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1 Introduction

1.1 The genus Bacillus

The genus Bacillus is one of the most ubiquitous and diverse group of bacteria, with species

being spread in the soil and associated water sources such as rivers, coastal waters (seaside), and

estuaries (Harwood, 1992). The representatives of the genus are rod-shaped, Gram positive bacteria,

characterised by their ability to produce robust endospores in response to adverse environmental

conditions. Although most bacilli are harmless saprophytes, some species are known pathogens of

humans (B. anthracis and B. cereus) or animals (B. anthracis, B. thuringiensis, B. popilliae). As soil

microorganisms, bacilli species secrete numerous enzymes, enabling them to degrade a variety of

substrates and thus to succeed in a complex and continuously changing environment. The ability of

bacilli to secrete large quantities of proteins directly into the growth medium, coupled with the

possibility to grow in large scale fermentors and their established safety record, make them prime

candidates as “Cell Factories” (Simonen & Palva, 1993; Braun et al., 1999). Some species, including

Bacillus licheniformis, B. amyloliquefaciens and B. subtilis, have already a long commercial history as

GRAS (Generally Regarded as Safe) organisms. Secretory protein production in bacilli is a major

biotechnological tool with a market of over $1 billion per year (see table 1) (van Dijl et al., 2002).

The best studied Bacillus species is Bacillus subtilis, a soil bacterium used as model system for

a large variety of industrial applications. Despite its apparent advantages, the use of B. subtilis for the

production of heterologous proteins has been limited. One important limitation is the synthesis of

several extracellular proteases which cause substantial degradation of secreted foreign proteins (Wu et

al., 1991; Harwood, 1992). Strains lacking all but one of these proteases showed a reduced protease

activity with 99,5% and an improvement in the heterologous product stability (Wu et al., 1991). A

second important restriction in the use of B. subtilis for secretory protein production has been the

limited knowledge about its secretion machinery (Harwood, 1992; van Dijl et al., 2002). These

problems can be resolved by a better understanding of its general physiology, particularly of the

secretion apparatus.

In a medical context, this inoffensive microbe, which produces proteins involved in the

biosynthesis of antibiotics, is a valuable model for the study of pathogenic bacilli, such as B. anthracis

and B. cereus.
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Products from Bacillus species

Alkaline phosphatases • Laundry detergents

• Leather industry

Amylases • Starch conversion to high fructose
corn syrup (HFCS)

• Desizing of textiles

• Paper industry

• Detergents

Cellulases • Clearing solutions

Glucanase • Brewing industry

Glucose isomerase • Starch industry

Neutral proteases • Leather industry

• Baking

• Aspartame synthesis

Enzymes

Xylanase • Paper industry

Vitamins Riboflavins; Folic acid • Food industry

• Pharmaceutical industry

Insecticides B. thuringiensis

crystal proteins

• Agriculture

1.2 Protein transport across the bacterial cytosolic membrane

1.2.1 Cellular compartmentation in bacteria.

Unlike the eukaryotic cells, prokaryots lack subcellular membrane mediated compartmentation.

Still, a few compartments can be distinguished also in bacterial cells.

 - The cytosol, is the organic matrix, which is the site for the most important biological

processes in all living cells.

 - The cytosolic membrane (or plasma membrane) surrounds the cytosol and is generally made

of a phospholipid bilayer. The membrane usually embeds a large subset of structural proteins and

enzymes. The cytosolic membrane has many important cellular functions: it ensures the cell integrity

by maintaining the gradient between the concentrated cytosol and the outer medium, provides a stable

site for different enzymatic reactions and contains different types of translocases (Madigan M.T. et al.,

2003).

 - The cell wall is present in all bacteria, except Mycoplasma species. It has a different

organization in Gram negative and Gram positive bacteria. In E. coli, as an example of Gram negative

Table 1. Biotechnological products obtained using Bacillus species.
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bacteria, the cell wall consists of a single, thin layer of peptidoglycan (carbohydrate polymers cross-

linked by peptides). In Gram positive bacteria like B. subtilis, the cell wall is much thicker, being

made of multiple layers of peptidoglycan embedded with teichoic and teichuronic acids. The role of

the cell wall is very important. Particularly, it maintains the shape and the stability of the cell

(Madigan M.T. et al., 2003).

 - The outer membrane is present only in Gram negative bacteria. It consists of a lipid bilayer,

but unlike the cytosolic membrane, it is not solely made of phospholipids. The external layer contains

in addition polysaccharides and proteins. The outer membrane is also called lipopolysaccharide layer

(LPS). Although the major function of the outer membrane is structural, one of its biological roles is

to keep certain enzymes, which are present outside of cytosolic membrane, from diffusing away from

the cell. Therefore, it forms a second membrane-bordered compartment called periplasm. Another

property of the outer membrane is that it is frequently toxic to animals. The lipid portion of the LPS

contains a toxin named Lipid A, which is responsible for most of the pathogenic effects associated

with harmful Gram negative bacteria (Madigan M.T. et al., 2003).

 - The periplasm. In Gram negative bacteria, the periplasm is the space between the cytosolic

membrane and the outer membrane. It has a gel-like consistency and is the action place of different

hydrolytic enzymes, binding proteins involved in translocation events, and chemoreceptors (Madigan

M.T. et al., 2003). The estimated protein content of the E. coli periplasm, for example, ranges between

4% and 16% of the total cellular protein (Nossal & Heppel, 1966; Ames et al., 1984).

In Gram positive bacteria, due to the lack of an outer membrane, a real, membrane-enclosed

periplasmic space cannot be accounted. Though, an important number of proteins were constantly

detected in the protoplast supernatant fraction (PSF) of different bacilli. For example, approximately

9% of the total cellular protein content of B. subtilis, has been found in the PSF (Pooley et al., 1996).

In B. subtilis, proteins retained in this cell compartment include DNases, RNases, proteases (Babe &

Schmidt, 1998), enzymes involved in the synthesis of peptidoglycan, and cell wall hydrolases

(Blackman et al., 1998) that are involved in cell wall turnover during cell growth, cell division,

sporulation, and germination. Some cell wall bound proteins (CWBP) such as WapA and WprA

possess cell wall retention signals consisting of a variable number of repeated domains in the mature

part of the protein with affinity for components of the cell wall (Tjalsma et al., 2000). Thus, Gram

positive bacteria do have a functional periplasm, even though it is not confined to a periplasmic space

(Fig. 1) (Merchante et al., 1995).

Eubacteria export numerous proteins across the plasma membrane into either the periplasmic

space (Gram negative species), or into the periplasm and growth medium (Gram positive species) (van

Dijl et al., 2002). Most proteins that are predetermined for transmembrane transport are generally

synthesised as precursor proteins (pre-proteins) containing a signal sequence localised at the amino-

terminal end. This sequence plays the function of a “ZIP code”, leading the protein to a specific

transport system in the cytosolic membrane (Blobel & Dobberstein, 1975). During, or shortly after the

export event, the signal sequence is cleaved off by specialised enzymes called signal peptidases
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(Dalbey et al., 1997).

Various transport mechanisms have evolved to allow proteins to cross the membrane without

disturbing its barrier function (de Keyzer et al., 2003). All these mechanisms are active processes,

requiring the hydrolysis of energy-rich molecules (e.g. ATP, GTP) or the proton motive force at the

membrane (PMF). To date, there are a few fundamentally different export pathways described.

1.2.2 The ABC transport system.

The ABC (ATP-Binding Cassette) transport systems is one of the active transporters of the cell.

It is widespread in archaea, eubacteria, and eukaryotes (Higgins, 1992). It is also known as the

periplasmic binding protein-dependent transport system in Gram-negative bacteria and as binding

lipoprotein-dependent transport system in Gram-positive bacteria. The chemical nature of the

substrates handled by ABC transporters is extremely diverse, from inorganic ions to sugars and large

polypeptides (Higgins & Linton, 2001). The protein substrates of this pathway lack a cleavable signal

sequence but possess instead a carboxi-terminal peptidic secretion signal (Binet et al., 1997; Thanassi

& Hultgren, 2000).

The majority of bacterial ABC transporters import essential nutrients that are delivered to them

by specific binding proteins (Nikaido & Hall, 1998). These proteins bind their substrates selectively

and with high affinity, which is thought to ensure the specificity of the transport reaction. There are

bacterial ABC transporters also serving as exporters. Particularly, they mediate the extrusion of toxic

and hydrophobic molecules having a role to drug and antibiotic resistance of infectious pathogens

(Young & Holland, 1999). Those molecules are transported from the cytoplasm across the inner and

outer membrane without a periplasmic intermediate (Higgins, 1992).

A typical ABC transport system consists of two integral membrane proteins (permeases), two

peripheral membrane proteins that bind and hydrolyze ATP, and a periplasmic substrate-binding

Figure 1. Comparative view of the bacterial cell envelope of Gram negative and Gram positive bacteria.

(see text for details)
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protein. In Gram positive bacteria, the periplasmic substrate-binding protein is replaced by a binding

lipoprotein. The ATP-binding protein is the most conserved component, the membrane protein is less

conserved, and the substrate-binding protein is the most divergent in terms of sequence similarity

(Tam & Saier, Jr., 1993; Saurin & Dassa, 1994).

1.2.3 The general secretory pathway

The vast majority of secretory proteins are translocated via the general secretory (Sec) pathway.

These proteins are synthesised in the cytosol as pre-proteins containing an N-terminal signal sequence

that generally comprises of 16 to 30 amino acids (von Heijne, 1998). These signal sequences contain a

positively charged N-terminal domain, a nonpolar α-helical hydrophobic H-domain, and a polar C-

domain. The C-domain contains the cleavage sequence recognised by the enzyme signal peptidase.

This cleavage sequence follows the general motif A-X-A in which A represents the amino acid alanine

and X is another amino acid. Proteins designed to integrate into the cytosolic membrane usually do not

have a cleavable signal sequence, and instead, their hydrophobic core functions as an anchor signal

(de Keyzer et al., 2003).

1.2.3.1 The general secretory pathway of Escherichia coli

In Escherichia coli, some proteins destined for transmembrane transport are targeted to the

cytosolic membrane post-translationally via  the molecular chaperone SecB. Many membrane proteins

and some pre-proteins are targeted co-translationally to the membrane via the signal recognition

particle (SRP) (Fekkes & Driessen, 1999; Herskovits et al., 2000). Both pathways are targeting their

substrates to the membrane at the same translocase unit (Valent et al., 1998).

The Sec translocase is a large protein complex that mediates protein transport into or across the

cytosolic membrane. It consists of the SecYEG protein complex, the cytosolic SecA, YidC and the

SecDFYajC protein complex (Duong & Wickner, 1997; Prinz et al., 2000; Scotti et al., 2000). The

SecYEG is a membrane embedded protein complex, which is forming the protein-conducting pore of

the translocase. SecA exists as a dimer and functions as a molecular motor that couples the energy of

ATP binding and hydrolysis to the stepwise translocation of pre-proteins (van der Wolk J. et al.,

1993). YidC is a membrane protein which works independently or together with SecYEG complex to

insert proteins into the cytosolic membrane (Scotti et al., 2000; Samuelson et al., 2000; Driessen et

al., 2001). SecDFYajC is another membrane integrated protein complex with an accessory function.

SecD and SecF are involved in the modulation of the catalytic cycle of SecA (Economou et al., 1995)

and in the maintenance of the proton motive force. YajC, the third component of this complex, is a

membrane protein without known function (Arkowitz & Wickner, 1994; Duong & Wickner, 1997).

SecB mediated targeting. SecB is a cytosolic chaperone of 17 kDa (Kumamoto et al., 1989)

organised as a homotetramer (Muren et al., 1999; Xu et al., 2000). It has the function to mediate

targeting of pre-proteins to the Sec translocase. After binding the substrate, SecB interacts with the

SecYEG-bound SecA (Hartl et al., 1990; de Keyzer et al., 2003). While the mature part of the pre-
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protein is bound by SecB, the signal peptide is interacting with SecA, increasing the overall SecB-

SecA affinity (Fekkes et al., 1997). Subsequently, the affinity between SecB and the pre-protein is

weakened. Finally, ATP binds to SecA and the pre-protein is completely released from SecB. The

latter is also set free by SecA, being ready to be recycled. This is the end point of SecB mediated

targeting and the beginning of the translocation process itself (de Keyzer et al., 2003).

SRP mediated targeting. This is a co-translational process, which is best studied for the

endoplasmic reticulum of mammals (for a review see Keenan et al., 2001). SRP-dependent targeting

in prokaryotes follows the same mechanism as in eukaryotes, but the components involved have less

complex subunit composition (Herskovits et al., 2000). E. coli SRP is a nucleo-protein complex,

consisting of a 4,5 S RNA and a 48 kDa GTP-ase named Ffh (Poritz et al., 1990; de Keyzer et al.,

2003). It interacts specifically with the signal sequence of nascent pre-proteins and hydrophobic

regions of nascent membrane proteins (Luirink et al., 1992; Valent et al., 1997). The SRP-ribosomal-

nascent chain (RNC) complex interacts with the bacterial SRP receptor FtsY (Bernstein et al., 1989),

which can bind to the membrane via phospholipids (de Leeuw et al., 2000). The FtsY-Ffh interaction

facilitates GTP binding and subsequent GTP hydrolysis, which dissociates the RNC-SRP-FtsY

complex. As a result, the RNC is released in the proximity of the translocase (de Keyzer et al., 2003)

being ready to be inserted into the membrane. However, the exact mechanism of this last step is not

clearly understood. From this point, both SecB and SRP targeting pathways, converge and are

continued with the translocation process through the SecYEG channel (Valent et al., 1998).

The Sec translocation mechanism. The SecYEG complex together with SecA, forms the core

unit of the Sec translocase. The driving forces of the translocation process are mediated by ATP

hydrolysis (Chen & Tai, 1986) and the proton motive force (Daniels et al., 1981; Enequist et al., 1981;

Zimmermann & Wickner, 1983; Bakker & Randall, 1984; Bayan et al., 1993). These energy sources

act at different stages (Tani et al., 1989; Geller & Green, 1989; Tani et al., 1990). However, the

initiation of the translocation process is accomplished via ATP hydrolysis (Bakker & Randall, 1984).

The SecYEG-bound SecA exist in an ADP-bound form and the binding of the pre-protein stimulates

the ADP/ATP exchange (Lill et al., 1989; Matsuyama et al., 1990). The subsequent ATP hydrolysis

results in the translocation of the signal peptide to the periplasmic face of the membrane (Schiebel et

al., 1991). Once the pre-protein enters the translocation channel, it is released from SecA. The latter

can either dissociate from the membrane or rebind to the partially translocated protein. If rebinding of

SecA occurs, another 2-2,5 kDa portion of the polypeptide is translocated, mediated by another ATP

binding/hydrolysis cycle (van der Wolk et al., 1997). Following this scenario, SecA can translocate

the protein in a stepwise manner (van der Wolk et al., 1997). The initiation of the translocation can be

stimulated by the PMF, which affects binding and insertion of signal peptides into the cytosolic

membrane (van Dalen et al., 1999). After this step, the translocation is further driven by the PMF. It is

even possible that PMF completes a translocation process in the absence of ATP (Tani et al., 1990;

Schiebel et al., 1991; Driessen & Wickner, 1991). However, the PMF can promote the translocation

efficiently only when SecA is no longer connected with the translocating protein (Schiebel et al.,
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1991; van der Wolk et al., 1997). Thus, if SecA concentration is high, the reaction is shifted to the

ATP-dependent cycle and the necessity for PMF decreased (Yamada et al., 1989; Shiozuka et al.,

1990). Despite of these observations, the ATP or PMF translocation modes are often complemental

(de Keyzer et al., 2003). The mechanism by which the energy from ATP hydrolysis is translated in

pre-protein movement through the translocation pore is not yet understood.

After translocation, the pre-protein is processed. This means its signal peptide is cleaved off by

specialised membrane embedded serine-proteases called signal peptidases (SPase) (Dalbey et al.,

1997). In E. coli, a type I SPase responsible for most of the processing activities is LepB. After being

cleaved off from the mature protein, the signal peptide is degraded by a signal peptide peptidase

(SPPase) such as SppA (Hussain et al., 1982). If the SPPase is missing, the activity of the signal

peptidase itself is decreasing, perhaps due to the accumulation of certain signal peptides (Bolhuis et

al., 1999).

1.2.3.2 The general secretory pathway in Bacillus subtilis

In B. subtilis, the Sec pathway is generally similar organised as in E. coli. However, a few

differences have been observed. The signal peptides of B. subtilis pre-proteins have the same structure

but they are usually 5 to 7 amino acids longer and more rich in hydrophobic residues than those of E.

coli (von Heijne, 1985). The targeting of pre-proteins in B. subtilis is mediated by SRP, which consist

of Ffh GTP-ase and a small cytoplasmic RNA (scRNA) (Tjalsma et al., 2000). Since no SecB

homologue is found in B. subtilis, it is supposed that SRP is involved in targeting of almost all pre-

proteins and membrane proteins in this organism. Unlike E. coli SRP, which binds mainly nascent

chains of membrane proteins, the SRP complex from B. subtilis binds also to the signal peptides of

completely synthesised pre-proteins (Bunai et al., 1996). This affinity is likely to be favored by the

relative long and hydrophobic signal sequence of the pre-protein. The SRP-pre-protein complex binds

the SRP-receptor FtsY, and is then targeted to the membrane (Tjalsma et al., 2000). A remarkable

characteristic of B. subtilis Ffh is that it binds to SecA with high affinity. The Ffh-pre-protein complex

is up to 30-fold more efficiently recognised by SecA than the pre-protein alone (Bunai et al., 1999).

Deletion of ffh gene in B. subtilis reduced the protein export approximately 80% (Hirose et al., 2000).

Moreover, the depletion of SRP receptor FtsY resulted in accumulation of β-lactamase precursor in

the cytosol of B. subtilis (Oguro et al., 1996). These data suggest that both Ffh and FtsY are key

components for targeting the general secretory pathway, and that SRP driven targeting is predominant

in B. subtilis.

Another possible targeting factor for the secretory proteins in B. subtilis is CsaA. This is a

cytoplasmic chaperone capable to complement the growth defect of E. coli secA51(ts), dnaK756,

dnaJ259 and grpE280 mutants (Müller et al., 1992; Müller et al., 2000). CsaA interacts with unfolded

precursor and has affinity to SecA (Müller et al., 2000). In response to csaA suppression, only few

secretory proteins are reported to be lost. Therefore, the importance of CsaA for the general secretory

pathway in B. subtilis has to be further investigated.
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The translocase of B. subtilis is similar to that of E. coli. Homologues of all E. coli translocase

components have been found in B. subtilis. ATPase SecA energize the translocation while SecYEG

protein complex is forming the translocation channel. Notably, SecA shows a much weaker affinity to

the SecYEG complex when compared with E. coli (Swaving et al., 1999). Therefore, it has been

suggested that it could fulfill an additional function as an export-specific chaperone (Herbort et al.,

1999). SecD and secF genes are naturally unified, their expression resulting in the production of the

siamese twin SecDF, which is only necessary for maintaining a high secretion capacity (Bolhuis et al.,

1998).

The translocation mechanism follows the same hypothetical model described for E. coli. After

emerging at the outer side of the cytosolic membrane, the signal peptides are cleaved off by signal

peptidases. B. subtilis genome encodes multiple copies of type I signal peptidases (van Dijl et al.,

1992; Meijer et al., 1995; Bolhuis et al., 1996; Tjalsma et al., 1997; Tjalsma et al., 1998; Tjalsma et

al., 1999). Although they seem to have, at least partly, an overlapping function, the particular role of

each of these signal peptidases is not completely elucidated. After processing, the signal peptide

peptidase (SppA) degrade the cleaved-off signal peptides.

After leaving the translocase at the outer side of the membrane, the mature proteins have to fold

into their native conformation. Since the B. subtilis periplasm is the physiological site of several

proteases, rapid and correct folding is essential because even unfolded or partly unfolded proteins are

very sensitive to proteases (Tjalsma et al., 2000). The folding process is mediated by several

extracellular folding catalysts, also called foldases. One of the B. subtilis active foldases is PrsA, a

lipoprotein that is anchored to the outer side of the cytosolic membrane (Kontinen et al., 1991;

Kontinen & Sarvas, 1993). PrsA is essential for cell viability. A prsA strain is defective in secreting

normal amounts of degradative enzymes, most probably due to the increased sensitivity of the secreted

proteins to proteolysis (Kontinen et al., 1991; Kontinen & Sarvas, 1993; Jacobs et al., 1993).

Although the folding catalysts are not part of the translocation machinery per se, they do have a role

for the stability of the secreted products.
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1.2.4 The Tat translocation pathway

The Tat pathway is another signal peptide-dependent translocation route. It is entirely different

from the Sec pathway by means of energy requirements and substrate conformation during the

translocation event. It mediates transport of folded proteins without the consumption of ATP. It is

instead totally reliant on the membrane pH gradient (∆pH). The signal peptides of Tat transported pre-

proteins contain a characteristic, almost invariant twin-arginine motif (RR), hence the name of twin-

arginine translocation (Tat) pathway. This pathway exists in most bacteria, archaea, plant thylakoids,

and in mitochondria of some higher plants (Bogsch et al., 1998).

1.2.4.1 ∆pH translocation system in plant thylakoids.

This transport pathway was first identified in plant chloroplasts, in which is involved in the

import of stromal proteins into the thylakoid lumen. Initially, Cline and co-workers have discovered

that the LHCP (light-harvesting chlorophyll a/b protein) insertion into thylakoid membrane, and the

translocation of OE33, OE23 and OE17 (the 33-, 23-, and 17-kDa subunits of the oxygen-evolving

complex) are transport processes mediated by different energy sources (Cline et al., 1992). More

precisely, the insertion of LHCP and translocation of OE33 is mediated by the thylakoidal Sec-like

pathway with ATP hydrolysis, whereas the translocation of both OE23 and OE17 is Sec-independent

but reliant on the pH gradient at the membrane. This Sec-independent transport route was thus called

∆pH-dependent transport pathway. In addition, the translocation of the latter two substrates occurred

in absence of any soluble cofactors (Cline et al., 1992). Comparative studies using chimera proteins

demonstrated that the signal sequence of the pre-protein is important for directing the transport to

either Sec- or ∆pH-dependent pathway (Henry et al., 1994). A hybrid consisting of the signal

sequence of the ∆pH-dependent OE23 and mature sequence of the Sec-dependent plastocyanin, was

transported in a ∆pH-dependent manner (Henry et al., 1994). Opposite, when the OE33 Sec signal

sequence was linked with the mature sequence of ∆pH-dependent OE17, the hybrid protein was

translocated in a Sec-dependent manner (Henry et al., 1994). Thus, the signal peptides of those

substrates were demonstrated to determine the transport path. A direct sequence comparison of the

two types of signal peptides has shown that all known ∆pH-dependent chloroplast pre-proteins contain

two consecutive arginine residues in the N-domain. The substitution of any of the two residues with

lysine, blocked the ∆pH-dependent translocation route. None of the tested Sec-dependent sequences

have this motif (Chaddock et al., 1995; Henry et al., 1997).

The first identified component of the ∆pH-dependent pathway was Hcf106 (for high-

chlorophyll fluorescence) found in maize chloroplasts (Voelker & Barkan, 1995; Settles et al., 1997).

This is a membrane protein possessing a single transmembrane domain near the N-terminus, an

amphiphatic helix, and an acidic hydrophilic domain. The amphiphatic and hydrophilic domains are

oriented in the stroma, suggesting a receptor role (Settles et al., 1997). A second protein involved in

the ∆pH transport mechanism is the Tha4 (for thylakoid assembly 4) whose gene sequence and
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protein topology is related with hcf106 gene and Hcf106 protein respectively (Walker et al., 1999).

The third component of this pathway was deduced from information regarding the bacterial transport

machinery. It is called cpTatC (chloroplast TatC) and is predicted to be a membrane protein with six

spanning domains, with its N- and C-terminus oriented in the chloroplast stroma (Bogsch et al., 1998;

Mori et al., 2001). Quantitative immunoblotting measurements of pea thylakoids suggest a relative

Tha4/Hcf106/cpTatC stoichiometry of 8:5:1 (Mori et al., 2001). Although this molecular ratio does

not provide any information about the structure of the translocase, it gives some insight about the

importance of ∆pH transport components.

According to the endosymbiotic hypothesis, chloroplasts evolved from cyanobacteria.

Subsequently, it was hypothesized that the transport of proteins into the thylakoid would employ a

prokaryote-like mechanism (Smeekens et al., 1990). The newly described ∆pH-dependent transport

appeared to have eukaryotic origins because of its unique features (at the time, not known in

prokaryotes) and because of the lack of similar substrates in cyanobacteria. This statement was in

contrast with the Sec system, which transports proteins also found in cyanobacteria (Robinson &

Klosgen, 1994; Cline & Henry, 1996). However, the discovery of bacterial homologues for all

identified components of the ∆pH-dependent pathway, as well as the observed similarities between the

signal peptides of some bacterial pre-proteins and plastidial ∆pH-dependent pre-proteins (von Heijne

et al., 1989), demonstrated that this system is a genuine prokaryotic innovation (Keegstra & Cline,

1999).

The mechanism of the ∆pH-dependent transport system is not yet understood. The ∆pH-

dependent thylakoidal pre-proteins are synthesised in the cytosol, usually with a bipartite signal

sequence necessary for the transport across both the chloroplast envelope and the thylakoidal

membrane (Henry et al., 1994). The twin-arginine containing signal peptide directs the pre-protein to

the ∆pH-dependent translocase from the thylakoidal membrane. The Hcf106 and cpTatC components

form a membrane complex with the role of receptor for the pre-proteins. In fact, cpTatC alone is likely

to contain a Tat signal peptide binding site because complexes containing only Hcf106 do not bind the

pre-protein (Cline & Mori, 2001). Interestingly, in vitro studies showed that pre-proteins are able to

bind to the receptor complex also in the absence of the pH gradient. Thus, the pH gradient is not a

prerequisite for the membrane recognition of the substrate (Ma & Cline, 2000).

After substrate recognition, Tha4 binds to the cpTatC-Hcf106 complex (Mori & Cline, 2002). In

order to bind to this complex, Tha4 requires, beside a functional RR-pre-protein, also the pH gradient

at the membrane. Tha4 has a transient affinity to the (Hcf106-cpTatC) complex. This affinity

dissipates upon the completion of the translocation process. Such an assembly-disassembly system

could explain, how the ∆pH system can form translocases to accommodate folded protein of varied

sizes (Mori & Cline, 2002).

The existence of a ∆pH-dependent transport system, in addition to the known ATP-dependent

pathway was surprising. Although it is possible that such redundancy provides a backup system for
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the cellular transport systems, it is more likely that the different pathways exist to accommodate the

specific assembly characteristics of the different groups of proteins that follow each pathway. For

example, the chloroplast ∆pH system is able to transport Sec substrates if they are featured with twin-

arginine signal peptides. In contrary, the Sec pathway can only hardly, if at all, transport an ∆pH-

dependent substrate linked to a Sec signal peptide. This suggests that the ∆pH-dependent transport has

evolved especially to transport proteins that, by their nature, have the tendency to fold tightly and are

impossible to be threaded through a Sec pore (Creighton et al., 1995; Keegstra & Cline, 1999).

1.2.4.2 The Tat system in E. coli

The E. coli Tat pathway is likely to be similar with the ∆pH-dependent pathway recently

identified in chloroplasts (Wu et al., 2000). In E. coli, as well as in many other bacteria, the

homologues of chloroplast hcf106 and tha4 have been discovered (Bogsch et al., 1998). Almost all

efforts to describe the prokaryotic ∆pH protein transport system have been focused on E. coli.

1.2.4.2.1 Tat targeting motifs

Tat signal peptides are structurally similar with Sec signal peptides. They have the same

tripartite organisation in which a positively charged amino-terminal region is followed by a

hydrophobic H-region and then a hydrophilic C-region containing the cleavage site for the enzyme

signal peptidase. However, in a few aspects the signal peptides of Tat substrates differ from their Sec

analogues: i) Contain targeting information necessary for the recognition by the Tat translocase; ii)

Possess a possible “Sec avoidance” motif localised in C- and H-domain; iii) Are frequently longer

than their Sec counterparts (Fig. 2);

Tat signal peptides contain a conserved amino acid sequence motif at the N-region/H-region

boundary. For Gram-negative bacteria this motif can be defined as (S/T)-R-R-x-F-L-K. The two

consecutive arginine residues are almost invariant. The frequency of the other motif residues is greater

than 50% and x is normally a polar amino acid (Berks, 1996; Berks et al., 2000; Stanley et al., 2000).

When in addition, other bacterial, archaeal or thylakoidal RR-signal peptides are taken in

Figure 2. The general structure of Tat- and Sec-type signal peptides  (see text for details).



16

consideration, the general motif can be defined as R-R-x-φ-φ , where φ is a hydrophobic residue

(Tjalsma et al., 2000).

Tat signal peptides frequently contain basic residues in the C-region. Such amino acids are

almost always absent from the equivalent position of Sec signal peptides (von Heijne, 1986). This has

led to the hypothesis that such residues may form a “Sec-avoidance” motif (Bogsch et al., 1997),

canalising the Tat substrates only to the Tat translocase. In addition, the H-regions of Tat signal

peptides are significantly less hydrophobic than those of Sec targeting signals (Cristobal et al., 1999).

