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The secret to creativity is knowing how to hide your sources 

(Albert Einstein). 

Luria Bertani medium does not exist (This thesis). 

Dietro ogni problema c'e un'opportunita - For every problem there is an 

opportunity (Galileo Galilei). 

Science is a series of judgments, revised without ceasing 

(Pierre Emile Duclaux, French biochemist, bacteriologist). 

It remains a major scientific challenge to unravel the specific mechanism of 

protein translocation across biological membranes via the Tat translocase 

(This thesis). 

Proteases have a cooperative and tightly balanced role in the quality control 

of substrates accepted by the B. subtilis Tat system (This thesis). 

During the evolution of B. subtilis as a colonizer of ecological niches in the 

soil and plant rhizosphere, there must have been a particular I y high 

selective pressure on phosphate acquisition (This thesis). 

Growth of B. subtilis under microaerobic conditions require a high-affinity 

uptake system for Fe(Il), which is clearly reflected by the EfeUOB transport 

system (This thesis). 

The WprA protease is active right at the exit of the Tat translocation 

channel where it can remove substrates that are not correctly folded or 

transported across the membrane (This thesis). 

Tat-dependently secreted proteins of B. subtilis are not by definition 

protease-resistant (This thesis). 

Do I really look like a guy with a plan? You know what I am? I'm a dog 

chasing cars. I wouldn't know what to do with one if I caught it! You 

know, I just, do things. (The Joker speaking to Two-Face; quote from 

The Dark Knight). 



ISBN 
978-90-367-5894-9 

Printing 
Printed by lovebird design & printing solutions. 

Copyright 
All the rights reserved. No part of this publication may be reproduced or 
transmitted in any form or by any means without the permission of the 
author and the publisher holding the copyright of the published articles. 

Cover 
Cover design by Leyla Mohseninejad and Carmine G. Monteferrante. An 

astronaut holding a 3D representation of the TatAd-ring in his hands while 

standing on an agar plate with Bacillus subtilis colonies resembling the 
moon. Scientific exploration of a microscopic world with the scientist trying 
to understanding and explaining it. 



Cm6. 

RIJKSUNIVERSITEIT GRONINGEN 

The twin-arginine translocation network of 

Bacillus subtilis 

Proefschrift 

ter verkrijging van het doctoraat in de 

Medische W etenschappen 

aan de Rijksuniversiteit Groningen 

op gezag van de 

Rector Magnificus, dr. E. Sterken, 

in het openbaar te verdedigen op 

woensdag 3 december 2012 

om 12:45 uur 

door 

Centrale u 
Medi�che M 
Bibliotheck C 
Groningcn G 

Carmine Giuseppe Montef errante 

geboren op 18 oktober 1984 

te Termoli, ltalie 



Promotor: Prof. dr. J.M. van Dijl 

Beoordelingscommissie: Prof. dr. E. Ferrari 

Prof. dr. M. Marahiel 

Prof. dr. B. Oudega 



Paranimfen: Federico Iovino 

Monika Anna Chlebowicz 



The studies described in this thesis were performed at the Faculty of 
Medical Sciences, Departement of Medical Microbiology; section 
Molecular Bacteriology of the University Medical Center Groningen and 
University of Groningen within the Graduate School for Drug Exploration 
GUIDE. 

The research described in this thesis was supported by funds from the CEU 
project TranSys 

Publication of this thesis was financially supported by the Graduate School 
for Drug Exploration (GUIDE) and University of Groningen, Groningen, 
The Netherlands 

!!�.�.�-�'\ 
D,ug Ex.lo,oUon � 

� 

H/ . 
. 

rijksuniversiteit 
groningen 



Chapter 1. 

Chapter 2. 

Chapter 3. 

Chapter 4. 

Chapter 5. 

Chapter 6. 

Contents of this thesis 

Introduction and scope of the thesis 

Mapping the twin-arginine protein translocation 

interactome of Bacillus subtilis. 

Submitted for publication in Proteomics 

TatAc, the third TatA subunit of Bacillus subtilis, 

can form active twin-arginine translocases with 

the TatCd and TatCy subunits. 

Published in Applied and Environmental Microbiology 

2012, 78(14):4999-5001 

Bacillus subtilis TatA complexes are too small to 

form homooligomeric translocation pores. 

In revision for publication in Traffic. 

An environmental redox switch allowing high-affinity 

9 

35 

71 

81 

uptake of ferrous and ferric iron by the YwbLMN transporter. 

Submitted for publication in Chemical Biology. 

Degradation of the twin-arginine translocation substrate 

Y wbN by extracytoplasmic proteases of Bacillus subtilis. 
Published in Applied and Environmental Microbiology, 

2012, 78(21 ):7801-4. 

109 

157 



Chapter 7. 

Chapter 8. 

Chapter 9. 

Chapter 10. 

Appendices: 

Specific targeting of the metallo-phosphoesterase YkuE to 

the Bacillus cell wall requires the Twin-arginine translocation 

system. 
Published in Journal of Biological Chemistry 2012, 

287 (35):29789-800. 171 

Environmental salinity determines the specificity and need for 

Tat-dependent secretion of the YwbN protein in 

Bacillus subtilis. 

Published in PLoS ONE 2011, 6(3):el8140 

High salinity growth conditions promote Tat-independent 

secretion of Tat substrates in Bacillus subtilis. 
Published in Applied and Environmental Microbiology 2012, 

78(21 ):7733-44. 

Summary and general discussion 

I. 

II. 

III. 

Dutch summary (Nederlandse samenvatting) 

Acknowledgments (ringraziamenti) 

List of publications 

205 

231 

263 

279 

291 

295 



Chapter 1 

Introduction and scope of the thesis 

9 



Chapter 1. 

The twin-arginine translocation network of Bacillus subtilis 

Protein traffic is a central aspect of life. All living cells are composed of an inner 

part that is protected from the outside, but not entirely isolated. A cell, in fact, 

needs to interact with the surrounding environment in order to import nutrients and 

other substances to sustain its own metabolism and growth, and it needs to secrete 

molecules that will then be used in many different processes. To do so, cells need 

routes that facilitate the movement of molecules within the different compartments. 

Also, to prevent mis-localization of transported molecules or jamming of the 

transport routes, the cells need particular quality control mechanisms. These routes 

are generally represented by specific transport systems and channels that are 

embedded in the membrane bilayer with different levels of specificity for the 

molecules that have to be transported. Such transport systems are involved in many 

key cellular processes, such as ion exchange, the regulation of metabolite 

concentrations, disposal of toxic compounds, transport of nucleic acids, or 

secretion of pheromones, peptides and proteins. 

In this thesis I have focused on the study of one transport system in particular, 

namely the Twin-arginine translocation system (Tat), which is present in the 

cytoplasmic membranes of a wide range of bacterial and archaeal species, and in 

the thylakoidal membrane of chloroplasts (Robinson, C. et al., 2011; Palmer, T. 

and Berks, B. 2012; Frobel, J. et al 2012). The organism that was used for these 

studies was Bacillus subtilis, a Gram-positive rod-shaped bacterium, which is 

commonly found in the soil and plant rhizosphere. Notably, B. subtilis has served 

important roles as a model organism in scientific research and it is probably best 

known for its application in the biotechnological production of enzymes and 

vitamins (Ferrari, E. et al., 1993; Earl, A.M. et al., 2008; Pohl, S. and Harwood, C. 

2010) 

Introduction 

The Tat pathway is an interesting transport system, because it possesses the unique 

ability to transport proteins in a folded state, using the proton-motive force as sole 
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Introduction 

source of energy (Cline, K., and H. Mori. 2001; Robinson, C. and Bolhuis, A. 

2004; Mtiller, M. and Klosgen, R.B., 2005; Robinson, C. et al., 2011; Palmer, T. 

and Berks, B. 2012; Frobel, J. et al 2012). It derives its name from the fact that the 

transported proteins are provided with a twin-arginine motif in their signal peptides 

(Chaddock, A.M et al., 1995; Stanley, N.R. et al., 2000). In most organisms, the 

Tat pathway is not essential for growth and cell viability, which raises the question 

why cells need such a system, especially since the transport of folded proteins 

consumes vast amounts of energy and requires the potentially deleterious opening 

of a large channel in the membrane. It is thus fundamentally different from the 

essential general secretory (Sec) pathway, which transports substrates in an 

unfolded state through a relatively narrow channel (Driessen, A.J. and Nouwen, N. 

2008; Yuan, J. et al 2010). 

Various previous studies have addressed the main features of the Tat system. Most 

of these were carried out with chloroplasts or the Gram-negative bacterium 

Escherichia coli (Robinson, C. and Bolhuis, A. 2004; Mliller, M. and Klosgen, 

R.B., 2005). In recent years, the Tat system of the Gram-positive bacterium B. 

subtilis has attracted much interest from the scientific community especially in 

relation to biotechnological applications involving the production of commercially 

relevant secreted proteins (Jongbloed, J.D.H. et al., 2000; Jongbloed, J.D.H. et al., 

2002; Jongbloed, J.D.H. et al., 2004; Briiser, T. 2007; Kolkmann, M. et al., 2008) 

In this thesis I present, recent advances in our understanding of the mechanisms 

that govern the functioning of the B. subtilis Tat system. Particular attention is 

attributed to the interactions that occur between the main Tat machinery 

components and other regulatory partners, and the behavior of the system when 

cells are exposed to different growth conditions, such as high salinity of the growth 

medium or phosphate starvation. 

TatABC - the main subunits of the Tat system 

The essential components of the Tat system in E. coli are the TatA, TatB and Tat C 

subunits which, respectively, are homologous to the Tha4, Hcfl 06 and cpTatC 
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Chapter 1 

subunits of the Tat system in the chloroplasts of green plants (Weiner, J.H. et al., 

1998; Sargent, F. et al., 1998; Bogsch, E.G. et al., 1998; Settles, A.M. et al., 1998; 

Cline, K., and H. Mori. 2001; Robinson, C. et al. , 2011; Palmer, T. and Berks, B. 

2012). Gram-positive bacteria, like B. subtilis, contain a more simple Tat system 

that includes only TatA and TatC subunits. In this case, TatA has a bifunctional 

role since it is able to compensate for the absence of a TatB subunit (Jongbloed, 

J.D.H. et al., 2004; Jongbloed, J.D.H. et al., 2006). This finding is consistent with 

the fact that TatA and TatB proteins show low, but significant, amino acid 

sequence similarity, and that these proteins have similar membrane topologies 

(NoucCin) and secondary structures (Yen, M.R. et al., 2002; Greene, N.P. et al., 

2007). Current models for TatA and TatB predict the presence of an N-terminal 

membrane-spanning region connected by a short hinge to an amphipathic helix that 

ends with an unstructured and positively charged C-terminus. TatB, in addition, 

possesses an extension at the C-terminal end, which is absent from TatA (Weiner, 

J.H., et al., 1998; Sargent, F. et al., 1998). This structural model has been recently 

confirmed for the TatAd subunit of B. subtilis, which was studied by circular 

dichroism (CD) spectroscopy and solid state 15N-Nuclear Magnetic Resonance 

(NMR) (Mueller, S.D. et al., 2007, Lange, C. et al., 2007, Hu, Y. et al., 2010 

Walther, T.H. et al., 2010). These studies demonstrated the presence of a single 

transmembrane a-helix with a 17° tilt and an amphiphilic helix that does not 

traverse the membrane, but lies along its surface (Figure 1). Other recent studies 

on TatA isoforms of E. coli and B. subtilis revealed a critical functional role for the 

hinge region that connects the N-terminal and the C-terminal parts of these proteins 

(van der Ploeg, R. et al., 2011). Different amino acid substitutions in this region 

were shown to increase, reduce or totally abolish the activity of this TatA proteins 

confirming their functional importance. Unfortunately, equally detailed 

mutagenesis studies on TatB are not yet available so comparisons between the 

TatA and TatB proteins are possible only for few residues. Intriguingly, similar 

mutations at equivalent positions in TatA and TatB had differing effects on the 

activity of the Tat pathway, underpinning the view that these related proteins have 
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Introduction 

evolved to different functions in protein translocation (van der Ploeg, R. et al., 

2011). 

cell wall 

cytoplasm 

TatA Tate 

Figure 1: Membrane topology of the TatA and TatC proteins of B. subtilis. 

