYARYGS 
Bs YuiC MMLNMIRRLLMTCLFLLAFGTTFLSVSGIEAKDGS 
Bs YvhJ MAERRVRVRVRKKKKSKRRKILKRIMLLFALALLVVVGLGGYKLYKTINAADGS 
Bs WapA MKKRKRRNFKRFIAAFLVLALMISLVPADVLAKSGS 

Table 1  Signal peptides tested in this study 

The consecutive arginines of the RR motif (or naturally occurring variants thereof) are in boldface and 
underlined. Sp–agarase fusions were constructed in vector pTDW46 (Widdick et al., 2006). Signal peptides 
were amplified using the primers listed in Supplementary Table 1, digested with NdeI and BamHI, and cloned 
into pTDW46 that had been similarly digested. The six base pairs of the BamHI site add the amino acids Gly–
Ser to the end of each signal peptide coding sequence; therefore, in the table, each sequence ends with GS. 
The native agarase signal peptide was cloned in an identical manner (Widdick et al., 2006) and also has the 
GS motif at its C-terminal end. For signal peptides encoded by B. subtilis (Bs), P. syringae (Ps), or E. coli (Ec), 
the coding region was amplified by PCR using the appropriate chromosomal DNA as template. The remaining 
signal peptides were constructed by annealing long oligonucleotides having complementary 3′ ends and 
extending them with taq polymerase to make long double-stranded oligonucleotides encoding the desired 
signal peptides. All plasmids were verified by DNA sequencing and then subsequently transferred by mating 
from E. coli into the S. lividans tat+ and tat− strains where they integrate in single copy at the phage C31 site. 
a Nuclear-encoded proteins targeted to the thylakoid Tat system are synthesized with an N-terminal chloroplast-
targeting sequence that effects their translocation into the chloroplast. This is subsequently cleaved off by a 
stromally located peptidase to reveal an N-terminal Tat-targeting sequence. This sequence does not normally 
start with a methionine; however, an N-terminal methionine was included in this case to enable translational 
initiation. Sc, S. coelicolor; Hm, H. mediterranei; Af, A. fulgidus; Mt, M. tuberculosis.  
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The remaining signal peptides tested, as shown in Figure 3D, did not mediate export of 
agarase, and it is therefore unlikely that any of these are Tat signals. Of these, it has already 
been shown that AbnA, BglC, LipA, LytD, and WapA are Sec substrates because they are 
still secreted even when both Tat systems from B. subtilis have been inactivated (Jongbloed 
et al., 2002). One of the two signal peptides that scored positive for agarase export is 
derived from QcrA, which is the B. subtilis homologue of the Rieske iron sulfur protein, a 
known Tat substrate in plants (Molik et al., 2001) and recently also shown to be a Tat 
substrate in the bacteria Legionella pneumophila and Paracoccus denitrificans (De Buck et 
al., 2007;Bachmann et al., 2006). Interestingly, the Rieske proteins have uncleaved signal 
anchors and this seems to be true also for B. subtilis QcrA since the consensus signal 
peptidase cleavage motifs are absent from this protein (Tjalsma and van Dijl, 2005). Our 
findings therefore suggest that normally uncleaved twin-arginine signal peptides may also 
be positively identified as Tat-targeting sequences with the agarase reporter system. 
Whether this is a general feature of this reporter system awaits further verification. Taken 
together, our results indicate that there are at least four Tat substrates in B. subtilis. 
 
 

Conclusion 

We have demonstrated the utility of S. coelicolor agarase as a general reporter for twin-
arginine signal peptides from a wide range of organisms. Our studies show that export of 
agarase in Streptomyces can be mediated by signal peptides derived not only from other 
Gram-positive organisms but also from Gram-negative bacteria, archaea, and even 
eukaryotes. This reporter system provides an important first step in establishing the Tat 
dependence of an exported protein, which should then be confirmed in the natural host 
where possible. This would ultimately be desirable since it has been shown that, in some 
instances, the nature of the mature domain can influence the export pathway with which a 
putative Tat signal engages (Tullman-Ercek et al., 2007), although we note that this may be 
possible for only a limited number of organisms. Moreover, since the agarase assay is 
semiquantitative, it permits the identification of Tat-targeting sequences that function 
efficiently in Streptomyces (with the caveat that this does not necessarily indicate that the 
signal peptide functions efficiently in the natural host) and allows for more detailed 
characterisation of the minimal requirements in the Tat signal sequence by random or site-
directed mutagenesis. Thus, the agarase reporter system is facile, sensitive, and broad 
ranging and represents a major new tool in the characterisation of Tat systems. 
 
