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TatC activity- and specificity determinants for protein 
secretion by Bacillus subtilis 

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

Introduction 

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

Results 

TatC hybrid proteins are unable to secrete YwbN. 

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

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

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

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

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

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

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

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

 

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

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

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

 
 
 

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

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

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

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

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

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

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

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

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

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

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

 

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

 
Inactivity of TatC hybrid proteins points towards multiple essential regions.  

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

Previous mutagenesis studies involving E. coli TatC have provided a wealth of data 
concerning essential and important residues in the TatC protein for Tat substrate binding 
and translocation (summarised in Table 1). In this study, we have applied similar 
approaches to obtain clues on the importance of conserved residues in Gram-positive TatC 
proteins for the first time. Based on protein sequence alignments a range of conserved and 
non-conserved residues in the N-terminal regions of B. subtilis TatCy and TatCd were 
selected for substitution by alanines. The effects of these mutations on the secretion of 
YwbN and PhoD, respectively, are shown in Figure 6 and are summarised in Table 1. 
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Strikingly, substitution of conserved residues in TatCy and TatCd resulted in different 
effects on their respective substrate secretion. In addition, significant differences in 
importance of conserved residues in TatCy, TatCd and E. coli TatC were observed. For 
instance, the E. coli TatCL16A mutant showed only a minor effect on secretion efficiency of 
TorA or the TorA-GFP fusion protein (Allen et al., 2002), whereas the leucine-alanine 
substitution on the same position in TatCy (TatCyL18A) and TatCd (TatCdL15A) resulted in a 
complete block in transport of YwbN or PhoD, respectively.  
 
Fig. 8A represents an alignment between B. subtilis TatCy, B. subtilis TatCd and E. coli 
TatC, in which the effect of amino acid substitutions in the TatC proteins on Tat substrate 
translocation is indicated in colours. As is clearly illustrated, amino acids that were 
consistently found to be essential (indicated in red) for E. coli TatC activity (R17 and E103) 
seem to have a different degree of importance for activity of TatCy (R19 and E102), 
whereas they are equally essential for PhoD secretion by TatCd (R16 and E96). 
Furthermore, as is indicated by the residues highlighted in blue, certain amino acids are not 
essential, but do show an effect on substrate binding or translocation when substituted. In 
some cases, the severity of this effect can differ depending on the substrate. For instance, 
Buchanan et al. (Buchanan et al., 2002) described a complete block in transport of TorA-
GFP when the aspartate on position 211 in TatC was changed into an alanine or an 
asparagine, or a severe effect when changed into a glutamate (also shown in Table 1). In 
contrast, the TatCD211A mutant was found to have no effect on secretion or binding of the 
SufI substrate (Holzapfel et al., 2007;McDevitt et al., 2006). It is therefore uncertain 
whether differences in effects of the substituted residues in TatCy and TatCd are the result 
of the use of two different substrates, and if identical effects will be obtained when studying 
translocation of an identical substrate.  
 