In this respecit it is of notice that many organisms contain multiple TatA isoforms. 

Thus, E. coli has two TatA isoforms (named TatA and TatE) (Sargent, F. et al., 

1998) and B. subtilis has three TatA isoforms (named TatAc, TatAd and TatAy) 

(Jongbloed, J.D.H. et al., 2000). 

The TatC protein is the larger subunit of the Tat system. Tate contains 6 

transmembrane spanning domains as observed in cysteine scanning mutagenesis 

experiments performed with the TatC protein of E. coli (Figure 1) (Punginelli, C. et 

al., 2007). In a recent study on the purified B. subtilis TatCd it was shown by 

different CD spectroscopic approaches that this protein has an a-helical content 

that is close to the expected 50% with significant tilt (Nolandt, O.V. et al., 2009). 

However, it was not possible to determine whether all the detected helices span the 

membrane, or whether some lie on the surface as observed for TatAd (Nolandt, 

O.V. et al., 2009). 

Notably, while most bacteria contain only one Tate subunit, B. subtilis possesses 

two Tate subunits named TatCd and TatCy (Jongbloed, J.D.H. et al., 2000; 
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Jongbloed, J.D.H. et al., 2004). The latter two TatC subunits are needed to secrete 

different substrates and for this purpose they operate in conjunction with specific 

TatA isoforrns. TatCd and TatAd are required for the secretion of the 

phosphodiesterase PhoD (Jongbloed, J.D.H. et al., 2000; Pop, 0. et al., 2002). In 

contrast, TatCy and TatAy are required for the secretion of the Dyp-type 

peroxidase YwbN, and the localization of the metallophosphoesterase YkuE to the 

cell wall (Jongbloed, J.D.H. et al., 2004; Monteferrante, C.G. et al., 2012). 

Some TatA isoforrns appear to be functionally redundant as exemplified by the E. 

coli TatE protein and the B. subtilis TatAc protein. E. coli TatE can partially 

compensate for the absence of TatA in the translocation of some Tat substrates 

(Sargent, F. et al., 1999; Baglieri, J. et al., 2012). In contrast, no role was so far 

identified for TatAc in B. subtilis, which cannot compensate for the absence of 

TatAd or TatAy (Jongbloed, J.D.H. et al., 2004; Eijlander, R.T. et al., 2009). 

Nevertheless, TatAc is able to form active translocases together with TatCd and 

TatCy when these subunits are co-expressed in E. coli (Monteferrante, C.G. et al., 

2012). 

Tat-substrates and their RR-signal peptides 

A classification of the different Tat substrates based on their enzymatic activities or 

dimensions is not possible. The proteins that are translocated via this route are, in 

fact, involved in different unrelated cellular processes and have sizes that, in B. 

subtilis, can range from ~34 kDa for YkuE up to ~66 kDa for PhoD. In E.coli, the 

sizes of transported proteins range between ~51 kDa for Sufi and 94 kDa for TorA. 

A common feature of Tat substrates that were subject to in-depth studies is that 

they are transported in a folded state, which is actually needed for the acceptance 

by the Tat translocon in the membrane (Robinson, C. and Bolhuis, A. 2004; 

Palmer, T. et al. , 2005; Sargent, F. 2007; Robinson, C. et al. , 2011; Palmer, T and 

Berks, B.C. 2012). Furthermore, many of these proteins contain metals or other co

factors that need to be inserted in the folded protein prior to translocation 

(Aldridge, C. et.al., 2008; Palmer, T and Berks. B.C. 2012). However this is not a 
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fundamental characteristic of all Tat substrates and there is also evidence that small 

unfolded proteins can be transported via the Tat system of E. coli (Berks, B.C. et 

al., 2005). Furthermore, transport of unfolded proteins via Tat has been reported in 

chloroplasts. The main unifying feature of all Tat substrates is the presence of an 

N-terminal signal peptide that contain the twin-arginine motif. These signal 

peptides have a tripartite structure with an N-terminal polar region, a central 

hydrophobic region and a C-terminal region that often contains a signal peptidase 

cleavage site (Figure 2) (Cristobal, S.J. et al., 1999; Tjalsma, H. et al., 2000). The 

twin-arginine motif is usually located at the junction of the N- and C-terminal 

regions of the signal peptide. Initially, the presence of the two adjacent arginine 

residues in the twin-arginine motif was thought to be essential, but mutagenesis 

studies on twin-arginine signal peptides from E. coli demonstrated that the first 

residue can be replaced with a lysine residue without loss of function (Buchanan 
G., Palmer T., 2001). The second arginine in the twin-arginine motif, on the other 

hand, appears to be essential. 

N-region 

Twin arslnine 
sl1nal peptide .._ _______ _ 

YwbN MSDEQKKPEQ!HMDI!.K 

H-region 

WG.4.MAGA.A VAIGASGLGGUP 

PhoD MAYDSRFDEWVQKLKEESFQNNTFD.B:B,KFI QGAGKIAGJ.SLGLTIAQ 

Sec si1nal peptide 

AmyE 

Epr 

N-region H-region 

+ 

ISLLPLFAGFLLLF HLV.UGPA..� 

MKNMSCK LVVSVTLFFSFLTJGPL 

C-region 

0 
LVQTAAKP 

S\'G,YEV 

C-region 0 +ATA 

ASoETA 

� 

Figure 2: Twin-arginine signal peptides. Positively charged residues in the N-region and (potential) 

signal peptidase cleavage sites in the C-region are underlined. 

15 



Chapter l 

Accordingly, the currently recognized consensus sequence for Tat signal peptides 

in bacteria is R/K-R-X-H-H with H being a hydrophobic amino acid residue and X 

any other residue. Other important characteristics of Tat signal peptides are a 

relatively low overall hydrophobicity of the H-region (Cristobal, SJ. et al., 1999; 

Tjalsma, H. et al., 2000) and the presence of positively charged residues in the C

region. These features make twin-arginine signal peptides unattractive for the Sec 

translocase, which preferentially binds signal peptides with a more hydrophobic H

region and lacking positively charged residues in the C-region. 

Studies in E. coli have shown that twin-arginine signal peptides can be used to 

direct the Tat-dependent transport of proteins that are normally transported via the 

Sec pathway, or even to direct the transport of normally cytoplasmic proteins, such 

as the green fluorescent protein (GFP) (Tullman-Ercek, D. et al., 2007; Barnett, 

J.P. et al., 2009). While this works very well in E. coli, previous studies have 

shown that the Tat pathway of B. subtilis is more restrictive in the acceptance of 

normally Sec-dependent proteins or proteins like GFP (Kolkmann, M. et al., 2008; 

van der Ploeg, R. et al., 2012). To date only one successful example of the 

redirection of a Sec-dependent protein into the B. subtilis Tat pathway is known, 

which concerned the alkaline protease AprE (Kolkmann, M. et al., 2008). The 

export of GFP via the Tat pathway in B. subtilis is also possible although this was 

so far only demonstrated for the inactive protein (Meissner, D. et al., 2007; van der 

Ploeg,_�- et al., 2012). N�vertheless, the Tat translocases of B. subtilis have the 

intrinsic capability to transport active GFP as was shown upon their heterologous 
\ 

expression in E. coli (Barnett, J.P. et al., 2009). It is presently not clear why the Tat 

pathway in B. subtilis is so restrictive, but this property might indicate the presence 

of not yet characterized quality control systems that reject proteins that are not 

recognized as suitable for transport via Tat. 

Mechanism of protein transport via Tat 

The mechanisms that drive protein translocation via the Tat system are still poorly 

understood. Current models for protein translocation via the Tat systems of E. coli 
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lntroduction 

and chloroplasts propose that a TatBC subcomplex acts as the receptor for substrate 

recognition and binding. Subsequently, the TatBC-substrate complex will recruit 

multiple complexed TatA molecules leading to the formation of a pore that is 

sufficiently large to allow membrane passage of the substrate protein (Robinson, C. 

et al., 2011; Baglieri, J. et at., 2012). Several experimental data have led to this 

view. For example, cross-linking studies provided evidence for early direct 

contacts between twin-arginine signal peptides and the TatBC subunits (Alami, M. 

et al., 2003), and complexes of TatBC subunits with bound substrate molecules 

have been purified in the absence of TatA (Tarry, M.J. et al., 2009). Furthermore, 

cryo-Electron Microscopy (EM) studies of TatA subunits revealed ring-like 

structures of different sizes with potential central channels and lid-like structures 

that might serve to seal the channels in the absence of bound substrate (Gohlke, U. 

et al., 2005). Since these TatA complexes had different sizes, it was proposed that 

this would allow the Tat system to accommodate substrates of different dimensions 

(Gohlke, U. et al., 2005). This potential role of the TatA complexes was recently 

challenged by studies on the E. coli TatE protein, which forms complexes that are 

much smaller than the smallest complexes observed for TatA (Baglieri, J. et al. , 

2012). These TatE complexes would be too small to form a protein-conducting 

channel by themselves. Nevertheless, TatE is able to promote the translocation of 

several Tat-substrates in the absence of TatA. Based on these findings two possible 

alternative models were proposed for protein translocation via Tat. A first 

possibility would involve the entire TatABC complex in the formation of the 

translocation channel with the TatA/E subunits working as a trigger for 

translocation activity. A second possibility would be that multiple TatA and TatE 

molecules would bind to the TatABC core complex upon substrate binding, thereby 

allowing flexibility in pore size with multiple TatA/E complexes generating 

translocation channels of different diameters (Baglieri, J. et al. , 2012). 