 

Acknowledgements 

We thank Rolf Morosoli for providing us with S. lividans strain 10–164 and its isogenic 
tatC mutant, Isabelle Caldelari for designing primers to amplify P. syringae signal peptides, 
and Frank Sargent and Ben Berks for helpful discussion. This project was supported by the 



Reporter for Tat signal peptide identification 

157 

Commission of the European Union project LHSG-CT-2004-005257 and by the Medical 
Research Council via a Senior Non-Clinical Fellowship award to T.P. 
 
 

Supplementary Data 

Supplementary data associated with this article can be found, in the online version, at 
doi:10.1016/j.jmb.2007.11.002 

 



 

 



 

159 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 

 



 

161 

axwxÜÄtÇwáx átÅxÇätàà|Çz 
 
Bij het horen van het woord ‘bacteriën’ denken we al snel aan vervelende, microscopische 
beestjes waar we ziek van kunnen worden. Maar er zijn ook veel bacteriën waar we niet 
ziek van worden en die we zelfs nodig hebben om te kunnen overleven, zoals bijvoorbeeld 
soorten die voorkomen in de darmflora van de mens. Bacteriën zijn overal en ze komen 
voor in talloze vormen en maten. Door de eeuwen heen heeft onderzoek naar deze micro-
organismen ons de mogelijkheid gegeven ze te identificeren en te classificeren, zodat we 
ook deze tak van het leven beter leren begrijpen. Deze informatie wordt vervolgens 
toegepast om ons leven te verbeteren, door gebruik te maken van nuttige bacteriën en 
strategieën te ontwikkelen voor het bestrijden van schadelijke bacteriën.  
 

Bacillus subtilis 

De bacterie die voor het onderzoek beschreven in dit proefschrift is gebruikt, is Bacillus 
subtilis; een ‘veilig’ micro-organisme dat vooral voorkomt in de grond en op vegetatie. B. 
subtilis is een ‘Gram-positieve’ bacterie, wat betekent dat deze een dikke celwand bevat die 
gekleurd kan worden met een zogenaamde Gram kleuring. Gram-negatieve bacteriën 
hebben deze dikke celwand niet en kunnen daarom niet gekleurd worden. Een bekend 
voorbeeld van een Gram-negatief organisme is Escherischia coli, die voorkomt in de 
darmen. De Gram kleuring vormt het eerste onderscheid tussen verschillende soorten 
bacteriën en geeft direct een aanwijzing over belangrijke eigenschappen van die bacterie.  
Bacillus subtilis wordt over de hele wereld gebruikt als modelorganisme voor onderzoek 
naar Gram-positieve bacterieën. Omdat B. subtilis niet toxisch en makkelijk te kweken is, 
zich snel vermenigvuldigt en bovendien een grote hoeveelheid aan interessante 
eigenschappen bezit, worden veel algemene processen en eigenschappen in deze bacterie 
bestudeerd. Bijvoorbeeld de mogelijkheid tot het vormen van sporen; kleine, zeer resistente 
celletjes waarin de levensprocessen zijn gereduceerd tot een minimum, zodat de cel voor 
zeer lange tijd extreme omstandigheden kan overleven om daarna weer uit te groeien tot 
een vegetatieve cel. Maar ook de mogelijkheid tot het opnemen van DNA uit de omgeving 
of het uitscheiden van eiwitten naar die omgeving zijn belangrijke processen die bestudeerd 
worden.  
 