Recent studies concerning the essential character of conserved residues in the signal 
peptides of Tat-dependent substrates of E. coli have also indicated that the effect of 
substitution of such a residue may be substrate-dependent (Mendel et al., 2008). For 
instance, the most conserved feature in all Tat substrates, the double arginines, is only 
completely essential for Tat-dependent translocation in some cases, often depending on the 
substrate at study (Mendel et al., 2008). As expected, all information required for substrate 
binding to the TatBC receptor complex is located in the N region of the signal peptide, as 
Tat substrate mutants lacking this region were no longer associated with TatBC (McDevitt 
et al., 2006). Within this N region, the RR motif was in fact shown to play an essential role 
in binding to TatC, as determined by photoaffinity crosslinking studies (Alami et al., 2003). 
However, later reports suggest otherwise. Even though RR>KK and RR>AA mutants of 
SufI can no longer be translocated into the periplasmic space, an interaction with the TatC 
protein was still observed (McDevitt et al., 2006). Additionally, TatC suppressor mutants 
found to restore the secretion of the translocation-defective TorA(RR>KQ)-MalE fusion 
protein were still able to bind the wild type TorA-MalE substrate (Kreutzenbeck et al., 
2007). These observations indicate that the function of the conserved double arginine 
residues in Tat substrates is far more complex than simply functioning as a recognition and 
binding site, as was previously suggested by McDevitt et al. (2006). In fact, when studying 
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binding of substrate to the TatBC complex in thylakoids or E. coli, other equally conserved 
residues in the extended consensus region appeared to play an important role. An example 
of these conserved residues is the phenylalanine on position +2 relative to the RR motif. 
This residue is highly conserved in bacterial Tat signal peptides, although almost never 
observed in Tat substrates of the thylakoidal Tat pathway. Interestingly, introduction of 
such a phenylalanine on position +2 in the tOE17 Tat substrate of thylakoids resulted in an 
increase of binding affinity to the TatBC (Hcf106-cpTatC) complex (Gérard and Cline, 
2007). As is shown in Figure 8B, all signal peptides of substrates used in the above 
described mutagenesis studies contain a phenylalanine on position +2, except for B. subtilis 
YwbN (highlighted in red in Figure 8B). This may explain the differences in essential 
character of changed conserved residues between TatCy and TatCd, such as TatCyE102, for 
the secretion of YwbN and PhoD, although additional mutagenesis and biochemical 
crosslinking studies will have to be performed to prove that theory. 
 
So far the mechanism of secretion of folded proteins by the Tat machinery remains 
inconclusive, although several working models for E. coli Tat have been published (Sargent 
et al., 2006;reviewed in Lee et al., 2006a). The results from this study demonstrate that, 
despite Tat component similarities and regional homologies, specific differences in 
substrate affinity and translocation activity exist even within the same organism. 
Nevertheless, we agree with previous conclusions that the N-terminal half of TatC plays a 
determining role in substrate recognition and binding. In addition, we have shown for the 
first time that the extreme C terminus of TatCy in B. subtilis is also essential for 
translocation activity.  
 
A comparative model of the N-terminal regions of B. subtilis TatCy, TatCd and E. coli 
TatC is depicted in Figure 9, in which the results of mutagenesis studies are indicated in 
similar colours as in Figure 8A. Unfortunately, no crystal structures of the TatC proteins 
have been elucidated yet, which could provide vital clues on the presence of binding 
pockets and the positioning of individual amino acids in respect to their neighbouring 
residues. Therefore, the positioning of the residues in Figure 9 is purely hypothetical, but 
nevertheless illustrates important differences between the three TatC proteins.  
 
It is likely that the substrate specificity determinants for Tat-dependent protein secretion in 
B. subtilis are a combination of explicit properties of TatA and TatC components as well as 
Tat substrate signal peptides and perhaps even the mature protein sequence. Together with 
specific crosslinking and signal peptide mutagenesis studies, models as illustrated in Figure 
9 may provide important clues on Tat substrate binding requirements and, as a result, on 
Tat substrate specificity 
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Materials and methods 

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

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

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

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

Table 2  Plasmids and strains 

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

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

Cmr; Emr 
(Bron et al., 1998) 

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

2000) 
   

Strains Relevant properties Reference 

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

mcrB1; rspL 
(Wertman et al., 
1986) 

B. subtilis   
168 trpC2 (Kunst et al., 

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

2004) 
168 ΔtatCdCy 
X-ywbN 

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

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

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

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

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

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

Name Sequence 

MKCy-F GCCGAGCTCAAAGGAGGTAAGTTAGGATGACACGAATG 
MKCd-F GCCGAGCTCGAAAGGGAGGGCTTTTTTG 

MKCys-R CGCGGATCCTTATTTTTCAAACTGTGGGTGCGACCAATTCGATTGCCCAGAAGACAC 
MKCds-R CGCGGATCCTCATTTTTCAAACTGTGGGTGCGACCAATTCGAAGCGGCCGCCGCTGTTTCT

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

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