In most Gram-positive bacteria the TatB component is missing and it seems that 

the entire Tat-dependent protein translocation process is carried out solely by TatA 

and TatC subunits (Jongbloed, J.D.H. et al., 2000; Jongbloed, J.D.H. et al., 2004; 

Jongbloed, J.D.H. et al., 2006). This implies some differences in the translocation 
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process compared to the situation in E. coli and other Gram-negative bacteria or 

chloroplasts. Firstly, TatA functions as a substitute for TatB (Jongbloed, J.D.H. et 

al., 2006). As mentioned above, this view is confirmed by the observation that B. 

subtilis TatA proteins can replace TatB in E. coli (Barnett J.P. et al., 2008; Barnett 

J.P. et al., 2009). Accordingly, the TatAC subcomplexes most likely serve as the 

substrate receptors in B. subtilis. Upon substrate binding, these complexes would 

recruit TatA complexes to form active Tat translocons for substrate translocation 

(Figure 3). Secondly, the B. subtilis TatA complexes have a discrete mass of 

~160,000 to ~200,000 (Barnett J.P. et al., 2008). They are thus much smaller than 

the complexes formed by E. coli TatA, 

TatAC Pore formation ... 
/ 

RR si&nal peptide 
ls removed 

Figure 3: Tat translocation model in B. subtilis. TatAC complexes presumably serve in the binding of 

substrate proteins. Upon substrate binding, TatA complexes are recruited, which leads to pore 

formation and membrane passage of the substrate. Upon membrane translocation, the RR-signal 

peptide is removed by the action of signal peptidases. 

which range in mass between under 100,000 to over 500,000 (Oates, J. et al., 

2005). This seems to imply that individual TatA complexes of B. subtilis are 

incapable of forming protein-translocating channels by themselves that would 

allow the passage of the largest Tat substrates. Thirdly, consistent with the 

relatively small size of the TatA complexes of B. subtilis, the TatAC complexes of 

B. subtilis appear to be substantially smaller than E. coli TatABC complexes. As 

suggested by Blue Native gel electrophoresis and gel filtration analyses, the 

TatAdCd complex of B. subtilis has a molecular mass of ~ 230,000 (Barnett J.P. et 
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al., 2008), while the TatAyCy complex has a molecular mass of ~200,000 (Barnett 

J.P. et al., 2009). By contrast, the E. coli TatABC complex has a molecular mass of 

~370,000 (Barnett J.P. et al., 2008). At this moment, it seems most likely that the 

observed differences between the Tat machineries of B. subtilis and E. coli 
represent variations to a common theme rather than that these machineries employ 

completely different mechanisms. However, firm conclusions on the mechanisms 

of the Tat translocases of these organisms will require additional experimental data, 

preferably from in vitro reconstitution experiments and high-resolution structural 

analyses. 

Tat-associated quality control 

The export of proteins from the cytoplasm is extremely important for cell growth 

and viability, as well as the competitive success of bacterial cells in their ecological 

niches. Accordingly, the careful regulation of protein export processes seems at 

least equally important. In the first place, the export processes represent a 

significant expense in terms of energy consumption. In addition, defective 

substrates can become harmful for the cell itself. For example, a substrate that gets 

stuck in the translocation channel can interfere with the export of other proteins, or 

it can increase the membrane permeability, which would lead to membrane 

depolarization and the loss of ions or nutrients. For these reason, several quality 

control system and proofreading processes have evolved to make sure that each 

step in protein export is tightly regulated (Moliere, N. and Turgay, K. 2009, 

Kramer, G. et al., 2009). 

Quality control is also an intriguing aspect of the Tat system, especially due to the 

fact that only correctly folded substrates can be accepted and translocated by this 

system (Cline, K., and H. Mori. 2001; Robinson, C. and Bolhuis, A. 2004; Miiller, 

M. and Klosgen, R.B., 2005; Robinson, C. et al., 2011; Palmer, T. and Berks, B .  

2012; Frobel, J. et  al  2012). I t  has been shown that the Tat system of E. coli is  able 

to transport in vivo only proteins that have reached their final conformation, 

whereas misfolded and inactive substrates were found to accumulate in the 
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cytoplasm (DeLisa, M.P. et al., 2003; Richter, S. and Bruser, T. 2005). This 

suggested the presence of a quality control system that would be controlled by the 

Tat translocase and that would not depend on other factors. Nevertheless, to date, 

none of the Tat subunits has been shown to be directly involved in the quality 

control towards the substrates that are accepted or rejected by the active Tat 

translocase (Lindenstrauss, U. et al., 2010). On the other hand, clear evidence for 

quality control has been obtained for the early stages in Tat-dependent protein 

transport where cytoplasmic chaperones mediate the folding of Tat substrates ( 

Jack, R.L. et al., 2004). Some of the substrates of the Tat system are, in fact, 

cofactor-containing proteins that need to bind their cofactor in order to be 

transported via Tat. Specific chaperones are responsible for binding the respective 

cofactors and for facilitating their insertion into the substrate proteins. In this way, 

these chaperones prevent the export of incorrectly folded or not fully assembled 

substrates. This mechanism has been described in detail for the TorD chaperone of 

E. coli, which is facilitates the maturation of the Tat substrate TorA (Jack, R.L. et 

al., 2004; Ilbert, M. et al., 2003; Genest, 0. et al., 2008). It has been shown that a 

TorD dimer binds to the twin-arginine signal peptide of TorA thereby preventing 

protein export. In addition, in this TorD-bound state, the cofactor-binding site of 

TorA is more accessible and the protein is protected from proteolytic degradation 

(Jack, R.L. et al., 2004). Once TorA has bound its cofactor, the signal peptide is 

released by TorD and available for binding by the Tat translocase. Of course, not 

all the known Tat substrates contain a cofactor, so this quality control mechanism 

seems to apply only to a specific subset of the Tat substrates. Other possible quality 

control mechanisms might involve more general cellular responses, like the 

degradation of misfolded substrates by cytoplasmic, membrane-bound or 

extracytoplasmic proteases. 

A completely different regulatory aspect m Tat-dependent protein transport 

concerns the binding of metal ions by Tat substrates. Here, the folding of Tat 

substrates in the cytoplasm provides the cell with a unique possibility to insert 

metal ions into these proteins for which their metal binding sites have a relatively 

low affinity (Waldron, K.J. and Robinson, N.J. 2009; Palmer, T. and Berks, B.C. 
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2012). This would not be possible on the extracytoplasmic side of the membrane 

where the concentrations of different metal ions cannot be controlled and where 

metal ions that bind with high affinity to the substrate protein may be most 

abundant. Since the uptake of metal ions and their availability in the cytoplasm are 

under tight control, metal binding in the cytoplasm and subsequent Tat-dependent 

export can serve as a clear regulatory function in metal binding by exported 

proteins. 
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M 

IN 

Tat complex 

pniteolysil -

Tar complex 

--
tmmann pramn 

--
Figure 4: Quality control mechanism for cofactor-containing Tat substrates. 

Upon synthesis, the Tat substrate protein is bound by a dedicated chaperone, which will protect the 

substrate from proteolysis and allows cofactor binding. After the cofactor has been inserted into the 

folded Tat substrate, the chaperone is released and the twin-arginine (RR) signal peptide is liberated 

for binding to the membrane-embedded Tat complex. The substrate protein is subsequently 

translocated across the membrane in the fully folded state and the signal peptide is removed by the 

action of signal peptidases 

Impact of environmental conditions 

Interaction with and adaptation to their ecological niches is a key aspect in the 

evolution and survival of all species. Microbes, in particular, have to cope with 

many different and continuously changing environments, and they have to respond 

21 



Chapter 1. 

to such changes in a very efficient way to remain successful competitors with other 

organisms. One of the main strategies to achieve effective adaptation is the 

secretion of proteins with 'useful' enzymatic or cytotoxic activities that allow the 

bacteria to acquire nutrients and to combat potential competitors. This implies that 

certain protein transport pathways that are not essential under laboratory conditions 

may serve critical functions under specific environmental conditions. A clear 

example of this is provided by the Tat pathway, which is not essential for growth 

and viability of most microorganisms under standard laboratory culturing 

conditions. Therefore, this transport system is often considered of secondary 

importance compared to the general Sec secretion system. However, it should be 

noted that the Tat system has evolved into a main transport route in certain 

halophilic archaea, such as Halopherax volcanii and Haloarcula hispanica 

(Bolhuis, A. 2002; Thomas, J.R. and Bolhuis, A. 2006; Hutcheon, G.W. and 

Bolhuis, A. 2003 ; Dilks, K. et al., 2005). These microorganisms live in extremely 

saline environments which may impact on the folding and stability of exported 

proteins. This makes the pre-translocational folding of exported proteins in the 

cytoplasm an attractive option. Accordingly, this observation raised the question to 

what extend the growth medium salinity would influence protein secretion trough 

the Tat system in other organisms, such as B. subtilis. In a recent study, van der 

Ploeg and co-workers showed a strong impact of the NaCl concentration in the 

growth medium on the selectivity and importance of the Tat system of B. subtilis. 

Specifically, this effect was monitored with the secreted Dyp-type peroxidase 

YwbN, the best-characterized Tat substrate of B. subtilis (van der Ploeg, R. et al., 

2010). The export of this protein was examined in Lysogeny Broth (LB) 

supplemented with varying amounts of NaCl. In contrast to what was expected 

based on the importance of Tat in halo-archaea, the Tat-dependence of YwbN was 

partially lost when cells were grown in LB with 6% NaCl. Intriguingly, YwbN 

secretion under these conditions did not only require the TatAy and TatCy 

subunits, but also the TatAd subunit (van der Ploeg, R. et al., 2010). This was the 

first time that an active involvement of TatAd in the secretion of YwbN was 

observed, suggesting a possible cooperative mode of action for TatAd, TatAy and 
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TatCy under these conditions. In this context, it should be noted that TatAd is able 

to replace TatAy in the secretion of YwbN when over-expressed from a plasmid 

(Ejilander, R.T. et al., 2009). These findings suggested that the NaCl concentration 

in the medium can somehow influence the translocation process via the Tat system. 

Indeed, subsequent studies revealed that the Tat translocases of Gram-positive 

bacteria are intrinsica11y sensitive to changes of the NaCl level in the growth 

medium (van der Ploeg, R. et al., 2011 ). 

A perhaps even more important observation was that the TatAyCy translocase was 

of major importance for growth and entry into the stationary phase when salt was 

absent from the growth medium. This was shown to relate to the export of YwbN, 

which turned out to be critical under these conditions for providing the cells with 

sufficient iron (van der Ploeg, R. et al., 2010). Subsequent studies then revealed 

that YwbN is actually also an integral component of a major membrane-associated 

system for iron acquisition (chapter 5). Together, these findings underscore the 

view that the importance of the Tat pathway for growth and cell viability strongly 

depends on environmental conditions. 

Potential applications of the Tat system 

Besides fundamental scientific curiosity, one of the main reasons to study the Tat 

system in B. subtilis is the potential usage of this pathway for the production of 

commercially relevant secreted proteins. The chance of having a system able to 

secrete already folded proteins that do not need any post-translational modification 

represents a great advantage, since it allows a substantially simplified downstream 

processing and, hence, a major reduction of costs (van Dijl, J.M. et al., 2002). 

Experiments conducted in E. coli have shown that it is indeed possible to address 

proteins to the Tat system if these are provided with an appropriate twin-arginine 

signal peptide (Bruser, T. 2007; DeLisa, M.P. et al., 2003; Fisher, et al., 2006; 

Kim, J.Y. et al., 2005). This was shown to be a realistic option not only for proteins 

that are normally secreted via the Sec system like the alkaline phosphatase PhoA of 

E. coli (Tullman-Ercek, D. et al., 2007, Blaudeck, N. et al., 2003), but even for 
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non-secreted proteins, like GFP (Santini, C.L. et al., 2001; Thomas, J.D. et al., 

2001, Barnett, J. P. et al., 2009) or a dimeric form of TrxA (Masip, L. et al., 2004). 

More relevant in terms of application was the finding that the human tissue 

plasminogen activator can be secreted via Tat (Kim, J.Y. et al., 2005). However, 

proteins that exported from the cytoplasm of E. coli usually end up in the the 

periplasmic space between the cytoplasmic membrane and the outer membrane. 

This complicates downstream processing of the exported proteins. Furthermore, it 

has been observed that E. coli possesses only few Tat translocases per cell 

(Branston, S.D., et al., 2011). Consequently, the Tat system of E. coli becomes 

readily saturated due to the accumulation of overproduced precursor proteins in the 

cytoplasm. 