Eiwitsecretie 

De unieke code van het DNA wordt door de cel uiteindelijk vertaald in lange ketens van 
aminozuren die functies uit kunnen voeren: de eiwitten. Deze functies zijn vaak locatie-
specifiek en daarom moeten eiwitten verplaatst worden naar hun uiteindelijke bestemming. 
Wanneer een eiwit daarbij door een membraan (een vettige laag die een scheidingswand 
vormt van een cel of een organel) getransporteerd moet worden, dan wordt dat proces 
eiwitsecretie genoemd. In bacteriën worden eiwitten vaak naar de membraan, de celwand of 
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het externe milieu uitgescheiden. Dit is een essentieel, maar uiterst complex proces waarbij 
veel verschillende factoren een rol spelen. Ten eerste moet een eiwit een signaalpeptide 
bevatten: een soort code die herkend wordt door chaperones en de secretiemachinerie. Deze 
signaalpeptide bevat informatie over de uiteindelijke bestemming van het eiwit, en op 
welke manier het eiwit uitgescheiden moet worden. Daarnaast is de secretiemachinerie van 
essentieel belang: een complex van verschillende eiwitten dat zich in de membraan bevindt 
en eiwitten kan binden en actief over de membraan kan verplaatsen door middel van 
bijvoorbeeld pore-vorming. Afhankelijk van het eiwit en de translocase zijn soms ook 
chaperone-eiwitten betrokken die het eiwit als het ware helpen de juiste route te vinden. 
Daarnaast is voor het translocatieproces ook een grote hoeveelheid energie nodig. Eenmaal 
aan de andere kant van de membraan, wordt de signaalpeptide door specifieke enzymen 
afgeknipt en zijn weer andere enzymen betrokken bij de juiste vouwing van het eiwit, zodat 
deze zijn actieve vorm aan kan nemen en zijn functie uit kan oefenen. Elk van de stappen in 
het secretieproces zijn kritiek en verschillende controlemechanismen zijn erbij betrokken 
om de efficiëntie ervan te waarborgen.  
Eiwitsecretie is een proces dat van levensbelang is voor de bacteriële cel en zowel 
schadelijke als voordelige gevolgen kan hebben voor de mens. Pathogene bacteriën kunnen 
eiwitten uitscheiden die een toxisch effect hebben op menselijke en dierlijke cellen. 
Daarentegen zijn er veel andere bacteriën die nuttige eiwitten zoals enzymen of antibiotica 
uitscheiden, die door ons gebruikt kunnen worden in voedselgerelateerde en niet 
voedselgerelateerde producten. Bacillus subtilis is hier een voorbeeld van. Hier wordt in de 
biotechnologische industrie gebruik van gemaakt door grote hoeveelheden eiwitten in B. 
subtilis te produceren, die daarna door de cel zelf worden uitgescheiden zodat ze makkelijk 
geïsoleerd en gezuiverd kunnen worden. B. subtilis wordt voor dit proces als een soort 
levend eiwitfabriekje gebruikt. Echter, de stappen moeten tijdens het productie- en 
secretieproces, net als in een echte fabriek, streng gecoördineerd en gecontroleerd worden 
voor een optimale efficiëntie. Overproductie van eigen en niet-eigen eiwitten, verhoogde 
secretie, niet correct gevouwen eiwitten, etc., leveren veel stress op voor de cel en kunnen 
het productieproces ernstig verstoren. Het is daarom van belang dat wij de individuele 
stappen in het productie- en secretieproces in de cel leren begrijpen en onze kennis kunnen 
toepassen om problemen te voorkomen of op te lossen.    
 
Eiwitsecretie via de Twin-arginine translocation machinerie 
Het eiwitsecretiemechanisme dat in dit proefschrift wordt beschreven, is de Twin-arginine 
translocation (Tat) pathway. Het is een simpel eiwitcomplex, bestaande uit meerdere 
kopieën van twee of drie verschillende eiwitten (TatA, TatB en TatC), dat zich onderscheidt 
in het secreteren van eiwitten die reeds in de cel gevouwen zijn. Meestal worden eiwitten in 
ongevouwen toestand als een soort keten over de membraan getransporteerd, waarna ze 
buiten de cel pas vouwen. Echter, de eiwitten die via de Tat translocase worden 
gesecreteerd, moeten in de cel een cofactor binden, of hebben andere eigenschappen 
waardoor ze te snel of te dicht vouwen. Hierdoor passen ze niet meer door de meest 
gangbare eiwittranslocase, de Sec machinerie, maar moeten op een andere manier 
getransloceerd worden. Zij bezitten daarom een specifieke code in hun signaalpeptide, die 
onder andere bestaat uit twee opeenvolgende arginine residuen (twin arginine).  
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Het Tat complex is het eerst ontdekt in chloroplasten van planten en later ook 
geïdentificeerd in een grote hoeveelheid bacteriën en archaea. Er zijn veel onderlinge 
overeenkomsten te vinden, zoals bijvoorbeeld de dubbele arginines in het gros van de 
substraten, maar door de evolutie ook zeer specifieke verschillen. Zo lijken de Tat 
complexen in chloroplasten en Gram-negatieve bacteriën veel op elkaar, maar verschillen 
wezenlijk van de Tat complexen in Gram-positieve bacteriën. Omdat het Tat complex zich 
ook in pathogene bacteriën bevindt en daar mogelijk een rol speelt in de virulentie, is het 
vanuit een farmaceutisch oogpunt interessant dit eiwitsecretiecomplex te bestuderen als 
mogelijk nieuw antimicrobieel doelwit. Daarnaast kan het ook vanuit biotechnologisch 
oogpunt veel voordelen opleveren, aangezien de secretie van gevouwen eiwitten veel 
nadelige effecten van het industriële eiwitsecretie proces (zoals eiwitafbraak) kan 
voorkomen.  
 