This feature could also act to avoid misrouting of the Tat-dependent pre-proteins to other targeting

pathways such as SecA or SRP, whose substrates possess signal peptides with a more hydrophobic

residue composition (Cristobal et al., 1999).

Because the basic residues in the C-domain are not present in all Tat signal peptides (Berks, 1996) and

because comparable levels of H-region hydrophobicity can re-route Sec substrates to SRP targeting

pathway (Valent et al., 1997), none of the above-mentioned “Sec-avoidance” theories can fully

explain this hypothetical view of how particular substrates are canalised to the specific translocation

units.

Tat signal peptides are with an average of 14 amino acids longer than their Sec counterparts

(Berks, 1996). Most of this extension is attributed to the averaged 11 amino acids longer N-region

(Cristobal et al., 1999).

The high sequence conservation throughout the entire Tat consensus sequence suggests a

broader Tat recognition signal, beyond the strict twin-arginine residues. Nevertheless, only the role of

twin-arginine motif was subject to detailed investigation. Site-directed mutagenesis experiments have

demonstrated the important role of this sequence in the translocation process (Halbig et al., 1999;

Gross et al., 1999). However, some proteins are still exported Tat-dependently despite missing the

twin-arginine motif. E. coli preSufI protein was transported Tat-dependent, if either the first or the

second arginine was replaced by lysine. Interestingly, the export was abolished if the arginine residue

was replaced with an alanine residue (Stanley et al., 2000). For E. coli TMAO reductase TorA, the

transport was not inhibited when the first, but not the second, arginine residue was substituted with a

lysine residue (Buchanan et al., 2001). Although very rare, unusual Tat motifs occur also naturally.

The signal peptide of the TtrB subunit of Salmonella enterica tetrathionate reductase, contains a

lysine-arginine motif but is nevertheless transported Tat-dependent (Hinsley et al., 2001). More

intriguing, the signal sequence of E. coli pre-pro-penicillin amidase, which comprises of two arginine

residues separated by one asparagine (S-R-N-R-x-F-L-K) is translocated Tat-dependent (Ignatova et

al., 2002). These and other exceptions have switched the initial statement of “invariant RR motif” to

“almost invariant RR motif”. These examples of Tat signal peptides lacking a consensus arginine pair

expand the range of sequences that can target proteins Tat-dependently. Moreover, some proteins

synthesised with a twin-arginine signal peptide are not transported via the Tat pathway. All these

exceptions, suggest that more profound studies of the Tat targeting motifs are necessary.
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1.2.4.2.2 The substrates for twin-arginine translocation of E. coli

The vast majority of bacterial Tat substrates are proteins containing different types of redox-

active cofactors. During cofactor acquisition in the cytosol, these substrates attain a folded

conformation (Berks, 1996) and are subsequently translocated across the membrane. If the Tat

pathway is blocked, the substrates fail to be exported and accumulate in the cytosol. The accumulated

substrates already acquired their cofactors (Sargent et al., 1998) suggesting that cofactor association is

a prerequisite for export. This thesis has been demonstrated by Santini & co-workers for an E. coli

strain that cannot export molybdoenzymes because it fails to produce its molybdopterin cofactor

(Santini et al., 1998). The lack of soluble cofactor results in cytosolic accumulation of unfolded and

therefore, Tat-incompatible substrates.

Some proteins that do not associate with cofactors are transported via the Tat-dependent

pathway. For example, the E. coli Tat pathway transports two amidase isoenzymes involved in the

cleavage of the division septum (Stanley et al., 2001). Some cofactorless proteins involved in

pathogenicity are also transported Tat-dependent. For example, in Pseudomonas aeruginosa the Tat

system proved essential for the export of phospholipases, proteins involved in pyoverdine-mediated

iron-uptake, motility, and biofilm formation. In a rat lung model, a tatC mutant strain did not cause a

heavy inflammatory host response compared with wild type, indicating that tatC mutant cells are

attenuated for virulence (Ochsner et al., 2002).

Finally, some heterologous substrates can be transported Tat-dependent, if fused with Tat signal

peptides. For example, the Sec-dependent protein β-lactamase and the periplasmic P2 domain of

signal peptidase (Niviere et al., 1992; Stanley et al., 2002), or the reporter protein GFP (Thomas et al.,

2001). All these heterologous proteins do not seem to require cofactors in order to be transported Tat-

dependent. Therefore, the Tat system could be important for the industrial production of heterologous

proteins which have proven incompatible with the Sec transport system (Palmer & Berks, 2003).

1.2.4.2.3 The components of E. coli twin-arginine translocation system

E. coli Tat system involves four proteins with calculated membrane-spanning domains (Settles

et al., 1997; Bogsch et al., 1998; Weiner et al., 1998). TatA/TatE and TatB are sequence-related

proteins that are homologous to Tha4 and Hcf106 of the ∆pH-dependent thylakoid import pathway

(Settles et al., 1997; Sargent et al., 1998; Weiner et al., 1998; Chanal et al., 1998; Walker et al.,

1999). They have one predicted amino terminal transmembrane helix, followed by an amphiphatic

helix and an unstructured C-terminal tail (Settles et al., 1997). The amphiphatic helices are localised at

the cytoplasmic side of the membrane because they are accessible to proteases from cytosolic but not

from periplasmic side of the cytosolic membrane (Porcelli et al., 2002). For TatA and TatB proteins,

both helices have been proved to be critical for their function, while the C-terminal domain is not

important (Lee et al., 2002). In addition, the “hinge” region between the two helices appears to be

important for both proteins (Barrett et al., 2003).

Gouffi and co-workers proposed a dual topology for TatA protein. During the translocation
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process, the amphiphatic helix of this protein is supposed to flip in and out of the membrane. This

molecular rearrangement is discussed to be the promoter of the translocation assembly (Gouffi et al.,

2003).

TatA has approx. 60% sequence similarity with TatE protein. The role of these two proteins is

not elucidated but it is observed that they show a partial overlapping function. Only a tatA/tatE double

mutant blocks the Tat-dependent export, whereas single mutants of either tatA or tatE slightly

decrease the export efficiency (Sargent et al., 1998). The tatA mutant shows, however, a stronger Tat

inhibitory effect than the  tatE mutant. Genetic studies confirmed this difference, indicating that tatA is

transcribed and translated at approx. 100-fold higher level than tatE (Jack et al., 2001).

TatB protein shares 25% amino acid identity with TatA and TatE (Palmer & Berks, 2003). An in-

frame deletion of tatB is sufficient to abolish the export of endogenous Tat substrates (Ize et al.,

2002). Moreover, a tatB mutant cannot be complemented by additional gene copies of tatA/tatE. It is

therefore believed that TatB fulfils a distinct function in the translocation process (Sargent et al.,

1998).

TatC, the fourth protein known to be involved in the Tat system of E. coli, is predicted to be an

integral membrane protein with six transmembrane helices, with both N- and C-terminal ends

localised in the cytosol (Sargent et al., 1998; Yen et al., 2002; Behrendt et al., 2004). A recent

topology study used PhoA and LacZ as markers for periplasmic and cytosolic localisation. The

measured activity of those markers confirmed the predicted TatC topology with six membrane helices

(Behrendt et al., 2004). A previous topology study revealed only four transmembrane helices (Gouffi

et al., 2003). The TatC protein seems to be a key component of the Tat pathway (Bogsch et al., 1998).

It shows the highest degree of amino acid conservation. 21 amino acids are strictly conserved in

eubacteria, 7 of these being also conserved in eukaryotic homologues. Most of these conserved

residues are part of the cytosolic loops and have an essential role for protein export via the Tat

pathway (Buchanan et al., 2002; Allen et al., 2002).

The tatA, tatB and tatC are the first three genes of the tatABCD operon (Weiner et al., 1998),

while tatE forms an independent transcriptional unit (Fig.3)(Berks et al., 2000; Palmer & Berks,

2003). Both transcription units are expressed constitutively in E. coli, indicating a requirement for the

Tat pathway under all growth conditions (Jack et al., 2001). The tatABC genes in E.coli and other

related bacteria are co-transcribed with tatD. This fourth gene of the tat operon is the most widespread

Tat component, homologue sequences being found in all complete genomes except of Archaeoglobus

fulgidus (Wu et al., 2000). Ironically, TatD encodes a cytoplasmic protein with nuclease activity. This

protein is shown to be not essential for the Tat machinery (Settles & Martienssen, 1998; Wexler et al.,

2000).

The Tat system is not universally conserved, half of the complete sequenced bacterial genomes

lack the tat-like genes (Wu et al., 2000). However, in the organisms with a functional Tat system, the

distribution of known tat genes is heterogeneous. For example, the tatC gene is present in all complete

bacterial genomes bigger that 2 Mb, but is absent from the genomes smaller than 1 Mb, and also
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absent from half of those between 1 and 2 Mb. A similar distribution is valid for tatA-like genes. At

least one copy of tatA is present in genomes containing tatC, but is lacking from the genomes where

tatC is missing (Wu et al., 2000). At least one tatA/tatC pair seems to be required for a functional Tat

system, though in many organisms a tatB gene is also present.

Figure 3. The tat regions of Escherichia coli and Bacillus subtilis (from Jongbloed et al., 2000; see text

for details)
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1.2.4.2.4 The mechanism of twin-arginine translocation of E. coli

The Tat system has the special feature to transport folded proteins of variable size across the

cytoplasmic membrane without destabilising the membrane equilibrium (Teter & Theg, 1998). Taking

in account the great challenge of keeping membrane integrity, a few transport models were suggested

(Berks et al., 2000). 1) Vesicular transport, in which cytosolic born vesicles could encapsulate the

transported substrate, subsequently fusing with cytosolic membrane. 2) Gated hydrophilic pore formed

by the Tat apparatus. 3) The Tat translocon could permanently seal the substrate throughout the

bilayer.

Since cytosolic membrane vesicles are not reported in bacteria, the vesicular model can be

excluded. For the other two possibilities, the translocation pore/channel should be able to

accommodate the folded proteins. The largest known Tat substrate is the FdnGH subcomplex of E.

coli formate dehydrogenase-N complex with a size of 142 kDa (Berg et al., 1991). Therefore, the pore

should have a diameter ranging between 60Å and 70Å (Berks et al., 2000; Robinson & Bolhuis,

2001).

Despite the fact that the essential Tat components are identified, only little is currently known

about the Tat translocase organisation and mechanism. The folded substrate must be translocated

across the membrane through a proteinaceous channel with aqueous properties. A prerequisite for

understanding the Tat mechanism would be the isolation of such functionally active Tat complex.

Some information could be derived from the calculated molecular ratio of the Tat components. Studies

of chromosomal translational fusions revealed that in E. coli the TatA/TatB/TatC proteins are

produced at a molecular ratio of 25 : 1 : 0,5 (Jack et al., 2001). This is consistent with the TatA/TatB

ratio of 20 : 1 determined by quantitative immunoblotting in E. coli cells (Sargent et al., 2001).

Research in E. coli led to the isolation of membrane localised TatA/TatB/TatC (Bolhuis et al., 2001;

de Leeuw et al., 2002) or TatA/TatB (Sargent et al., 2001) complexes with a size of ~ 600 kDa.

Because those complexes are not yet proven to be functionally active, the information about the

structure of the Tat translocase remains pure speculative and contradictory. Bolhuis and co-workers

suggested that TatB and TatC proteins form a stable complex, while TatA has a weaker affinity.

Therefore, TatB and TatC are suggested to form the structural and functional unit of the E. coli Tat

translocase, whereas TatA could have a different role in the translocation process (Bolhuis et al.,

2001). Opposite, a report from Sargent and co-workers demonstrated that the isolated TatA/TatB

complex forms a double-layered ring structure with a central cavity of ~ 65Å in diameter, as seen in

negative stain electron micrographs (Sargent et al., 2001).

It is, however, generally believed that E. coli Tat translocase consists of a TatB/TatC pair, with

the possibility that TatA plays a role in the translocation channel assembly. This is in accordance with

the in vitro studies, which demonstrated that TatA, TatB, and TatC are necessary and sufficient for a

functional translocation system (Yahr & Wickner, 2001; Alami et al., 2002; Alami et al., 2003).

The translocation mechanism itself is poorly described. The folded cofactor-containing pre-

proteins are targeted to the membrane by a yet unknown mechanism. Likewise in the thylakoid
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system, a permanent TatBC protein complex fulfils the substrate-receptor role, especially due to the

high sequence conservation of TatC (Berks et al., 2000; de Leeuw et al., 2002). Binding of the

substrate to this complex does not require the ∆pH (Alami et al., 2002). This first step is supposed to

induce a conformational change in the Tat membrane complex, initiating the formation of a

translocation channel. It is suggested that TatA might play the major structural role in forming this

aqueous conducting channel, via function-linked changes in its topology (Gouffi et al., 2003). In order

to form a pore of a sufficient size, more than 20 α-helices of this small protein should be involved

(Berks et al., 2000). This would be consistent with the calculated molar excess of TatA/Tha4 from

bacteria and thylakoids. After the conducting channel is formed, the folded substrate is passed through

in the presence of the pH gradient at the membrane. When the substrate is approaching the outer side

of the cytosolic membrane, its signal peptide becomes accessible to SPases. The processing event is

marking the end of the tranlocation process.

Figure 4. Protein export pathways in E. coli.

a) The twin-arginine translocation pathway (Tat) . Most, (but not all) of the substrates for this pathway bind

redox cofactors and function in the periplasm. After synthesis in the cytoplasm, the substrates are predicted

to fold and then bind the cofactor (represented by white square) after which the pre-protein is believed to be

transferred through the Tat apparatus in a folded form and finally undergo processing to the mature size.

b) The general secretory pathway (Sec). Soon after emerging from the ribosome, the pre-protein is usually

bound by the SRP complex or SecB protein, which prevents folding of the mature domain. The substrate is

then transferred to SecA, which drives ATP-dependent translocation through the SecYEG complex, after

which the precursor is processed to the mature size and allowed to refold (from Robinson & Bolhuis, 2001).
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1.2.4.3 The Tat system in Archaea

Archaea represents a group of prokaryotes that resemble in part the bacteria and in part the

eukaryotes. Since many archaeal species are found in very extreme life conditions, it is likely that they

have specific adaptation in their protein translocation pathways. However, what is known about the

protein transport systems in archaea is mostly based on genomic sequencing (Hutcheon & Bolhuis,

2003). In several archaea species, homologues of known Tat components have been identified (Yen et

al., 2002; Hutcheon & Bolhuis, 2003). These Tat components are TatA/E- and TatC-like proteins. No

archaeal species analysed to date, are encoding a TatB-like protein (Pohlschröder et al., 2004).

TatA/E-like proteins are present in one to three copies and have similar predicted topology. Archaeal

TatC is very similar with the bacterial TatC and exists in one ore two copies. Generally, TatC proteins

have the same topology like in bacteria, except for Halobacterium sp. NRC-1, in which TatC2 protein

has 14 spanning domains. This exist as a natural fusion between two TatC molecules (Bolhuis, 2002)

and might represent an adaptation for a very high salt environment. Another interesting observation is

that the methanophilic Methanopyrus kandlery contains only one TatA/E-like protein but no TatC

protein. If at least one of the three putative Tat substrates identified in this organism is really

transported Tat-dependent, then the only TatA/E-like protein must be a multifunctional component or,

some completely different partners must be involved (Hutcheon & Bolhuis, 2003). However, it cannot

be excluded that the lack of a TatC homologue has been overlooked due to a sequencing error.

All putative archaeal Tat substrates are synthesised with a twin-arginine containing signal

peptide, as calculated with the SignalP 2.0 signal peptide prediction server (Bolhuis, 2002).

Interesting, genomic data suggested that the halophilic archaea group, have routed almost all of their

exported proteins to the Tat pathway (Rose et al., 2002). For example, in Halobacterium sp. NRC-1,

18 putative Tat substrates were identified. This represent 40% of the exported proteins synthesised

with a cleavable signal peptide (Bolhuis, 2002). The reason for having so many proteins destined to be

exported via the Tat pathway may be the very high intracellular and extracellular salt concentration

(Hutcheon & Bolhuis, 2003). In such conditions, the protein must quickly fold in order to prevent

aggregation, such folded proteins being no longer compatible with the Sec system but rather adapted

for the Tat export system (Bolhuis, 2002; Hutcheon & Bolhuis, 2003). The substantial use of the Tat

pathway seems a common adaptation for all Archaea living in high salt environments.

For other Archaea, the Tat pathway is, as in bacteria, used to transport substrates that bind

cofactors in the cytosol. For example, in Thermoplasma acidophilum and T. volcanicum, all predicted

Tat substrates are Rieske iron-sulphur proteins (Berks, 1996). Some putative Tat substrates were

found in Archaea species that completely lack Tat components (for example, Pyrococcus sp.).

However, none of these substrates were predicted to bind cofactors, implying a non-necessity for the

Tat pathway (Berks, 1996). Although a big number of putative Tat substrates are predicted, there is

almost no experimental evidence that these substrates are transported in a Tat-dependent manner.

The organisation, energetics and mechanism of the archaeal Tat system is unknown. The pH

gradient at the membrane, which is supposed to drive the Tat export, can be sometimes perturbed due
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to the variety of extreme environments these organisms are faced to. For example, acidophiles such as

Thermoplasma acidophilum have a reversed membrane potential, and the PMF depends mostly on the

∆pH, whereas in alkaliphiles such as Natronobacterium pharaonis, the PMF depends completely on

the membrane potential. Therefore, the use of a different energy source for the Tat transport cannot be

excluded (Hutcheon & Bolhuis, 2003).

1.2.4.4 The Tat system of B. subtilis

1.2.4.4.1 The signal peptides and the substrates of Tat-dependent export system of B. subtilis

The complete sequencing of the B. subtilis genome (strain 168) has revealed that this organism

encodes approximately 4100 proteins (Kunst et al., 1997; Kobayashi et al., 2003). Computer-assisted

predictions were made to identify putative Tat-dependent proteins. The research was based on the

presence of the twin-arginine as well as the lysine-arginine motifs, immediately in front of the

hydrophobic core of the signal peptides. In addition, the presence of a SPase cleavage site was also

taken in consideration (Jongbloed et al., 2000). The search revealed that 69 proteins are synthesised

with a potential RR or KR-signal peptide, and are therefore, potential substrates for the Tat pathway.

Like in E. coli, the presence of a RR or KR motif in the N-terminal part of the signal peptide

does not necessarily lead the protein through the Tat route, but is a prerequisite for a possible Tat

export. A detection of the secretory proteins in 2D gel electrophoresis experiments showed that only

14 out of 69 proteins were exported in the growth medium. A comparison of the extracellular

proteomes of wild type B. subtilis and a tat mutant strain depleted for all Tat proteins showed that only

PhoD is transported in a strictly Tat-dependent manner (Jongbloed et al., 2000). PhoD is an enzyme

with alkaline phosphatase and phosphodiesterase activities, with a mass of 62.7 kDa. N-terminal

sequencing of the released protein (molecular mass 56.6 kDa) indicated that a signal peptide of 56

amino acids is cleaved before secretion (Eder et al., 1996). Despite the fact that was not detected by

proteomic analysis, the YwbN protein is also transported Tat-dependent (Jongbloed, 2002).

Interesting, this protein with unknown function is synthesised in all living conditions. PhoD and

YwbN have signal peptides that fulfill the most stringent criteria for a Tat-dependent substrate.

1.2.4.4.2 The components of the Tat pathway

While most bacteria contain one copy of tatA and tatC (Wu et al., 2000), sequencing of bacilli

genomes indicates that the chromosome encodes multiple copies of TatA and TatC proteins. A TatB-

like protein appear to be absent in bacilli. In particular, B. subtilis contains two copies of tatC-

(denoted tatCd and tatCy) and three copies of tatA-like genes (denoted tatAd, tatAc and tatAy) (Kunst et

al., 1997). Both tatC genes are localised directly downstream of a tatA gene (Jongbloed et al., 2000).

The tatAd/tatCd gene pair is localised downstream of phoD gene and is co-regulated with the

expression of phoD (Fig.3). Moreover, the genes from this operon (denoted phoD operon) are

expressed only when the cells face a growth stress regarding the lack of phosphorus in the

environment. This suggests, opposite to E. coli, that at least partly, the B. subtilis Tat
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system is not required under normal growth conditions. A B. subtilis strain deleted for all tat genes did

not show impaired viability in normal growing conditions (Jongbloed et al., 2000).

1.2.4.4.3 The mechanism of the Tat export

It is demonstrated that for the translocation of PhoD, the presence of tatCd is crucial. The

inactivation of the second copy of tatC (tatCy) is not affecting the export of PhoD. A tatCd/tatCy

mutant completely blocked the secretion of PhoD while the transport of the Sec-dependent PhoB

remained unaffected. Thus, TatCd is considered a specificity determinant for the secretion of PhoD via

the Tat pathway (Jongbloed et al., 2000). Interesting, also for the second Tat substrate YwbN, a tatC

gene seems to be essential. In this case only tatCy is required for the export process. This clearly

indicates the existence of at least two parallel Tat pathways in B. subtilis (Jongbloed, 2002). The

organisation of the translocase and the translocation mechanism are not yet described but will make

the subject of the present work.
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1.3 The scope of the thesis.

The detailed understanding of bacterial protein transport was and still is one of the most

important topics of the microbiological research of the last decades. The general Sec-dependent

transport pathway of bacteria is ubiquitously distributed among the three kingdoms of life and has

been studied extensively in bacteria and eukaryotic organisms. This resulted in a detailed

understanding of the particular steps involving pre-protein recognition, targeting, translocation and

structure of the Sec translocase. Still, a long list of open questions remains to be answered. In

contrary, the newly described Tat export system distributed among bacteria, archaea and plant

chloroplasts has been discovered very recently and it is, therefore, only poorly understood.

Particularly, it is completely unknown, how three-dimensional folded protein can pass biological

membranes without leakage of the cell. In addition, this transport system is independent of ATP

hydrolysis and does nor require soluble co-factors. Most of the studies published so far focused on the

Tat systems of E. coli and plant thylakoids. The Tat export mechanism is described neither in the

bacterial nor in the thylakoidal system.

The work presented here has the aim to study a Tat-dependent protein export system of B.

subtilis. The tat genes and a number of putative Tat substrates have been identified in this organism.

The phosphodiesterase PhoD, is the only protein demonstrated to be transported in a strictly Tat-

dependent manner. These first pieces of information suggested that B. subtilis has a functional Tat

system that might differ from the one of E. coli or plant thylakoids.

B. subtilis already has a long history in the industrial production of various proteinsl. Therefore,

the potential ability of this bacterium to transport folded heterologous proteins via the twin-arginine

translocation system is of highly biotechnological interest.

The major questions addressed in this work are:

1) It is known that the Tat components have a certain degree of sequence conservation among

different species. Can this similarity be generalised for different Tat systems? Are B. subtilis Tat

substrates recognised by the E. coli Tat system?

2) One of the features of a Tat substrate is its specific (almost invariant) twin-arginine motif from

the signal peptide. While not all substrates with a twin-arginine containing signal peptide are directed

through the Tat translocase, almost all proteins exported Tat-dependent must have such a motif in

their signal peptides. Is this twin-arginine sequence from the signal peptides the only informational

motif that leads the pre-proteins through the Tat system?

3) B. subtilis is proved to have multiple copies of tatA and tatC genes. It is known that TatCd (but

not TatCy) is involved in the export of PhoD. What determines the selectivity of PhoD export of B.

subtilis?

4) Which is the molecular and structural organisation of the Tat translocase of B. subtilis?

5) What are the physiological affinities between the substrate PhoD and the Tat components?
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6) How is the protein transported through the cytosolic membrane via the Tat system?

7) Which signal peptidases are responsible for the processing of the pre-protein?

8) How is the general Tat mechanism organised?

9) What are the diferences of the B. subtilis Tat export system when compared to the TatABC

systems of E. coli or plant thylakoids?

10) Could B. subtilis Tat export system have potential for biotechnological applications?
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1.4 Publications included in the cumulative dissertation

Published articles:

1. The twin-arginine signal peptide of PhoD and the TatAd/Cd proteins of Bacillus subtilis form

an autonomous Tat translocation system.

Ovidiu Pop, Ulrike Martin, Christian Abel, and Jörg P. Müller.

The Journal of Biological Biochemistry, Vol.277, No.5, Issue of February 1, pp.3268-3273,

2002.

This article describes the minimal necessity for a functional Tat translocation system from B.

subtilis. A single pair of tat genes (tatAd/tatCd) from B. subtilis is sufficient to transport the twin-

arginine substrate PhoD in the presence of the pH gradient at the membrane. In addition, it was

demonstrated that a B. subtilis substrate (PhoD) is not recognised by the E. coli Tat machinery.

Some plasmid constructions were created by Ulrike Martin and Christian Abel previously. I carried

out about 50% of the cloning work and almost all of the microbial and protein biochemical studies.

Jörg Müller supervised the work and helped in writing the manuscript.

2. Sequence specific binding of prePhoD to soluble TatAd complexes indicates protein mediated

targeting of the Tat export in Bacillus subtilis.

Ovidiu Pop, Martin Westermann, Rudolf Volkmer-Engert, Daniela Schulz, Cornelius Lemke,

Sandra Schreiber, Roman Gerlach, Reinhard Wetzker, and Jörg P. Müller.

The Journal of Biological Biochemistry, Vol.278, No.40, Issue of October 3, pp.38428-38436,

2003.

This article describes for the first time the presence of soluble TatAd in the cytosol of the B.

subtilis cell. We demonstrated in vivo and in vitro the affinity of TatAd to prePhoD, particularly to the

twin-arginine motif. We concluded that TatAd acts as a targeting factor for PhoD. These results

demonstrated a novel characteristic of the B. subtilis Tat pathway, which differs substantially of E.

coli and plant thylakoid Tat system.

Martin Westermann carried out the freeze fracture studies and the electron microscopy studies.

Rudolf Volkmer-Engert und Daniela Schulz delivered the peptide libraries. Cornelius Lemke carried

out the ultrathin sections of the cells. Sandra Schreiber cloned hybrid genes encoding TAP-tagged

TatAd proteins and carried out TAP purification experiments. Roman Gerlach was involved in the

detection of the TatAd binding motif. Reinhard Wetzker contributed and supervised the work with the

TAP-tagged proteins. I carried out 1/3rd of the cloning work, most of the microbial, protein

biochemical and immunological work, the immunogold labelling of the ultrathin sections. I used the

peptide libraries to characterise the binding motif of TatAd. Jörg Müller supervised the work and

helped in writing the manuscript.
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3. Tat-dependent export of E. coli phytase AppA by using the PhoD-specific transport system of

Bacillus subtilis.

Roman Gerlach, Ovidiu Pop and Jörg P. Müller.Journal of Basic Microbiology, 44 (2004) 5,

351–359.

This article demonstrates the potential of the B. subtilis Tat system for the industrial production

of heterologous proteins. The E. coli phytase was expressed and secreted in B. subtilis by the PhoD

specific Tat export system. In addition, it demonstrated that the cell wall protease WprA is involved in

the degradation of heterologous Tat-dependent exported proteins.

Roman Gerlach did most of the cloning work, strain constructions and immunological protein

detection of AppA. I carried out about 1/3rd of the cloning work and together with Roman Gerlach the

immunological detection of AppA via pulse chase and immunoprecipitation experiments. Jörg Müller

supervised the experimental work and was involved in writing the manuscript.

Submitted articles:

4. Dual localisation of homo-multimeric TatA elucidates its function in Tat-dependent protein

targeting.

Ovidiu Pop, Martin Westermann, Roman Gerlach and Jörg P. Müller.

 submitted for publication in Journal of Molecular Biology, ref. code: JMB-D-04-00516 from

July 2004.

This article elucidates the TatAd mediated targeting in the PhoD translocation process. The TatAd

protein proved to be key component for the Tat system. TatAd forms homo-multimers in the cytosol

(where it interacts with the twin-arginine substrate PhoD) as well as in the cytosolic membrane (where

it most likely forms the protein-conducting channel). In addition, TatCd seems to be not involved in

the structure of the translocation pore, but plays a role as receptor for TatAd- prePhoD-complex.

Martin Westermann carried out the freeze fracture studies and the electron microscopical studies.

Roman Gerlach amplified and purified TatCd and was involved in the sucrose density sedimentation

experiments, as well as in the electron microscopy studies of soluble TatAd. I radiolabelled and

purified all other proteins used in the study, did most of the microbial work, carried out the

reconstitution of proteoliposomes and carried out the extraction experiments. Jörg Müller supervised

the work and helped in writing the manuscript.
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The bacterial twin-arginine translocation (Tat) path-
way has been recently described for PhoD of Bacillus
subtilis, a phosphodiesterase containing a twin-arginine
signal peptide. The expression of phoD is co-regulated
with the expression of tatAd and tatCd genes localized
downstream of phoD. To characterize the specificity of
PhoD transport further, translocation of PhoD was in-
vestigated in Escherichia coli. By using gene fusions, we
analyzed the particular role of the signal peptide and
the mature region of PhoD in canalizing the transport
route. A hybrid protein consisting of the signal peptide
of �-lactamase and mature PhoD was transported in a
Sec-dependent manner indicating that the mature part
of PhoD does not contain information canalizing the
selected translocation route. Pre-PhoD, as well as a fu-
sion protein consisting of the signal peptide of PhoD
(SPPhoD) and �-galactosidase (LacZ), remained cytosolic
in the E. coli. Thus, SPPhoD is not recognized by E. coli
transport systems. Co-expression of B. subtilis tatAd/Cd
genes resulted in the processing of SPPhoD-LacZ and
periplasmic localization of LacZ illustrating a close sub-
strate specificity of the TatAd/Cd transport system.
While blockage of the Sec-dependent transport did not
affect the localization of SPPhoD-LacZ, translocation and
processing was dependent on the pH gradient of the
cytosolic membrane. Thus, the minimal requirement of
a functional Tat-dependent protein translocation sys-
tem consists of a twin-arginine signal peptide-contain-
ing Tat substrate, its specific TatA/C proteins, and the
pH gradient across the cytosolic membrane.