In Gram-positive bacteria, such as B. subtilis, the Tat system allows the secretion 

of proteins directly into the culture medium, which is a great advantage in terms of 

downstream processing (van Dijl, J.M. et al., 2002; Bruser, T. 2007). In fact, this is 

the major reason why B. subtilis and related bacilli have become popular cell 

factories for the bulk production of a wide range of secreted enzymes (Harwood, 

C.R. 1992; Tjalsma et al., 2000; Pohl, S. and Harwood, C.R. 2010). To date, all 

Bacillus protein production systems are based on secretion via the Sec pathway, 

which has a huge capacity for protein transport allowing the extracellular 

accumulation of proteins in the gram per litre range (Pohl, S. and Harwood, C.R. 

2010). However, many commercially interesting proteins cannot be secreted 

efficiently via the Bacillus Sec pathway, which has focused commercial interest on 

possible applications of the Tat pathway because of its ability to transport folded 

proteins. Unfortunately, so far, only a couple of experiments were successful in 

targeting non-Tat substrate proteins to the Tat-system of B. subtilis (Kolkmann, M. 

et al., 2008, Gerlach, R. et al., 2004). In one approach, Gerlach and coworkers 

achieved the secretion of the E. coli phytase AppA through the TatAdCd 

translocon, whereas in another study Kolkman and coworkers were able to re

address the protease subtilisin from the Sec pathway into the Tat pathway of B. 

subtilis. Other attempts using GFP as a reporter for Tat-dependent secretion in B. 

subtilis were so far unsuccessful (van der Ploeg et al 2012), indicating that the Tat 
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system of this organism is not easy to address for commercial applications. This is 

a fascinating observation, in particular because the heterologously produced Tat 

translocases of B. subtilis are perfectly capable of exporting GFP to the periplasm 

of E. coli (Barnett, J. P. et al. ,  2009). The reason for this selectivity of the Tat 

pathway in B. subtilis is still unclear, but most likely it is related to particular 

characteristics of the Tat translocases and the different substrate proteins tested so 

far. 

Scope of this thesis 

The research described in this thesis was aimed at determining how the Tat system 

of B. subtilis is embedded in different large and small protein-protein networks that 

exist within the cell. It was anticipated that this would allow the identification of 

novel interacting partner proteins that might be of relevance for the functionality of 

the Tat pathway. Furthermore, this approach might help to identify substrate 

proteins of the Tat pathway that were so far overlooked. Lastly, the results obtained 

might help in finding explanations for the observed selectivity of the B. subtilis Tat 

pathway, which would in turn help in opening this pathway for novel commercial 

applications. The knowledge on the Tat pathway that served as the starting point 

for these studies was introduced in chapter 1 of this thesis. 

Chapter 2 describes the very first explorative studies on the interaction network of 

the Tat proteins of B. subtilis. Using Yeast two-Hybrid (Y2H) screens the five Tat 

proteins of B. subtilis were tested for interactions with each other and with other B. 
subtilis proteins. The results show clearly that this was a useful strategy for 

identifying relevant interactions. Firstly, known interactions between different Tat 

components were reproduced in targeted Y2H screens. Secondly, these screens 

revealed that the three TatA isoforms of B. subtilis can form hetero-dimers. Thirdly 

and most importantly, the identified Tat interaction network pinpointed three novel 

determinants for Tat-specific protein secretion. These included the cell wall-bound 

protease WprA, which was shown to interact both with TatAy and TatCy. 

Subsequently, WprA was shown to be important for YwbN secretion. Probably, 
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this relates to a quality control function of the WprA protease. In addition, the 

CsbC and HemAT proteins were shown to be needed for PhoD secretion under 

phosphate starvation conditions. Together the findings documented in chapter 2 

imply that the Bacillus Tat pathway is embedded in an intricate protein-protein 

interaction network. 

Chapter 3 describes the observation that the third TatA subunit of B. subtilis, 

known as TatAc, can form active protein translocases with the TatCd or TatCy 

subunits. To this end, the TatAc-TatCd and TatAc-TatCy subunits were co

expressed in E. coli and tested for their functionality in the export of three Tat 

substrates of E. coli, namely TorA, AmiA and AmiC. Indeed, these E. coli proteins 

were found to be exported indicating that the TatAc-TatCd and TatAc-TatCy 

translocases were active. A subsequent blue native (BN) PAGE analysis confirmed 

the formation of TatAc-TatCd and TatAc-TatCy complexes. These findings were 

important, because no function had so far been shown for the TatAc subunit. 

Chapter 4 reports the structural analysis of the TatAd complexes of B. subtilis 

through cryo-EM. The results indicate that TatAd complexes have a ring-like 

structure with a pore with and a potential closing lid on one side. The pore is 

however too small to act as a protein-conducting channel. Also, the size of the 

TatAd complexes is very homogeneous, suggesting that the models for Tat

dependent protein translocation originally proposed for the E. coli Tat system need 

to be reconsidered, or that the mechanism of Tat-dependent protein transport in B. 

subtilis differs from that in E. coli. 

Chapter 5 focuses on the Y wbLMN complex for iron uptake in B. subtilis. The 

experiments in this chapter describe in detail how the Y wbL, Y wbM and Y wbN 

proteins cooperate in this important process. Briefly, the integral membrane protein 

YwbL and lipoprotein YwbM form a minimal Fe(ill) transporter in which YwbM 

binds Fe(III) with high affinity and transfers it to the Fe(ill) permease YwbL in the 

membrane. YwbN is shown to be a haem-containing peroxidase that catalyzes the 

oxidation of Fe(II) to Fe(III). The results furthermore indicate that YwbN is an 

environmental redox switch that allows uptake of Fe(II) and Fe(ill) via one 

transport system. 
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Chapter 6 documents the degradation of secreted YwbN by multiple extracelluar 

proteases of B. subtilis. Upon the consecutive deletion of protease genes, increasing 

amounts of Tat-dependently secreted YwbN are detectable in the medium of B. 

subtilis. A complementation analysis subsequently revealed which proteases in 

particular are responsible for YwbN degradation. Interestingly, these include the 

WprA protease that was identified as a Tat-interacting protein in the studies 

described in chapter 1. Together, these studies represent a first example of the 

regulation of a Tat substrate via proteolysis. 

Chapter 7 documents the discovery of YkuE as the first Tat substrate of B. subtilis 

that localizes specifically to the cell wall of the bacterium. Under standard 

laboratory growth conditions, the YkuE protein is a substrate of the TatAyCy 

translocase but, upon phosphate starvation or overexpression, it can also be 

targeted to the cell wall in a Tat-independent manner. A subsequent functional 

characterization of the purified protein showed that YkuE is a 

metallophosphoesterase that preferentially binds Mn and Zn. 

In chapter 8 the influence of environmental salinity on Tat-dependent protein 

secretion is described. The results show that under high salinity growth conditions, 

the three subunits TatAy, TatAd and TatCy are involved in the secretion of the Tat 

substrate YwbN. However also a significant amount of Tat-independent secretion 

of this substrate was observed under this condition. In contrast, when cells were 

grown in medium with 1 % NaCl or without salt, the export of YwbN remained 

strictly TatAy-TatCy-dependent. Surprisingly, when the salt was removed from the 

growth medium, tatAyCy or ywbN mutant strains showed a lysis phenotype that is 

related to the critical role of YwbN in the uptake of iron. 

Chapter 9 describes attempts to secrete GFP through the Tat pathway of B. subtilis 

with the aid of different twin-arginine signal peptides. To this end, the twin

arginine signal peptides of three well-characterized E. coli Tat proteins plus the 

signal peptide and full length protein sequence of the B. subtilis YwbN protein 

were fused to GFP. These constructs were used to monitor the secretion of GFP in 

B. subtilis 1 68 and different tat mutant strains under various growth conditions. 

While strictly Tat-dependent secretion of GFP was not achieved, the results show 
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that environmental conditions, the salinity of the growth medium in particular, 

impact on the Sec avoidance of chimeric GFP precursor proteins with twin

arginine signal peptides. 

The concluding Chapter 10 offers an overview of the current status of our 

knowledge on the Tat system of B. subtilis, and presents ideas for new research 

projects and potential applications in industrial processes. 
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Abstract 

Bacteria employ twin-arginine translocation (Tat) pathways for the transport of 

folded proteins to extracytoplasmic destinations. In recent years, most studies on 

bacterial Tat pathways addressed the membrane-bound TatA(B)C subunits of the 

Tat translocase, and the specific interactions between this translocase and its 

substrate proteins. In contrast, relatively few studies investigated possible co-actors 

in the TatA(B)C-dependent protein translocation process. The present studies were 

aimed at identifying interaction partners of the Tat pathway of Bacillus subtilis, 

which is a paradigm for studies on protein secretion by Gram-positive bacteria. 

Specifically, 36 interaction partners of the TatA and TatC subunits were identified 

by rigorous application of the yeast two-hybrid (Y2H) approach. Our Y2H analyses 

revealed that the three TatA isoforms of B. subtilis can form homo- and hetero

dimers. Subsequently, the secretion of the Tat substrates YwbN and PhoD was 

tested in mutant strains lacking genes for the TatAC interaction partners identified 

in our genome-wide Y2H screens. Our results show that the cell wall-bound 

protease WprA is important for YwbN secretion, and that the HemAT and CsbC 

proteins are required for PhoD secretion under phosphate starvation conditions. 

Taken together, our findings imply that the Bacillus Tat pathway is embedded in an 

intricate protein-protein interaction network. 
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Introduction 

Studies on the mechanisms used by bacterial cells to mediate protein traffic from 

the cytoplasm to extracytoplasmic locations are crucial for understanding the full 

spectrum of their interactions with the surrounding environment. Moreover, such 

studies can provide important leads for improved production of secreted 

recombinant proteins by bacterial 'cell factories'. Interestingly, many bacterial cells 

employ several distinct protein transport systems for different purposes. One of 

these is the Twin-arginine translocation (Tat) system, which facilitates membrane 

passage of proteins in a fully folded state [ 1-9]. The Tat system specifically 

translocates proteins with N-terminal signal peptides that contain a twin-arginine 

(RR-)motif and have an overall low hydrophobicity [5-7]. In contrast to the Tat 

system, the general protein secretion pathway (Sec) can only facilitate the transport 

of unfolded proteins across bacterial cytoplasmic membranes [ l ,  7]. 

The Tat protein translocases of Gram-negative bacteria are composed of three 

different subunits named TatA, TatB and Tate that, all three, are essential for 

protein translocation. In contrast, the Tat translocases of Gram-positive bacteria 

consist of TatA and Tate subunits only [10-13]. All of these Tat subunits are 

integral membrane proteins. The TatA and TatB subunits have one N-terminal 

transmembrane segment with an N0u1-e in orientation, whereas the Tate subunits 

have six transmembrane segments with an N in-ein orientation [ ] ]. 

In the present studies, we focused our attention on the Tat system of Bacillus 

subtilis, a well-known cell factory and a paradigm for studies on protein sorting 

and secretion in Gram-positive bacteria [14-16]. B. subtilis contains two active 

TatAe systems named TatAded and TatAyey [ 1 0-13, 17, 18], which appear to be 

localized to the cell poles and division sites [19, 20]. These systems operate in 

parallel for the translocation of at least three substrate proteins, namely PhoD, 

YwbN, and YkuE. The phosphodiesterase PhoD is specifically secreted via the 

TatAded translocase. The phoD gene is located immediately upstream of the tatAd 

and tatCd genes, and the expression of all three genes is triggered specifically by 

phosphate starvation [10, 17] . In contrast, the metallo-phosphoesterase YkuE and 
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the Dyp-type peroxidase YwbN are exported via the TatAyCy translocase [12, 18]. 