Moleculaire laboratoriumtechnieken 

In het laboratorium worden moleculaire technieken toegepast om de processen in de 
bacteriën te kunnen bestuderen. Tijdens een groot en belangrijk project is bijvoorbeeld het 
gehele genoom van Bacillus subtilis gesequenced (het achterhalen van de code van het 
DNA en het aantal functionele genen in het DNA). Vervolgprojecten richten zich op het 
achterhalen van de producten van die genen en welke functies deze eiwitten uitvoeren in de 
cel. Doordat Bacillus subtilis de mogelijkheid heeft DNA uit zijn omgeving op te nemen en 
dit te integreren in het eigen genoom, is het makkelijk om genen uit te schakelen, te 
veranderen of juist extra actief te maken, of om ‘vreemde’ genen in de cel te introduceren 
(genetische manipulatie). Dit wordt gedaan om te bestuderen wat het effect is van de 
verandering, afwezigheid of de overvloedige aanwezigheid van een eiwit op een bepaald 
proces in de cel. Met behulp van antilichamen en radioactieve of fluorescente labels, 
kunnen de aanwezigheid, de hoeveelheid en de locatie van eiwitten worden gevisualiseerd 
Vervolgens kunnen biochemische technieken worden toegepast om deze eiwitten uit de cel 
te isoleren en te zuiveren en om talloze, specifieke eigenschappen van de eiwitten te 
bestuderen.  
 

Dit proefschrift 

Eiwitsecretie via de Tat pathway van Bacillus subtilis 
Eén van de kenmerken van het Tat complex in (bijna) alle Gram-positieve organismen, is 
de afwezigheid van het TatB eiwit. Gram-positieve Tat complexen, zoals die van Bacillus 
subtilis, bestaan dus alleen uit TatA en TatC eiwitten, die allebei essentieel zijn voor het 
secretieproces. In tegenstelling tot veel andere bacteriën, bevat Bacillus subtilis twee 
verschillende Tat complexen, die erg op elkaar lijken maar een verschillende substraat-
specificiteit vertonen. Tot nu toe zijn er slechts twee substraten geïdentificeerd die door de 
Tat complexen van B. subtilis gesecreteerd worden: PhoD via het TatAdCd complex en 
YwbN via het TatAyCy complex (Figuur 1). De hoofdvraag van het werk beschreven in dit 
proefschrift is ‘wat bepaalt de substraat-specificiteit van de twee Tat complexen van 
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Bacillus subtilis?’. Door zowel de complexen, de individuele componenten en de substraten 
te bestuderen, is getracht antwoorden op deze vraag te vinden die eventueel gebruikt 
kunnen worden voor een biotechnologische toepassing van de Bacillus subtilis Tat pathway 
voor de secretie van grote hoeveelheden bruikbare eiwitten.  
 
Hoofdstuk 1 geeft een algemene inleiding in het proces van eiwitsecretie, met de nadruk op 
eiwitsecretie door Bacillus subtilis en de Tat pathway. Bovendien wordt kort besproken 
over wat er tot nu toe in de literatuur bekend is over de rol van de Tat pathway in een 
verscheidenheid aan pathogene bacteriën.  