The existence of a protein export pathway structurally and
mechanistically similar to the �pH-dependent pathway used
for importing chloroplast proteins into the thylakoid has been
shown for a variety of bacteria (1–3). Despite the fact that the
mechanism of targeting and the transport of folded proteins via
the �pH/Tat1 route is not yet understood, some common fea-
tures characterize these translocation systems (for reviews, see
Refs. 4 and 5). It has been shown that the Escherichia coli Tat
system involves four proteins with calculated membrane-span-
ning domains (6–8). TatA/TatE and TatB are sequence-related
proteins that are homologous to Tha4 and Hcf106 of the �pH-

dependent thylakoid import pathway (7–11). Chloroplast cp-
TatC has been described recently as the ortholog of E. coli TatC
(12). While TatB and TatC appear to play a pivotal role in the
Tat-dependent protein translocation in E. coli, TatA and TatE
seem to fulfill complementary functions as the deletion of TatA
or TatE does not block export, while the TatA/TatE double
deletion drastically inhibits export (7). Expression studies sug-
gested that tatE may be a cryptic gene duplication of tatA (13).
An in vitro reconstituted translocation system demonstrated
the necessity of TatA, TatB, and TatC for a functional E. coli
Tat-dependent translocation system (14). The information
about the structure of the Tat translocase is contradictory.
While Bolhuis et al. (15) suggested that TatB and TatC proteins
form a functional and structural unit of the E. coli Tat trans-
locase, a recent report from Sargent et al. (16) demonstrated a
double-layered ring structure with a central cavity of a complex
consisting of TatA and TatB.

The presence of genes encoding TatA- and TatC-like proteins
as well as the synthesis of exported proteins containing twin-
arginine signal peptides are strong indications for the existence
of the Tat pathway in eubacteria (17). While most of the bac-
teria contain one copy of tatA and one copy of tatC (5) sequenc-
ing of bacilli genomes (i.e. Bacillus subtilis, Bacillus halo-
durans, and Bacillus stearothermophilus) indicated the
presence of multiple TatA and TatC proteins. In particular, B.
subtilis contains two tatC- and three tatA-like genes (18). Both
tatC genes are localized directly downstream from a tatA gene
(19). A TatB-like protein appears to be absent from bacilli.

The recently described transport of PhoD of B. subtilis re-
vealed that TatC could act as a specificity determinant for this
process. While the inactivation of the tatCd completely inhib-
ited the secretion of PhoD, the inactivation of the second tatC
gene (tatCy) had no effect on the secretion of PhoD (19). This
observation was the first indication for the existence of multi-
ple Tat pathways in a single bacterial cell with separate sub-
strate specificity. PhoD is a secretory protein with a twin-
arginine signal peptide. We have shown previously that it is
efficiently transported across the cytosolic membrane but only
inefficiently processed. Slow processing of the enzymatically
active precursor was shown to keep the protein at the outer
surface of the cell envelope (20). The tatA/tatC gene pair (des-
ignated tatAd/Cd), localized downstream from phoD, is co-reg-
ulated with the expression of phoD (19).

To investigate the specificity of the PhoD transport further,
we analyzed its transport in E. coli. By using gene fusion
technology the particular role of the signal peptide and the
mature region of PhoD in canalizing the transport was inves-
tigated. A fusion protein consisting of the signal peptide of
�-lactamase (Bla) and mature PhoD was transported in a Sec-
dependent manner. PhoD, as well as the fusion protein consist-
ing of the signal peptide of PhoD (SPPhoD) and LacZ, was shown
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to be export-incompetent in E. coli. The co-expression of the
phoD-associated B. subtilis gene pair tatAd/Cd resulted in the
processing and the translocation of SPPhoD-LacZ. This trans-
port was shown to be �pH-dependent. Since the transport of
SPPhoD-LacZ was independent of E. coli tat genes, the minimal
requirement of a Tat transport system consists of a twin-argi-
nine signal peptide-containing substrate, an adopted TatA/C
pair, and the pH gradient across the bacterial cytosolic
membrane.

EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Media—Table I lists the plasmids
and bacterial strains used. TY medium (tryptone/yeast extract) con-
tained Bacto tryptone (1%), Bacto yeast extract (0.5%), and NaCl (1%).
For pulse-chase labeling experiment M9 minimal medium was pre-
pared as described previously (21). When required, media were supple-
mented with ampicillin (100 �g/ml), kanamycin (40 �g/ml), chloram-
phenicol (20 �g/ml), tetracycline (12.5 �g/ml), arabinose (0.2%),
isopropyl-�-D-thiogalactopyranoside (IPTG, 1 mM), nigericin (1 �M),
and/or sodium azide (3 mM). [35S]Methionine was provided by Hartman
Analytic (Braunschweig, Germany), and the 14C-Labeled molecular
weight marker was from Amersham Biosciences, Inc..

DNA Techniques—Procedures for DNA purification, restriction, liga-
tion, agarose gel electrophoresis, and transformation of E. coli were
carried out as described in Sambrook et al. (22). Restriction enzymes
were from MBI Fermentas. PCR was carried out with the VENT DNA
polymerase (New England Biolabs).

To construct pAR3phoD, the phoD gene including its ribosome bind-
ing site was amplified from the chromosome of B. subtilis strain 168 by
PCR using the primers P1 (5�-GAG GAT CCA TGA GGA GAG AGG
GGA TCT TGA ATG GCA TAC GAC-3�) containing a BamHI site and
P2 (5�-CGA TCC TGC AGG ACC TCA TCG GAT TGC-3�) containing a
PstI site. The amplified fragment was cleaved with BamHI and PstI and
cloned in the corresponding sites of pAR3. The resulting plasmid
pAR3phoD allowed the arabinose-inducible expression of wild type
phoD in E. coli.

To construct a gene fusion between bla and phoD genes, phoD de-
leted for its signal sequence was amplified using primer P3 (5�-GTA
GGA TCC GCG CCT AAC TTC TCA AGC-3�) containing a BamHI site
and primer P2 containing a PstI site. The amplified fragment was
cleaved with BamHI and PstI and cloned in the corresponding sites of
pUC19, resulting in plasmid pUC19�phoD. Next the 5�-region of �-lac-
tamase encoding its signal sequence was amplified from plasmid
pBR322 by PCR with primer B1 (5�-ATA GAA TTC AAA AAG GAA
GAG TAT G-3�) containing an EcoRI site and primer B2 (5�-CTG GGG
ATC CAA AAA CAG GAA GGC-3�) containing a BamHI site. The
amplified PCR fragment was cleaved with BamHI and EcoRI and
inserted into pUC19�phoD, cleaved with the same restriction enzymes,
which resulted in plasmid pUC19bla-phoD. For easy selection of recom-

binant clones, plasmid pORI24, containing a tetracycline resistance
gene, was inserted 3� of the bla-phoD gene fusion using an unique PstI
site. From the resulting plasmid pUC19bla-phoD-Tc an EcoRI-BglII
fragment containing bla-phoD and the tetracycline resistance gene of
pORI24 was isolated and inserted into pMUTIN2 cleaved with EcoRI
and BamHI. In the plasmid pMutin2bla-phoD the bla-phoD gene fusion
is under control of the IPTG-inducible PSPAC promoter.

To construct a gene fusion consisting of the signal sequence of phoD
and lacZ, a DNA fragment encoding the signal peptide of PhoD and the
translational start site of phoD was amplified by PCR with primer P1
containing a BamHI site and primer P4 (5�-GAG AAG GTC GAC GCA
GCA TTT ACT TCA AAG GCC CC-3�) containing a SalI site and
inserted into the corresponding sites of pORI24 resulting in plasmid
pORI24phoD�. Next, the lacZ gene lacking nine 5�-terminal codons was
amplified using primer L1 (5�-ACC GGG TCG ACC GTC GTT TTA CAA
CG-3�) containing a SalI site and primer L2 (5�-GGG AAT TCA TGG
CCT GCC CGG TT-3�) containing an EcoRI site and subsequently
inserted into the corresponding sites of pORI24phoD�. The resulting
plasmid pORI24phoD�-lacZ was linearized with BamHI and inserted
into pAR3 cleaved with BglII. The resulting plasmid pAR3phoD�-lacZ
allows the arabinose-inducible expression of the phoD�-lacZ gene
fusion.

To obtain a plasmid that mediates an inducible overexpression of
tatAd/tatCd of B. subtilis, the DNA region containing these genes in-
cluding their ribosome binding sites was amplified by PCR with the
primer T1 (5�-CAA GGA TCC CGA ATT AAG GAG TGG-3�) containing
a BamHI site and primer T2 (5�-GGT CTG CAG CTG CAC TAA GCG
GCC GCC-3�) containing a PstI site. The amplified fragment was
cleaved with BamHI and PstI and cloned into the corresponding sites of
pQE9 (Qiagen) resulting in pQE9tatAd/Cd.

To obtain TG1 �tatABCDE, plasmids pFAT44 and subsequently
pFAT126 covering in-frame deletions of E. coli tatE and tatABCD genes,
respectively, were transferred to the chromosome of TG1 as described
(7). Mutant strain TG1 �tatABCDE was verified phenotypically by
mutant cell septation phenotype, hypersensitivity to SDS, and resist-
ance to P1 phages as described previously (23).

SDS-PAGE and Western Blot Analysis—SDS-PAGE was carried out
as described by Laemmli (24). After separation by SDS-PAGE, proteins
were transferred to a nitrocellulose membrane (Schleicher and Schüll)
as described by Towbin et al. (25). Proteins were detected using specific
antibodies against PhoD (20), �-galactosidase (5 Prime3 3 Prime, Inc.,
Boulder, CO), pro-OmpA (provided by R. Freudl), SecB (laboratory
collection), and alkaline phosphatase-conjugated goat anti-rabbit anti-
bodies (Sigma) according to the instructions of the manufacturer.

Protein Chase Experiments, Immunoprecipitation, and Quantifica-
tion of Protein—Pulse-labeling experiments of E. coli strains were per-
formed as described earlier (21). Cultures were pulse-labeled with 100
�Ci of [35S]methionine and chased with unlabeled methionine, and then
samples were taken at the times indicated immediately followed by
precipitation with trichloroacetic acid (0 °C). After cell lysis proteins

TABLE I
Plasmids and strains

Cmr, chloramphenicol resistance marker; Apr, ampicillin resistance marker; Kmr, kanamycin resistance marker; Tcr, tetracycline resistance
marker; Emr, erythromycin resistance marker; RBS, ribosome binding site.

Plasmids Relevant properties Ref.

pAR3 pACYC184-derived plasmid carrying the araB promoter operator and the araC repressor gene from S.
typhimurium; Cmr

27

pAR3phoD pAR3 derivative; carrying the phoD gene; Cmr This work
pAR3phoD�-lacZ pAR3 derivative; carrying a fusion gene consisting of the signal sequence region of phoD and lacZ; Cmr This work
pQE9 pBR322-based vector for IPTG-inducible synthesis of His6-tagged proteins; Apr Qiagen
pREP4 plasmid; containing lacIq repressor gene; Kmr Qiagen
pORI24 plasmid; replicates only in E. coli rep� strains; Tcr 37
pMUTIN2 pBR322-based integration vector for B. subtilis; containing a multiple cloning site downstream of the

PSPAC promoter, and a promoterless lacZ gene preceded by the RBS of the spoVG gene; Apr; Emr
38

pMUTIN2bla-phoD pMUTIN2 derivative; carrying a fusion gene consisting of signal sequence region of bla and phoD This work
pQE9tatAd/Cd pQE9 derivative; carrying the B. subtilis tatAd/Cd genes This work
pFAT44 pMAK705 (39)-derived plasmid containing in-frame deletion of E. coli tatE 7
pFAT126 pMAK705-derived plasmid containing in-frame deletion of E. coli tatABCD 40

Strains Relevant properties Ref.

E. coli
TG1 F� araD139 �(ara-leu)7696 �(lac)X74 galU galK hsdR2 mcrA mcrB1 rspL 41
TG1 �tatABCE TG1 �tatABCE This work

B. subtilis
168 trpC2 18
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were precipitated with specific antibodies against PhoD (20), OmpA,
�-galactosidase, or �-lactamase (5 Prime 3 3 Prime, Inc.). Relative
amounts of radioactivity were estimated by using a phosphorimaging
system (Fuji) and the associated image analytical software PC-BAS.

In Vivo Protease Mapping—In vivo protease mapping was carried out
according to Kiefer et al. (26). For spheroplast formation, cells were
grown in TY medium to exponential growth. To induce the plasmid-
encoded genes the medium was supplemented with arabinose (0.2%)
and/or IPTG (1 mM) for 60 min. After spheroplast formation cells were
treated with proteinase K (Sigma) or with proteinase K and Triton
X-100 or remained untreated. PhoD or SPPhoD-LacZ were detected by
Western blotting. Detection of cytosolic SecB revealed the proteinase K
resistance of Triton X-100-untreated spheroplasts.

RESULTS

PhoD Is Not Transported in E. coli—The initial aim was to
test whether PhoD could be exported by the Tat pathway in E.
coli. For this purpose we placed the gene encoding this peptide
under the control of the PBAD promoter of Salmonella typhi-
murium localized at plasmid pAR3 (27). The resulting plasmid
allowed the arabinose-inducible enzymatically active produc-
tion of PhoD in E. coli TG1 (data not shown). Since phospho-
diesterase is highly toxic to E. coli after induction of PhoD
synthesis cell growth immediately ceased. To assay transport
of PhoD in E. coli TG1(pARphoD) pulse-chase experiments
were performed. As shown in Fig. 1A no processing of the wild
type pre-PhoD was observed even 60 min after chase, indicat-
ing that pre-PhoD was not translocated by the E. coli Tat
machinery. Localization of PhoD was further analyzed by in
vivo protease mapping. As shown in Fig. 1B pre-PhoD was not
accessible to proteinase K at the outer side of the cytosolic

membrane, demonstrating that PhoD remained in a cytosolic
localization.

PhoD Can Be Transported via the Sec-dependent Protein
Translocation Pathway—Absence of pre-PhoD processing in E.
coli could be due to inefficient recognition of the signal peptide
of PhoD by the E. coli Tat machinery or due to the nature of the
mature part of the PhoD peptide. This B. subtilis protein could
have unexpected folding characteristics or the necessity of co-
factors not present in E. coli. To address this question, the DNA
encoding the mature peptide of PhoD was fused to the region
encoding the signal peptide of �-lactamase (SPBla). The result-
ing gene fusion was cloned into the pMUTIN2 vector contain-
ing an IPTG-inducible PSPAC promoter allowing the synthesis
of the SPBla-PhoD peptide. The transport and processing of this
fusion protein was analyzed by immunoblotting of whole cell
extracts of E. coli strain TG1(pMUTIN2bla-phoD). As shown in
Fig. 2A, lane 2, SPBla-PhoD was completely converted to a
protein with a molecular weight of mature PhoD indicating the
efficient transport of the protein. To elucidate the export path
used for SPBla-PhoD translocation, Sec-dependent transport
was selectively inhibited by addition of sodium azide. While the
presence of sodium azide abolished conversion of SPBla-PhoD to
PhoD, addition of nigericin did not retard processing of SPBla-
PhoD (Fig. 2A, lanes 3 and 4). To analyze the Sec dependence of
SPBla-PhoD transport in a more detailed manner, expression of
bla-phoD in E. coli TG1(pMUTIN2bla-phoD) was induced in
the presence or absence of sodium azide, pulse-labeling with
[35S]-methionine was carried out, and PhoD was subsequently
immunoprecipitated. Fig. 2B demonstrates the kinetics of con-
version of SPBla-PhoD to mature PhoD. The presence of sodium
azide significantly retarded maturation of SPBla-PhoD (Fig.
2C). To demonstrate that azide was effective in inhibiting Sec-
dependent translocation, the processing of pro-OmpA was mon-
itored from the same cultures. While in untreated culture pro-
OmpA was quickly converted into its mature form, in the
azide-treated culture processing of pro-OmpA was efficiently
retarded (Fig. 2, D and E). These data indicate that PhoD can
be transported in E. coli in a Sec-dependent manner. Thus, it
can be concluded that the mature PhoD peptide is not canaliz-
ing the export route and does not prevent efficient transport or
processing.

The Signal Peptide of PhoD Cannot Mediate Transport of
LacZ in E. coli Wild Type Cells—It has been shown that signal
peptides containing a twin-arginine motif can canalize trans-
port of heterologous proteins via the Tat-dependent transloca-
tion route (for a review, see Ref. 5). The signal peptide of the E.
coli trimethylamine-N-oxide reductase (TorA) has been suc-
cessfully used to mediate Tat-dependent transport of the thy-
lakoidal protein 23K, the glucose-fructose oxidoreductase of
Zymomonas mobilis and green fluorescent protein (3, 7, 28, 29).
To test whether the signal peptide of PhoD is recognized by the
E. coli Tat machinery and could canalize the transport of a
protein in E. coli, we constructed a gene fusion consisting of the
DNA region encoding the signal peptide of PhoD (SPPhoD) and
the lacZ gene encoding �-galactosidase as a reporter protein.
The gene hybrid was inserted into plasmid pAR3 resulting in
plasmid pAR3phoD�-lacZ. Induction of production of the
SPPhoD-LacZ fusion protein in E. coli TG1 resulted in LacZ�

colonies (data not shown). Hence, correct folding and tetramer-
ization of the peptide as a prerequisite for its activity does occur
in E. coli.

To analyze whether the signal peptide of PhoD could mediate
translocation of LacZ into a extracytosolic localization, we stud-
ied localization of LacZ by using in vivo protease mapping. As
shown in Fig. 3A no processing of SPPhoD-LacZ could be ob-
served. The SPPhoD-LacZ fusion protein was not susceptible to

FIG. 1. Processing and localization of pre-PhoD in E. coli TG1.
A, E. coli TG1 carrying plasmid pARphoD encoding wild type PhoD was
grown in M9 minimal medium to early logarithmic phase. 1 h prior to
labeling expression of phoD was induced with IPTG (1 mM). Cells were
labeled for 1 min with [35S]methionine after which nonradioactive me-
thionine was added. Samples were withdrawn at chase times 10, 20, 40,
and 60 min and subjected to immunoprecipitation with monospecific
antibodies against PhoD followed by SDS-PAGE using a 10% polyacryl-
amide gel and fluorography. M, molecular mass marker; Glu, unin-
duced control. B, in vivo protease mapping of PhoD in E. coli
TG1(pAR3phoD). Cells were converted to spheroplasts and treated with
proteinase K or with proteinase K and Triton X-100 or remained un-
treated as indicated. Localization of pre-PhoD is indicated. Accessibility
of proteinase K to the cytosol was analyzed by monitoring SecB in a 15%
polyacrylamide gel. PhoD and SecB were detected by monospecific
antibodies.
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protease digestion in spheroplasts. When spheroplasts were
destroyed by addition of Triton X-100, the unprocessed SPPhoD-
LacZ protein became protease-sensitive. The reliability of the
method was verified by using the cytosolic protein SecB as
internal control. In spheroplasts SecB was resistant to protein-
ase K but was digested after solubilizing the spheroplasts with
Triton X-100.

Export of SPPhoD-LacZ Fusion Protein in E. coli Needs the
Presence of the B. subtilis TatAd and TatCd Transport Compo-
nents—The data demonstrated above indicate that the Tat
system of E. coli does not mediate transport of pre-PhoD or of
the SPPhoD-LacZ fusion protein. Absence of translocation could

be due to the necessity of additional components for the trans-
location of PhoD present only in B. subtilis or due to the
specificity of recognition of pre-PhoD as a Tat-dependent sub-
strate. To test the latter hypothesis, the B. subtilis tatAd/Cd

gene pair was coexpressed in E. coli strains TG1(pARphoD)
and TG1(pARphoD�-lacZ).

To study the effect of TatAd/Cd proteins on localization of
PhoD, strain TG1(pARphoD, pREP4, pQE9tatAd/Cd) expres-
sion of phoD as well as tatAd/Cd was induced with arabinose
and IPTG. Unexpectedly, no PhoD could be detected in strain
TG1(pARphoD, pREP4, pQE9tatAd/Cd) using Western blotting
(data not shown). Induction of TatAd/Cd proteins in strain
TG1(pARphoD�-lacZ, pREP4, pQE9tatAd/Cd) resulted in stable
co-production of TatAd/Cd and SPPhoD-LacZ (data not shown).
SPPhoD-LacZ processing was analyzed in the presence and ab-
sence of TatAd/Cd using pulse-chase labeling and subsequent
immunoprecipitation with specific antibodies against LacZ.
While in TG1(pARphoD�-lacZ) no processing of SPPhoD-LacZ
could be observed (Fig. 4A), in strain TG1(pARphoD�-lacZ,
pREP4, pQE9tatAd/Cd) the peptide was at least partially pro-
cessed (Fig. 4B).

Since processing of the translocation product is an indication
of membrane translocation but does not necessarily prove that
export of the protein has occurred, we examined whether LacZ
was localized in the periplasmic space in TG1(pARphoD�-lacZ,
pREP4, pQE9tatAd/Cd). To monitor localization of the LacZ
peptide, cells of strain TG1(pARphoD�-lacZ, pREP4,
pQE9tatAd/Cd) were converted to spheroplasts and treated
with proteinase K. As shown in Fig. 3B after co-expression of
tatAd/Cd, SPPhoD-LacZ was completely susceptible to protease
digestion in spheroplasts. Unexpectedly, both the processed
form and the precursor of the fusion protein were accessible to
the protease treatment. The presence of SecB after proteinase
K treatment demonstrated the stability of spheroplasts. These
results clearly show that the SPPhoD-LacZ fusion protein is
exported into the periplasmic space of E. coli when the B.
subtilis tatAd/Cd genes are co-expressed.

TatAd/Cd-mediated Transport of SPPhoD-LacZ Needs �pH-
dependent Gradient at the Cytosolic Membrane and Is Sec-
independent—To directly prove that the membrane transloca-
tion of the system is dependent on the pH gradient across the
cytosolic membrane, Sec- or Tat-dependent protein transloca-
tion pathways were selectively blocked. Localization of SPPhoD-
LacZ in TG1(pARphoD�-lacZ, pREP4, pQE9tatAd/Cd) was de-

FIG. 2. Induction and processing of SPBla-PhoD in E. coli TG1.
A, E. coli TG1(pMUTIN2bla-phoD) was grown in TY medium to loga-
rithmic growth phase. Expression of bla-phoD was induced with IPTG
(1 mM, lanes 2–4) or remained uninduced (lane 1). At the time of
induction cultures were treated with sodium azide (3 mM, lane 3) or
with nigericin (1 �M, lane 4) or remained untreated (lane 2). Samples
were taken 20 min after induction of SPBla-PhoD and lysed, and cell
extracts were analyzed by SDS-PAGE using a 10% polyacrylamide gel.
B–E, TG1(pMUTIN2bla-phoD) was grown in M9 minimal medium to
early logarithmic phase. 1 h prior to labeling, expression of phoD was
induced with IPTG (1 mM). While one culture remained untreated (B
and D), the other was treated with sodium azide (3 mM) upon induction
(C and E). Cells were labeled for 1 min with [35S]methionine after which
nonradioactive methionine was added. Samples were withdrawn at
times after chase as indicated in the figures and subjected to immuno-
precipitation with antibodies against PhoD (B and C) or against OmpA
(D and E) followed by SDS-PAGE using a 12.5% polyacrylamide gel and
fluorography. Localization of SPBla-PhoD and mature PhoD is indi-
cated. *, unspecific cross-reacting band.

FIG. 3. Localization of SPPhoD-LacZ in E. coli TG1 in the ab-
sence or presence of B. subtilis tatAd/Cd. E. coli TG1 strains car-
rying either plasmid pAR3phoD�-lacZ (A) or plasmids pAR3phoD�-lacZ,
pREP4, and pQE9tatAd/Cd (B) were grown in TY medium to exponen-
tial growth, and expression of phoD�-lacZ and tatAd/Cd was induced for
1 h with arabinose (0.2%) and IPTG (1 mM), respectively. Subcellular
localization of SPPhoD-LacZ was detected by in vivo protease mapping
according to Fig. 1B. SPPhoD-LacZ and SecB were monitored by antisera
against LacZ and SecB. Bands representing SPPhoD-LacZ, LacZ, and
SecB are indicated.
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tected by Western blotting after in vivo protease mapping.
Nigericin, an ionophore inhibiting the Tat-dependent protein
translocation as a result of dissipating the �pH (30), did effi-
ciently block both processing and translocation of SPPhoD-LacZ
(Fig. 5A). The addition of an equal volume of methanol used to
disperse nigericin had no effect on localization of SPPhoD-LacZ
(data not shown). Treatment of the culture with sodium azide,
which inhibits Sec-dependent protein export by interfering
with the translocation-ATPase activity of the SecA protein (31),
did result in accumulation of pro-OmpA but did not affect the
localization and the processing of the SPPhoD-LacZ fusion pro-
tein (Fig. 5B).

Tatd/Cd-mediated Transport of SPPhoD-LacZ Is Not Assisted
by E. coli Tat Components—To exclude co-operative action of B.
subtilis and E. coli Tat proteins, E. coli strain TG1 was deleted
for tatABCDE genes and subsequently transformed with plas-
mids pARphoD�-lacZ, pREP4, and pQE9tatA/Cd. Processing
and localization of the SPPhoD-LacZ fusion protein was ana-
lyzed under identical conditions as described for the E. coli tat�

strain. As shown in Fig. 6 in the absence of the E. coli tatAB-
CDE genes most of SPPhoD-LacZ was protease-accessible dem-
onstrating the extracytosolic localization of the fusion protein.
The resistance of SecB to the proteolytic digestion demon-
strated the stability of the spheroplasts (Fig. 6). Surprisingly,
no processing of the SPPhoD-LacZ fusion protein could be ob-
served in the absence of tatABCDE.

DISCUSSION

In the present report we have shown that the export signals
of PhoD, a Tat-dependent transported phosphodiesterase of B.
subtilis, was incompatible with the Tat machinery of E. coli.
While the mature part of PhoD could be exported efficiently
with the help of the export signals of Sec-dependent �-lacta-
mase, wild type PhoD or a fusion protein consisting of the
signal peptide of PhoD and LacZ remained cytosolic. The co-
expression of the phoD-associated genes tatAd and tatCd medi-
ated the Tat-dependent translocation of the SPPhoD-LacZ fu-
sion protein. Since transport of SPPhoD-LacZ was blocked in the
presence of nigericin but not in the presence of sodium azide, it
can be concluded that SPPhoD-LacZ is transported in a Sec-
independent manner. Transport of SPPhoD-LacZ in an E. coli
tatABCDE strain revealed that transport was independent of
the E. coli Tat components. These data show that the minimal
requirement of a specific Tat-dependent protein translocation
system is consisting of a pair of TatA and TatC proteins, a

signal peptide specifically recognized by these Tat components,
and the existence of the �pH gradient across the cytosolic
membrane.

PhoD as well as SPPhoD-LacZ is not recognized by the E. coli
Tat system. Our previous results obtained in B. subtilis re-
vealed that transport of PhoD is mediated by TatCd but is
independent of the TatCy protein (19). These observations im-
plied that B. subtilis contains at least two specific routes for
Tat translocation. Further, E. coli tat strains could not be
complemented by its B. subtilis Tat proteins (19). Finally, ab-
sence of E. coli tat genes did not prevent TatAd/Cd-mediated
transport of SPPhoD-LacZ in E. coli. These data strongly impli-
cated that transport of hybrid peptides consisting of the signal
peptide of PhoD, the reporter protein, and the TatAd/Cd protein
pair form an autonomous Tat translocation system, and the
recognition of Tat substrates is a selective process determined
by multiple special protein-protein interactions between a
given Tat substrate and its specific Tat proteins.

Most of the twin-arginine signal peptide-containing E. coli

FIG. 4. Processing of SPPhoD-LacZ in E. coli TG1 co-expressing
B. subtilis tatAd/Cd. E. coli strains TG1(pAR3phoD�-lacZ) (A) and
TG1(pAR3phoD�-lacZ, pREP4, pQE9tatAd/Cd) (B) were grown in M9
minimal medium to early logarithmic phase, labeled for 1 min with
[35S]methionine, and subsequently chased with nonradioactive methi-
onine. Samples were taken at the indicated chase times and further
processed by immunoprecipitation with antiserum against LacZ fol-
lowed by SDS-PAGE using a 7.5% polyacrylamide gel and fluorography.
Bands representing SPPhoD-LacZ and LacZ are indicated.