Interestingly, YkuE is specifically targeted to the cell wall, while YwbN is secreted 

into the growth medium [18]. Unlike phoD and the tatAd-tatCd genes, the ykuE 

and ywbN genes are not genetically linked to the tatAy-tatCy genes. Furthermore, 

the ywbN gene is expressed under all tested conditions, and it is upregulated upon 

iron limitation [21, 22]. The ykuE gene is constitutively expressed at a very low 

level, and production of the YkuE protein was only detectable in YkuE

overproducing cells [18, 22]. TatAc, a third TatA subunit of B. subtilis, was 

recently shown to form active Tat translocases with the TatCd and TatCy subunits 

[23] . Nevertheless, evidence for a specific role of TatAc in protein secretion by B. 

subtilis is currently lacking. 

To date, relatively little is known about the regulation of the Tat system and the 

interactions that occur between the different Tat subunits and other proteins in the 

cytoplasm, in the membrane or in the cell wall. To gain insights into possible 

interacting partner proteins that may impact on Tat function, we generated a 

protein-protein interaction network focused on the Tat subunits, using genome

wide Yeast two-Hybrid (Y2H) screens. Such an approach was previously shown to 

generate high-quality protein-protein interaction networks with biological 

relevance [24, 25] . Subsequently, all genes for proteins that specifically interacted 

with TatA or TatC subunits were mutated, and the impact of these mutations on the 

secretion of the YwbN and PhoD proteins was tested. Our findings show that the 

wall protease A (WprA) is needed for the secretion of YwbN, and that the HemAT 

and CsbC proteins are needed for the secretion of PhoD and the production of 

TatAd under phosphate starvation conditions. Furthermore, we identified 

interactions between the three different TatA isoforms of B. subtilis. 

Materials and methods 

Strains and growth conditions 

The strains and plasmids used in this study are listed in Table 1. Strains were 

grown with agitation at 37°C in either Lysogeny Broth (LB) or Paris Minimal (PM) 
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medium. LB consisted of I %  tryptone, 0.5% yeast extract and I %  NaCl, pH 7 .4. 

PM consisted of I 0.7 g/1 K2HPO4, 6 g/1 KH2PO4, I g/1 trisodium citrate, 0.02 g/1 

MgSO4, I %  glucose, 0. 1 % casamino acids (Difeo), 20 mg/1 L-tryptophan, 2.2 mg/1 

ferric ammonium citrate and 20 mM potassium glutamate [26] . To activate a 

phosphate starvation response, cells were first grown overnight in high phosphate 

defined medium (HPDM), which is rich in phosphate [27] . Upon overnight growth, 

the cells were transferred to low phosphate defined medium (LPDM; [27]). When 

required, media were supplemented with antibiotics at the following 

concentrations: ampicilin (Ap), 1 00 µg/ml (Escherichia coli); erythromycin (Em), 

I µg/ml (B. subtilis); chloramphenicol (Cm), 5 µg/ml (B. subtilis); tetracycline 

(Tc), 1 0  µg/ml (B. subtilis); spectinomycin (Sp), 100 µg/ml (B. subtilis), 

phleomycin (Phleo), 5 µg/ml (B. subtilis); kanamycin (Km), 20 µg/ml (E. coli) or 

20 µg/ml (B. subtilis ). 

DNA techniques 

Chromosomal DNA of B. subtilis was isolated according to Bron and Venema [28] . 

Plasmid DNA was isolated from E. coli using the alkaline lysis method [29] , or the 

Invisorb®Plasmid Isolation Kit (lnvitek). Procedures for DNA purification, 

restriction, ligation, agarose gel electrophoresis, and transformation of competent 

E. coli ce11s were carried out as previously described [29] . B. subtilis was 

transformed as described by Kunst and Rapoport [26] . PCR was carried out with 

Phusion DNA polymerase (Finnzymes), using chromosomal or plasmid DNA as a 

template. 

To construct plasmids pHBcsbC, pHBhemAT and pHBwprA, the csbC, hemAT 

and wprA genes were PCR-amplified from the chromosome of the parental strain 

B. subtilis 1 68. The 5' primers used for the PCR contained a Spel restriction site 

and the 3' primers contained a Xhol restriction site (Supplementary Table S l). 

After purification the resulting PCR products were cleaved with Spel and Xhol, and 

ligated to the Spel-Xhol-cleaved pHB201 plasmid. Ligation mixtures were then 

used to transform E. coli, resulting in the identification of plasmids pHBcsbC, 
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pHBhemAT and pHBwprA. Next, these plasmids were used to transform csbC, 

hemAT or wprA mutant B. subtilis strains. 

To create GFP fusion proteins, the coding sequences for HemAT and CsbC were 

PCR-amplified from B. subtilis 168 chromosomal DNA using the primer pairs 

MVP-3/MVP-4 and MVP-7/MVP-8, respectively. For cloning, these primers 

contained Apal and Xhol restriction sites (Supplementary Table S 1 ). The resulting 

PCR products were purified, cleaved with Apal and Xhol, and ligated to Apal

Xhol-cleaved plasmids pSG 1154 and pSG 1729 for the construction of C- and N

terminal fusions to GFPmutl ,  respectively [30]. The resulting plasmids pSG 1 154-

hemAT, pSG1729-hemAT, pSG1154-csbC and pSG1729-csbC were isolated, and 

used to transform B. subtilis 168 to generate strains RCL200, RCL201, RCL202 

and RCL203 respectively. The resulting strains were tested on plates with 1 % 

starch to confirm integration of the different gfpmutl fusion constructs at the amyE 

locus. 

Plasmids Relevant properties Reference 
pHB201 B. subtilis-E.coli expression vector; ori- [53] 

BR322; ori-pTA1060; cat86::lacZa; CmR ; 
EmR 

pHB201 -wprA pHB201 vector carrying the wprA gene This study 
pHB201-csbC pHB201 vector carrying the csbC gene This study 

pHB201 -hemAT pHB201 vector carrying the hemAT gene This study 
pSG 1 1 54 Vector for C-terminal GFP fusions; b/a [30] 

amyE3' spc Pxyl-'gfpmutl amyES' 
PSG1729 Vector for N-terminal GFP fusions; bla [30] 

amyE3' spc Pxyl-'gfpmutl amyES' 
pSG 1 154-hemA T hemA T gene cloned into pSG 1 1 54 This study 
pSG 1 729-hemAT hemAT gene cloned into pSG 1 729 This study 

pSG 1 154-csbC csbC gene cloned into pSG 1 1 54 This study 
pSG 1 729-csbC csbC gene cloned into pSG 1729 This study 

Strains 
E. coli 
DH5a supE44; hsdR1 7; recAJ ; gyrA96; thi-1 ;  

re/Al 

B. subtilis 
168 t1pC2 [54] 

tatAyCy trpC2; tatAy-tatCy: :Sp; SpR 
[ 1 1 ]  

tatAdCd trpC2; tatAd-tatCd: :Km; Km\ [1 2] 
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prkC 
wprA 
purQ 
pksl 
ytdP 
ppsC 
yyaJ 
yerP 
ywql 
yopZ 
ydbl 
yqbD 
fliZ 
fruA 
ykoT 
ytjP 
ycz/ 
yfkN 
csbC 
yell 
racA 
xhlA 
yhaP 
thyB 
argC 
yvbl 
yesS 
mntH 
cheA 

hemAT 
yvgP 
ycgA 
yxjA 

RCL200 
RCL201 
RCL202 
RCL203 
ABS803 

RCL226 
RCL224 

RCL225 

trpC2; prkC::pMutin2 
trpC2; wprA: :CmR 

trpC2; purQ: :phleomycin 
trpC2; pksl: :Kan 

trpC2; ytdP: :pMutin2 
trpC2; ppsC: :phleomycin 

trpC2; yyaJ: :pMutin2 
trpC2; yerP: :pMutin2 
trpC2; ywql: :pMutin2 

trpC2; yopZ: :phleomycin 
trpC2; ydb/: :pMutin2 

trpC2; yqbD: :Kan 
trpC2; fliZ: :phleomycin 

trpC2; fruA: :  phleomycin 
trpC2; ykoT: :pMutin2 
trpC2; ytjP::pMutin2 

trpC2; ycz/: :phleomycin 
trpC2; yfkN: :pMutin2 
trpC2; csbC: :pMutin2 
trpC2; ycl/: :pMutin2 

trpC2; racA : :pMutin2 
trpC2; xh/A : :phleomycin 

trpC2; yhaP: :pMutin2 
trpC2; thyB: :pleomycin 

trpC2; argC: :phleomycin 
trpC2; yvbl: :pMutin2 
trpC2; yesS: :pMutin2 
trpC2; mntH: :pMutin2 

trpC2; cheA :: phleomycin 
trpC2; hemAT::pMutin2 
trpC2; yvgP: :pMutin2 
trpC2; ycgA: :pMutin2 
trpC2; yxjA : :pMutin2 

trpC2; amyE::Pxyl-hemAT-gfp spc 
trpC2; amyE::Pxyl-gfp-hemAT spc 
trpC2; amyE::Pxyl-csbC-gfp spc 
trpC2; amyE::Pxyl-gfp-csbC spc 

inl: :Km amyE::Phag-gfp : :Cm (in PY79 
background) 

'rpC2; amyE::Pxyl- gfp-hemAT sinl::Km 
trpC2; amyE::Pxyl-gfp-hemAT spc 

MatAd 
trpC2; amyE::Pxyl-gfp-hemAT spc 

MatAdCd 

Table 1. Plasmids and strains 
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Coding sequences of the tat genes were PCR-amplified from genomic DNA of the 

B. subtilis strain 168. The resulting PCR products were cloned into the bait vector 

pGBDU-C1 (URA3) and the prey vector pGAD-C1 (LEU2), creating translational 

fusions to the C-termini of the GAL4 DNA-binding domain (BD) and the GAL4 

activation domain (AD), respectively [31] . This was achieved either by cloning the 

PCR-amplified tat genes into the respective plasmids and subsequent 

transformation of E. coli [3 1 ] ,  or by gap repair in Saccharomyces cerevisiae [32] . 

The bait and prey constructs were then introduced into the S. cerevisiae haploid 

strains PJ69-4a and PJ69-4a, respectively. Assays to detect direct interactions 

between the Tat fusions were performed according to a previously described 

mating strategy [24] . Matings with empty pGBDU and pGAD vectors were 

performed as controls for self-activation and stickiness of the fusion proteins. The 

baits were used to screen three B. subtilis prey genomic libraries (BSL-Cl ,  BSL

C2, and BSL-C3) [24] . Interaction phenotypes were scored by replica plating the 

diploids onto plates selecting for the expression of the interaction reporters (His+ 

and Ade+). False-positive interactions generated by the Y2H system were 

eliminated by rigorous specificity tests as described previously [25] . Specific 

interactions were reproduced at least two times independently with the initial bait 

and were not associated with self-activation or stickiness of the prey protein. 