 
De structuur en functionaliteit van de Bacillus subtilis Tat complexen 
Op dit moment is het Tat systeem het best bestudeerd voor de Gram-negatieve bacterie 
Escherichia coli. Zoals eerder beschreven, bevat Bacillus subtilis twee Tat complexen die 
elk verantwoordelijk zijn voor de secretie van één eiwit en dus mogelijk op een andere 
manier werken. Om een vergelijking te maken tussen de Gram-negatieve en Gram-
positieve Tat systemen, en tussen de twee Tat systemen van B. subtilis zelf, zijn dezelfde 
technieken toegepast op de Tat eiwitten van B. subtilis als eerder is gedaan voor de Tat 
eiwitten van E. coli. Hoofdstuk 2 beschrijft in detail de biochemische eigenschappen van 
één van de twee Tat complexen van B. subtilis; het TatAdCd complex. De genen voor 
TatAd en TatCd zijn in E. coli tot expressie gebracht en de eiwitten gecontroleerd op 
activiteit in het transloceren van Tat substraten. Vervolgens zijn ze tot verhoogde productie 
gebracht en uit de membraan geïsoleerd en gezuiverd. Deze eiwitten zijn daarna met 
verschillende biochemische technieken geanalyseerd, zodat de samenstelling en de grootte 
van de Tat complexen in de membraan kon worden bepaald. De belangrijkste observaties 
zijn dat het TatAdCd complex eenzelfde organisatie vertoont als het E. coli TatABC 

Figuur 1  De twee Tat translocases van Bacillus subtilis. De Gram-positieve bacterie Bacillus subtilis
bevat twee Tat translocases die elk een ander eiwit transloceren. Het TatAdCd complex is 
verantwoordelijk voor de secretie van PhoD en het TatAyCy complex voor de secretie van YwbN. 
Beide substraten bevatten een specifieke code in hun signaalpeptide, die onder andere bestaat
uit twee arginine (R) residuen. 
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complex, maar dat het significant kleiner is. Verder wordt de afwezigheid van TatB in de 
Tat complexen van B. subtilis gecompenseerd door een bifunctionele TatA component, die 
zowel de functie van E. coli TatA en TatB uit kan voeren.  
 
Hoofdstuk 3 beschrijft vergelijkbare analyses als in Hoofdstuk 2, maar dit keer voor het 
tweede B. subtilis Tat complex; TatAyCy. Ook TatAyCy is actief in E. coli en kan in die 
omgeving substraten secreteren, maar niet alle. Ook blijkt dat sommige E. coli Tat 
substraten wel door TatAdCd gesecreteerd kunnen worden, maar niet door TatAyCy. De 
substraat-specificiteit is dus ook onder deze omstandigheden nog steeds aanwezig. Verder 
lijkt het TatAyCy complex qua organisatie veel op het TatAdCd complex en het E. coli 
TatABC complex, maar is kleiner. Hoofdstuk 3 beschrijft ook een gedetailleerde analyse 
over verschillende eigenschappen van de signaalpeptide van meerdere Tat substraten. Om 
te bestuderen of het E. coli TatABC complex en beide Tat complexen van B. subtilis 
dezelfde eigenschappen van signaalpeptide herkennen, is een aantal van deze 
eigenschappen veranderd en is het effect op secretie door de drie Tat translocases 
bestudeerd. Hieruit bleek dat alle drie translocases dezelfde eigenschappen herkennen en 
dat het effect van de mutaties op de secretie-efficiëntie door alle drie translocases 
vergelijkbaar is. Een andere belangrijke observatie is dat het effect van het veranderen van 
een bepaalde eigenschap op de secretie-efficiëntie per substraat kan verschillen.  
 
Hoofdstuk 4 beschrijft een vergelijking tussen de functionaliteit van de twee Tat 
complexen van B. subtilis en geeft een duidelijk overzicht van de resultaten van 
zogenaamde complementatie proeven. Tijdens deze proeven zijn telkens één of twee 
componenten van een complex uitgeschakeld en gecomplementeerd door één of twee 
componenten van het andere complex. De secretie-efficiëntie van zowel het TatAdCd-
afhankelijke PhoD en het TatAyCy-afhankelijke YwbN is daarna geanalyseerd. Hieruit 
blijkt dat het TatAy component vervangen kan worden door het TatAd component, waarna 
nog steeds efficiënte secretie van YwbN plaats kan vinden. Daarentegen is een 
tegengestelde combinatie (TatAy met TatCd) voor de secretie van PhoD of YwbN niet 
mogelijk. Verder is gebleken dat een verhoogde productie van het TatAdCd complex 
voordelige gevolgen heeft voor de substraat-specificiteit, aangezien YwbN onder deze 
omstandigheden ook door TatAdCd gesecreteerd kan worden. Het TatAyCy complex blijft 
echter specifiek en kan onder verhoogde productie omstandigheden nog steeds geen PhoD 
transloceren. Dit is de eerste aanwijzing dat het TatAdCd complex in principe meer 
geschikt is voor exploitatie dan het TatAyCy complex.  
 