FIG. 5. TatAd/Cd-mediated transport of SPPhoD-LacZ in E. coli
is �pH-dependent. E. coli TG1(pAR3phoD�-lacZ, pREP4, pQE9tatAd/
Cd) was grown in TY medium to exponential growth, and nigericin (1
�M) (A) or sodium azide (3 mM) (B) was added to the cultures prior to
induction of gene expression. Localization of LacZ and OmpA was
analyzed by in vivo protease mapping as described in Fig. 3. Western
blotting was performed for immunological detection of LacZ, OmpA,
and SecB with specific antibodies. Bands representing SPPhoD-LacZ,
LacZ, pro-OmpA, OmpA, and SecB are indicated.

FIG. 6. Localization of SPPhoD-LacZ in E. coli strain deleted for
tatABCDE but containing B. subtilis tatAd/tatCd. E. coli strain
TG1 �tatABCDE(pAR3phoD�-lacZ, pREP4, pQE9tatAd/Cd) was grown
in TY medium, and synthesis of SPPhoD-LacZ and TatAd/Cd was induced
and analyzed by in vivo protease mapping as described in Fig. 3. LacZ
and SecB were visualized by SDS-PAGE and Western blotting using
specific antibodies.

Tat Translocation Requirement3272



precursors associate in the cytosol with cofactors (17). As
shown for a mutant glucose-fructose oxidoreductase, associa-
tion with its cofactor NADP was a prerequisite for the efficient
export of the protein (30). We currently cannot exclude that
PhoD needs the association of cofactors prior to translocation.
Since the protein could be exported efficiently by using the
Sec-dependent signal peptide of �-lactamase, necessity of a B.
subtilis-specific cofactor association prior to transport appears
to be unlikely.

The efficiency of SPBla-PhoD processing in E. coli far ex-
ceeded transport kinetics observed for wild type PhoD observed
in the gene donor strain. While the half-life of pre-PhoD in B.
subtilis far exceeded 40 min (20), the half-life of the SPBla-PhoD
precursor in E. coli was about 10 min. Slow processing kinetics
of pre-PhoD could be due to slower transport kinetics of the Tat
pathway compared with the efficient Sec-dependent pathway.
Overexpression of phoD in E. coli was highly toxic for the cell.
Immediately after induction of PhoD synthesis cell growth was
blocked. Most likely cytosolic phosphodiesterase activity was
highly detrimental for E. coli. After co-expression of tatAd/Cd

no PhoD could be detected by using Western blotting. Co-
expression of TatAd/Cd proteins obviously resulted in addi-
tional impairment of cell viability preventing further protein
synthesis of PhoD or raising protease degradation of the het-
erologous peptide. The induction of the SPPhoD-LacZ fusion
protein was not lethal for the E. coli cell. Several signal pep-
tide-LacZ fusion proteins were previously used for studies of
the Sec-dependent protein transport in E. coli. These fusion
proteins were usually not transported through the cytosolic
membrane. High level induction of these proteins was fre-
quently detrimental for E. coli due to jamming of the Sec
machinery (32–36). Induction of production of SPPhoD-LacZ was
not toxic for E. coli either in the absence or in the presence of
B. subtilis TatAd/Cd proteins. Since SPPhoD is not recognized by
the E. coli Sec or Tat machinery the fusion protein remained
cytosolic. Co-induction of B. subtilis TatAd/Cd proteins trans-
ported SPPhoD-LacZ independent of E. coli-specific transport
paths. Therefore, its translocation did not interfere with essen-
tial export functions of the cell. Tat-mediated export of LacZ is
consistent with the capacity of the Tat translocation system to
transport proteins that are probably folded prior to
translocation.

Despite the fact that SPPhoD-LacZ was partially processed only
in E. coli TG1(pARphoD�-lacZ, pREP4, pQE9tatAd/Cd), the pro-
tein was entirely proteinase K-accessible. This observation indi-
cates that the TatAd/Cd components transport the protein effi-
ciently through the cytosolic membrane, but cleavage of the
signal peptide by E. coli LepB was inefficient. In E. coli TG1
�tatABCE(pARphoD�-lacZ, pREP4, pQE9tatAd/Cd) no process-
ing of SPPhoD-LacZ could be observed. At the moment there is no
experimental knowledge about whether, when, and how the E.
coli leader peptidase LepB cleaves signal peptides of Tat sub-
strates. The presence of E. coli Tat components could be a pre-
requisite for cleavage of twin-arginine leader peptides by LepB.
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The Tat (twin-arginine protein translocation) system
initially discovered in the thylakoid membrane of chlo-
roplasts has been described recently for a variety of
eubacterial organisms. Although in Escherichia coli
four Tat proteins with calculated membrane spanning
domains have been demonstrated to mediate Tat-
dependent transport, a specific transport system for
twin-arginine signal peptide containing phosphodies-
terase PhoD of Bacillus subtilis consists of one TatA/
TatC (TatAd/TatCd) pair of proteins. Here, we show that
TatAd was found beside its membrane-integrated local-
ization in the cytosol were it interacted with prePhoD.
prePhoD was efficiently co-immunoprecipitated by
TatAd. Inefficient co-immunoprecipitation of mature
PhoD and missing interaction to Sec-dependent and cy-
tosolic peptides by TatAd demonstrated a particular role
of the twin-arginine signal peptide for this interaction.
Affinity of prePhoD to TatAd was interfered by peptides
containing the twin-arginine motif but remained active
when the arginine residues were substituted. The selec-
tive binding of TatAd to peptides derived from the signal
peptide of PhoD elucidated the function of the twin-
arginine motif as a target site for pre-protein TatAd
interaction. Substitution of the binding motif demon-
strated the pivotal role of basic amino acid residues for
TatA binding. These features suggest that TatA interacts
prior to membrane integration with its pre-protein sub-
strate and could therefore assist targeting of twin-argi-
nine pre-proteins.

Bacteria have two distinct pathways for the export of pro-
teins across the cytoplasmic membrane. The majority of the
periplasmic proteins are exported in an unfolded conformation
via the Sec pathway, which is promoted by ATP hydrolysis
(1–4). Proteins translocated by this pathway are targeted to
the membrane-embedded proteinaceous Sec pore by soluble

targeting factors (1). The transport is mediated by N-terminal
signal peptides that are similar structurally but do not show
sequence conservation (5).

Several proteins use an alternate translocation path. Be-
cause of its highly conserved twin-arginine sequence motif
present in the signal peptides of proteins using this way, it is
called Tat1 (twin-arginine translocation) pathway (6–8). It was
originally identified in chloroplasts (9, 10) and has been de-
scribed recently (9, 11) for Escherichia coli. The currently only
known driving force of the translocation is the pH gradient at
the membrane (9, 12). Because most of the Tat substrates
require the incorporation of cofactors or subunit association
(13–15), the Tat pathway appears to be responsible for proteins
incompatible with the Sec pathway (16). By a not yet identified
control mechanism the Tat system exports only Tat substrates
that attained a native conformation (15–17).

The currently best characterized Tat system of E. coli con-
sists of four proteins with calculated membrane spanning do-
mains (10, 18, 19). Sequence analysis predicts that TatA, TatB,
and TatE are proteins that comprise a transmembrane N-
terminal �-helix followed by an amphiphatic �-helix at the
cytoplasmic side of the membrane (20, 21). TatC, the fourth
protein known to be involved in the Tat system of E. coli, has
six predicted transmembrane helices (20). Topology determina-
tion revealed that TatC contains four transmembrane helices
(18). Although tatB and tatC appear to play a pivotal role in the
Tat-dependent protein translocation in E. coli (11, 19, 20), TatA
and TatE can, at least partially, functionally substitute each
other (20). By analyzing the presence of Tat substrates and
components of the Tat machinery surveys of prokaryotic ge-
nomes indicate that the Tat pathway is wide spread among
bacteria and archaea (8, 22). The standard Tat systems (such
as in E. coli) consist of one TatC, at least one copy of TatA/E,
and TatB (23). In certain prokaryotes a TatB homolog appears
to be absent.

Currently there exist only weak ideas about the targeting of
the twin-arginine precursors to the translocase unit and the
structure of the Tat transport system. In vitro work with the
plant thylakoid Tat system demonstrated that no soluble fac-
tors are required of Tat-dependent export (24) and that TatA is
required for the transport steps following precursor recognition
(25, 26). The TatA/B/E proteins have been predicted to act as
membrane receptors for Tat substrates (22) or to form the
export channel itself (27–31). The targeting of Tat-dependent
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iron-sulfur protein HiPIP to the membrane appears to be in-
dependent of the Tat components (15). The use of the Tat
system by redox proteins in many bacteria or preferably non-
redox proteins in other species, as well as the different compo-
sition of the Tat proteins, indicates that the Tat system is of
heterogeneous nature (8, 22, 23).

Analysis of Tat-like proteins in Bacillus subtilis revealed
that the genome encodes three TatA and two TatC-like proteins
(31). TatB-like proteins appear to be absent of B. subtilis and of
other sequenced bacilli (22, 32). Translocation of the B. subtilis
protein PhoD containing a twin-arginine signal peptide was
shown to be dependent on the expression of a tatA tatC pair
(33). These genes (designated tatAd and tatCd) are co-localized
with phoD in one operon resulting in co-regulated expression of
phoD and tatAd/Cd. A second copy of tatC (tatCy) was not
required for PhoD export (31). The PhoD-specific transport
system was functionally active in E. coli. Although PhoD or a
fusion consisting of the signal peptide of PhoD and LacZ was
not recognized by the E. coli Tat components, co-expression of
B. subtilis tatAd/tatCd resulted in translocation of SPPhoD-LacZ.
This transport was shown to be � pH-dependent. These studies
revealed that the minimal requirement of a Tat transport sys-
tem consists of a TatA/TatC pair, a twin-arginine signal pep-
tide, and the pH gradient at the bacterial cytoplasmic mem-
brane (33). PhoD is the only known substrate of the TatAd/
TatCd system (31, 34).

The B. subtilis phoD gene encodes an secretory enzyme with
alkaline phosphatase and phosphodiesterase activities (36).
Slow processing maintains the protein in a cell wall-associated
localization before release (37). It has been demonstrated that
PhoD is a member of the so-called Pho regulon of B. subtilis
(38). The Pho regulon comprises a group of genes that are
induced in response to the depletion of inorganic phosphate in
the growth medium and is regulated by the two component
signal transduction system PhoR/PhoP (39). A phoR12 muta-
tion in B. subtilis strain GCH871 was shown to be functionally
active under phosphate replete conditions resulting in the in-
duction of Pho regulon genes (40).

To investigate the selectivity and specificity of the PhoD
transport system further, we analyzed the localization and

affinity of TatAd by combining genetic and in vitro approaches
in B. subtilis and E. coli. Unexpectedly, we found TatAd in the
cytoplasmic membrane, as well as in the cytosol. By using
purified TatAd and prePhoD we demonstrated the interaction
of both peptides. Inefficient binding of TatAd to mature PhoD or
Sec-dependent or cytosolic proteins demonstrated the particu-
lar role of the twin-arginine-containing signal peptide of PhoD
in the recognition process. The selective affinity of TatAd to
peptides derived from the signal peptide of PhoD showed that
the twin-arginine motif acts as a binding site of TatAd. Substi-
tution of amino acid residues of the binding motif elucidated
the role of particular amino acids of this motif for TatAd

recognition.

EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Media—Table I lists the plasmids
and bacterial strains used. TY medium (tryptone/yeast extract) con-
tained Bacto tryptone (1%), Bacto yeast extract (0.5%), and NaCl (1%).
For pulse labeling of proteins M9 minimal medium was used (41). To
induce or repress the phoD operon in B. subtilis 168 cultures were
grown in low or high phosphate defined medium, as described (40).
B. subtilis phoR12 was cultivated in absence of isopropyl-�-D-thiogalac-
topyranoside (IPTG). Induction of phosphate starvation response was
monitored by determining alkaline phosphatase activity as described
previously (39). When required, media were supplemented with ampi-
cillin (80 �g/ml), kanamycin (20 �g/ml), chloramphenicol (20 �g/ml or 5
�g/ml), tetracycline (12.5 �g/ml), erythromycin (5 �g/ml), arabinose
(0.2%), or IPTG (1 mM).

DNA Techniques—Procedures for DNA purification, restriction, liga-
tion, agarose gel electrophoresis, and transformation of E. coli were
carried out as described by Sambrook et al. (42). Restriction enzymes
were from MBI Fermentas. PCR was carried out with the VENT DNA
polymerase (New England Biolabs) using chromosomal DNA of B. sub-
tilis 168 as template.

To construct pQE9phoDm, the phoD gene lagging the 5�-terminal
region encoding the signal sequence was amplified from the chromo-
some of B. subtilis strain 168 by PCR using the primers P1 (5�-GTA
GGA TCC GCG CCT AAC TTC TCA AGC-3�) containing a BamHI site
and P2 (5�-CGA TCC TGC AGG ACC TCA TCG GAT TGC-3�) contain-
ing a PstI site. The amplified fragment was cleaved with BamHI and
PstI and cloned in the corresponding sites of pQE9. The resulting
plasmid pQE9phoD allowed the IPTG-inducible synthesis of N-termi-
nally His6-tagged mature PhoD in E. coli.

To overexpress tatAd and tatCd genes in E. coli, genes were amplified

TABLE I
Plasmids and strains

Stains/plasmids Relevant properties Sources

Plasmids
pAR3phoD pAR3 derivative; carrying the phoD gene; Cmr Ref. 33
pAR3phoD-lacZ pAR3 derivative; carrying a fusion gene consisting of the signal sequence region of

phoD and lacZ; Cmr
Ref. 33

pREP4 Plasmid, containing lacI repressor gene; Kmr Qiagen
pQE9tatAd pQE9 derivative; allows IPTG-inducible synthesis of His-TatAd This work
pQE60tatCd pQE9 derivative; allows IPTG-inducible synthesis of TatCd-His This work
pQE9tatAd/Cd pQE9 derivative; allows the IPTG-inducible expression of the B. subtilis tatAd/Cd wild

type genes
Ref. 33

pQE9phoDp pQE9 derivative; allows IPTG-inducible synthesis of His-prePhoD Ref. 33
pQE9phoDm pQE9 derivative; allows IPTG-inducible synthesis of signal peptide less His-PhoD This work
pQEC pQE9 derivative; allows IPTG-inducible synthesis of CopR Ref. 57
pQE9yvaYp pQE9 derivative; allows IPTG-inducible synthesis of His-preYvaY This work
pQE9yvaYm pQE9 derivative; allows IPTG-inducible synthesis of mature His-YvaY This work
pREP9 E. coli- B. subtilis shuttle plasmid containing IPTG-inducible Ppac promotor; Kmr, Cmr Ref. 72
pREP9tatAd/Cd pREP9 derivative; allows IPTG-inducible expression of the B. subtilis tatAd/Cd wild

type genes
This work

Strains
E. coli

TG1 F�; araD139; �(ara-leu)7696; �(lac)X74; galU; galK; hsdR2; mcrA; mcrB1; rspL Ref. 35
B. subtilis

168 trpC2 Ref. 32
GCH871 168 phoR12 trpC2; allows IPTG-inducible induction of phoD operon; Cmr Ref. 40
168::pORI22-tatAd-TAP 168 derivative strain; allows pho regulon-inducible synthesis of TatAd-TAP; Emr This work
168::pORI22-tatAd-TAP 168 derivative strain; allows pho regulon-inducible synthesis of TatAd-TAP; Emr This work
MH5444 trpC2 pheA1 phoD�pSE4; deleted for phoD; containing promotorless tatAd/tatCd, Cmr Ref. 38
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using primers Ad1 (5�-GTG GGA TCC ATG TTT TCA AAC ATT GG-3�)
containing a BamHI site and primer Ad2 (5�-CCT CTG CAG CAT TCA
GCC CGC G-3�) containing a PstI site and Cd1 (5�-TTT CCA TGG ATA
AAA AAG AAA CCC-3�) containing a NcoI restriction site and Cd2
(5�-GCG GGA TCC GGC CGC CGC TGT TTC TTC-3�) containing a
BamHI restriction site, respectively. The tatAd fragment was cleaved
with BamHI and PstI and cloned in the corresponding sites of pQE9.
The resulting plasmid pQE9tatAd allowed the IPTG-inducible synthesis
of His6-TatAd. The tatCd fragment was cleaved with NcoI and BamHI
and subsequently cloned into pQE60, cleaved with NcoI and BglII. The
resulting plasmid pQE60tatCd allowed the synthesis of TatC-His6.

To amplify the DNA region encoding preYvaY primer Y1 (5�-ATG
GAT CCA TGA AAA GTA AAT TAC TTA GGC T-3�), incorporating a
BamHI restriction site, and primer Y2 (5�-TAA AAG CTT ATT GAT
GAA TCA ATT TT-3�), incorporating a HindIII restriction site, were
used. For amplification of the DNA fragment encoding the mature part
of YvaY primer Y3 (5�-CAG GAT CCA AAG AAA ACC ATA CAT TT-3�),
incorporating a BamHI restriction site, and primer Y2 were used. The
PCR fragments were digested with BamHI and HindIII and inserted
3�-terminal of the His coding region of pQE9 digested with the same
enzymes. The resulting plasmids pQE9yvaYp and pQE9yvaYm were
transformed into E. coli TG1(pREP4).

To synthesize epitope-tagged TatAd the DNA region encoding phoD
and tatAd was amplified from the chromosome of B. subtilis 168 by
using primer P1 (33) and primer T1 (5�-CG GAA TTC CAT AAT TTC
CAC TCC TTA ATT CGT GA-3�) containing an EcoRI site. A HindIII-
EcoRI DNA fragment encoding the 359 3�-terminal amino acids of phoD
and tatAd was fused to the DNA region encoding the TAP (calmodulin-
binding-protein and protein A) epitopes (43) resulting in an in-frame
fusion of tatAd and TAP. The �phoD-tatAd-TAP DNA fragment was
placed on the B. subtilis nonreplicative vector pORI22 (44) and was
transformed into the B. subtilis 168. Campbell-like integration into the
chromosome resulted in B. subtilis strain 168::pORI22-tatAd-TAP (Fig.
1). As a control a DNA fragment encoding phoD and the start codon of
tatAd was amplified using primer P1 and A2 (5�-CG GAA TTC GCC
CGC GTT TTT GTC CTG CTT TAC CGC-3�) containing an EcoRI site
and fused to the TAP region resulting in the fusion of the start codon of
tatAd and TAP. After subcloning of the DNA fragment into pORI22 and
transformation into B. subtilis, strain 168::pORI22-tatAd�-TAP was ob-
tained (Fig. 1). Appropriate mode of integration of pORI22-derived plas-
mids into the chromosome of B. subtilis 168 was validated by PCR am-
plification of junction fragments. For inducible expression of tatAd/tatCd

genes in B. subtilis a 1046-bp BamHI-PstI DNA fragment from
pQE9tatAd/Cd (33) was inserted into pREP9 (45) resulting in
pREP9tatAd/Cd.

Freeze-fracture Electron Microscopy—Cells were concentrated by
centrifugation, washed two times with growth medium, and resus-
pended in 10% (v/v) of the initial volume of growth medium containing
15% (w/v) glycerol. Aliquots were enclosed between two 0.1-mm copper
profiles as used for the sandwich double-replica technique. The sand-
wiches were rapidly frozen by plunging them into liquid propane, cooled

by liquid nitrogen. Freeze-fracturing was performed in a BAF400T
(BAL-TEC, Liechtenstein) freeze-fracture unit at �150 °C using a dou-
ble-replica stage. The fractured samples were shadowed without etch-
ing with 2.0–2.5 nm platinum/carbon at an angle of 35°. The evapora-
tion of platinum/carbon with electron guns was controlled by a thin-
layer quartz crystal monitor.

Freeze-fracture Labeling—For freeze-fracture immunogold labeling
and subsequent electron microscopy the freeze-fracture replica were
transferred to a digesting solution (2.5% SDS in 10 mM Tris buffer, pH
8.3, and 30 mM sucrose) and incubated overnight (46). The replica were
washed four times in PBS buffer and treated with PBS � 1% bovine
serum albumin for 30 min. Next they were placed in PBS containing
bovine serum albumin (0.5%) and monospecific antibodies against
TatAd, SecY, or DnaK (dilution 1:20) for 1 h. Subsequently the replica
were washed four times with PBS and placed on a 1:50 diluted solution
of the second gold-conjugated antibody (goat anti-rabbit IgG with 10 nm
of gold; British Biocell International, Cardiff, UK) in PBS containing
0.5% bovine serum albumin for 1 h. After immunogold labeling, the
replica were immediately rinsed several times in PBS, fixed with 0.5%
glutaraldehyde in PBS for 10 min at room temperature, washed four
times in distilled water, and finally picked onto Formvar-coated grids
for viewing in an EM 902 electron microscope (Zeiss, Oberkochen,
Germany). Freeze-fracture micrographs were mounted with direction of
shadowing from bottom to top at a magnification as indicated in the
figures.

Post-embedding Labeling of B. subtilis—Phosphate-starved B. subti-
lis cells were embedded in Lowicryl K4M as described (37). Ultrathin
sections of Lowicryl-embedded cells were mounted on nickel grids with
carbon-coated Formvar films and subsequently labeled with specific
rabbit antibodies and goat anti-rabbit IgG conjugated to 10 nm of gold
(British Biocell International, Cardiff, UK) as a secondary antibody
(37). Control experiments were performed by staining sections under
similar conditions by omitting the specific antibodies.

Cell Fractionation of B. subtilis and E. coli—B. subtilis cells were
harvested and resuspended in PBS buffer (140 mM NaCl, 2.7 mM KCl,
1.3 mM KH2PO4, 10 mM Na2HPO4, pH 7.3) containing 5 mM phenyl-
methylsulfonyl fluoride. Cell suspension was passed three times
through a French press at 16,000 lb/in2. Unbroken cells were removed
by centrifugation at 10,000 � g for 10 min. To obtain membrane-free
cytosolic protein cell lysate was centrifuged at 150,000 � g for 2 h at
4 °C, and pellet was used as membrane fraction. Cytosolic and mem-
brane fractions of E. coli were obtained from spheroblasted cells.
Spheroblasts were lysed in 50 mM Tris-HCl, pH 8.0, 5 mM MgCl2 and
subsequently centrifuged at 100,000 � g for 1 h. Pellets contained
membrane fraction and supernatant cytosolic protein.

SDS-PAGE and Western Blot Analysis—SDS-PAGE were prepared
as described (47). After separation by SDS-PAGE, proteins were trans-
ferred to a nitrocellulose membrane (Schleicher & Schüll) (48). Proteins
were visualized using monospecific antibodies against PhoD (37),
TatAd, or TatCd and alkaline phosphatase-conjugated goat anti-rabbit
antibodies (Sigma) according to the manufacturer’s instructions.

FIG. 1. Construction of mutant strains of B. subtilis tatAd-TAP. Schematic presentation of the phoD operon of B. subtilis 168 (A),
168::pORI22-tatAd-TAP (B), and 168::pORI22-tatAd�-TAP (C). By a Campbell-type integration of the pORI22-derivative plasmids were integrated
into the chromosome of B. subtilis 168. B. subtilis 168::pORI22-tatAd-TAP or 168::pORI22-tatAd�-TAP allowed the phosphate starvation-inducible
synthesis of fusion proteins consisting of TatAd and TAP epitopes or the ATG start codon of TatAd and TAP, respectively. The tatCd gene in the
latter strains was placed under the control of the in B. subtilis constitutive repC promoter.
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Purification of His-tagged Proteins—His-tagged proteins were
prepared from IPTG-induced E. coli TG1(pREP4, pQE9tatAd),
TG1(pREP4, pQE60tatCd), TG1(pREP4, pQE9phoDp), TG1(pREP4,
pQE9phoDm), TG1(pREP4, pQEC), TG1(pREP4, pQE9yvaYp), and
TG1(pREP4, pQE9yvaYm) cultures as abundant proteins and purified
by nickel-nitrilotriacetic acid affinity chromatography. The purification
of TatCd, CopR, PhoD, and YvaY proteins were carried out under
denaturating conditions. Soluble His6-TatAd was purified under native
conditions with sodium phosphate buffer under standard conditions
(Qiagen).

Preparation and Purification of Antibodies against TatAd—Purified
His6-TatAd or TatCd-His6 emulsified in MPL � TDM � CWS adjuvant
(catalog number M6661; Sigma) at 100 �g/ml were used to immunize
New Zealand White rabbits (Charles River, Hilden, Germany). Specific
antibodies were affinity-purified from the sera by adsorption to and
elution (with 0.1 M glycine at pH 2.5) from nitrocellulose (37). As proved
by Western blotting, monospecific antibodies specifically cross-reacted
with TatAd or TatCd.

In Vivo Labeling of His-tagged Proteins—[35S]-Labeled His6-tagged
proteins were obtained by pulse labeling of E. coli cultures. Strains
were grown in M9 minimal medium, expression of genes of interest was
induced for 15 min, and cultures were labeled in 50 �Ci of [35S]methi-
onine for 5 min. Subsequent purification using nickel-nitrilotriacetic
acid affinity chromatography was carried out essentially as described
above.

Co-immunopurification—Purification of TAP proteins was carried
out following standard procedures (43). Cytosolic fractions of B. subtilis
cell lysates were prepared in purification buffer IPP150 (43) as de-
scribed above.

Co-immunoprecipitation—Binding of His6-tagged [35S]-labeled pro-
teins to unlabeled TatAd was measured as follows: [35S]-labeled pro-
teins were incubated with 10-M excess of His6-TatAd (total 0.4 �g) at
room temperature in 50 �l of PBS buffer supplemented with 0.5%
n-octyl-�-D-glucothiopyranoside if indicated. For competition experi-
ments synthetic peptides QNNTFDRRKFIQGAGKIAG or QNNT-
FDAAAFIQGAGKIAG (0.4 M) were added to the reaction mixture. After
60 min, 50 �l of PBS buffer containing 1 �l of monospecific antibodies
against the unlabeled protein, pre-complexed with 10 �l of Dynabeads
(Dynal, Oslo, Norway), were added, and the mixture was further incu-
bated for 60 min while shaking. Subsequently, the protein A Dynabeads
were washed five times with 500 �l of PBS buffer. [35S]-Labeled pro-
teins bound to protein A beads were counted in scintillation liquid.
Immunoprecipitation experiments were carried out at least three times.

Synthesis and Screening of the Cellulose-bound Peptide Arrays—
Peptide arrays were prepared by automated spot synthesis using the
AMS SPOT-robot (Abimed, Langenfeld, Germany) (49, 50). Before
screening, the membranes were washed in methanol for 10 min, three
times in TBS buffer (50 mM Tris, 137 mM NaCl, 27 mM KCl, pH 8.0), and
subsequently incubated in blocking buffer (10% GENOSYS SU-07–250;
5% sucrose, TBST buffer (TBS with 0.05% Tween)) for 3 h. After
washing with TBST buffer peptide arrays were incubated with [35S]-
labeled His6-TatAd (50 ng/ml; 10,000 cpm/ml) in blocking buffer for 16 h
at room temperature with gentle shaking. Unbound protein was
washed out with TBST buffer. Amount of retained [35S]-labeled protein
was quantified using phosphorimage analysis. Relative amounts of
radioactivity were estimated by using a phosphorimager (Fuji) and
associated image analytical software PC-BAS.

RESULTS

Immunogold Labeling of TatAd—The E. coli Tat system has
the ability to transport folded proteins and enzyme complexes
across the cytoplasmic membrane (22, 27). To transport these
folded peptides would result in a translocation pore with a
minimum diameter of 5 nm (51). We have shown that the
TatAd/Cd transport system of B. subtilis is able to transport
PhoD with a molecular mass of 62.7 kDa, as well as a hybrid
protein consisting of the signal peptide of PhoD and LacZ,
resulting in a molecular mass of 120 kDa (31, 33), resulting in
a necessarily similar sized translocation pore. Because freeze-
fracture cytochemistry is known to be a powerful technique to
study macromolecular architecture of biomembranes (46, 52)
we used this method to investigate the cytoplasmic membrane
of B. subtilis and E. coli containing TatAd/Cd proteins that
could form detectable structures. Immunogold labeling of
TatAd with monospecific antibodies was carried out to localize

TatAd and to identify visible ultrastructures and TatAd-con-
taining translocation particles. Immunogold labeling of TatAd

in freeze-fractured membranes of B. subtilis 168 cells grown
under phosphate starvation revealed an even distribution of
TatAd in the cell envelope. Interesting, most immunogold la-
bels appeared to be clustered both at the protoplasmic (PF) and
the exoplasmic side (EF) of the cytoplasmic membrane (Fig. 2,
A and B). Absence of immunogold labeling of freeze fractures of
B. subtilis 168 wild type cells grown under phosphate replete
conditions demonstrated specificity of labeling (Supplemental
Fig. 1C). Because no labeling of gold-conjugated anti rabbit
antibody could be observed in absence of primary antibodies,
unspecific binding of the secondary antibody could be excluded
(data not shown). To rule out that the monospecific TatAd

antibodies cross-reacted with another phosphate starvation-
induced cytosolic protein, we compared the immunodetection of
soluble B. subtilis proteins between cell extracts obtained from
cells grown under phosphate replete and phosphate depleted
conditions. No other proteins, except for TatAd, could be de-
tected in the Western blot (data not shown). Unexpectedly, a
substantial amount of gold particles was localized at the cytosol
indicating that B. subtilis TatAd is not an exclusively mem-
brane integrated protein (Fig. 2A). Artificial induction of the
phosphate starvation response by using B. subtilis 168 phoR12
resulted in similar distribution of TatAd except for a higher
expression level of TatAd (Supplemental Fig. 1, A, B, and D).
Again clusters of TatAd-labeled protein could be observed but
were not linked to vesicle-like structures in the membrane
(Supplemental Fig. 1A). To validate immunogold labeling for
protein localization, freeze-fractured cells were immunogold-
labeled with antibodies against the chaperone DnaK and inte-
gral membrane protein SecY, a part of the Sec-translocase unit
(3). As expected, the chaperone DnaK could be detected in the
cytosol only (Supplemental Fig. 2B), and immunogold labeling
of SecY indicated that SecY was predominantly localized in the
cytoplasmic membrane (Supplemental Fig. 2A).