LDS-PAGE and Western blotting 
The presence of FeuA, PhoB, PhoD, TatAd, TatAy, WprA, and YwbN in growth 

medium fractions or cell lysates was detected by Western blotting. Cellular or 

secreted proteins were separated by LDS-P AGE using pre-cast NuPAGE gels 

(Invitrogen), and then semi-dry blotted (75 min, 200 mA per gel) onto a 

nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, FeuA, 

PhoB, PhoD, TatAd TatAy, WprA or YwbN were detected with specific polyclonal 

antibodies raised in rabbits. Antibody detection was performed with fluorescent 

IgG secondary antibodies (IRDye 800 CW goat anti-rabbit from LiCor 

Biosciences) in combination with the Odyssey Infrared Imaging System (LiCor 

Biosciences). Fluorescence was recorded at 800 nm. 
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Fluorescence microscopy 

The GFP fusion strains were grown under phosphate starvation conditions as 

described above, and supplemented with 0.4% xylose. Aliquots of bacteria were 

taken from the growing cultures and immobilized on a thin film of 1.2% agarose 

(SeaKem GTG Agarose; Cambrex Bioscience, Rockland) in water on microscope 

slides (Marienfeld, Lauda-Konigshofen, Germany). Samples were immediately 

imaged by fluorescence microscopy using a Leica DMRA2 microscope coupled to 

a Sony Cool Snap HQ cooled charge-coupled device camera (Roper Scientific) as 

described previously [33] . The digital images were acquired and analyzed with 

Metamorph version 6 software (Universal Imaging, PA, USA). Images were 

assembled with Adobe Photoshop CS3 Extended. 

Results 

Interactions between Tat subunits revealed by Y2H 

We recently showed that the Y2H system [31] can be efficiently used to analyze 

interactions involving membrane-associated proteins, and that there is no bias 

caused by transmembrane domains in the detection of protein-protein interactions 

[25] . To explore the functionality of the transmembrane Tat proteins in Y2H 

assays, the TatA and TatC proteins of B. subtilis were first tested for interactions 

against each other. Full-length tatAd, tatAy, tatAc, tatCd and tatCy genes were 

cloned as translational fusions with genes encoding the Gal4 Binding Domain (BD, 

"bait"), or the Gal4 Activation Domain (AD, "prey"). The resulting bait and prey 

fusions were pairwise co-expressed in yeast cells, and their ability to interact in 

vivo was tested. As shown in Figure 1, the TatAc, TatAd and TatAy proteins were 

all able to self-interact in the Y2H analysis, which is indicative for homo-dimeric 

interactions. This is fully consistent with the previously observed formation of 

homo-oligomeric TatAc, TatAd or TatAy complexes [23, 34, 35] .  Interestingly, 

interactions between all three TatA isoforms were also observed (i.e. TatAc-TatAd, 

TatAc-TatAy and TatAd-TatAy). This novel finding indicates that hetero

oligomeric TatA complexes may be formed in B. subtilis. Furthermore, an 
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interaction between TatAy and TatCy was detected, which is in line with the 

previous observation that these two proteins form a functional translocase in vivo 
[ 12] . No interaction was detected for TatCd in our Y2H assays, despite the fact that 

this protein forms active translocases with TatAc and TatAd [ 10, 12, 23, 35] . 

Together, these findings showed that Y2H assays can identify known and novel 

interactions involving Tat pathway components. They also confirmed that the Y2H 

system is suitable for the detection of interactions by membrane proteins [25], even 

if this involves proteins with multiple transmembrane segments such as TatCy. 

BD-

AD-

TatAy 

TatCy 

TatAd 

TatCd 

TatAc 

Figure 1. Interactions between the Tat subunits of B. subtilis 

The TatAc, TatAd, TatAy, TatCd and TatCy proteins were tested for interactions against each other 

as Gal4-BD and Gal4-AD fusions. The empty bait and prey vectors (BD and AD) were used to detect 

self-activation, and as negative controls for interaction (-). Diploid yeast cells expressing pair-wise 

combinations of the different BD and AD fusions were arrayed as indicated and subjected to selection 

for expression of the H/S3 interaction reporter, allowing growth in the absence of histidine (Materials 

and Methods). 
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Bacillus subtilis Tat interaction network 

The mechanism that drives protein translocation through the Tat translocase has 

not been fully elucidated and different models are currently entertained [3, 4, 36] . 

Furthermore, it is not known by which mechanisms the Tat translocases of B. 

subtilis are localized to the cell poles and division sites [19, 20], or how many 

proteins are translocated via Tat. Since our initial analyses showed that relevant 

interactions involving Tat proteins can be identified with the Y2H approach, we 

performed genome-wide Y2H screens to identify novel interaction partners of the 

B. subtilis Tat components. Such interaction partners might be Tat substrates, 

modulators of Tat function and/or cellular components needed for the localization 

of Tat proteins. The full-length Tat proteins fused to the BD were used as "baits"' 

to screen three random B. subtilis genomic libraries expressing fusions to the AD 

(see Materials and Methods for details). Two independent rounds of screening were 

performed with each bait, and these were followed by rigorous specificity assays to 

eliminate false positives. All preys isolated from the library screens were also 

tested for interaction with all five Tat baits in direct Y2H assays. Following this 

approach, we identified 36 Tat interaction partners involved in different cellular 

processes, such as DNA replication, cell motility or antimicrobial peptide 

production (Supplementary Table S2), linked by 111 specific interactions with an 

average connectivity of 22 interactions per Tat protein. The resulting Tat 

interaction network is shown in Figure 2. This network features specific 

interactions for particular Tat proteins (shown in the periphery of the network) as 

well as two clusters of hubs (shown in the heart of the network). We previously 

defined hubs as proteins with more than 10  interaction partners [25]. 

Most of the identified proteins in the Tat Y2H network are known or predicted 

to be localized to the membrane (Table S2). Previous studies have shown that 

relevant in vivo interactions of membrane proteins can be identified in yeast cells 

[25] . Thus, the identified interactions with Tat proteins are protein-protein 

interactions potentially occurring in B. subtilis. 
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Figure 2. The B. subtilis Tat interaction network 

Full-length TatAc, TatAd, TatAy, TatCd and TatCy proteins were used as baits in genome-wide Y2H 

screens. To this end, they were expressed as Gal4 BD fusions and used to screen B. subtilis genomic 

prey libraries expressing fusions to Gal4 AD. A total number of 36 interacting protein partners 

involved in diverse biological functions were identified in the screens and tested for interaction with 

all five Tat proteins in specificity tests (see Material and Methods for details). The resulting network 

is composed of 41 proteins linked by 1 1 1  specific interactions. Bait proteins are symbolized as shaded 

squares and preys are symbolized as white circles. Interactions are represented by edges (lines) 

connecting nodes. This picture was generated using Cytoscape v2.6. 1 [5 1 ]  using defined visual styles. 

The Tat network components WprA, HemAT and CsbC are important 

for Tat-dependent protein secretion in B. subtilis 

To determine possible functional implications of the network components on Tat

dependent protein transport, we tested a collection of single mutant strains that lack 

individual network components (Table 1). Each mutant was tested by Western 
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blotting for the cellular levels of the TatAd and TatAy subunits, and for the Tat

dependent secretion of YwbN and PhoD. 

The TatAyCy-dependently secreted YwbN protein [12] was used to monitor the 

activity of the TatAyCy translocon by Western blotting using YwbN-specific 

antibodies. Interestingly, one strain in our collection of Tat network mutants 

showed a complete defect in YwbN secretion (Fig. 3, Table 2). This strain lacked 

the gene for the major cell wall protease WprA. Intriguingly, the wprA mutant cells 

contained little mature-sized YwbN, if any, and instead they contained a YwbN

specific degradation product. Secretion of YwbN by the wprA mutant was partially 

restored by ectopic expression of a plasmid-borne copy of wprA, and this also 

resulted in the disappearance of the YwbN-specific degradation product from the 

cells (Fig. 3). This shows that WprA is required for the secretion of YwbN by B. 

subtilis 168. It is noteworthy that WprA was the only protein that specifically 

interacted with both TatAy and TatCy in our Tat network analysis (Fig. 2). We did 

not observe any defects in the synthesis of TatAy in the wprA mutant (Fig. 3), 

suggesting that WprA is needed for the secretion of YwbN rather than the 

assembly or stability of the TatAyCy translocase. Hence our data suggest that 

TatAyCy can recruit WprA for the quality control of translocated YwbN, which 

might be needed for release of YwbN from the translocation channel and secretion 

into the growth medium. A possible role of WprA in the quality control of YwbN 

would be supported by the observed YwbN degradation product in wprA mutant 

cells. To investigate the effects of individual Tat network mutations on the 

secretion of proteins via the TatAdCd translocon, we studied the secretion of the 

TatAdCd-dependent PhoD protein. Notably, the TatAdCd translocase is only 

expressed in significant amounts when B. subtilis is starved for phosphate [10, 17, 

22]. Therefore, PhoD secretion was studied by growing the cells in LPDM 

medium. In this case, we observed that the csbC and hemAT genes, which encode 

proteins of the Tat network, are needed for PhoD secretion at wild-type levels (Fig. 

4; Table 2). 

47 



Chapter 2 

Cell 

-
75 4lt -
50 _ _ _  _ 

37 

75 

50 

37 

50 

37 

1 5  

10  

-.. • -

-

- . - ------

.--- YwbN 
◄ YwbN* 

◄ WprN-
◄ WprA3 

◄ FeuA 

◄ TatAy 

Figure 3. WprA is required for the secretion of YwbN 

Medium 

&"(-
�q 

.fi5 
io'o � �q 

�(;), �� 

- ..__ ◄-- YwbN 

- - ◄-- WprA1 - � WprN-◄ ◄- WprA3 

.. - - - ◄ FeuA 

The secretion of YwbN was investigated in a wprA mutant B. subtilis strain. As controls for the 

effects of the wprA mutation, YwbN secretion was also investigated in the parental strain 1 68 and the 

wprA mutant expressing wprA ectopically from plasmid pHBwprA. After 7 h of growth in LB broth, 

cells  were separated from the growth medium by centrifugation. Cells  were disrupted and membranes 

were isolated as previously described [52] . The membrane and growth medium fractions were then 

used for LOS-PAGE and Western blotting with specific antibodies against YwbN, WprA, FeuA, or 

the TatAy subunit of the TatAyCy translocase. Protein loading was corrected for 0D600• The control 

protein FeuA is a lipoprotein that is localized both in the membrane and the growth medium [ 1 8, 38] .  
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The positions of YwbN, a YwbN degradation product (YwbN*), different processing products of 

WprA (WprA 1 -3), FeuA and TatAy are indicated with arrows. 1 68, B. subtilis 1 68 ;  wprA, B. subtilis 

wprA ; wprA pHBwprA, B. subtilis wprA pHBwprA. 

