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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).  



Introduction 

15 

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.  



 

 