Localization of TatAd was further elucidated by immunogold
labeling of ultrathin sections of B. subtilis 168 cells grown
under phosphate starvation. Again beside the expected mem-
brane associated localization of the gold particles, about 50%
could be detected in the cytosol of the cell (Fig. 3). As a control
DnaK and SecY protein were immunogold-labeled in B. subtilis
168. Although DnaK was found in the cytosol, SecY was mem-
brane-associated (Supplemental Fig. 3).

To elucidate whether the localization of TatAd was depend-
ing on the presence of prePhoD, we analyzed its localization in
a B. subtilis phoD strain. Strain MH5444 deleted for phoD was
transformed with plasmid pREP9tatAd/Cd allowing the IPTG-

FIG. 2. Localization of TatAd in B. subtilis. Cells of B. subtilis 168
was grown in low phosphate defined medium to phosphate starvation,
freeze-fractured, and subsequently labeled with TatAd-specific antibod-
ies and 10 nm of gold-conjugated secondary antibody. Electron micro-
graphs demonstrate the protoplasmic face (PF; A) and the fracture
through the cytosol (Cy; A) and the exoplasmic face (EF; B) of the
cytoplasmic membrane. Scale bar represents 0.2 �m.
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inducible synthesis of the TatAd/TatCd proteins. MH5444-
(pREP9tatAd/Cd) was grown to phosphate starvation, expres-
sion of Tat proteins was induced, and localization of TatAd was
detected using immunogold labeling of freeze-fracture cells es-
sentially as described above. No TatAd could be detected in the
cytosol of the cell (data not shown).

Because the PhoD-specific TatAd/TatCd translocation sys-
tem has been demonstrated to be functionally active in E. coli
(33), we analyzed the localization of TatAd in E. coli. Cells
of E. coli TG1(pREP4, pQE9tatAd/Cd)-expressing B. subtilis
TatAd/TatCd proteins were analyzed by freeze-fracture tech-
nique with subsequent immunogold labeling of TatAd. Like
in B. subtilis, immunologically detected TatAd was localized at
the cytoplasmic membrane, as well as in the cytosol (Supple-
mental Fig. 4).

TatAd Is Localized in the Cytoplasmic Membrane and the
Cytosol—The above results indicated that TatAd is not exclu-
sively localized in the membrane. Immunological detection of
TatAd in cytosolic cell fractions of B. subtilis strains 168,
GCH871, and TG1(pREP4, pQE9tatAd/Cd) confirmed that a
substantial amount of the protein was localized in the cytosol
(Fig. 4). Absence of membrane proteins in the cytosolic fraction
was monitored by detecting TatCd. No TatCd could be detected
in the cytosolic fractions either of B. subtilis strains or of E. coli
TG1(pREP4, pQE9tatAd/Cd) (Fig. 4).

A kinetic study revealed that cytosolic localization of TatAd

in phosphate-starved B. subtilis 168 was variable. At the onset
of phosphate starvation substantial amounts of TatAd was
detected in the cytosol. Upon ongoing starvation cytosolic
TatAd decreased (data not shown). The fraction of TatAd that
was co-purified with membranes, resisted carbonate extrac-

tion, indicating that this protein is membrane-integrated (data
not shown).

Co-purification of TatAd with prePhoD—In vivo synthesized
TAP epitope-tagged proteins have been successfully used to
demonstrate the interaction between proteins in yeast,
plants, and mammalian cells (53–55). To elucidate the affin-
ity of TatAd for its substrate prePhoD, TAP-tagged TatAd was
synthesized in B. subtilis. Strains 168::pORI22-tatAd-TAP
and 168::pORI22-tatAd�-TAP were grown to phosphate star-
vation, and TAP peptides were subsequently purified from
the cytosolic fraction using IgG-Sepharose beads (43). Both
TatAd�-TAP and TatAd-TAP peptides could be detected in the
cytosolic fraction. Strain 168::pORI22-tatAd�-TAP mediating
the synthesis of the N-terminal methionine of TatAd with the
TAP epitope (TatAd�-TAP) showed inducible synthesis of a
protein with the molecular weight of the TAP epitope (Fig. 5,
lane 2). Strain 168::pORI22-tatAd-TAP produced a protein
according to the molecular weight of TatAd-TAP. TatAd-TAP
was detected by protein A (Fig. 5, lane 1), as well as TatAd

antibodies (data not shown). IgG-purified TAP peptides were
assayed for presence of PhoD. Although prePhoD was co-
purified with TatAd-TAP, no PhoD could be co-purified with
TatAd�-TAP (Fig. 5). This result demonstrated the in situ
interaction of TatAd and prePhoD in the cytosol of the cell.

TatAd Has Affinity for prePhoD—After demonstrating inter-
action of TatAd with prePhoD in the cytosol, co-immunoprecipi-
tation experiments were carried out to further investigate spec-
ificity of this interaction in vitro. Complex formation of purified
[35S]-labeled His6-prePhoD (Table II) with purified His6-TatAd

was assessed by immunoprecipitation with TatAd-specific an-
tibodies. Taking into account that soluble TatAd forms high
molecular weight homomultimers,2 10-M excess of TatAd was
used to co-immunoprecipitate peptides. His6-prePhoD could be
co-immunoprecipitated with His6-TatAd, whereas only low
levels of His6-prePhoD were immunoprecipitated when either
the TatAd or the TatAd antibodies were omitted from the mix-
ture (Table II).

To analyze the specificity of TatAd we investigated affinity to

2 O. Pop and J. P. Müller, unpublished data.

FIG. 3. Localization of TatAd in B. subtilis 168. Ultrathin sections
of phosphate-starved cells were incubated with TatAd-specific anti-
serum and subsequently incubated with anti-rabbit IgG-gold. Scale bar
represents 0.2 �m.

FIG. 4. Subcellular localization of TatAd and TatCd in B. sub-
tilis and E. coli. The presence of TatAd in cytoplasmic and membrane
fractions of B. subtilis (lanes 1–3) and E. coli strains (lanes 4 and 5) was
detected by using Western blotting with monospecific antibodies
against TatAd and TatCd. B. subtilis strain 168 was grown in low
phosphate defined medium to phosphate starvation (lane 2); B. subtilis
strains 168 (lane 1) and GCH871 (lane 3) were grown in high phosphate
defined medium, E. coli strains TG1(pREP4, pQE9tatAd/Cd) (lane 4)
and TG1(pREP4) (lane 5) were grown in TY medium to exponential
growth, and expression of tat genes was induced for 1 h with IPTG (1
mM). Bands representing TatAd and TatCd are indicated.
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radiolabeled mature PhoD, to the precursor and mature Sec-
dependent B. subtilis protein YvaY (56), as well as CopR, a
cytosolic protein involved in replication control of plasmids
(57). His6-tagged proteins were purified as abundant proteins
(Supplemental Fig. 5). As shown in Table II only 25% of mature
His6-PhoD could be co-immunoprecipitated by His6-TatAd com-
pared with 58% of His6-prePhoD (Table II). Because the
amount of bound mature [35S]-His6-PhoD was hardly higher
when antibodies or TatAd were omitted, only weak interaction
can be concluded. Amounts of co-immunoprecipitated [35S]-
labeled His6-preYvaY, His6-YvaY, and His6-CopR fairly pro-
truded the level of bound protein when TatAd or TatAd anti-
body was omitted, demonstrating no interaction with Sec-
dependent or cytosolic proteins. These data indicate that the
signal peptide of PhoD contains specific information mediating
the affinity to TatAd. Essentially similar results were obtained
when octylglucoside was omitted from the reactions.

TatAd Specifically Binds to Twin-arginine Peptides of the
Signal Peptide of PhoD—Cellulose-bound peptide arrays have
been used successfully to characterize substrate binding motifs
of proteins (58). To determine the sequence-specific informa-
tion necessary for binding of TatAd to prePhoD, we screened a
cellulose-bound peptide scan of the N-terminal region of pre-
PhoD for TatAd binding. The peptide scan was composed of

20-mer peptides that overlap by 19 residues over the sequence
of 60 N-terminal localized amino acids and covering the 56-
amino acid residue-long signal peptide of PhoD. The cellulose-
bound peptides were incubated with [35S]-labeled His6-TatAd.
TatAd showed selective affinity to peptides containing the twin-
arginine motif (Fig. 6A). Binding was most pronounced when
these residues were localized at the N-terminal flexible end of
the peptide and gradually decreased when they moved to the
C-terminal end of the peptides. Optimal affinity was observed
for the peptide 26 containing R26R27 at its N-terminal end.
Interesting, peptide starting with amino acids R27K28 also
showed pronounced binding (Fig. 6B). In addition, affinity
could be observed to peptides containing amino acid residues
K13L14K15 (numbers indicate amino acid position in prePhoD).
Binding of [35S]-labeled SecB, the targeting factor of the Sec
translocation system of E. coli, to the PhoD signal peptide
library was different from TatAd peptide recognition (data not
shown) and followed rules identified by Knoblauch et al. (59).

To study the role of particular amino acids of the proposed
binding motif, the 10 N-terminal amino acid residues of the
twin-arginine containing peptide DRRKFIQGAGKIAGLS-
LGLT25–44 were substituted each in turn by all gene-encoded
amino acids (Fig. 7). Substitution of the basic amino acid RRK
cluster decreased binding of TatAd most seriously. In this re-
gion amino acid substitution except of arginine, histidine, or
lysine interfered with the TatAd peptide interaction. Replace-
ment by acidic amino acids almost abolished affinity of TatAd.
Substitution of N-terminal aspartic acid by none acidic resi-
dues stimulated binding than compared with the wild type
peptide. Replacements of amino acids localized C-terminal of
the RRK motif hardly altered binding. Substitutions by argi-
nine, lysine, or histidine stimulated TatAd binding in the N-
terminal half of the peptide. Despite its low affinity, peptide
SFQNNTFDRRKFIQGAGK18–35 was selected to study the role
of amino acid residues localized N-terminal of the twin-argin-
ine motif for TatAd recognition. Substitution of residues Ser-18
to Phe-24 each in turn by all gene-encoded amino acids hardly
changed binding to TatAd (data not shown). Again, charge
alteration had most pronounced effects. Although substitution
by aspartic acid or glutamic acid reduced binding, introduction
of basic amino acids stimulated binding above the TatAd affin-
ity observed for the wild type-derived peptide (data not shown).

To elucidate the function of the RRK sequence motif for the
interaction of TatAd with prePhoD further, co-immunoprecipi-
tation experiments were carried out in the presence of syn-
thetic peptide containing the twin arginine. Addition of QNNT-
FDRRKFIQGAGKIAG peptide significantly reduced co-
immunoprecipitation of prePhoD by TatAd (Table III). In
contrast, peptide QNNTFDAAAFIQGAGKIAG containing a
substitution of the RRK sequence motif showed less interfer-
ence of the prePhoD-TatAd interaction (Table III).

DISCUSSION

Several components with one or six calculated membrane
spanning domains have been described to mediate the trans-
port of twin-arginine signal peptide-containing proteins (22).
Therefore, Tat-dependent protein export is believed to be inde-
pendent of soluble cytosolic factors (60). In the present study
we demonstrate that a substantial fraction of TatAd protein of
the PhoD-specific B. subtilis translocation system can be found
beside its expected membrane-integrated localization in the
cytosol. Soluble TatAd was functional active as demonstrated
by its affinity to its substrate prePhoD and sequence-specific
interaction with twin-arginine containing peptides. Therefore,
we currently favor the thesis that TatAd on its way to the
cytoplasmic membrane could fulfill a function as targeting
factor for Tat substrate prePhoD.

FIG. 5. Co-purification of TatAd and prePhoD. B. subtilis strains
168::pORI22-tatAd-TAP (lane 1) and 168::pORI22-tatAd�-TAP (lane 2)
were grown to phosphate starvation for 2 h. Cells were lysed, and
TAP-containing peptides were purified from the cytosolic fraction by
using IgG beads. Purified TAP proteins were separated via SDS-PAGE
and subsequently detected by using Western blotting with monospecific
antibodies against protein A and PhoD. Bands representing TatAd-
TAP, TatAd�-TAP (TAP), IgG, and prePhoD are indicated.

TABLE II
Co-immunoprecipitation of TatAd with purified [35S]-His6 proteins
Purified [35S]-labeled proteins were immunoprecipitated with TatA-

specific antibodies pre-complexed with protein A Dynabeads. In paral-
lel, TatAd or TatAd antibodies were omitted from the reaction as indi-
cated. Immunoprecipitates were collected, and the amount of bound
[35S]-labeled proteins was quantified by counting in scintillation liquid.
Amount of bound prePhoD was quantified by counting in scintillation
liquid. Bound prePhoD is indicated in percent of input. Data were
obtained from a representative experiment.

His6 protein TatAd pAba TatAd Bound [35S]protein

prePhoD � � 58.6
� � 13.0
� � 21.0

PhoD � � 25.0
� � 3.3
� � 12.0

preYvaY � � 8.5
� � 2.9
� � 17.7

YvaY � � 4.4
� � 6.0
� � 12.3

CopR � � 12.0
� � 8.0
� � 23.4

a pAb, polyclonal antibodies.
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We have shown previously (33) that the transport of PhoD
can be mediated by only two Tat proteins, one similar to TatA
and one similar to TatC of E. coli. To investigate the function of
TatA proteins further, we studied the distribution of the TatAd

protein in B. subtilis and in E. coli by using freeze-fracture
technique and subsequent immunogold labeling. In B. subtilis,
membrane-bound TatAd was equally distributed at both sides
of the freeze-fractured cytoplasmic membrane. Immunogold-
labeled protein was found to be aggregated with proteinaceous
structures with a size of less than 5 nm. Absence of larger
structures stimulates the hypothesis that the transport of pro-
teins is independent of vesicle formation, which would be visi-
ble in the freeze-fractured membranes (22). Freeze-fractured
membranes of E. coli cells overexpressing TatAd/TatCd demon-
strated the uniform distribution of TatAd over the surface of
the cell envelope.

In addition to its expected membrane-associated localization,
freeze fractures through the cytosol indicated that a substan-
tial amount of TatAd was localized in the cytosol in both bac-
terial systems. Ultrathin sections of B. subtilis cells confirmed
an abundant localization of TatAd in the cytosol. Immunogold
labeling of reference proteins demonstrated the reliability of
both freeze-fracture analysis and labeling of ultrathin sections.
The cytosolic chaperone DnaK could be detected in the cytosol,
and SecY was detected predominately in the cytoplasmic mem-
brane. Cytosolic localization of TatAd was first observed in
E. coli TG1(pREP4, pQE9tatAd) cells overexpressing His6-
TatAd. An abundant amount of His6-TatAd was soluble after
sonication of the cells under native buffer conditions (data not
shown). This unexpected observation was of crucial interest,
because soluble TatAd is functional as it could be demonstrated
to bind prePhoD- and prePhoD-derived peptides specifically.
Identification of TatAd in membrane-free cell extracts of B. sub-
tilis 168 confirmed the cytosolic localization of TatAd. Absence
of TatCd in the cytosolic fractions of B. subtilis, as well as
E. coli, demonstrated absence of membrane proteins in the
cytosolic fraction. Interestingly, the amount of soluble TatAd

varied in dependence of the induction time of the phoD operon.
Because the amount of cytosolic TatAd decreased during pro-
longed phosphate starvation, presence of soluble TatAd might

FIG. 6. TatAd binding to cellulose-bound peptide scan of prePhoD. A scan composed of 20-mer peptides derived from the prePhoD
sequence that overlap by 19 residues was screened for TatAd binding. The position of arginine and lysine residues are bold and in italics. The
peptide scan (A) was incubated with [35S]-His6-TatAd, and the amount of TatAd bound to peptides was visualized by phosphorimaging. The numbers
on the left indicate the first residue of the first spot of each row. In B, amount of bound TatAd of the 10 best binding peptides of the scan is shown.
The numbers on the left indicate the position in the scan, and the horizontal bars demonstrate amount of activity detected.

FIG. 7. Substitution analysis of the twin-arginine binding mo-
tif of TatAd. N-terminal 10 amino acids of peptide DRRKFIQGAGKIA-
GLSLGLT (indicated on the left) derived from the signal peptide of
PhoD were substituted by amino acids indicated on the top. Lane �
indicates wild type sequence. Peptide matrix was treated with [35S]-
labeled His6-TatAd as described.

TABLE III
Co-immunoprecipitation of TatAd with [35S]-prePhoD

Purified TatAd and [35S]-prePhoD proteins were mixed in PBS buffer
containing 0.5 % n-octyl-�-D-glucothiopyranoside. After 60 min of incu-
bation at room temperature, TatAd-specific antibodies pre-complexed
with protein A Dynabeads were added, and the incubation was contin-
ued for another 60 min. Amount of bound prePhoD was quantified by
counting in scintillation liquid. Bound prePhoD is indicated in percent
of input with standard deviation.

TatAd pAba TatAd Peptide Bound prePhoD

� � � 56.0 � 14.0
� � QNNTFDRRKFIQGAGKIAG 13.0 � 1.2
� � QNNTFDAAAFIQGAGKIAG 38.2 � 4.5
a pAb, polyclonal antibodies.
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depend on the availability of newly synthesized prePhoD sub-
strate to be targeted to the membrane. Absence of cytosolic
TatAd in a strain not producing prePhoD confirmed this thesis.
Thus, transient presence of cytosolic homomultimeric TatAd is
linked to its substrate prePhoD. In addition, this observation
points out that TatAd interacts specifically with prePhoD.

Co-immunoprecipitation demonstrated preferred binding of
TatAd to prePhoD. The weak co-purification of mature PhoD
indicated that secondary, but obviously less important binding
sites, might be present in the mature part of the protein. The
Sec-dependent transported B. subtilis protein preYvaY, mature
YvaY, or cytosolic CopR were not recognized by TatAd. It can
therefore be concluded that the twin-arginine signal peptide is
the preferred binding site of TatAd. At the moment we can not
quantify the stoichiometric ratio of the TatAd-prePhoD com-
plexes. Gel filtration of purified TatAd indicated that the solu-
ble protein forms complexes bigger than 100 kDa indicating
that functional TatAd acts as a homomultimeric protein.2

Affinity of TatAd to a 20-mer peptide library of the N-termi-
nal region of PhoD elucidated sequence specificity of TatAd

recognition. Selective binding to peptides containing the twin-
arginine motif could be observed. The different binding pattern
of SecB to the peptide library demonstrated that binding was
motif-specific. Recognition of the sequence motif was position-
dependent. Localization of the motif at the flexible N-terminal
end resulted in stronger TatAd peptide interaction and gradu-
ally decreased when the motif moved to the C-terminal attach-
ment site of the peptide. Accessibility of the recognition motif
for TatAd, especially because we observed that TatAd forms
large homomultimeric complexes, might be sterically ham-
pered if it is localized close to the inflexible C terminus of the
peptide. Therefore, preferred binding of peptides with N-termi-
nal localized RRK can be explained. The use of 20-mer peptides
might underestimate the role of the secondary and tertiary
structures of the signal peptide of PhoD for TatAd recognition.
Still, selective binding to twin-arginine motif-containing pep-
tides indicated that the twin-arginine motif is the target site
recognized by TatAd and could play, in general, an essential
role for the interaction of the Tat-translocase component TatA
with its substrates. This result is consistent with the observa-
tion that TatAd binds preferable prePhoD, but less efficiently
the mature PhoD as shown by co-immunoprecipitation.

Additional evidence about the role of particular amino acids
for TatAd binding was obtained by substitution of 10 N-termi-
nal amino acid residues of peptide DRRKFIQGAGKI-
AGLSLGLT25–44 localized in the signal peptide of PhoD. Sub-
stitution of the twin-arginine motif unambiguously demon-
strated the essence of these residues for TatAd recognition.
Beside substitution of the arginine residues, replacement of the
lysine residue had similar consequences for TatAd binding.
Therefore, it can be speculated that this third basic residue
belongs to the recognition motif of TatAd. Surprisingly, binding
of TatAd to peptides with altered RRK cluster was mainly
charge-dependent. Although conservative substitution hardly
reduced binding, uncharged amino acids reduced and acidic
amino acid residues abolished TatAd binding. Remarkably, var-
iation of amino acids localized C-terminal or N-terminal of the
RRK cluster had only inferior effects on TatAd binding indicat-
ing that these amino acid residues are not essentially involved
in the TatAd recognition. Based on these data we tend to
speculate that RRK26–28 is involved in the TatAd recognition
motif. This indicates that the proposed conserved (S/T)RRX-
FLK sequence motif of the Tat signal peptides (27) might be
involved in recognition of other Tat components. Moreover, it
cannot be excluded that TatAd, functionally active in the cy-
tosol of the B. subtilis cell, is acting different from TatA pro-

teins of other organisms and therefore shares different recog-
nition specificities. Absence of a TatB-like protein indicates
that the Tat export in B. subtilis might be functionally different
from E. coli. Most of the bacterial and plant Tat signal peptides
studied demonstrated that both arginine residues of the con-
sensus motif were critically important for the Tat transport (7,
13, 61–64). However, it has been demonstrated recently that a
single lysine substitutions for arginine either naturally occur-
ring (65) or replaced experimentally (61) were still transported
in a Tat-dependent manner. Our data confirm that one of the
arginine residues and, in addition, the lysine residue can be
substituted by another positively charged amino acid residue
and will still be recognized by TatAd. The physiological rele-
vance of this observation is currently being studied in more
detail.

Interference of twin-arginine peptides with Tat substrates
for interaction with Tat components has been first demon-
strated in an in vitro translocation system by Alami and co-
workers (66). We demonstrated that co-immunoprecipitation of
prePhoD by TatAd was interfered by addition of a peptide
containing the RRK motif. Substitution of this motif by alanine
residues resulted in a far lesser extent of this interference.
These data confirmed that interaction of soluble peptides is
sequence-specific, and co-immunoprecipitation experiments re-
flect in vivo function of TatAd. The discrepancy between the
efficient interference of peptide QNNTFDRRKFIQGAGKIAG
in the co-purification of prePhoD by TatAd and the inefficient
recognition in the cellulose-bound peptide library can be ex-
plained by a higher flexibility of soluble peptide.

Despite the fact that TatA has an unusual and not very
hydrophobic predicted structure in which only the extreme N
terminus has the potential to form a classic hydrophobic trans-
membrane helix, TatA of E. coli has been found membrane-
associated only (67, 68). Tha4, the plant TatA orthologue, was
localized entirely in the membrane of thylacoids (51, 69). Other
proteinaceous factors having affinity to TatA proteins could
possibly mediate the targeting of selected substrates (70). In
vitro translocation systems established for the E. coli Tat sys-
tem demonstrated that no soluble factors are necessary to
obtain protein translocation into inverted membrane vesicles
(66, 71). Vesicle-based transport systems might underestimate
the role of peptide-mediated targeting. In addition, because Tat
substrates fold prior to translocation, the necessity for a fast
targeting process to maintain export competence might be re-
duced compared with the Sec translocation system. Cytosolic
localization of TatAd could reflect that Tat translocation in
B. subtilis acts functionally different from other systems. Al-
though soluble TatAd could mediate targeting of newly synthe-
sized prePhoD to the translocation site, membrane-integrated
TatAd could be involved in the translocation process. Structural
and functional data of homomultimeric TatAd complexes pres-
ent in the cytosol, as well as in the membrane,3 will help to
uncover the relevance of the dual localization of TatAd.
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It has been shown recently that the twin-arginine signal peptide of Bacillus subtilis phosphodiesterase 
PhoD (SPPhoD) can mediate Tat dependent transport of proteins via its specific Tat-transport 
components. In order to test the use of Tat dependent transport signals for heterologous product 
synthesis, Escherichia coli phytase AppA was expressed under control of PhoD-specific export 
signals in B. subtilis. Induction of Tat components TatAd/TatCd was mediated by using a functionally 
altered PhoR/PhoP signal transduction system which regulates the expression of these components. 
AppA was highly susceptible to host specific extracellular proteases. Expression of appA in B. subtilis 
wprA strain resulted in the stable production of AppA. A fusion protein consisting of SPPhoD and 
mature AppA remained unprocessed, while introduction of the AppA signal peptidase cleavage site 
resulted in efficient processing of the fusion protein. 

Phytases are hydrolytic enzymes that improve the bio-availability of phosphate from phy-
tate, the major phosphorus form in plant based animal feed. Since some animals lack this 
enzyme, they excrete large amounts of phosphate. For that reason environmental pollution 
due to high-phosphate manure results in the accumulation of phosphorus at various loca-
tions. This has raised to serious ecological problems. Therefore, phytases appear of signifi-
cant value in effectively controlling phosphate pollution. Different microbial phytase ex-
pression and secretion systems including those of bacteria, yeast and fungi have been 
developed (reviewed in PANDEY et al. 2001). 
 Sec dependent secretion of recombinant proteins from Gram-negative eubacterial or eu-
karyotic origin is often inefficient because of a variety of bottlenecks in the secretion path-
way. Inefficient translocation due to fast or export incompetent folding prior to translocation 
is one of the potential hindrances of expressing particular heterologous proteins. Therefore, 
the recently described Tat dependent transport system which is able to export folded pro-
teins has high potential to circumvent this problem. Several signal peptide-LacZ fusion 
proteins previously used for studies of the Sec dependent protein transport in E. coli were 
not transported through the cytosolic membrane. High level induction of these proteins is 
frequently detrimental for E. coli due to jamming of the Sec-machinery (ITO 1982, RAS-
MUSSEN et al. 1984, TOMMASSEN et al. 1985, VOORHOUT et al. 1988). The efficient translo-
cation of LacZ through the cytosolic membrane of E. coli by using the PhoD-specific Tat 
dependent export system of B. subtilis has been recently described (POP et al. 2002). 
 The bacterial Tat dependent protein transport system has been initially described for  
E. coli (reviewed in WU et al. 2000, ROBINSON and BOLHUIS 2001, DILKS et al. 2003). It is 
used by proteins that either fold too quickly or have to fold in the cytosol due to co-factor 
association. A highly conserved twin-arginine sequence motif in the signal peptide targets 
these proteins via the Tat transport path. The pH gradient at the cytosolic membrane is the 
driving force of the Tat transport (ROBINSON 2000). Four proteins with calculated mem-
brane spanning domains are involved in this transport process (WEINER et al. 1998, SAR-
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GENT et al. 1998, BOGSCH et al. 1998). TatA, TatB and TatE are sequence related proteins 
with one predicted transmembrane helix. TatC, the fourth protein known to be involved in 
the Tat system of E. coli, has six predicted transmembrane helices (SARGENT et al. 1999). 
While TatB and TatC appear to play a pivotal role in the Tat dependent protein translocation 
in E. coli (SARGENT et al. 1998, WEINER et al. 1998, BOGSCH et al. 1998), TatA and TatE 
have an overlapping function (SARGENT et al. 1999). During or shortly after translocation, 
signal peptides are cleaved off by signal peptidases recognising an Ala-X-Ala cleavage site. 
 The B. subtilis genome encodes three TatA-like and two TatC-like proteins (JONGBLOED 
et al. 2000). TatB-like proteins appear to be absent in B. subtilis and in other sequenced 
bacilli (KUNST et al. 1997, WU et al. 2000, POP et al. 2002). Translocation of the Bacillus 
subtilis phosphodiesterase PhoD which contains a twin-arginine signal peptide, was depen-
dent on the expression of tatAd and tatCd, co-localised with phoD in one operon 
(JONGBLOED et al. 2000, POP et al. 2002). The PhoD-specific transport system was functio-
nally active in E. coli (POP et al. 2002). A protein fusion consisting of the signal peptide of 
PhoD and LacZ (SPPhoD-LacZ) was translocated after co-expression of B. subtilis tatAd/tatCd. 
These studies revealed that the minimal requirement of a Tat transport system consists of a 
TatA/TatC pair, a twin-arginine signal peptide and the pH gradient at the bacterial cytosolic 
membrane (POP et al. 2002). TatAd was found beside of its expected membrane integrated 
localisation soluble in the cytosol. Soluble homoo-ligomeric TatAd complexes had affinity 
for prePhoD (POP et al. 2003). 
 The phoD operon is a member of the so-called Pho regulon of B. subtilis (EDER et al. 
1996). The Pho regulon consists of a group of genes which are induced in response to the 
depletion of inorganic phosphate in the growth medium and is regulated by the two compo-
nent signal  transduction system PhoR/PhoP (HULETT et al. 1994). A phoR12 mutation in  
B. subtilis strain GCH872 was functionally active under phosphate replete conditions result-
ing in the induction of Pho regulon genes (MÜLLER et al. 1997). This strain allows the  
production and secretion of PhoD upon the induction of the phoR12 expression. In order to 
prove the functionality of the PhoD-specific transport system further, SPPhoD mediated ex-
port of E. coli phytase AppA was characterised in B. subtilis. Our data show the functional-
ity of TatAd/TatCd translocase for heterologous product synthesis. 