In Hoofdstuk 5 zijn de twee TatC componenten van Bacillus subtilis nauwkeurig 
bestudeerd. Door verschillende gedeeltes van de twee eiwitten met elkaar uit te wisselen, is 
geprobeerd te achterhalen welk van deze gedeeltes betrokken is bij de herkenning en 
binding van het substraat en bij de substraat-specificiteit. Echter resulteerde het uitwisselen 
van de eiwitgedeeltes in alle gevallen tot een inactief eiwit en vond geen secretie van PhoD 
of YwbN plaats. Een meer gedetailleerde methode, waarin individuele aminozuren in de 
TatC eiwitten werden vervangen door het aminozuur alanine, leverde meer interessante 
data op. Zo blijkt dat het muteren van geconserveerde residuen, die zowel in TatCd, TatCy 
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en E. coli TatC voorkomen, een verschillend effect op de secretie-efficiëntie van de drie 
TatC eiwitten teweeg kan brengen. Het hoofdstuk geeft een uitgebreid overzicht van een 
aantal mutagenese studies uitgevoerd op TatCd, TatCy en E. coli TatC en de bijbehorende 
effecten. Een belangrijke conclusie is dat de substraat-specificiteit meer dan waarschijnlijk 
een combinatie is van specifieke eigenschappen van de TatA en de TatC componenten, 
alsmede van de signaalpeptide van het te transloceren substraat.  
 
Bacillus subtilis Tat substraten 
Tot nu toe zijn nog maar twee substraten geïdentificeerd die gesecreteerd worden via de Tat 
translocases van Bacillus subtilis. In Hoofdstuk 6 wordt een tweede functie van het 
TatAdCd-afhankelijke substraat PhoD beschreven. Naast het vrijmaken van 
fosfaatmoleculen in de celwand en het extracellulaire medium, is PhoD ook in staat direct 
of indirect de expressie van het eigen operon te reguleren. Genen worden aangeschakeld 
wanneer een specifieke sequentie voor die genen (de promoter) geactiveerd wordt. Genen 
die door dezelfde promoter worden aangeschakeld maken deel uit van een operon.  

Figuur 2  De expressie van het phoD operon vindt normaal alleen plaats wanneer cellen in een 
medium met lage hoeveelheden fosfaat gekweekt worden. Als reactie op de lage 
hoeveelheden fosfaat in het medium, worden de phoD, tatAd en tatCd genen aangeschakeld en de 
bijbehorende eiwitten geproduceerd. PhoD wordt vervolgens door het TatAdCd complex 
gesecreteerd, waarna het zijn functie uit kan voeren en fosfaatmoleculen uit de celwand en de 
extracellulaire omgeving vrij kan maken. Bij groei in een rijk medium, staan de genen voor PhoD, 
TatAd en TatCd niet aan en wordt alleen het TatAyCy complex geproduceerd.  
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De genen voor PhoD, TatAd en TatCd liggen samen in een operon en worden gereguleerd 
door een promoter die alleen onder fosfaat- limiterende condities wordt aangeschakeld. 
Wanneer de cellen in een rijk medium worden gekweekt, waarin voldoende fosfaat 
aanwezig is, zijn PhoD, TatAd en TatCd dus niet aanwezig (Figuur 2). Echter, wanneer het 
phoD gen door een andere promoter in rijk medium wordt aangeschakeld, vindt onverwacht 
ook productie van TatAd en TatCd plaats met als resultaat secretie van PhoD. Het 
gedetailleerde mechanisme hierachter is nog niet bekend en toekomstige experimenten 
moeten uitwijzen of PhoD direct de promoter activeert of dat er nog meerdere factoren bij 
betrokken zijn.  
In het Addendum van dit proefschrift is een hoofdstuk opgenomen waarin de identificatie 
van twee additionele, mogelijke Tat substraten wordt beschreven. De Tat-afhankelijke 
secretie van de twee eiwitten is bepaald door de bijbehorende signaalpeptide te fuseren met 
een Tat-afhankelijk eiwit van Streptomyces coelicolor dat agar afbreekt. Door dit fusie-
eiwit te produceren in een andere stam die van nature het agarase eiwit niet bevat 
(Streptomyces lividans), en de cellen op agar platen te kweken, kan met een jodium-
kleurstof gekeken worden naar de afbraak van de agar rondom de kolonie van cellen. 
Aangezien agarase alleen via het Tat systeem gesecreteerd kan worden, vindt alleen afbraak 
van agar plaats als de gefuseerde signaalpeptide het agarase eiwit naar de Tat translocase 
leidt. Dit was het geval voor de signaalpeptide van twee van de tien geteste, mogelijke Tat 
substraten van B. subtilis: YkuE en QcrA. Vervolgonderzoek moet uitwijzen of deze 
eiwitten in B. subtilis ook werkelijk via Tat gesecreteerd worden en welke van de twee 
translocases daarbij betrokken is.  
 