Mutated gene ecretion of YwbN cells Secretion of PhoD 
rown in LB cells grown in LPDM 

argC + + 

cheA + + 

csbC + 

jliZ + + 

fruA + + 

hemAT + 

mntH + + 

pksJ + + 

ppsC + + 

prkC + + 

purQ + + 

racA + + 

thyB + + 

wprA + 

xhlA + + 

ycgA + + 

yell + + 

ycz/ + + 

ydbl + + 

yerP + + 

yesS + + 

yfkN + + 

yhaP + + 

ykoT + + 

yopZ + + 

yqbD + + 

ytdP + + 

ytjP + + 

yvbJ + + 
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yvgP 
ywql 
yxjA 
yyal 

+ 

+ 

+ 

+ 

Table 2. Secretion of YwbN or PhoD by Tat interactome mutants 

+ 

+ 

+ 

+ 

In the csbC mutant strain, this secretion defect was correlated with the complete 

absence of TatAd from the cells (Fig. 4 ), indicating that CsbC may be needed for 

the expression of the phoD and tatAd genes. In the hemAT mutant, a weak band 

corresponding to TatAd was observed. The synthesis of TatAd and the secretion of 

PhoD were restored when the csbC or hemAT mutations were ectopically 

complemented by plasmid-borne copies of the respective genes. Notably, the 

synthesis and secretion of the phosphate starvation-induced and Sec-dependently 

secreted control protein PhoB was not affected by the csbC or hemAT mutations 

(Fig 3). This shows that the observed effects are specific for TatAd and PhoD, and 

that they do not relate to the general phosphate starvation response. This view is 

supported by the observation that the expression of plasmid-borne copies of hemAT 

or csbC resulted in elevated levels of PhoD secretion and, in the case of hemAT, 

also significantly higher cellular levels of TatAd (Fig. 4). Together these findings 

indicate that HemA T and CsbC are either specifically needed for expression of the 

phoD and tatAd-tatCd genes or synthesis of the corresponding proteins, rather than 

the functionality of the assembled TatAdCd translocase. 
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Figure 4. HemA T and CsbC are required for the secretion of PhoD 

The secretion of PhoD was investigated in hemAT or csbC mutant B. subtilis strains. Cel ls were 

grown overnight in HPDM medium and diluted the next morning in LPDM medium to induce a 

phosphate starvation response. After growth for 7 h in LPDM, cells were separated from the medium 

by centrifugation. The cells  were disrupted by bead-beating and membranes were isolated as 

previously described [52] . The membrane and growth medium fractions were then used for LOS

PAGE and Western blotting with specific antibodies against PhoD, PhoB (a Sec-dependently secreted 

control protein), or the TatAd subunit of the TatAdCd translocase. Protein loading was corrected for 

0D600• The positions of PhoD, PhoB and TatAd are marked with arrows. 1 68, B. subtilis 1 68 strain; 

AdCd, B. subtilis tatAdCd; hemAT, B. subtilis pMutin-hemAT; hemAT pHB-hemAT, B. subtilis 

pMutin-hemA T containing pHB-hemAT; csbC, B. subtilis pMutin-csbC; csbC pHB-csbC, B. subtilis 

pMutin-csbC containing pHB-csbC. 

Subcellular localization of HemA T and CsbC 
Previous proteomics and Western blotting analyses have shown that the WprA 

protein is both localized in the cell wall and secreted into the growth medium [ 16, 

37, 38]. Unfortunately, the question whether the cell wall-bound form of WprA is 

associated with Tat subunits is difficult to assess by standard GFP fusion 

techniques, because export of active GFP from the cytoplasm via the Sec or Tat 
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systems of B. subtilis is generally inefficient [39, 40] . Therefore, we focused our 

attention on the subcellular localization of HemAT and CsbC. In this respect it is 

relevant to note that an ectopically expressed TatAd-GFP fusion protein was 

previously reported to localize at the cell poles and division sites [20] . 

HemA T is a soluble chemoreceptor of B. subtilis that is capable of sensing oxygen 

[ 411 . Although HemA T lacks a transmembrane domain, a HemA T-YFP fusion 

protein was previously shown to localize to the poles of cells grown in LB medium 

[42] . CsbC is a putative pentose transporter [43] with 1 2  predicted transmembrane 

segments. Since the TatAdCd translocase is only expressed in phosphate-starved 

cells [ 10, 17, 22], we investigated the localization of GFP fusions to both the 

HemAT and CsbC proteins in phosphate-starved cells. To this end, constructs 

encoding either N- or C-terminal fusions of HemA T or CsbC to GFP were cloned 

at the ectopic amyE locus under control of a xylose-inducible promoter. 

In cells growing in LPDM medium, GFP fusions to HemAT showed a dual 

localization depending on whether the cells were connected in chains. It should be 

noted here that, in rapidly growing cultures, B. subtilis cells are typically present in 

chains in which the division septa have already been formed, but cell separation 

has not yet occurred [44] . GFP fusions to HemAT displayed a mostly diffuse 

cytoplasmic signal in cells growing in chains, while discrete polar foci of GPF 

fluorescence were observed in individual cells (Fig. 5A). Consistently, increasing 

numbers of cells with polar HemA T-GFP foci were observed at later growth 

stages, when cultures stopped growing and were mainly composed of individual 

cells (Fig. 5B). Notably, identical localization patterns were observed for both 

HemAT-GFP and GFP-HemAT fusion proteins. To obtain further support for the 

idea that the localization of HemA T depends on whether or not B. subtilis grows in 

chains, GFP-HemA T was localised in 11sinl mutant cells, which do not form chains 

during exponential growth [ 44] . Indeed, GFP-HemAT localized in discrete bright 

polar foci in all !1sinl cells (Fig. 5C), similar to what was previously reported for a 

TatAd-GFP fusion [20] . Therefore, we next tested whether the polar localization of 

HemAT was influenced by the absence of TatAd. No difference in the localization 

pattern of HemA T was however observed in a tatAd null mutant as compared to the 

52 



The Tat network of Bacillus subtilis 

parental strain 168 (data not shown), indicating that the polar localization of 

HemAT is not dependent on the HemAT-TatAd interaction. In contrast to HemAT, 

GFP fusions to CsbC appeared homogeneously distributed in the membrane, 

including the sidewalls, division septa and polar regions (Fig. 5D), where 

interactions with TatAd might occur. 

B 

C D 

Figure 5. Subcellular localization of HemA T or CsbC fused to GFP 

The images show GFP fluorescence of cells  expressing xylose-inducible GFP fusion proteins upon 

growth at 37°C in LPDM medium with 0.4% xylose. (A) The localization of HemAT was assessed by 

fluorescence microscopy using a C-terminal HemAT-GFP fusion (strain RCL200). Cells producing 

HemAT-GFP displayed either an even cytoplasmic fluorescence in chains of cel ls, or discrete foci of 

fluorescence at the cell poles in individual cells .  (B) Localization of GFP-HemAT (strain RCL20 1 )  in 

discrete GFP foci at the cell poles during stationary phase. (C) When GFP-HemA T was expressed in 

a L.1sinl strain (ABS803), a genetic background in which no chaining cells  appear, al l cell s  displayed 

discrete foci of fluorescence at the poles. (D) Localization of CsbC was assessed with an N-terminal 
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GFP-CsbC fusion (strain RCL203). GFP-CsbC displayed an even membrane localization. Scale bar, 

4µm. 

Discussion 

The Twin-arginine translocation pathway of B. subtilis is a fascinating protein 

transport system of which the precise mode of action is currently poorly 

understood. A specific knowledge gap is the position of the Tat subunits in 

proteome-wide interaction networks and how particular interactions of Tat 

components would impact on the activity of the Tat translocases. The present 

studies were therefore aimed at mapping some of these interactions and defining 

their functional implications. The results of genome-wide Y2H screens as well as 

targeted Y2H analyses for specific interactions between Tat components revealed 

an intricate Tat interaction network including various specific interactions as well 

as two Tat interaction clusters. Importantly, at least three identified proteins in this 

network, namely WprA, CsbC and HemAT, were found to be important for 

effective protein secretion via the B. subtilis Tat system. 

A new finding was that all three TatA subunits of B. subtilis can interact with each 

other, as evidenced by targeted Y2H interaction analyses (Fig. 1 ). These analyses 

furthermore confirmed that each TatA subunit can also form homo-oligomers as 

was already known from biochemical studies [23, 34-36, 45, 46]. This indicates 

that, depending on the expression of the corresponding tatA genes, hetero

oligomeric TatA complexes may be formed in B. subtilis. If this is the case, such a 

hetero-oligomeric TatA complex could perhaps interact with TatCy subunits or, 

under conditions of phosphate starvation, TatCd subunits. Consistent with this idea, 

we have recently shown that TatAc can form active translocases with both TatCy 

and TatCd [23], and that low-level expression of TatAd is needed for optimal 

TatAyCy-dependent secretion of YwbN under high salinity growth conditions [461. 

Furthermore, it was previously reported that overproduced TatAd can form an 

active translocase with TatCy [47] . Together, these observations open up the 

possibility that 'super-complexes' of multiple Tat subunits may be involved in 
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protein export via the Tat pathway of B. subtilis. It should be noted here that only 

one TatA-TatC interaction, namely that between TatAy and TatCy, was detected in 

our targeted Y2H assays. This interaction is consistent with the known ability of 

these subunits to form an active protein translocase. The reasons why none of the 

other known functional interactions between TatA and TatC subunits of B. subtilis 

were reflected in our targeted Y2H matrix screens are unknown. In view of the 

presently identified Tat interaction network, it is however conceivable that such 

interactions would require the presence of a third component, for example another 

TatA isoform, CsbC or HemAT. Alternatively, these interactions may require the 

presence of a substrate protein. Clearly previous studies by Marchadier et al. [25] 

have shown that the Y2H screen can be employed for detecting biologically 

relevant interactions with full-length multi-spanning membrane proteins. In any 

case, the lack of detection of particular TatA-TatC interactions probably implies 

that potential Tat subunit interactions with other integral membrane proteins have 

been overlooked in our genome-wide screens. In this respect it is important to bear 

in mind that such screens are not at all exhaustive, and that in the genomic libraries 

the preys correspond to protein fragments resulting from enzymatic digestion of the 

genome. 

The biological implications of the identified Tat interactome are presently not 

completely clear, but at least three identified interactions are important for Tat 

pathway function. These involve the cell wall-bound protease WprA, which is 

needed for secretion of YwbN via the TatAyCy translocase, and the CsbC and 

HemAT proteins, which are needed for the secretion of PhoD via the TatAdCd 

translocase. Together with the targeted Tat subunit interaction analyses, this 

supports the view that the Y2H screen is a valid methodology for identifying 

potential interaction partners also for membrane proteins [25] . This view is 

underscored by the fact that WprA was found to interact both with TatAy and 

TatCy, while CsbC was found to interact both with TatAd and TatCd. 

It is not entirely clear why WprA is needed for the secretion of YwbN, but our 

findings suggest that the WprA protease may have a quality control function in this 

process. Possibly, WprA is needed to keep the exit of the TatAyCy channel clear 
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from accumulating translocated substrates that might otherwise block the channel. 

Importantly, this situation can be reversed by ectopic expression of WprA. In this 

context, it is important to note that YwbN forms a membrane-bound complex with 

the Y wbL and Y wbM proteins that is needed for iron uptake [ 46, our unpublished 

observations] ,  and that the cell wall-bound and secreted forms of YwbN are subject 

to degradation by multiple wall-bound and secreted proteases including WprA 

[48]. Together, these findings imply that WprA may have a quality control function 

that relates to the assembly of YwbN into YwbLMN complexes, and that 

interference with this quality control function leads to substantial degradation of 

Y wbN by another membrane-associated protease [ 49] , as is evidenced by the 

YwbN degradation product that can be observed in the wprA mutant cells (Fig. 3). 

Interestingly, we have previously shown that WprA is also active close to the Sec 

translocon, where it can degrade protease-sensitive forms of the signal peptidase 

SipS [50]. Our present findings thus suggest a dual function for WprA in the 

degradation of proteins that are translocated across the membrane either via the Sec 

or the TatAyCy patways. 