Materials and methods  

Plasmids, bacterial strains and media: Table 1 lists the plasmids and bacterial strains used in this 
study. TY medium contained Bacto tryptone (1%), BACTO yeast extract (0.5%) and NaCl (1%). Pulse-
labelling of B. subtilis strains was carried out in high phosphate defined medium (HPDM) were 
methionine was omitted from the medium (MÜLLER et al. 1997). To induce the phoD promoter  
B. subtilis phoR12 strains were grown in HPDM with the presence of isopropyl-β-D-thiogalac- 
topyranoside (IPTG). Induction of the phosphate starvation response was monitored by determining 
alkaline phosphatase activity as described previously (HULETT et al. 1990). When required, media was 
supplemented with ampicillin (Ap, 100 µg/ml), kanamycin (Km, 20 µg/ml or 5 µg/ml), chlor- 
amphenicol (Cm, 20 µg/ml or 5 µg/ml), tetracycline (Tc, 12.5 µg/ml or 5 µg/ml), IPTG (1 mM), for 
both E. coli or B. subtilis, respectively. 
 
DNA techniques: Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, 
and transformation of E. coli were carried out as described in SAMBROOK et al. (1989). Restriction 
enzymes were obtained from MBI FERMENTAS. PCR (polymerase chain reaction) was carried out with 
the VENT DNA polymerase (New England BIOLABS) using chromosomal DNA of E. coli TG1 as the 
template. 
 To construct a gene fusion between phoD and E. coli appA the appA gene lacking the 5′-terminal 
region encoding the signal sequence was amplified from the chromosome of E. coli strain TG1 by 
PCR using the primers X1 (5′-CCC CTC GAG TGC ATT CGC TCA GCG TGA GCC GG-3′) 
containing   a   XhoI   site,  and  E1  (5′-GGC GAA TTC ATT ACA AAC TGC ACG CCG GT-3′)  
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Table 1 
Bacterial strains and plasmids  

B. subtilis strains 
168 trpC2 (ANAGNOSTOPOULOS 1961) 
GCH872 168 phoR::pDKphoR::pDIAphoR12 

(PphoPRphoR PspacphoR12), Cmr, Kmr 
(MÜLLER et al. 1997) 

DN 1885 168 derivative strain, amyE, amyR2, Emr (DIETRICHSEN et al. 1990) 
DN 1885 wprA DB1885::pMUTIN′wprA′, Emr K. STEPHENSON, unpublished 
DN 1885 wprA phoR12 DB1885::pMUTIN′wprA′ 

phoR::pDKphoR::pDIAphoR12  
(PphoPRphoR PspacphoR12), Cmr, Kmr, Emr 

this work 

plasmids   
pBluescript lacZ, fl (+), ColE1 ori, Apr Stratagene 
pREP9 E. coli – B. subtilis – shuttle plasmid, PSpac, 

lacI, Kmr, Cmr 
(LE GRICE 1990) 

pORI24 plasmid replicates only in E. coli rep+ strains, 
Tcr 

(LEENHOUTS et al. 1998) 

pREP9-SPPD-appA1 pREP9 derivative plasmid, carrying a fusion 
gene consisting of the signal sequence region 
of phoD and appA,  Kmr, Cmr, Tcr 

this work 

pREP9-SPPD-appA2 pREP9 derivative plasmid, carrying a fusion 
gene consisting of the signal sequence region 
of phoD and appA including its signal peptide 
cleavage site,  Kmr, Cmr, Tcr 

this work 

 
 
containing a EcoRI site. The amplified fragment was cleaved with XhoI and EcoRI. Subsequently, the 
fragment was cloned in the corresponding sites of pBluescript SK+ (Stratagene). To produce AppA 
including its own signal peptide cleavage site, the appA gene lacking 19 5′-terminal codons of the signal 
sequence was amplified from the chromosome of TG1 by PCR using the primers E1 and X2 (5′-GGC 
GAA TTC ATT ACA AAC TGC ACG CCG GT-3′) containing a XhoI site. The amplified fragments 
were cleaved with XhoI and EcoRI, and subsequently cloned in the corresponding sites of pBluescript 
SK+ (Stratagene). In order to obtain gene fusions consisting of the signal sequence of phoD and ‘appA 
fragments, the plasmid pORI24phoD’ was first linearized with SalI and then integrated into the XhoI 
site of the pBluescriptappA plasmids. Plasmids containing the phoD-appA gene fusion were digested 
with EcoRI and recircularised to release the pBluescript sequences. The resulting pORI24phoD-appA 
plasmids were linearized with BamHI and inserted into the BamHI site of pREP9. Plasmids 
pREP9phoD-appA1 and pREP9phoD-appA2 allowed the IPTG inducible synthesis of fusion proteins 
consisting of SPPhoD and AppA. 
 
SDS-PAGE and Western blot analysis: SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was 
carried out as described by LAEMMLI (1970). After separation by SDS-PAGE, proteins were 
transferred to a nitrocellulose membrane (SCHLEICHER and SCHÜLL) as described by TOWBIN et al. 
(1992). Proteins were visualised using monospecific antibodies against TatAd (laboratory collection) 
and alkaline phosphatase-conjugated goat anti-rabbit antibodies (SIGMA) according to the manu- 
facturer’s instructions. 
 
Pulse-chase experiments, immunoprecipitation and quantification of protein: Pulse-labelling 
experiments of B. subtilis strains was performed as described earlier (MÜLLER and WAGNER 1999). 
Cultures were pulse labelled with 100 µCi [35S]methionine, chased with an excess of unlabelled 
methionine and samples were taken at the times indicated immediately followed by precipitation with 
trichloracetic acid (0 °C). After cell lysis proteins were precipitated with specific antibodies against 
AppA. Samples were assayed via SDS-PAGE. Relative amounts of radioactivity were estimated by 
using a PhosphoImager (Fuji) and associated image analytical software PC-BAS. 
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Results 

Inducible expression of appA in B. subtilis 

The 56 amino acid residues long signal peptide of PhoD containing the twin-arginine motif 
(SPPhoD, Fig. 1) has been successfully used to export β-galactosidase in a Tat dependent 
manner in E. coli (POP et al. 2002). In order to study its functionality in B. subtilis, gene 
fusions encoding SPPhoD and AppA of E. coli were constructed (Fig. 1). Plasmid 
pREP9phoD-appA2 encodes a hybrid protein of SPPhoD and ‘AppA deleted for its signal 
peptide. Since the signal peptide cleavage site of prePhoD is inefficiently processed in  
B. subtilis (MÜLLER and WAGNER 1999), plasmid pREP9phoD-appA1 encoding a hybrid 
protein containing SPPhoD and AppA including its signal peptidase cleavage site was con-
structed. AppA contains a standard signal peptide with a typical cleavage site for signal 
peptidases (Fig. 1). IPTG-mediated induction of expression of SPPhoD-AppA peptides in  
B. subtilis 168 (pREP9phoD-appA1) and 168 (pREP9phoD-appA2) was monitored by im-
munological detection of AppA in total cell extracts. No AppA was detected in either strain. 
Activity of host specific cytosolic proteases might degrade the synthesis of the AppA pep-
tides (data not shown). 
 In order to export SPPhoD-AppA fusion peptides PhoD-specific translocase components 
TatAd /TatCd  were induced. B. subtilis strain GCH872 allows the IPTG-inducible induction 
of phoR12. This results in the induction of the Pho regulon independent of the concentration 
of inorganic phosphate in the growth medium (MÜLLER et al. 1997). Induction of the Pho 
regulon was monitored by analyzing the induction of alkaline phosphatase activity (data not 
shown). As demonstrated in Fig. 2, expression of tatAd was induced in response to the in-
duction of phoR12. In the uninduced strains no TatAd could be detected. This indicates that 
the phoD operon is regulated by the PhoR/PhoP signal transduction system. 
 

 
Fig. 1 
Signal peptides of PhoD, AppA and PhoD-AppA fusion proteins.  
Signal peptide sequences of PhoD, AppA, SPPhoD-AppA fusion proteins. Their signal peptide cleavage 
sites (arrows) are indicated 
 

 
Fig. 2 
Induction of PhoD transport components TatAd in B. subtilis phoR12.   
Β. subtilis GCH872 was grown in TY medium, induction of the phoR12 was mediated by addition of 
1 mM IPTG (lane 1) or remained uninduced (lane 2). 1 hour after induction cells were harvested and 
lysed and cleared lysates were separated via SDS-PAGE. TatAd was detected via Western blotting 
using monospecific antibodies  
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Fig. 3 
Induction and processing of SPPhoD-AppA fusion protein in B. subtilis.  
Strains GCH872(pREP9phoD-appA2) (A, B) and GCH872(pREP9phoD-appA1) (C) were grown in 
synthetic medium to early logarithmic growth phase. 1 hour prior labelling expression of the phoD 
operon and the phoD-appA hybrid genes was induced with 1 mM IPTG (B, C) or remained uninduced 
(A). Cells were labelled for 1 min with [35S]methionine, after which non-radioactive methionine was 
added. Samples were withdrawn at times after chase as indicated in the figures and subjected to 
immunoprecipitation with antibodies against AppA, followed by SDS-PAGE using a 12.5% poly- 
acrylamide gel and fluorography. Localisation of SPPhoD-AppA and mature AppA is indicated 
 
 

 In strain GCH872 (pREP9phoD-appA2) a protein band cross reacting with antibodies 
against AppA was detected in response to IPTG-mediated gene induction. On the other 
hand, in strain GCH872 (pREP9phoD-appA1) no inducible synthesis of AppA was detect-
able (data not shown). In order to monitor processing of SPPhoD-AppA2, strain GCH872 
(pREP9phoD-appA2) was pulse-labelled with [35S]methionine, chased with excess of unla-
belled methionine and subsequently AppA was immunoprecipitated. In absence of IPTG no 
AppA could be immunoprecipitated (Fig. 3A). IPTG mediated induction of phoR12 and 
phoD-appA2 resulted in the synthesis of SPPhoD-AppA2. Most of the immunoprecipitated 
AppA had a molecular weight equal to that of the expected unprocessed protein. Therefore, 
it can be concluded that the hybrid protein was only inefficiently processed (Fig. 3B).  
Immunoprecipitation of AppA of pulse labelled cells of GCH872 (pREP9phoD-appA1) 
showed only traces of protein vastly disappearing upon the chase period (Fig. 3C). 

Deletion of wprA stabilizes AppA 

Despite the use of the same expression signals to produce SPPhoD-AppA2 or SPPhoD-AppA1, 
only the AppA variant with the inefficient PhoD processing site could be detected in signifi-
cant amounts. Reduced stability of AppA in GCH872 (pREP9phoD-appA1) can be attrib-
uted due to fast degradation after transport of the heterologous protein. The depletion of 
WprA, a cell wall associated subtilisin protease resulted in enhanced stability of heterolo-
gous proteins (STEPHENSON and HARWOOD 1998). In order to analyse if WprA is involved 
in degradation of AppA, B. subtilis wprA knockout strain DN1885 wprA was transformed 
with appA plasmids. Transformation of chromosomal DNA derived from strain GCH872 
resulted in DN1885 wprA phoR12, a strain allowing the IPTG-mediated induction of the 
phoD operon.  
 Both, in DN1885 wprA phoR12 (pREP9phoD-appA2) as well as DN1885 wprA phoR12 
(pREP9phoD-appA1) stable inducible synthesis of AppA was obtained. Processing of 
SPPhoD-AppA proteins was analysed via pulse-chase labelling with subsequent immunopre-
cipitation of AppA. Only 25% of the SPPhoD-AppA2 protein synthesised was converted into 
mature AppA up to  20 minutes  post-chase (Fig. 4A). In contrast, SPPhoD-AppA1 containing  
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Fig. 4 
Kinetics of processing and release of SPPhoD-AppA fusion proteins in B. subtilis wprA strains.  
B. subtilis strains DN1885 wprA phoR12 (pREP9phoD-appA1) (A) and DN1885 wprAphoR12 
(pREP9phoD-appA2) (B) were grown and induced under essential identical conditions like B. subtilis 
wprA+ strains described in Fig. 2. Samples were withdrawn at times after chase as indicated in the 
figures. Processing of AppA was assayed by immunoprecipitation with antibodies, followed by SDS-
PAGE using a 12.5% polyacrylamide gel and fluorography. Localisation of SPPhoD-AppA and mature 
AppA is indicated 
 
 

signal peptidase cleavage site of AppA was efficiently converted in its mature form 
(Fig. 4B). Similar amounts of immunoprecipitated protein during the chase period indicated 
that the protein remained stable during the post-chase period. 

Discussion 

In the present report we have shown that the export signals of PhoD, a Tat dependent trans-
ported phosphodiesterase, was able to mediate export of E. coli phytase AppA in B. subtilis. 
The phoR12 genetical background, artificially inducing the Pho regulon of B. subtilis was 
used for induction of the phoD operon encoding the tatAd /tatCd genes. B. subtilis wprA 
strains were used to stabilize AppA in its heterologous host. Upon co-induction of the PhoD 
specific transport components TatAd /TatCd via the PhoR/PhoP two components signal 
transduction system, AppA could be stably overexpressed and processed in B. subtilis. 
These data provide further evidence that the autonomous PhoD specific transport system is 
able to transport heterologous Sec dependent proteins.  
 We have shown previously that the twin-arginine signal peptide of PhoD targets PhoD or 
LacZ to a noncytosolic localisation. The Tat transport system consisting of TatAd /TatCd 
exports SPPhoD fusion peptides in a Tat dependent manner in B. subtilis as well as in E. coli 
(JONGBLOED et al. 2000, POP et al. 2002). SPPhoD contains characteristics different from 
other bacterial Sec- or Tat signal peptides (NIELSEN et al. 1997). Due to the N-terminal 
extension, the signal peptide comprising of 56 amino acid residues and is therefore, the 
longest known B. subtilis signal peptide (TJALSMA et al. 2000). In addition, its cleavage site 
does not contain the Ala-x-Ala standard cleavage site. Therefore, transport of prePhoD far 
exceeds processing. Due to inefficient processing prePhoD remains localised at the outer 
site of the membrane in B. subtilis (MÜLLER and WAGNER 1999). SPPhoD targets PhoD to the 
TatAd /TatCd translocase complex (POP et al. 2002). SPPhoD-AppA1 containing a standard 
Ala-x-Ala processing site was efficiently processed by TatAd /TatCd in B. subtilis. It can be 
concluded that inefficient processing is caused by inefficient recognition of the signal pep-
tide cleavage site rather than the N-terminal extension of SPPhoD. About 80% of SPPhoD-
AppA1 was processed at the end of the 1 min labelling period. Since no processing of 
SPPhoD-AppA could be observed in absence of TatAd /TatCd proteins, it can be concluded 
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that the Tat dependent transport system can effectively transport peptides in parallel to Sec 
dependent transport.  
 Heterologous proteins are often targets for host specific intracellular as well extracellular 
proteases. Several attempts to stabilize heterologous proteins have been made. Beside the 
inactivation of extracellular proteases (WU et al. 1991, YE et al. 1996, MURASHIMA et al. 
2002) inactivation of cell wall associated protease WprA (STEPHENSON and HARWOOD 
1998, LEE et al. 2000) has been demonstrated to stabilise production of recombinant pro-
teins. WprA is a protein involved in cell wall associated quality control, which efficiently 
removes misfolded or incompletely synthesized proteins (TJALSMA et al. 2000). Increased 
stability of AppA after translocation in B. subtilis wprA indicates that WprA is also involved 
in proof reading of Tat dependent proteins. Since AppA degradation was more pronounced 
for a hybrid protein efficiently processed than compared to the SPPhoD-AppA2 remained 
unprocessed after translocation indicates WprA does not act at the surface of the cytosolic 
membrane. 
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Summary 

We recently demonstrated that a TatAd/TatCd pair of proteins forms a functional Tat-

dependent protein export system for the secretory phosphodiesterase PhoD of Bacillus subtilis. 

Soluble TatAd was specifically interacting with its twin-arginine signal peptide. Here we show that 

TatAd forms homo-multimeric protein complexes both in aqueous solutions and in membranes. In 

aqueous solution TatAd formed distinct micelle like complexes co-sedimenting with prePhoD. Freeze 

fracture analysis of proteoliposomes revealed homo-multimerisation of membrane integrated TatAd. 

Immunogold labelling demonstrated that prePhoD was co-localised with membrane integrated TatAd 

complexes. Our data indicate that TatAd complexes are involved in targeting of prePhoD and form the 

protein conducting channel for Tat-dependent protein transport. 



 

Introduction 

 Beside the Sec-dependent protein translocation system transporting unfolded proteins through 

the cytosolic membrane of the bacterial cell, the recently discovered Tat-dependent system transports 

proteins frequently associated with cofactors prior translocation 1. It is therefore believed that it has the 

capacity to export folded proteins 2. While ongoing research resulted in a detailed knowledge of the 

energetic, kinetic and structural prerequisites required for Sec-dependent protein translocation 3-5, only 

limited knowledge of the mechanism, how folded proteins get transported through the membrane via 

the Tat system does currently exist.  

 Proteins destined for export by the Tat-system are synthesised as precursors with a signal 

peptide containing an almost invariant twin-arginine sequence motif 6. While the Sec-dependent 

transport system needs activity of translocation ATPase SecA, the Tat-dependent system requires 

neither stromal or cytosolic factors nor nucleoside triphosphates for translocation across the 

thylakoidal or cytoplasmic membrane 3. As demonstrated first for the Tat-homologous system in the 

thylakoid membrane of plant chloroplasts, it is totally reliant on the membrane pH gradient 7 ;8. In vitro 

translocation systems using E. coli components, demonstrated that transport is energized exclusively 

by the transmembrane proton electrochemical gradient 9 ;10. 

 In E. coli TatA, TatB and TatC proteins have been demonstrated to be essential for Tat-

dependent protein transport 11-14. The TatA homologous protein TatE is functionally redundant 15. The 

sequence related proteins TatA and TatB are anchored in the cytoplasmic membrane via the amino-

proximal alpha-helical domain 11. Gouffi and co-workers recently proposed function-linked changes of 

TatA and TatC topologies for the mechanism of folded protein translocation 16.  

 Currently there exist only weak ideas about the targeting of the twin-arginine precursors to the 

translocase unit and the structure of the Tat transport system. A large complex of approximately 600 

kDa containing TatABC proteins have been purified from detergent-solubilised E. coli membranes 2 

;17. Purified Tat protein complexes had a very different subunit composition. The molecular ratio of 

TatA: TatB: TatC in the cytosolic membrane of E. coli has been estimated to be about 40: 2: 1 15 ;18. 

Bolhuis and co-workers have suggested that TatB and TatC proteins form a functional and structural 

unit of the twin-arginine translocase 2. The purified Tat complexes with a molecular weight of 600 

kDa contain varying levels of TatA indicating TatA may participate in a separate complex lacking 

TatB 2 ;19. Sargent and co-workers purified a similar sized TatA/B complex. An electron 

microscopically detected double layered ring structure of the TatAB complex indicated that these 

proteins could form the protein conducting channel 18. Independently, overexpressed TatA protein 

formed a self-associated complex of 460 kDa indicating that no additional components are required for 

homo-oligomerisation of membrane localised E. coli TatA 20. In the plant thylakoid membrane two 

types of Tat complexes have been identified: one consisting of cpTatC and Hcf106 (orthologues of 

bacterial TatC and TatB) and one consisting of Tha4 (the TatA orthologue) 21. It has been suggested 

that Tha4 is required for the transport steps following precursor recognition 21 ;22. A recent study 



 

demonstrated that functional TatABC systems purified from E. coli, Salmonella thyphimurium and 

plant thylacoides of Agrobacterium tumefaciens had common structural features 23.  

While most bacterial and plant Tat systems contain three TatABC proteins, several bacterial 

and archaeal species miss a TatB-like protein 24 ;25. Thus, at least one copy of a TatA homolog and one 

copy of a TatC homolog are required for a functional Tat pathway 11 ;14 ;26. The B. subtilis genome 

encodes three TatA and two TatC-like proteins 24 ;27. Despite the frequent presence of twin-arginines in 

the N-domain of signal peptides the only substrate strictly transported Tat dependent identified so far 

is PhoD, a secretory B. subtilis phosphodiesterase 28 ;29. We have demonstrated that the expression of 

tatAd/tatCd genes co-localised with phoD in one operon was essential and sufficient to export the PhoD 
30. The second copy of a tatC (tatCy) was not required for PhoD export 27. Surprisingly, TatAd was 

found beside its expected membrane integrated localisation, also soluble in the cytosol there it showed 

affinity for prePhoD 31. The selective binding of TatAd to peptides derived from the signal peptide of 

prePhoD elucidated the function of the twin-arginine motif as target site for pre-protein TatAd 

interaction. These features suggest that TatAd interacts prior membrane integration with its pre-protein 

substrate and could therefore assist targeting of twin-arginine pre-proteins. 

 To get further insight in the function of TatAd, we studied the structural features of the protein 

both soluble as well in its membrane integrated localisation. Purified soluble TatAd formed homo-

multimeric round micelle-like complexes. Sedimentation of TatAd with its substrate prePhoD 

demonstrated affinity of both proteins. TatAd reconstituted in liposomes formed distinct homo-

multimeric structures. PrePhoD was co-localised with reconstituted TatAd. Since TatCd neither 

contributed to TatAd complex formation nor showed itself oligomerisation, our data indicate that 

homo-multimeric TatAd could form the protein conducting channel of the Tat system in the 

membrane. 

 



 

RESULTS 

Soluble TatAd forms high molecular weight complexes with affinity for prePhoD 

We previously demonstrated that TatAd selectively interacts with prePhoD. Sucrose gradient 

density centrifugation was used to get insight in the molecular organisation of soluble TatAd 

interacting with prePhoD. His6-tagged TatAd as well as prePhoD were purified from E. coli producing 

strains by Ni2+-NTA affinity chromatography. The purity and identity was elucidated by SDS-PAGE 

and subsequent immunodetection as demonstrated previously 31. Despite its calculated membrane 

localisation, purification of TatAd yielded in highly pure hexahistidine tagged protein both under 

denatured and native conditions following standard protocols. Purified protein was separated on a 

linear 5 - 25% sucrose gradient. Individual fractions were assayed for the amount of TatAd 

immunologically (Fig. 1A). A significant fraction of TatAd was found in the pellet of the gradients. 

One peak of soluble TatAd complexes sedimented with an apparent size between 150 to 250 kDa, 

demonstrating the formation of large homo-oligomeric TatAd complexes. Only a minor fraction 

floated on top of the gradient indicating the presence of single molecules. Interesting, 

immunodetection of TatAd after SDS-PAGE showed a ladder of oligomeric complexes which were not 

completely dissolved during electrophoresis. To study, if TatAd shows a similar complex formation in 

the natural host, a membrane free cell extract of B. subtilis 168(pREP9tatAd/Cd) was fractionated via 

gradient sedimentation under essentially identical conditions. Most TatAd protein was identified in the 

bottom fractions of the gradient as well as in the pellet (Fig. 1D). This demonstrated that homo-

oligomerisation occurs in vivo and is not an experimental artefact.  

In parallel gradient centrifugation was carried out with purified prePhoD. The vast majority 

prePhoD was found in the pellet of the gradient indicating that the protein aggregated during 

centrifugation (Fig. 1B). Further, sedimentation was carried out with TatAd and prePhoD in a 

molecular ratio of 10:1 (Fig. 1C). Beside the localisation of the proteins in the pellet fraction some of 

the prePhoD was found in the same density horizon like TatAd with a molecular weight of about 150 

to 250 kDa. This observation indicates that soluble homo-oligomeric TatAd complexes show affinity 

for prePhoD. In addition, the presence of TatAd obviously partially suppressed aggregation of 

prePhoD.  

Oligomerisation of purified TatAd was further characterised via gel chromatography using a 

Superdex200 column. Most of the protein was eluted as a peak at a position in the chromatograph 

corresponding to an apparent molecular mass between 100 and 150 kDa (data not shown). Since the 

molecular mass of recombinant His6-TatAd is 9633 Da, it can be concluded that soluble TatAd formed 

large homo-multimeric complexes. 

 

Structure of soluble homo-multimeric TatAd complexes  

 To obtain further insight into the structural properties and oligomeric state, we collected TatAd 

complexes with an apparent molecular weight between 150 and 250 kDa from sucrose density 



 

gradients. The protein was dialysed and subjected to negative contrast electron microscopy. His6-

TatAd was adsorbed on carbon coated Formvar filmed copper grids and stained the 2% uranyl acetate. 

Two distinct classes of round round particles could be observed. While the smaller ones had a 

diameter of about 12 nm, the large class showed round particles with a diameter of 25 nm (Fig. 2, 

arrowheads). The latter had a pronounced staining in the centre indicating that particles had a aqueous 

centre. According to their size, TatAd complexes could have a estimated oligomeric organisation 

unifying 15-25 molecules to the 12 nm particles and 50-75 molecules to the 25 nm particles. Beside 

round structures vermicular structures with a diameter of 12 nm (Fig. 2) and 25 nm (data not shown) 

were observed. Their presence indicated that both classes of particles had the tendency to pile up.  

 

TatAd is soluble in aqueous and hydrophobic solutions 

TatA proteins are an essential component of the Tat translocation system. If B. subtilis TatAd is 

acting as a targeting factor for its substrate prePhoD the soluble protein complex should alter its 

structure to integrate into the cytosolic membrane. To mimic the hydrophobic environment of 

biological membranes, purified TatAd complexes dissolved in PBS were treated with the apolar 

organic solvent chloroform. TatAd dissolved in 200 µl PBS were incubated with an equal volume of 

chloroform and thoroughly mixed. At time points indicated, samples were separated by centrifugation 

(30 minutes, 15 000g) and the two fractions were concentrated and separated via SDS-PAGE (Fig 

3A). The immunological analysis of these fractions demonstrated that TatAd was extracted from the 

hydrophilic PBS environment into the hydrophobic chloroform solution in a time dependent manner. 

For comparison lysozyme were treated under identical conditions. No protein was extracted into the 

hydrophobic fraction, as seen in the Commassie stained gels (Fig 3B). Chloroform extracted material 

was also processed by negative staining with subsequent electron microscopy. No oligomeric TatAd 

complexes were found in the chloroform fraction (data not shown).  

 

TatAd forms a homo-multimeric complex in reconstituted membranes 

 A prerequisite for transport of proteins through a cytosolic membrane is the formation of a 

protein conducting channel. The demonstration of the formation of a self-associated homo-multimeric 

complex of E. coli TatA indicated that this protein has the potential to form visible structures in 

membranes 20. According to the data obtained in E. coli by Porcelli and co-workers, TatA probably 

fulfils the role of a protein-conducting channel in the cytosolic membrane 20. Therefore, we next 

studied if TatAd forms multimeric structures in the hydrophobic bilayer of bacterial membranes. 

Proteoliposomes were formed by co-reconstitution of purified TatAd with total E. coli polar lipids. 

Membrane localisation of TatAd was monitored by immunological detection of proteins in the 

membrane vesicles (Fig. 4). Proteoliposomes containing TatAd were identified by freeze-fracture 

analysis. While in the absence of TatAd, phospholipid vesicles formed smooth membranes without 

intramembrane particles (Fig. 5A), TatAd containing freeze fractured proteoliposomes showed visible 



 

intramembrane particulate structures (Fig. 5B). Thus, it can be concluded that these structures were 

formed by multimerisation of membrane integrated TatAd. The approximate size of these 

intramembrane particles was about 10 nm. Infrequently, beside round 10 nm particles, some TatAd 

complexes were extended to long shaped filamentous and dumbbell-like structures (Fig. 5D).  

 Next, proteoliposomes were reconstituted with purified TatCd. As monitored immunologically, 

these vesicles contained a substantial amount of TatCd, indicating the efficient integration of TatCd in 

the membrane (Fig. 4). Freeze fracturing of these membrane vesicles did not result in visible 

intramembrane particulate structures, demonstrating absence or a low degree of oligomerisation of 

TatCd (Fig 5C). Reconstitution of the Tat complex using a TatAd: TatCd ratio of 10:1 did result in 

structures identical to the TatAd containing proteoliposomes (data not shown). 

  

Membrane integrated TatAd has affinity for prePhoD 

 The prerequisite of TatAd to fulfil a function as translocator would be the affinity of membrane 

integrated TatAd for its substrate prePhoD. In order to prove this thesis we next studied the localisation 

of prePhoD reconstituted in TatAd proteoliposomes. Membrane vesicles were formed in presence of 

TatAd and prePhoD, washed and further processed for freeze-fracture immuno-cytochemistry. 