Het bestuderen van Tat eiwitten en Tat substraten in een Tat-deficiënt 
systeem 
Om meer inzicht te krijgen in de effecten van verhoogde productie en genetische 
manipulatie op de efficiëntie van eiwitsecretie via de twee Tat translocases van Bacillus 
subtilis, is het wenselijk de Tat componenten en Tat substraten te kunnen bestuderen in een 
‘lege’ achtergrond. Dit kan bewerkstelligd worden door eerst alle tat genen in het 
organisme uit te schakelen, en ze daarna één voor één of in combinaties te herintroduceren. 
Een andere manier is om gebruik te maken van een organisme dat van nature geen tat 
genen bevat en daarin de tat genen en genen voor de Tat substraten van Bacillus subtilis te 
introduceren. Een voorbeeld van zo’n organisme is Lactococcus lactis. Dit is net als B. 
subtilis een niet schadelijke, Gram-positieve bacterie en wordt in de biotechnologie 
voornamelijk gebruikt voor de productie van kaas en andere zuivelproducten. Omdat L. 
lactis geen tat genen heeft, is het hoogst onwaarschijnlijk dat geïdentificeerde en nog 
ongeïdentificeerde factoren die een rol spelen bij Tat-afhankelijke eiwitsecretie een 
(ongewenst) effect zullen hebben tijdens het bestuderen van Tat secretie in dat organisme. 
Daarnaast is er voor L. lactis een reguleerbaar genexpressie systeem ontwikkeld, dat 
gebruik maakt van een induceerbare promoter en twee additionele eiwitten. Dit systeem 
wordt NICE genoemd, dat staat voor NIsin Controlled gene Expression. Nisine is een 
lantibioticum dat van nature door L. lactis geproduceerd wordt.  
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De aanwezigheid van nisine in het extracellulaire medium wordt waargenomen door een 
sensormolecuul dat zich in de membraan bevindt: NisK. Deze wordt daarop geactiveerd 
doordat een fosfaatgroep aan het eiwit wordt gekoppeld. NisK kan deze fosfaatgroep 
vervolgens doorgeven aan de regulator NisR, die daardoor geactiveerd wordt. 
Gefosforyleerd NisR kan aan een specifieke sequentie in het DNA binden, die zich bevindt 
in de zogenaamde Nis promoters. Door een gen achter een Nis promoter te zetten en de 
activiteit ervan te induceren door het toevoegen van nisine aan het medium, kan de 
expressie van het desbetreffende gen gereguleerd worden.  
Eenzelfde systeem is ontwikkeld voor B. subtilis. Dit SURE systeem (SUbtilin Regulated 
gene Expression) werkt op een vergelijkbare manier, maar is gebaseerd op het lantibioticum 
subtiline dat herkend wordt door SpaK, die vervolgens SpaR kan activeren voor het 
aanschakelen van Spa promoters (Figuur 3). Hoofdstuk 7 beschrijft een studie waarin is 
geprobeerd het SURE systeem te combineren met het NICE systeem in L. lactis, zodat 
zowel de genen van Tat substraten als de tat genen geïntroduceerd kunnen worden in L. 
lactis en onafhankelijk van elkaar geactiveerd kunnen worden. De belangrijkste conclusie 
van dit werk is dat dubbelinductie niet mogelijk is, aangezien uit de resultaten blijkt dat de 
regulator NisR naast de Nis promoter ook de Spa promoter kan activeren, onafhankelijk 