Subsequent immunogold labelling of prePhoD revealed that membrane associated prePhoD was co-

localised with the particulate TatAd structures (Fig. 6). Interesting, immunogold particles were 

detected in close proximity to symmetric 10 nm particles as well as elongated filamentous TatAd 

particles. TatAd vesicles untreated with prePhoD were not labelled with immunogold particles, 

elucidating the specificity of prePhoD antibodies (data not shown). No immunogold labelling of 

prePhoD was observed in protein free phospholipid vesicles incubated with prePhoD under identical 

conditions (data not shown). 

 



 

DISCUSSION 

Due to its affinity for its substrate prePhoD, cytosolic TatAd was suggested to act as a 

targeting factor upon selective binding of its substrate 31. In order to get further insight in the nature of 

this interaction we analysed the molecular organisation of TatAd in aqueous solution and in 

hydrophobic environment. In solution, the protein formed homo-oligomeric complexes with affinity 

for prePhoD. Beside the complex formation in aqueous solutions, TatAd formed multimeric complexes 

also in proteoliposomes. Their affinity for prePhoD demonstrated the potential function of these TatAd 

particles in protein translocation. Since the presence of TatCd was not a prerequisite for membrane 

complex formation, we suggest that TatAd is actively involved in substrate recognition as well as in 

the formation of the protein conducting channel of the Tat transport system. 

A recently described special feature of the Tat system of B. subtilis was the partial cytosolic 

localisation of TatAd 31. As demonstrated above, soluble TatAd forms homo-oligomeric round particles 

with a size of about 12 or 25 nm in diameter. TatA proteins are amphiphilic molecules. They consist of 

a calculated transmembrane segment followed by an amphiphatic helix and a hydrophilic C terminus. 

Therefore, circular structures of soluble TatAd complexes can be explained as micelle-like structures. 

The small 12 nm particles could be micelles of a single TatAd layer exposing the hydrophilic C 

terminus to the aqueous cytosol while forming a nonpolar interior. Pronounced negative contrast 

staining of the middle of the 25 nm particles indicated an aqueous centre. Therefore they can be 

explained as a double ring structure forming membrane-like spherical bilayers. The hydrophobic N-

terminal helix of the molecules would form the middle of the bilayer. The hydrophilic C-terminus of 

the TatAd molecules in the outer layer is exposed to the environment and the one of the inner layer is 

forming the hydrophilic centre. The shape of these particles does not necessarily reflect the complex 

formation under physiological conditions but it provides additional information explaining the soluble 

state of this amphiphatic protein. We recently demonstrated that the double-arginine containing signal 

peptide of prePhoD is interacting with TatAd 31. The hydrophobic centre of the observed 12 nm 

micelles could accommodate the calculated hydrophobic α-helical domain of the PhoD signal peptide. 

The TatAd C-terminal region rich in negative charged amino acid residues could undergo polar 

interaction with the double-arginine motif. We are currently pursuing this line of research further. 

In order to calculate the number of molecules forming soluble TatAd complexes, purified 

protein was separated via gel filtration and sucrose density centrifugation. Both experimental 

approaches demonstrated a homo-multimerisation of the protein. Soluble complexes showed particles 

with an apparent molecular weight of 150 to 250 kDa, reflecting a number of at least 15 TatAd 

molecules per unit. Soluble wild type TatAd expressed in the gene donor B. subtilis strain showed also 

multimerisation. Their molecular weight was even higher than purified His6-tagged TatAd.  

Beside the complex formation in aqueous environment, TatAd formed homo-multimeric 

complexes in the lipid bilayer of a reconstituted bacterial membrane. Round, no further structured 

intramembrane particles with an average size of 10 nm could be observed in parallel with filamentous 



 

and dumbbell-like structures. Here, the hydrophobic part of the molecules should mediate the contact 

to the membrane and the hydrophilic part of the molecules should form a hydrophilic centre. 

Reconstituted TatAd complexes do not necessarily result in physiological active translocation units. 

The use of TatAd/Cd containing proteoliposomes for in vitro translocation of prePhoD was 

unsuccessful so far (our unpublished data), but oligomerisation of membrane integrated TatAd 

provides further evidence that TatA proteins actively contribute to the formation of a protein 

translocation unit, which would mediate transmembrane transport of Tat substrates. Despite the 

different shape of the membrane integrated TatAd complexes, the observed co-localisation with 

prePhoD indicates affinity for their substrate.  

Proteoliposomes containing only TatCd did not show particle formation. Furthermore, neither 

prePhoD nor TatCd affected multimerisation or particulate shape of TatAd complexes. Thus, it can be 

concluded that TatCd is i) not forming homo-multimeric membrane integrated complexes, ii) not 

affecting the mode of TatAd oligomerisation and iii) not likely to significantly contribute to the 

formation of a protein conducting channel.  

In the proposed model for Tat-dependent protein translocation in E. coli and in the plant 

thylakoid system, TatA proteins assemble with the TatC-TatB complexes transiently after interaction 

with the Tat substrate 21 ;22 ;32. The different stoichiometry of Tat proteins in purified complexes 

suggested that the composition of the Tat translocase might vary depending on the size of the substrate 

to be exported 17 ;18 ;20. The Tat substrates are translocated in a folded conformation while maintaining 

the pH gradient at the membrane 33. Therefore, a flexible Tat translocation unit allowing efficient 

gating is a prerequisite to maintain the pH gradient at the membrane upon ongoing protein 

translocation. The absence of a detectable cavity in the middle of TatAd particles indicates that 

multimerisation does not result in the formation of a pore like structure.  

What is the expected number of TatAd molecules forming a Tat translocase unit? The 

calculated molecular ratio of the TatABC complex in E. coli is 40:2:1. This results in a membrane 

integrated particle containing at least 40 TatA molecules 15. A self associated 460 kDa TatA complex 

purified by Porcelli and co-workers consists of about 50 molecules 20. The size of observed TatAd 

complexes, indicates that at least a similar number of molecules would contribute to the formation of a 

transport system mediating the prePhoD translocation. 

The prerequisite for the translocation of prePhoD bound to cytosolic TatAd complexes is the 

targeting to and integration into the lipid bilayer of the membrane. Dual localisation of prePhoD-TatAd 

complexes indicate that TatAd triggers this process. Extraction of TatAd into the hydrophobic solvent 

chloroform indicates that the chemical properties of this protein allow the transfer from the aqueous to 

a hydrophobic environment. Topology changes of TatA recently reported by Gouffi and co-workers, 

might assist this necessary transfer event 16. Possible receptor sites at the membrane, the driving force 

of this integration and the kinetics of this event will be addressed elsewhere. Taken together, data 

presented here demonstrate that TatAd forms homo-multimeric complexes with affinity for its 



 

substrate prePhoD both in aqueous and membrane localisation. Mechanistically, we favour a model, 

where soluble TatAd complexes recognise prePhoD and mediate its transport to the membrane. Here, 

via a not yet understood mechanism, the TatAd complex integrates into the membrane and forms the 

protein conducting channel for its substrate prePhoD. 

 

MATERIALS and METHODS 

Bacterial strains, plasmids and media  

 E. coli strains TG1(pREP4) (QIAGEN, Hilden, Germany) was used to overexpress proteins. 

Plasmids pQE9tatAd, pQE60tatCd and pQE9phoDp have been described 30 ;31. E. coli was grown 

aerobically at 37°C in TY Medium 34. As required, media were supplemented with ampicillin (100 

µg/ml), kanamycin (40 µg/ml) and isopropyl-β-D-thiogalactopyranoside (IPTG, 1 mM). B. subtilis strain 

168(pREP9tatAd/Cd) allowing IPTG-inducible overexpression of tatAd and tatCd
  31 was grown in TY 

medium to mid-exponential phase and expression of tat genes was induced with 1mM IPTG for one hour. 

Membrane-free cell extract of B. subtilis was prepared as described 31.  

 

Purification of His6-tagged proteins 

 His6-TatAd, TatCd-His6 and His6-prePhoD were purified using E. coli strains TG1(pREP4, 

pQE9tatAd), TG1(pREP4, pQE60tatCd), TG1(pREP4, pQE9phoDp) as described 31. 

 

Freeze-fracture electron microscopy  

Liposomes were concentrated by centrifugation resuspended in PBS containing 15 % (w/v) 

glycerol. Aliquots were enclosed between two 0.1 mm copper profiles as used for the sandwich 

double-replica technique. The sandwiches were rapidly frozen by plunging them into liquid propane, 

cooled by liquid nitrogen. Freeze-fracturing was performed in a BAF400T (BAL-TEC, Liechtenstein) 

freeze-fracture unit at -150 °C using a double-replica stage. The fractured samples were shadowed 

without etching with 2.0 - 2.5 nm platinum/carbon at an angle of 35°. The evaporation of 

platinum/carbon with electron guns was controlled by a thin-layer quartz crystal monitor.  

 

Fracture labelling of prePhoD 

For freeze-fracture immunogold labelling and subsequent electron microscopy the freeze-

fracture replica were transferred to a digesting solution (2.5 % SDS in 10 mM Tris buffer pH 8.3 and 

30 mM sucrose) and incubated over night according to Fujimoto 35. The replica were washed four 

times in PBS buffer and treated with PBS +1 % bovine serum albumine (BSA) for 30 minutes. Next 

they were placed in PBS containing BSA (0.5 %) and monospecific antibodies against PhoD (dilution 

1:20) for 1 hour. Subsequently the replica were washed four times with PBS and placed on a 1:50 

diluted solution of the second gold-conjugated antibody (goat anti rabbit IgG with 10 nm gold, British 

Biocell International, Cardiff, UK) in PBS containing 0.5 % BSA for 1 h. After immunogold labelling, 



 

the replica were immediately rinsed several times in PBS, fixed with 0.5% glutaraldehyde in PBS for 

10 minutes at room temperature, washed 4 times in distilled water and finally picked onto Formvar-

filmed copper grids for viewing in an EM 902 electron microscope (Zeiss, Oberkochen, Germany). 

Freeze-fracture micrographs were mounted with direction of shadowing from bottom to top. 

 

SDS-PAGE and Western blot analysis  

Protein SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were prepared as described by 

Laemmli 36. After separation by SDS-PAGE, proteins were transferred to a nitrocellulose membrane 

(Schleicher and Schüll) as described by Towbin et al. 37. Proteins were visualised using monospecific 

antibodies against TatAd, TatCd and alkaline phosphatase-conjugated goat anti-rabbit antibodies 

(SIGMA) according to the manufacturer’s instructions. 

 

Sucrose gradient density centrifugation  

 A linear sucrose gradients ranging from 5 to 25 % in PBS with a total volume of 11 ml were 

generated in a SW40 polyallomer tube with a gradient maker. Proteins resuspended in 0.2 ml PBS to a 

concentration of 1 mg/ml were loaded onto the gradient and subsequently centrifuged at 200 000g for 

16 hours. 1 ml samples were collected and processed further for immunoblot analysis. Molecular 

weight standards were prepared in the same way as the samples, to 1 mg/ml in PBS, and loading 0.2 

ml of the mixture was loaded on identically prepared gradients. Molecular weight standards were 

resolved on standard SDS-PAGE following staining with Coomassie Brilliant Blue.  

 

Preparation in proteoliposomes 

Purified His6-TatAd, TatCd-His6 and His6-prePhoD proteins were incubated with total 

membrane polar lipids at a protein-lipid ratio of 1:100 in 2 ml PBS (20 mM NaCl, 2.7 mM KCl, 1.3 

mM KH2PO4, 10 mM Na2HPO4, pH 7.3) containing 1% octyl-glucoside, for 30 min at room 

temperature. Bio-Beads SM-2 (Bio-Rad) were then added at a concentration of 160 mg per ml. To 

release the non-incorporated proteins, liposomes were subjected to ultrasonication and subsequently 

washed twice with PBS. Protein content of the proteoliposomes was detected by western blotting. 
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FIGURES 

 

Figure 1: Homo-multimeric TatAd complexes co-sediment with prePhoD. Distribution of His6-

TatAd and His6-prePhoD across 5 - 25% sucrose density gradient. Sedimentation was carried out with 

purified TatAd (A), prePhoD (B) and TatAd and prePhoD proteins (C) in a molecular ratio of 10:1. for 

comparison, membrane free cell lysate of B. subtilis strain 168(pREP9tatAd/Cd) was sedimented under 

identical conditions (D). Gradients were fractionated to 11 fractions and the pellet and subsequently 

characterised via SDS-PAGE and Western blotting using specific antisera. Sedimentation of marker 

proteins is indicated at the top.  

 

Figure 2: Negative contrast straining of soluble TatAd. His6-TatAd complexes with a molecular 

weight of 150- 250 kDa were prepurified via sucrose density gradient centrifugation. They were 

subjected to were adsorbed on carbon coated Formvar filmed copper grids and stained with 2% uranyl 

acetate. Small particles with diameter of about 12 nm (arrowheads) and large round particles with a 

diameter of 25 nm (arrows and detail views) were found. Scale bar represents 100 nm. 

 

Figure 3: TatAd is soluble in aqueous and hydrophobic solutions. 32 µg His6-TatAd or 160 µg 

lysozyme dissolved in 200 µl PBS, were thoroughly mixed with an equal volume of chloroform. At 

time points indicated samples were centrifuged and aqueous and chloroform fraction were applied for 

SDS-PAGE. B – protein dissolved in buffer, C – protein extracted to chloroform. 

 

Figure 4: Protein content of proteoliposomes. Purified proteins were reconstituted with bacterial 

lipids, sonicated washed and analysed for their content of proteins. Proteoliposomes reconstituted with 

TatAd (lanes 1 and 4), TatAd and TatCd (lanes 2 and 5) and prePhoD, TatAd and TatCd (lanes 3 and 6) 

were analysed via SDS-PAGE and subsequent Western blotting using antibodies against TatCd (lanes 

1 - 3) or TatAd (lanes 4 - 6).  

 

Figure 5: Membrane integrated TatAd forms oligomeric complexes. Electron micrographs of freeze 

fractured proteoliposomes containing His6-TatAd (B, D), His6-TatCd (C). For comparison, liposomes 

were prepared in the absence of proteins (A). Purified proteins were reconstituted in bacterial 

membrane lipids and subsequently freeze fractured. Scale bar represents 250 nm. 

 

Figure 6: Co-localisation of prePhoD with TatAd. Proteoliposomes formed in presence of His6-

TatAd and prePhoD were freeze fractured and subsequently labelled with PhoD-specific antibodies 

and 10 nm gold-conjugated secondary antibody. Scale bar represents 100 nm. 
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2. Results and discussion

The recently described Tat system has the unusual capacity to transport completely folded

proteins while maintaining the membrane barrier function. In addition, the transport process works

without the need of ATP hydrolysis. These interesting features have stirred the scientific world in the

last years. The current knowledge regarding the Tat system is mainly based on research in E. coli and

plant thylakoids. However, Tat homologues have been identified in most bacteria, archaea, plant

thylakoids and mitochondria of some higher plants (Bogsch et al., 1998).

B. subtilis is an organism widely used in the industrial production of various proteins. Its Tat system

could reveal new perspectives for the secretory production of heterologous proteins, which are not

compatible with the general secretory pathway. In the present work I assessed a significant

contribution for characterisation of the twin-arginine translocation system in this organism.

2.1 The phosphodiesterase PhoD is a substrate of the B. subtilis Tat export

system

PhoD is a member of the so-called Pho regulon of B. subtilis which is regulated by the two

component signal transduction system PhoR/PhoP (Hulett et al., 1990). When growth of B. subtilis

becomes limited by the availability of inorganic phosphate, the Pho regulon is induced by the response

regulator PhoP, which is activated by PhoR, a histidine protein kinase activated upon phosphate

starvation response. As a result, a group of genes/operons is induced. The products of these genes are

represented by enzymes involved in phosphate uptake, phosphate conservation and the utilisation of

alternative phosphate containing substrates (Takemura et al., 1996; Müller et al., 1997). PhoD is such

an enzyme with alkaline phosphatase and phosphodiesterase activities. PhoD is efficiently transported

across the cytosolic membrane but remains localised at the surface of the cell wall as a result of an

inefficient processing (Müller et al., 1997). The slowly cleaved signal peptide might function as a

membrane anchor, maintaining the enzyme cell associated.

To facilitate studies of the phosphate starvation response, a strain with an altered PhoR protein

was isolated by in vitro mutagenesis (Müller et al., 1997). This phoR12 mutation leads to a

constitutive expression of activated PhoR. This results in the induction of the phosphate starvation

response under phosphate replete conditions.

2.1.1 The wild type PhoD is not transported by the E. coli Tat system

Since the twin-arginine motif is conserved throughout in bacteria, a first question to be

addressed was whether B. subtilis PhoD is compatible with the Tat system of another bacterial species.

To check the transport specificity of this substrate, wild type PhoD and mature PhoD were produced

in E. coli, and their localisation subsequently monitored (Pop et al., 2002). While  in B. subtilis, the
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toxic effects of this enzyme are obviously neutralised by a very efficient translocation system,

induction of phoD gene in E. coli decreased the cell growth drastically, most likely due to the

enzymatic activity of this protein. Nevertheless, the transport of PhoD in E. coli was analysed via

pulse-chase experiments. The PhoD precursor was not processed even at 60 minutes after chase,

indicating that it was not translocated by the E. coli transport systems (Pop et al., 2002). Similar

results were obtained from in vivo protease mapping experiments, in which PhoD was shown to

remain in a cytosolic localisation (Pop et al., 2002).

In order to elucidate possible barriers located in the mature part of PhoD, we constructed a

hybrid protein consisting of SPPhoD and β-galactosidase. This SPPhoD-LacZ fusion was then produced in

a wild type E. coli strain. To analyse whether the signal peptide of PhoD could mediate the

translocation of LacZ into the periplasm of E. coli, we studied the localisation of LacZ by using in

vivo protease mapping experiments. E. coli Tat machinery did not recognise the signal peptide of

PhoD and the hybrid protein remained cytosolic (Pop et al., 2002). This demonstrated that E. coli Tat

machinery cannot use the Tat signal peptide of PhoD as a translocation signal. The reason why the

signal peptide of PhoD is not compatible with the E. coli transport systems, is a question that remains

to be answered.

2.1.2 Replacement of Tat signal peptide by a Sec signal peptide results in Sec-dependent export

of PhoD

To analyse whether an E. coli Sec signal peptide could assist the export process of PhoD, we

constructed a fusion protein consisting of the signal peptide of the Sec-dependent β-lactamase (SPBla)

and the mature PhoD. Interesting, as shown by immunoblotting of whole cell extract of E. coli TG1

cells producing SPBla-PhoD, the hybrid protein was processed to the mature form, indication that it

was translocated. Since β-lactamase is a typical E. coli Sec substrate, it was likely that its signal

peptide routed the hybrid to the Sec-pathway. Because Tat and Sec systems are driven by different

types of energy (∆pH and ATP), selective inhibition of those translocation routes can gain crucial

information about the identity of the involved transport system. Nigericin is an ionophore that disrupts

the pH gradient at the membrane and suppresses therefore the Tat specific energy source (Santini et

al., 1998). Sodium azide is an ATPase inhibitor, which is commonly used to block the Sec transport

pathway (Oliver et al., 1990). The treatment with sodium azide fully blocked the conversion of the

hybrid precursor to mature form, whereas nigericin did not interfere with the export process of SPBla-

PhoD (Pop et al., 2002). This result demonstrated that the fusion SPBla-PhoD expressed in E. coli was

transported in a Sec-dependent manner.

Based on these data, we can conclude that prePhoD was not exported by the E. coli transport

systems because of the incompatibility of its signal peptide with either Tat or Sec export systems.

Besides, the fact that prePhoD or SPPhoD-LacZ are not transported Sec-dependently, supports the thesis

of a “Sec-avoidance motif” present in the Tat signal peptides (Bogsch et al., 1997). Moreover, mature
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PhoD itself is compatible with a heterologous Sec transport system, if fitted with a proper Sec signal

peptide. This demonstrated that the mature PhoD itself does not contain a motif that could suppress

the effect of a Sec signal peptide. In adition, its export seems not assisted by special cofactors.

2.1.3 The signal peptide of PhoD canalises the export to the Tat system.

The inability of E. coli Tat system to recognise and translocate prePhoD and SPPhoD-LacZ

fusion suggests that the twin-arginine signal peptide of PhoD is likely to be recognised only by the

mechanism evolved to translocate this phosphodiesterase in the original host. In B. subtilis, the phoD

gene is localised in the same operon with two tat genes (tatAd/tatCd). This operon is induced as a

response to phosphate starvation. Therefore, the involvement of the co-regulated tatAd/tatCd genes in

the translocation process of PhoD seemed a reasonable thesis. To investigate this assumption, the B.

subtilis tatAd/Cd gene pair was co-expressed in E. coli strains producing wild type PhoD or the SPPhoD-

LacZ fusion. Export was analysed using pulse-chase and subsequent immunodetection experiments. In

the absence of TatAd/Cd, the hybrid protein remained unprocessed even at 40 minutes after chase,

while in the strain co-expressing B. subtilis tat genes tatAd/Cd the SPPhoD-LacZ fusion was partly

processed, already at the beginning of the chase period (Pop et al., 2002). Since processing of a pre-

protein occurs only during or after the translocation event, it can be concluded that the SPPhoD-LacZ

fusion was transported across the cytosolic membrane.

To monitor the localisation of the LacZ peptide in an E. coli strain expressing B. subtilis Tat

components, in vivo protease mapping experiments were performed. Both, the processed and the

precursor form of the fusion protein, were accessible to proteinase K, suggesting that the hybrid

protein was successfully translocated across the membrane but only inefficiently processed. The low

processing efficiency suggested an insufficient recognition of the signal peptidase cleavage site by the

E. coli LepB (Pop et al., 2002). This result resembles the inefficient processing occurred in the wild

type B. subtilis, where the translocated PhoD remained attached to the membrane via its signal peptide

(Müller & Wagner, 1999).

In addition, it was demonstrated that the translocation of the SPPhoD-LacZ fusion in E. coli does not

require B. subtilis specific cofactors.

The selective energy inhibition assays were carried out to differentiate whether SPPhoD-LacZ

was transported Sec- or Tat-dependent. The addition of nigericin abolished both the processing and

the translocation of SPPhoD-LacZ. The treatment with sodium azide had no effect on SP PhoD-LacZ

translocation but severely inhibited the export of the Sec-dependent control substrate proOmpA (Pop

et al., 2002). Thus, it can be concluded that the heterologous fusion SPPhoD-LacZ was transported in a

Tat-dependent manner, independent of ATP hydrolysis.

Since the transport of SPPhoD-LacZ fusion required only two components from the B. subtilis Tat

system, a possible involvement of E. coli Tat components was investigated. The TatAd/TatCd proteins

and the SPPhoD-LacZ hybrid were produced in an E. coli strain deleted for tatABCDE genes and an in
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vivo protease mapping experiment was performed. Most of SP PhoD-LacZ was protease accessible

indicating a non-cytosolic localisation. Intriguingly, no processing of the substrate was observed.

Although the relation between the presence of E. coli Tat components and the activity of LepB is not

yet investigated, it seems that the deletion of tat genes strongly affected the LepB ability to cleave Tat

signal peptides. This result demonstrated unambiguously that in a heterologous system, a particular

twin-arginine signal peptide is recognised as a Tat motif only by the Tat components present in the

host of origins (Pop et al., 2002).

Taken together, the data presented underlines the minimal necessity for a functional Tat export

system of B. subtilis. The twin-arginine signal peptide of PhoD, two of the five Tat components

encoded by the B. subtilis chromosome (TatAd and TatCd), and the membrane pH gradient as energy

source, form an autonomous Tat export unit (Pop et al., 2002).

2.1.4 The signal peptide of PhoD canalises the export of E. coli phytase in B. subtilis.

Phytase is a natural enzyme used as feed additive to improve the nutritional quality of phytic

acid found in rich feed components (mainly wheat bran for pigs). Phytase can be purified from

transgenic microorganisms such as fungi (Aspergillus niger), yeasts (Hansenula polymorpha) or

bacteria (Escherichia coli) (Pandey et al., 2001). Phytase has also been produced recently in

transgenic canola (Brassica napus), alfalfa (Medicago sativa) and rice (Oryza sativa) (Ullah et al.,

2002; Hong et al., 2004). The direct use of these plants as feeds provide the same benefits as adding

the purified enzyme to conventional crop diets. However, the most efficient way to produce phytase

remains the use of genetically modified microorganisms. A potential successful candidate could be the

Gram positive bacterium B. subtilis, which is already used to produce a large number of industrial

enzymes. It was already demonstrated that B. subtilis Tat system is able to export proteins which were

not compatible with E. coli Sec system. It is also demonstrated that twin-arginine signal peptides can

canalise heterologous substrates via the Tat pathway (Wu et al., 2000). In addition, we showed that

the signal peptide of PhoD (assisted by TatAd and TatCd) can canalise heterologous substrates through

the Tat system (Pop et al., 2002). Therefore, the use of the Tat Ad/Cd system of B. subtilis for

production of heterologous proteins was analysed.

In order to check whether E. coli appA gene (phytase) could be expressed and secreted in B.

subtilis, a fusion protein consisting of the signal peptide of PhoD and the E. coli AppA (SPPhoD-AppA)

was constructed. B. subtilis GCH872 phoR12 allows the artificial induction of the phoD operon. This

strain was used as host to express SP PhoD-AppA. Without the induction of tatAd/Cd genes, the hybrid

accumulated in the cytosol. By using the phoR12 background, the Pho regulon was artificially induced

and the SPPhoD-AppA fusion exported. Though, the secreted heterologous enzyme was susceptible to

be degraded by the exoprotease machinery of B. subtilis. When a strain depleted for the cell wall

associated subtilisin WprA (strain B. subtilis DN1885 wprA phoR12) was used, the overall stability of

the exported heterologous product was increased (Gerlach et al., 2004).
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Interesting, the AppA signal peptidase cleavage site (AFA-QS) was far better processed by the

B. subtilis signal peptidases compared with the original cleavage sequence of PhoD signal peptide

(VNA-AP). This was an additional confirmation of why in wild type B. subtilis, the PhoD is processed

only partially (Müller & Wagner, 1999).

Taken together, it can be concluded that the E. coli phytase can be expressed and exported by

the heterologous host B. subtilis. The export of this heterologous enzyme is Tat-dependent and is

mediated by the PhoD-specific transport system of Bacillus subtilis. For a productive export, a more

efficient signal peptidase cleavage site and an exoprotease defective B. subtilis strain should be

considered.

This result demonstrates that the combined advantages of B. subtilis and the Tat system can lead

toward a useful biotechnological tool. However, before a production process could be suggested, the

proper folding, the adequate activity, and the purity of the final product must be carefully investigated.

2.2 Components of B. subtilis Tat pathway

In most bacteria and in plant thylakoids the Tat system consists of TatA, TatB, and TatC

proteins (Wu et al., 2000). Despite the fact that some substrates need to incorporate cofactors in order

to become export-competent, no other soluble components are known to be required for the targeting

process itself. Bacilli and archaea genomes encode only two types of Tat proteins, TatA and TatC,

though some times they contain multiple copies of these tat genes. In B. subtilis, three TatA and two

TatC proteins are present (Jongbloed et al., 2002). As demonstrated above, the PhoD-specific

transport system of this bacterium consists of only one pair of TatA/TatC proteins. The tatAd/tatCd

gene pair was shown to translocate the SPPhoD-LacZ fusion protein in E. coli without the need of any

specific B. subtilis cofactor (Pop et al., 2002). The apparent simplicity of B. subtilis Tat systems and

the extremely small number of translocated substrates, suggest that this export system has evolved as a

high adaptation for exporting a very particular substrate in very particular circumstances.

2.2.1 TatAd is a protein with dual topology

As mentioned above, B. subtilis genome encodes three different TatA proteins:

TatAd/TatAc/TatAy. The tatAd gene is localised in the same operon with phoD, hence the name

“tatAd”.TatAd is a typical TatA protein with an apparent size of 7,36 kDa. It is predicted to have one

amino terminal transmembrane helix, followed by an amphiphatic helix and then an unstructured C-

terminal end. For the E. coli TatA, both helices are proved to be essential for their function, while the

C-terminal domain is not important (Lee et al., 2002)



79

Information about topology of B. subtilis Tat components are acquired only from computer prediction

studies. In order to get further insight into the structure of B. subtilis translocase, the cytosolic

membrane of B. subtilis expressing the phoD operon was investigated by freeze-fracture

cytochemistry. This is a powerful technique to study the macromolecular architecture of

biomembranes (Fujimoto, 1997). Subsequent immunogold labelling of freeze fractured B. subtilis

membranes, using monospecific antibodies against TatAd was carried out to localise this protein and

to identify possible TatAd-containing membrane structures. TatAd was found evenly distributed at both

sides of the cytosolic membrane, confirming its predicted topology. Strikingly, a substantial amount of

gold particles was localised in the cytosol (Pop et al., 2003). Similar results were obtained using B.

subtilis GCH872 phoR12 or E. coli strain expressing tatAd/Cd. Given the attraction of this observation,

different control experiments were performed. B. subtilis cells grown in phosphate rich media cannot

express the Tat components. These cells were freeze-fractured and subsequent immunogold detection

using antibodies against TatAd was carried out. The absence of gold particles demonstrated the

specificity of the antibody. Under similar conditions, freeze-fractured cells were immunogold labelled

with antibodies against the chaperone DnaK and the integral membrane protein SecY. As expected,

the chaperone DnaK was detected only in the cytosol and SecY was predominantly localised in the

cytosolic membrane (Pop et al., 2003). In order to eliminate any uncertainty regarding the results

obtained via freeze fracture experiments, localisation of TatAd was further elucidated by classical cell

fractionation experiments as well as by immunogold labelling of ultrathin sections of phosphate-

starved B. subtilis 168 cells. Again, beside the expected membrane associated localisation, a

substantial amount of TatAd was detected in the cytosol of the cell. As control in the ultrathin

sectioning experiments, DnaK and SecY were immunogold-labelled in parallel, showing identical

distribution like in freeze fractured cells: DnaK was localised in the cytosol and SecY was found in

the membrane (Pop et al., 2003). In conclusion, different detection methods demonstrated

unambiguously that B. subtilis TatAd is not, as predicted, an exclusive membrane protein but is also

localised in the cytosol of the cell.

Figure 5. Computer prediction of TatA protein structure. The grey cylinders represent the membrane and

amphiphatic helices; the arrow a beta-strand and the black line an unstructured domain.
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2.2.2 TatAd operates as targeting factor for PhoD

The dual topology of TatAd could be essential in understanding of the Tat export system of B.

subtilis. This observation is even more interesting, since it is the first report that shows the existence of

a soluble Tat component, while it is claimed that targeting and translocation via the Tat/∆pH pathway

function without the involvement of soluble proteins cofactors (Cline et al., 1992). What could be the

function of a soluble TatAd fraction? In order to address this question we searched for possible

interrelations of soluble TatAd with the other participants in the translocation process, particularly with

the translocated substrate PhoD. In order to study a possible correlation with the substrate PhoD, the

localisation of TatAd was investigated in a strain deleted for the phoD gene. Interestingly, in the

absence of PhoD, TatAd was entirely localised in the membrane (our unpublished data). This

observation indicates indirectly that soluble TatAd might be necessary for targeting of prePhoD to the

membrane.

In addition, kinetic studies revealed that cytosolic localisation of TatAd in phosphate-starved B.

subtilis 168 was time variable. At the onset of phosphate starvation substantial amounts of TatAd were

detected in the cytosol, while upon ongoing starvation cytosolic TatAd decreased concomitant with

increasing the amount of membrane integrated TatAd (Pop et al., 2003). These results excluded the

possibility that the “soluble TatAd” fraction could be only a natural transient protein fraction, newly

synthesised in the cytosol and on the way to the membrane.

Since TatAd exists also soluble in the cytosol playing a potential role in the targeting process of

prePhoD, its affinity to this substrate was further investigated. Using the tandem affinity purification

technology (TAP), a new method for purifying protein complexes under native conditions, it is possible

to demonstrate the interaction between partner proteins in situ (Gavin et al., 2002). The TAP tag is a

tandem epitope consisting of two binding modules: the ProteinA and the calmodulin binding protein.

To elucidate the possible interaction of TatAd with prePhoD, a DNA region encoding the TAP tag was

fused at the C-terminal end of tatAd gene. In parallel, the ATG start codon of tatAd (tatAd’) was also

linked to the TAP encoding region. The resulting fusions tatAd-TAP and TatAd’-TAP were first

integrated into the phoD operon of the B. subtilis 168 chromosome and then synthesised under

phosphate depleted conditions. The proteins were subsequently purified from the cytosol using the

standard TAP protocols. After purification, the TAP peptides were assayed for the presence of PhoD.

Although no PhoD could be co-purified with the TAP tag alone (TatAd’-TAP), some prePhoD was co-

purified with TatAd-TAP. This result demonstrated the in situ interaction between TatAd and prePhoD

and confirmed once more, the presence of soluble TatAd in the cytosol of the cell. This was the first

direct indication that TatAd may act as a targeting factor for its substrate PhoD (Pop et al., 2003).

In parallel, the affinity between TatAd and prePhoD was further analysed via co-

immunoprecipitation experiments, using purified His-tagged [35S]-prePhoD and purified His-tagged

TatAd, and TatAd monospecific antibodies (Pop et al., 2003). PrePhoD was efficiently co-

immunoprecipitated (60% from the input), whereas only low levels of precursor were

immunoprecipitated when either TatAd or TatAd-antibodies were omitted from the mixture.
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To analyse the interaction specificity, we investigated affinity of TatAd to the radiolabelled mature

PhoD (m-PhoD), the Sec-dependent B. subtilis preYvaY and m-YvaY proteins, and CopR, a cytosolic

protein involved in replication control of plasmids. Except of m-PhoD, which was precipitated in

proportion of 25%, all the other proteins showed affinities around the background level. These data

indicate that particularly the signal peptide of PhoD contains the information that mediates the affinity

to TatAd, playing a crucial role in its recognition process. However, the weak affinity showed by m-

PhoD could attest as well, a role of this part of the protein in stabilising the complex made with TatAd.

2.2.3 TatAd has a sequence-specific affinity with the signal peptide of PhoD

Because the signal peptide of PhoD was shown to be important for the affinity to TatAd, we

suggested that the twin-arginine motif could be a specific target for the soluble TatAd. Cellulose-bound

peptide arrays have been successfully used to characterise substrate binding motifs of different proteins

(Gerharz et al., 2001). Therefore, we used a cellulose-bound peptide scan consisting of 20-mer peptides

that overlap by 19 residues over the sequence of the 60 N-terminal localised amino acids and covering

the 56-amino acid residue-long signal peptide of PhoD (Pop et al., 2003). Interesting, purified

radiolabelled TatAd showed highest affinity to peptides containing the twin-arginine motif (R26R27),

especially when these residues were localised at the N-flexible end of the peptides. The affinity was

observed, though to a lesser extent, also for peptides starting with RK residues (R27K28), indicating that

lysine could be actively involved in the recognition motif. Purified radiolabelled SecB showed a

different binding pattern, confirming the specificity of the method (Pop et al., 2003).

Supplementary evidence about the role of particular amino acids for TatAd binding was obtained

by substitution each in turn by all of 10 N-terminal amino acid residues of the twin-arginine containing

peptide DRRKFIQGAGKIAGLSLGLT25-44. Binding pattern showed that substitution of the twin-

arginine motif decreased binding of TatAd most seriously. In addition, substitution of lysine residue

following the RR motif also decreased the affinity for TatAd. This demonstrated the particular

importance of the twin-arginine motif for TatAd affinity (Pop et al., 2003).

The co-immunoprecipitation experiments allowed to study the role of the signal peptide of PhoD

as a whole. Therefore, we repeated this experiment in the presence of synthetic peptides containing the

twin-arginine motif. The addition of QNNTFDRRKFIQGAGKIAG peptide, significantly decreased the

amount of co-immunoprecipitated prePhoD by TatAd. In contrast, the peptide

QNNTFDAAAFIQGAGKIAG in which the RRK sequence motif was replaced by an AAA sequence

affected the precipitation of prePhoD to a much lesser extent. The competition between synthetic RR-

peptides and the signal peptide of PhoD in binding of TatAd, confirmed the specific affinity of TatAd to

PhoD, particularly to the twin-arginine containing signal peptide (Pop et al., 2003).

Although the obtained data might bear an inevitable in vitro limitation factor, these studies

clearly revealed that the RRK26-28 sequence from PhoD signal peptide represents the recognition motif

for soluble TatAd.
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2.2.4 Cytosolic TatAd is organised in soluble homo-oligomers

TatAd is an amphiphilic molecule, which consist of a calculated transmembrane segment

followed by an amphiphatic helix and a hydrophilic C-terminus. The high molecular ratio of this

protein over the other Tat components suggests that its physiological functions may be associated with

the organisation in molecular complexes rather than single molecules. As it can be easily purified in a

soluble form, its molecular organisation was investigated, both in hydrophilic and hydrophobic

environments.

Sucrose density gradient centrifugation experiments are successfully used to separate protein

complexes of different sizes. We employed this method in order to find out the molecular organisation

of soluble TatAd. Purified TatAd protein was loaded onto such sucrose gradient and subsequently ultra-

centrifuged. The resulting gradient fractions were assayed by western blotting using specific TatAd

antibodies (Pop et al. submitted for publication). A significant fraction of TatAd was found in the pellet

of the gradients indicating that the protein formed large aggregates. Another big fraction of soluble

TatAd was sedimented at the position in the gradient corresponding to the 150 - 250 kDa window,

demonstrating the formation of large homo-oligomeric complexes. Essentially similar results were

obtained using, instead of purified TatAd, membrane free cell extract of B. subtilis strain over-

expressing tatAd/Cd  (Pop et al. submitted for publication). This demonstrated that homo-

oligomerisation occurs also in vivo and it is not an experimental artefact.

To obtain further insight into the structural properties of TatAd, the 150-250 kDa complexes from

sucrose density gradients were subjected to negative contrast electron microscopy (Pop et al. submitted

for publication). The micrographs revealed two different classes of ring-shaped particles with diameters

of 12 and 25 nm respectively. They can be explained as micelle-like structures consisting of one or two

protein layers. The small ones can be formed by one layer of 15 to 25 TatAd molecules oriented with

the hydrophobic transmembrane helix to the middle and thus, exposing the amphiphatic segment to the

hydrophilic environment. The big particles can consist of two layers of 50 to 75 TatAd molecules

oriented with the hydrophobic transmembrane helices to one another forming the median region of the

“protein bilayer”, whereas the amphiphatic segments are facing the hydrophilic exterior or are

enclosing a hydrophilic cavity. In addition to these particles, filamentous structures were also detected.

Since they have about the same diameters like the described particles, it can be suggested that both 12

and 25 nm particles have the tendency to pile up and form filaments.

2.2.5 PrePhoD has affinity to TatAd homo-oligomeric complexes

In parallel, gradient centrifugation was carried out with purified prePhoD (Pop et al. submitted

for publication). The vast majority of prePhoD was found in the pellet of the gradient indicating that the

protein aggregated during centrifugation. Next, sedimentation was carried out with a mixture of TatAd

and prePhoD in a molecular ratio of 10 : 1. Surprisingly, not all prePhoD was localised in the pellet.

The protein sedimented partly in the same density horizon as TatAd, corresponding to a molecular
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weight of about 150 to 250 kDa. This observation indicates that soluble homo-oligomeric TatAd

complexes show affinity for prePhoD. With other words, the presence of TatAd abolished the

aggregation for a part of prePhoD molecules, suggesting a tight physiological interaction between both

molecules.

2.2.6 Soluble TatAd integrates in hydrophobic membranes

In order to fulfil the proposed targeting function, soluble TatAd complexes should have the

capacity to cope similarly with both hydrophilic and hydrophobic environments. In vivo, after

interacting with prePhoD, the soluble TatAd complexes could integrate into the membrane forming the

translocon. The same concept was applied to investigate the putative dual behaviour of TatAd

complexes in vitro. By combining an aqueous TatAd solution (mimicking the hydrophilic cytosol) and

the apolar solvent chloroform (mimicking the hydrophobic cytosolic membrane), it was possible to

extract, to some extent, the soluble protein into the hydrophobic chloroform fraction. As a control, the

hydrophilic protein lysozyme remained 100% in the aqueous solution. This result demonstrated that the

amphiphatic protein TatAd can shift from a soluble to a hydrophobic environment (Pop et al. submitted

for publication).

However, chloroform is just a hydrophobic medium that can affect protein-protein and lipid-

protein interactions, which normally take place in a real membrane environment. To check the

organisation of TatAd in a more appropriate surrounding, we investigated its molecular organisation in

the hydrophobic bilayer of a biological membrane. Therefore, proteoliposomes were reconstituted with

total E. coli polar lipids in the presence of purified TatAd. The purified protein was successfully

embedded into the lipid bilayer as monitored by immunological detection. Freeze fracture experiments

of the reconstituted proteoliposomes revealed visible intramembrane particulate structures. Since those

particles were missing from protein-free liposomes, it can be concluded that they were made by

multimerisation of membrane integrated TatAd. The approximate size of these intramembrane particles

was about 10 nm. Here, the hydrophobic part of the molecules should mediate the contact to the

membrane, and the hydrophilic part of the molecules should form an aqueous core. Infrequently, beside

round 10 nm particles, some TatAd complexes were extended to long shaped filamentous and

dumbbell-like structures. The fact that TatAd can integrate in the membrane as multimeric units reflects

a very flexible molecular organisation of those complexes (Pop et al. submitted for publication).

As demonstrated above, the soluble TatAd complexes interact with the substrate prePhoD in vivo.

Because during the integration into the hydrophobic bilayer TatAd is likely to undergo a structure

alteration, this may affect the affinity with already bound prePhoD. To analyse if membrane

integrated TatAd complexes have affinity to prePhoD, liposomes were formed in the presence of both

proteins and localisation of prePhoD was assayed via freeze fracture cytochemistry and subsequent

immunogold labelling. The gold particles were co-localised with the above-described TatAd 10 nm

particles. This observation suggested that membrane integrated TatAd has affinity for prePhoD.
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Because PhoD is a hydrophilic protein which cannot , by itself, integrate in a hydrophobic

environment, the only possibility is to be localised in a sort of aqueous cavity enclosed/formed in the

middle of TatAd complex (Pop et al. submitted for publication).

The molar excess of TatAd, the observed TatAd membrane complexes, the ability of soluble TatAd to

integrate into membranes, are indications pointing toward TatAd as forming the protein-conducting

channel used to export folded proteins by the Tat system of B. subtilis. Still, relevant in vivo data is

not yet demonstrated. Whether or not TatAd is really forming the translocation pore assembly in a

living cell remains a question to be answered.

2.2.7 TatCd is a genuine membrane protein with potential receptor function

TatCd, the second protein shown to be involved in the B. subtilis PhoD export system, is an integral

membrane protein predicted to have six spanning domains. For E. coli TatC, the N- and C- terminal

helices are shown to be localised in the cytosol (Sargent et al., 1998; Yen et al., 2002; Behrendt et al.,

2004).

In order to get further insight in the molecular organisation of this membrane protein, proteoliposomes

were reconstituted with purified TatCd and total E. coli polar lipids. As monitored immunologically,

these vesicles contained a substantial amount of TatCd, indicating the efficient integration of TatCd in

the hydrophobic membrane. Freeze fracturing of these membrane vesicles demonstrated the absence

of any visible membrane structure suggesting a low degree of TatCd oligomerisation. Co-

reconstitution of TatAd and TatCd at a ratio of 10 : 1 did result in similar structures observed in the

TatAd containing proteoliposomes (data not shown). It can be therefore assumed that TatCd does not

structurally contribute to the formation of the translocation pore (Pop et al. submitted for publication).

What could be then the functional role of TatCd in B. subtilis? In order to preserve the membrane

barrier function, the Tat translocase should be a dynamic machinery. The six spanning helices of TatC

indicate a quite inflexible protein topology. In E. coli, TatC has been predicted to be the receptor for

the Tat substrates (Bogsch et al., 1998). To fulfil this function in B. subtilis, membrane integrated

TatCd should show affinity to the substrate prePhoD and/or to the prePhoD containing TatAd

complexes. To analyse this hypothesis, first, the affinity between TatAd and TatCd was analysed by

using column bound TatCd and subsequent treatment with purified His6-TatAd. A substantial amount

of purified His6-tagged protein remained bound to the column (Schreiber et al. in preparation). This

was a first indication that both proteins show affinity to each other.

Similarly, soluble TatAd showed affinity to inverted membrane vesicles containing TatCd. As a

control, no TatAd was found bound to TatCd-free membrane vesicles. To elucidate this relationship

further, we studied the affinity of purified [35S]-labelled His6-TatAd to a cellulose bound TatCd peptide

library. Interesting, TatAd showed a selective affinity, particularly to the sequences corresponding to

the predicted cytosolic loops of TatCd (Schreiber et al. in preparation). These data strongly suggest

that B. subtilis TatCd could act as a receptor for TatAd.

In order to elucidate the receptor function of TatCd further, we studied the kinetic integration of
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TatAd into the cytosolic membrane. Pulse chase experiments demonstrated that TatAd shifts its

localisation from the cytosol to the membrane with a variable rate, depending if the cells express or not

tatCd gene. When TatCd was absent, the TatAd integration in the membrane was a slow process

compared with the case in which TatCd was produced (Schreiber et al. in preparation). This kinetic

study elucidated the special affinity between the two proteins, supporting the TatCd receptor thesis.
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2.3 The role of type I signal peptidases of B. subtilis in the processing of

PhoD

The processing of the bacterial secretory pre-proteins by the signal peptidases is essential for

their release into the environment. After emerging at the outer side of the cytosolic membrane, the

signal peptides of the secretory pre-proteins are cleaved off by signal peptidases. B. subtilis,

chromosomally encodes multiple paralogues type I signal peptidases (SipS, SipT, SipU, SipV, and

SipW) (van Dijl et al., 1992; Bolhuis et al., 1996; Tjalsma et al., 1997; Tjalsma et al., 1998). Given this

large number of signal peptidases, a first question to be addressed was whether certain signal peptidases

of B. subtilis have a dedicated function for the processing of PhoD. In order to elucidate this aspect, the

effects of single and multiple sip mutations on the release of mature PhoD into the growth medium

were investigated. First, single sip mutants of all five chromosomally encoded signal peptidases (∆sipS,

∆sipT, ∆sipU, ∆sipV, and ∆sipW) were grown in phosphate depleted conditions and their extracellular

proteome analysed by 2D gel electrophoresis. The secretion of PhoD in all five single sip mutants

tested was not affected (Jongbloed, 2002). As a control, no PhoD was detected in a double tatCd-tatCy

mutant (Jongbloed et al., 2000). These data demonstrate that none of the type I signal peptidases of B.

subtilis have a particular role for the processing of PhoD.

Since the function of type I signal peptidases of B. subtilis appears to be redundant, at least for

the processing of Sec-dependent substrates (Tjalsma et al., 1997; Antelmann et al., 2001), the secretion

of the Tat dependent PhoD was analysed for multiple sip mutants strains. Thus, quadruple sip mutants

∆sipSUVW and ∆sipTUVW were investigated in the genetic background of strain 8G5, a non-

sporulating derivative of B. subtilis 168. As observed for the single sip mutant strains, multiple sip

mutations had no effect on the secretion of PhoD. It can be therefore concluded that none of the minor

type I signal peptidases are important for the PhoD secretion and in addition, the presence of either

SipS or SipT is sufficient for this process (Jongbloed, 2002). The next question to be addressed was

whether there is any difference between the activity of these two major type I signal peptidases SipS

and SipT, regarding the processing of the Tat substrate PhoD. In order to answer this question, in vivo

processing of PhoD was analysed in the quadruple sip mutant strains ∆sipSUVW and ∆sipTUVW.

Despite the low level of secreted PhoD, the detection of both, the precursor and the mature form of

PhoD in the cell bound fraction revealed a similar processing efficiency for the SipS and SipT (Pop et

al. in preparation). To get further insight in the activity of SipS and SipT, the processing of purified

His-tagged prePhoD was investigated in vitro, using purified His-tagged SipS and SipT. Interesting, no

processed PhoD was detected even after 60 minutes of incubation with the Sip proteins. As controls,

the purified His-tagged precursor of Bacillus licheniformis α-Amylase (preAmyL) and a fusion protein

consisting of the signal peptide of PhoD and the mature domain of E. coli maltose binding protein

(SPPhoD-MalE), were treated under similar conditions. Both substrates were processed after only one

minute of incubation, by either SipS or SipT, with a similar efficiency (Pop et al.  in preparation). This
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demonstrated that the purified Sip proteins were enzymaticaly active and that the original cleavage

sequence of PhoD signal peptide (VNA-AP) is recognised by both major type I signal peptidases. The

lack of processing observed when purified His-tagged prePhoD was used can be explained as result of

fast aggregation of the purified substrate. Subsequently, the signal peptidase cleavage site was not

accessible to the Sip proteins. In conclusion, the present data indicate that for the processing of PhoD,

any of the two major type I signal peptidases of B. subtilis is sufficient. However, further experiments

are currently carried out in order to achieve a fine tuning regarding the possible differences in the

activity of the two major type I signal peptidases SipS and SipT in the processing of Tat substrate

PhoD.

2.4 The mechanism of the Tat export of B. subtilis

While all studies published so far describe Tat systems involving TatABC proteins, B. subtilis

lacks a TatB-like protein. The involvement of only two Tat components together with the

demonstrated dual localisation of TatAd clearly shows, that the B. subtilis Tat system represents a

different export mechanism. The data obtained during my Ph.D. period, together with result obtained

before, provide some first indications of how the transport of the Tat substrate PhoD could be

organised. Further studies are still necessary to get more insight into the particular steps of this

translocation system. Based on our current data, the following model for the transport of PhoD in B.

subtilis can be suggested (Fig.6):

1) Induction of the substrate and transport system components. When B. subtilis is growing in an

environment limited for inorganic phosphate, the cellular phosphate starvation response is induced.

This response includes the expression of the phoD operon encoding the secretory phosphodiesterase

PhoD and the Tat components TatAd and TatCd. So far, PhoD is the only protein transported via this

transport system.

2) Folding of prePhoD and multimerisation of TatAd. The newly synthesised prePhoD is most

likely folded in the cytosol. In parallel, produced TatAd forms soluble homo-multimeric complexes.

These complexes may be micelle-like particles, which could have a hydrophobic centre and a

hydrophilic envelope.

3) Complex formation of TatAd with its substrate prePhoD. In the cytosol soluble TatAd

complexes bind their substrate prePhoD, which is recognised preferably via the twin-arginine motif

from its signal peptide.

4) Targeting. The TatAd-prePhoD complex moves to the membrane where it interacts with

TatCd. TatCd fulfils the function of a receptor at the surface of the cytosolic membrane.
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5) Membrane integration. After the contact with the TatCd receptor the TatAd-prePhoD complex

integrates into the cytosolic membrane driven by the pH gradient. During this intergration process the

TatAd complex inverts its conformation. The hydrophobic helices mediate the contact to the lipid

bilayer and the hydrophilic part of the protein forms the protein conducting channel.

6) Translocation. PrePhoD is exported through this protein-conducting channel. The

translocation process is mediated by the pH gradient at the membrane. After the export is completed,

the conducting channel is closed and the substrate PhoD moves laterally from the translocase.

7) Processing. During or shortly after translocation, the signal peptide of PhoD is recognised and

processed by specialised signal peptidases ("). Depending of the efficiency of processing, the mature

PhoD remains membrane-anchored via its signal peptide or is released into the cell wall and the

growth medium. The cleaved signal peptide is degraded in the membrane via specific signal peptide

peptidases.

.
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Figure 6. The translocation model of the PhoD specific Tat transport of B. subtilis (see text for

details).
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Summary

The newly discovered twin-arginine translocation (Tat) system has the capability to transport

folded proteins through the cytosolic membrane. Proteins transported via this transport system are

synthesised as pre-proteins with an N-terminal localised signal peptide containing an almost invariant

twin-arginine sequence motif. The pH gradient at the membrane is currently the only known driving

force mediating the transport of the pre-proteins through the Tat pathway. This translocation system

was initially described for the transport of proteins into plant thylakoids. In the meanwhile, Tat

pathway has been described for a variety of eubacterial organisms. Because of its ability to transport

fully folded proteins, the possible biotechnological implications of the Tat system have raised the

scientific interest. Due to its capacity to secrete a large amount of proteins into the growth medium,

the Gram positive bacterium Bacillus subtilis has a long history for the large scale production of

proteins. The special capabilities of the Tat system could convey to a even more powerful tool for the

secretory production of heterologous proteins.

The presence of TatA- and TatC-like proteins as well as pre-proteins carrying twin-arginine

signal peptides, indicated that the Tat export probably exists also in B. subtilis. It has been

demonstrated previously that the transport of PhoD, a phosphodiesterase synthesised with a twin-

arginine signal peptide, was dependent on the TatCd protein. PhoD and the genes encoding the

components TatAd and TatCd are localised in one operon. As a response to phosphate starvation, all

three genes are simultaneously induced. We demonstrated that TatAd and TatCd form an autonomous

translocation system in the donor strain and in heterologous organisms. Particularly, they mediate the

transport of PhoD, as well as hybrid proteins containing the signal peptide of PhoD as translocation

motif. Precisely, we showed that the twin-arginine signal peptide of PhoD canalised the Tat-dependent

transport of ß-galactosidase LacZ in E. coli and the E. coli phytase AppA in B. subtilis.

In order to get insight in the mechanism, how PhoD is transported in a Tat-dependent manner, we

studied the biochemical characteristics of the translocase components. TatAd is a protein with one

calculated membrane spanning domain. Nevertheless, besides its predicted membrane integrated

localisation, was found also soluble in the cytosol. The soluble TatAd forms homo-multimeric

particles, which have affinity to prePhoD, particularly to its twin-arginine motif from the signal

peptide. According to our data, we suggest that TatAd play the role as targeting factor for prePhoD.

Besides, TatAd was found to form detectable structures also in the membranes of reconstituted

liposomes. These homo-multimeric complexes had affinity to prePhoD. Since TatCd does not have the

tendency to form complexes in the hydrophobic bilayer, it can be concluded that TatAd may

significantly contribute to the formation of the translocation channel, which conducts prePhoD

through the cytosolic membrane.

Despite that fact that the detailed mechanism of the PhoD specific Tat-dependent transport is not

known yet, data presented here brought a significant contribution in describing the particular steps for

the Tat-dependent transport of folded proteins through biological membranes.
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Zusammenfassung

Das erst vor kurzem beschriebene Doppelarginin-Proteintransport- (Tat-) System hat die

Fähigkeit, bereits gefaltete Proteine durch die cytosolische Membran zu transportieren. Proteine,

welche diese Exportroute nutzen, werden als Vorläuferproteine mit einem N-terminal lokalisierten

Doppelarginin-Signalpeptid synthetisiert. Dieses invariante Sequenzmotiv kanalisiert den Tat-

abhängigen Proteintransport. Der pH-Gradient der Membran ist die gegenwärtig einzig bekannte

Engeriequelle, die den Translokation dieser Vorläuferproteine vermittelt. Das Tat-System wurde

zuerst für den Import von Proteinen in pflanzliche Thylakoide beschrieben. Inzwischen wurde die

Existenz dieser Exportroute auch in einer Reihe eubakterieller Organismen nachgewiesen. Aufgrund

der spezifischen Fähigkeit gefaltete Proteine zu transportieren, besteht ein großes Interesse, dieses

System für biotechnologisches Anwendungen zu nutzen. Durch die Möglichkeit, große

Proteinmengen in das Wachstumsmedium zu sekretieren, wird das Bakterium Bacillus subtilis seit

langem für die industrielle Herstellung von Proteinen. Durch den Einsatz des Tat-Systems besteht nun

die potentielle Möglichkeit, in diesem Organismus weitere heterologe Proteine zu erzeugen, die sich

aufgrund zu schneller Faltung bisher nur ineffizient sekretorisch produzieren ließen.

Die Anwesenheit von TatA- und TatC-ähnlichen Proteinen sowie von Vorläuferproteinen, die ein

Doppelarginin-Signalpeptid tragen, deutete darauf hin, dass der Tat-Transportweg auch in B. subtilis

existiert. So wurde bereits nachgewiesen, dass der Transport von PhoD, einer Phosphodiesterase, die

mit einem Doppelarginin-Signalpeptid synthetisiert wird, von TatC abhängig war. PhoD und die

Gene, welche die Komponenten TatAd und TatCd kodieren, sind in einem Operon lokalisiert. In

Antwort auf Phosphatverarmung werden alle drei Gene simultan exprimiert. Wir haben gezeigt, dass

TatAd und TatCd ein autonomes Translokationssystem sowohl in B. subtilis als auch in heterologen

Systemen bildet. Es vermittelt den Transport von PhoD sowie von Hybridproteinen, die das

Signalpeptid von PhoD als Translokationssignal tragen. Wir haben nachgewiesen, dass sowohl das

Doppelarginin-Signalpeptid von PhoD den Tat-abhängigen Transport der ß-Galaktosidase LacZ in E.

coli als auch der E. coli Phytase AppA in B. subtilis vermittelt.

Um weiter Einblicke in den Mechanismus des Tat-abhängigen Transports von PhoD zu erhalten,

untersuchten wir die biochemischen Eigenschaften der Translokasekomponenten. TatAd ist ein Protein

mit einer kalkulierten transmembranspannenden Domäne. Trotzdem konnten wir es sowohl in der

Membran als auch im Cytosol nachweisen. Lösliches TatAd bildet homomultimere Komplexe, welche

Affinität zu prePhoD, speziell zum Doppelargininmotiv des Signalpeptides, haben. Aus diesen

Ergebnissen kann man schlussfolgern, dass TatAd eine Funktion beim Targeting von prePhoD besitzt.

Weiterhin wurde demonstriert, dass TatAd detektierbare Strukturen in Membranen rekonstituierter

Liposomen bildet. Diese homomultimeren Komplexe hatten Affinität zu prePhoD. Daraus lässt sich
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schließen, dass TatAd maßgebend an der Bildung des transmembranalen Exportkanals beteiligt ist, der

die Translokation von PhoD vermittelt.

Obwohl der vollständige Mechanismus des Tat-abhängigen Transportsystems von PhoD noch

nicht bekannt ist, liefern die hier dargestellten Ergebnisse einen wichtigen Beitrag zum Verständnis

des Transportes gefalteter Proteine durch die cytosolische Membran.
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