Figuur 3  Het werkingmechanisme van de induceerbare genexpressie systemen NICE en SURE. Een 
externe factor in de vorm van het lantibioticum nisine of subtiline wordt door het sensormolecuul 
(NisK of SpaK, respectievelijk) waargenomen, waarop deze wordt geactiveerd. 1. De 
fosfaatgroep wordt vervolgens doorgegeven aan het regulatormolecuul (NisR of SpaR,
respectievelijk), dat hierdoor geactiveerd wordt. 2. In de actieve vorm kan het regulatormolecuul 
binden aan een specifieke sequentie in de Nis- or Spa promoter regio, om de expressie van het 
gen dat daarachter geplaatst is te activeren.  
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van de aanwezigheid van SpaRK of subtiline. Een andere interessante observatie is dat 
NisR alleen de SpaS promoter (die gebruikt wordt voor het SURE systeem) kan activeren 
en niet de andere twee Spa promoters, SpaI en SpaB. Vervolgonderzoek moet uitwijzen 
waar deze specificiteit door bepaald wordt.  
 
De toepassing van het B. subtilis Tat systeem in de biotechnologische en 
farmaceutische industrie 
Door het bestuderen van de Tat complexen, individuele componenten en substraten van 
Bacillus subtilis, is meer informatie verkregen over het werkingsmechanisme van de 
systemen en de geobserveerde substraat-specificiteit. Concrete eigenschappen die de 
substraat-specificiteit bepalen, zijn nog niet geïdentificeerd. Wel is duidelijk geworden dat 
de specificiteit hoogstwaarschijnlijk het resultaat is van een combinatie van specifieke 
eigenschappen van de TatA en TatC componenten, alsmede de signaalpeptide van het 
substraat. Deze kunnen per translocase en substraat verschillen, waardoor benadrukt wordt 
dat het opstellen van algemene criteria verder geoptimaliseerd moet worden.  
 
Hoofdstuk 8 geeft een duidelijk overzicht van de criteria die tot nu toe geïdentificeerd zijn 
in reeds gepubliceerde experimenten en experimenten beschreven in dit proefschrift. Verder 
wordt de toepasbaarheid van de B. subtilis Tat translocases in de biotechnologische en 
farmaceutische industrie besproken. Ook al vormt de mogelijkheid voor het uitscheiden van 
gevouwen eiwitten een groot voordeel voor de secretie van grote hoeveelheden eiwitten 
door B. subtilis, het Tat systeem is niet bij uitstek geschikt voor deze toepassing. Het 
dirigeren van de eiwitten naar het Tat systeem en de daadwerkelijke translocatie brengen 
veel specifieke factoren met zich mee, die vaak per translocase en substraat kunnen 
verschillen. Het is daarom van essentieel belang dat de specifieke eigenschappen van Tat 
eiwitten en signaalpeptiden in meer detail bestudeerd worden, zodat een soort databank 
opgezet kan worden om de identificatie van een optimale signaalpeptide met optimale Tat 
translocase voor de secretie van een specifiek eiwit kan worden vergemakkelijkt.  
Daarnaast is duidelijk geworden dat het Tat systeem ook niet bij uitstek geschikt is als 
antimicrobieel doelwit in de farmaceutische industrie. De rol van Tat in de virulentie van 
pathogene bacteriën is voor veel bacteriën nog niet vastgesteld en is vaak indirect. Hierdoor 
zal het uitschakelen van het Tat systeem niet een complete vernietiging van de bacterie of 
een complete afwezigheid van virulentie teweeg brengen. Wederom vindt ook een 
specificiteit plaats tussen de Tat systemen van verschillende soorten bacteriën en hun 
substraten. Hierdoor wordt het ontwikkelen een algemeen farmaceutisch product of 
genetische manipulatie voor het inactiveren van Tat translocases op dit moment 
bemoeilijkt. Het hoofdstuk wordt afgesloten met suggesties voor eventueel vervolg-
onderzoek naar de Tat translocases van Bacillus subtilis en de toepasbaarheid daarvan in de 
biotechnologische industrie.  
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