The wprA mutation had no effect on the secretion of PhoD via the TatAdCd 

translocase, which is in line with the lack of a detected interaction between WprA 

and the TatAd or TatCd proteins. On the other hand, the CsbC and HemA T 

proteins were found to be important for TatAd production and PhoD secretion by 

phosphate-starved cells. In view of these findings it seems fair to assume that the 

defect in PhoD secretion is a consequence of the reduced TatAd levels in csbC or 

hemAT mutant cells. At present we do not know why the absence of CsbC or 

HemA T leads to decreased TatAd levels. As shown by fluorescence microscopy, 

HemA T has a similar subcellular localization as TatAd, so this protein might be 

needed for the correct assembly of TatAd or for preventing its degradation. In 

contrast to HemAT, the CsbC protein displays a homogenous membrane 

localization pattern. Notably, this homogenous localization does not exclude the 

possibility of interactions between CsbC and TatAd at the cell poles or division 

sites. Also, it cannot be ruled out that the homogeneous localization pattern was 

due to overproduction of the GFP-tagged protein and that CsbC, like HemA T, 
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might localize to specific sites m the membrane. On the other hand, a 

transcriptional effect of hemAT or csbC mutations on tatAd expression seems 

unlikely, because another phosphate starvation-induced protein, PhoB, was 

produced at normal levels in csbC or hemAT mutant cells. 

In conclusion, the current studies provide a novel proteomic view on the interaction 

network of the twin-arginine protein secretion system of B. subtilis. Importantly, 

our present observations underscore the view that the yeast two-hybrid technique 

allows the identification of meaningful interactions between membrane proteins, in 

particular when combined with functional down-stream analyses. Future studies 

should be focused on the dissection of the precise roles of WprA, CsbC and 

HemAT in Tat-dependent protein transport in B. subtilis. 
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Supplementary information 

Supplementary Table S1. Primers used for plasmid and strain constructions 

Primer name Sequence (in 5' � 3' direction; restriction 
sitesand overlapping sequences are underlined) 

Plasmids 

pHBcsbC 
pHBcsbC F GGGACTAGTAAAGTAAAAATTATATTTTTCCCAAGG 

G 
pHBcsbC R GGGCTCGAGGTAATCAAATATGGTTATACAATAAAT 

GCAG 

pHBhemAT 
pHBhcmAT F GGGACTAGTTCATTGGCTCAACAACTGAGGA 
pHBhemAT R GGGCTCGAGATTCCAAACACTGCAGGACGC 

pHBwprA 
pHBwprA F GGGGACTAGTCATTATTTTGCAGGAGGGATAAC 
pHBwprA R GGGGCTCGAGGGAAAGCGATCCATTATGTACA 

B. subtilis strains 

ApurQ 
F _front_purQ GGCCTTCCGTGAA T ATTGTG 
R_front_purQ CGACCTGCAGGCA TGCAAGCTtgcgactacctcctcaacct 

F _back_purQ CGAGCTCGAA TTCACTGGCCGTCGgcaaatgggtgtcagtgat 
g 

R_back_purQ CCAAAAGCA TCCGTTCTTGT 

ApksJ 
F _front_pksJ AGGAACGCAAGAAGGACTGCTTC 
R_front_pksJ CAAGACGAACTCCAA TTCACcacgctgcctccatttgactt 

Comments 

Spel site 

Xhol site 

SpeI site 
XhoI site 

SpeI site 
XhoI site 

Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

Underlined 
sequence overlaps 
with a Kanamycin 
resistance cassette 
from plasmid 
pGDL48 (Meijer 
et al. , 1 995) 

F _back_pksJ TACATCCGCAACTGTCCATAcgtgaaaaagataacgaaacaactca Underlined 
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R_back_pksJ CATGCAATCCGTITGCAAAA 

AppsC 
F _front_ppsC TGATCAATT ACAGCA TGAGC 
R_front_ppsC CGACCTGCAGGCA TGCAAGCTgcttggtggaagaattgtag 

pGDIA8 (Meijer 
et al., 1 995) 

Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_ppsC CGAGCTCGAATTCACTGGCCGTCGtcacgattttctacaattcttc Underlined 
caccaagccctctcctatagtttgttgac 

R_back_ppsC GACTCTTGGTGAACTGTCC 

AyopZ 
F _front_yopZ GCAGACCAAACGA TT AACGAA 
R_front_yopZ CGACCTGCAGGCA TGCAAGCTcgccctcctttactctttcc 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_yopZ CGAGCTCGAATTCACTGGCCGTCGcctattgaaggctggcaaa Underlined 
a 

R_back_yopZ CCA TTCCCT ACCCGCT AGTT 

AyqbD 
F _front_yqbD ACCGGTITCAAA TTTGATCA 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

R_front_yqbD CAAGACGAACTCCAA TTCACgttattcacctccttaaaataagaaaa Underlined 
gac 

F _back_yqbD T ACATCCGCAACTGTCCA T Ataatggataaggaggatacgaatg 

sequence overlaps 
with a Kanamycin 
resistance cassette 
from plasmid 
pGDIA8 (Meijer 
et al., 1 995) 
Underlined 
sequence overlaps 
with a Kanamycin 
resistance cassette 
from plasmid 
pGDIA8 (Meijer 
et al., I 995) 
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R_back_yqbD AATTCGCAAATATTTAGGAGGT ACA 

AfliZ 
F _front_tliZ TGATGATGAAATGCTGGTGAA 
R_front_fliZ CGACCTGCAGGCATGCAAGCTtgattgctgtcccatagcag Underlined 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_fliZ CGAGCTCGAATTCACTGGCCGTCGccggaaaacgtaagttcga Underlined 
C 

R_back_fliZ TGAAAGAATCGTCGACAGCA 

AfruA 
F _front_fruA T ACGACTGACGCTGAAGAGC 
R_front_fruA CGACCTGCAGGCA TGCAAGCTaggaagaagctgctggacaa 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_fruA CGAGCTCGAATTCACTGGCCGTCGggaaacactttgaccgagg Underlined 
a 

R_back_fruA TTT ACGGGCTTTT ACCTTGC 

tiyczJ 
F _front_yczl GGATGGTCAGCTCCTTGG 
R_front_yczl CGACCTGCAGGCA TGCAAGCTggaccatccttccttatatacg 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_yczl CGAGCTCGAA TTCACTGGCCGTCGcaatatttcgtatataaggaa Underlined 

R_back_yczl 

AxhlA 
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F _front_xhlA TICCTCTCGATAAGGCTGGA 
R_front_xhlA CGACCTGCAGGCA TGCAAGCTcctccttcacatgcagatca Underlined 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_xhlA CGAGCTCGAA TTCACTGGCCGTCGcatcaggacggtgcttcttt Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

R_back_xhlA TACCATCAGGGAGCGGATAG 

MhyB 
F _front_thyB AGCAGAATCGCTCCTGTCAT 
R_front_thyB CGACCTGCAGGCA TGCAAGCTcttgcagatcctgatgcgta Underlined 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_thyB CG AGCTCG AA TICACTGGCCGTCGctcatgtgactgggcttgaa Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

R_back_thyB GACCGTGTGGTATTGGCTCT 

Aa.rgC 
F _front_argC ATGACAGACGTIGCCATCAA 
R_front_argC CGACCTGCAGGCATGCAAGCTcaccctcttggtctttgtgaa Underlined 

sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

F _back_argC CGAGCTCGAA TTCACTGGCCGTCGgggagagaatcgaaccat Underlined 
ga sequence overlaps 

with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

R_back_argC TIAGTTTTGTCGCGCCTTCT 

AcheA 
F _front_cheA ACTGCGAGAAACGGAGAAGA 
R_front_cheA CGACCTGCAGGCATGCAAGCTacagcttgtgatggatgctg Underlined 

sequence overlaps 
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F _back_cheA CGAGCTCGAA TTCACTGGCCGTCGtatgccatttccgtcactca 

R_back_cheA TCCGAACA TGTCCAA TGAGA 

GFP fusions to: 

HemAT 
MVP-3 

MVP-4 
CsbC 
MVP-7 
MVP-8 

References 

GGTGGTGGGCCCTTGTTATTTAAAAAAGACAGAAAA 
CAAGAAACAGC 
GGTGGTCTCGAGTTCTTCTGTCAGGATG 

GGTGGTGGGCCCGTGAAGAAAGACACAAG 
GGTGGTCTCGAGTAATGTACGCTCATTCAG 

with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 
Underlined 
sequence overlaps 
with a 
Phleomycin 
resistance 
cassette. (Fabret 
et al. 2002) 

ApaI site 

Xhol site 

Apal site 
XhoI site 
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Supplementary Table S2 

Gene Name Localization1 Function Part of a hub 

TatAy 
subun it of TatAyCy 

membrane translocase no 

TatCy 
subun it of TatAyCy 

membrane translocase no 

TatAd 
subun it of TatAdCd 

membrane translocase no 

TatCd 
subun it of TatAdCd 

membrane translocase no 
subun it of TatAcCy 

TatAc and TatAcCd 
membrane translocases no 

WprA 
ce l l  wa l l  and 
secreted2

'
3 protease no 

Kinase 
PrkC inner spore phosphorylation on 

membrane Thr-290 no 
PksJ cytoplasm polyketide synthesis no 
YtdP membrane unknown yes 

production af 

PpsC 
antibacteria l  
compound 

cytoplasm p l ipastatine yes . 
structurra l 

SmC manta inance of the 
nucleoid chromosome yes 

PurQ cytoplasm purine b iosynthesis no 
Yyaj membrane u nknown no 
YerP membrane swarming yes 

YwqJ 
cytoplasm / 
secreted suspected toxin yes 

F l iZ 
movement and 

membrane chemotaxis yes 
YopZ membrane unknown yes 
Ydbl membrane u nknown yes 
YqbD cytoplasm unknown yes 
YkoT membrane u nknown yes 

FruA 
fructose uptake and 

membrane phosphorylation yes 
YtjP cytoplasm unknown no 

67 



Chapter 2 

CsbC 
putative pentose 

membrane transporter yes 

Yel l  membrane ABC transporter yes 

RacA cytoplasm cel l  d ivision yes 

XhlA membrane host cel l  lysis yes 

YhaP 
produce ABC 

membrane transporter yes 

FtsW membrane ce l l  d ivis ion no 

Yczl membrane unknown no 
cytosol, 

YfkN 
membrane, ce l l  
wa l l  and probably phosphate 
secreted2

,
4 acquis it ion no 

PfkA cytoplasm phosphofructokinase no 
biosynthesis of 

ThyB thymid ine 
membrane nucleotide no 

ArgC 
b iosynthesis of 

cytoplasm argin ine no 

YvbJ membrane unknown no 

Vess 
regulation of pectin 

membrane uti l izat ion yes 

MntH membrane manganese uptake no 

CheA 
chemotactic signal 

membra ne modulator no 

HemAT 
membrane, ce l l  movement towards 
poles5 oxygen no 

YvgP 
monova lent cation 

membrane export no 

YcgA membrane unknown no 

YxjA membrane purine uptake no 

68 



The Tat network of Bacillus subtilis 

1 Localization as predicted in : van Dijl, J.M., A. Dreisbach, M.J. Skwark, M.J.J .B. Sibbald, H. 
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Abstract 

Two independent twin-arginine translocases (Tat) for protein secretion were 

previously identified in the Gram-positive bacterium Bacillus subtilis. These 

consist of the TatAd-TatCd and TatAy-TatCy subunits. The function of a third 

TatA subunit named TatAc was unknown. Here we show that TatAc can form 

active protein translocases with TatCd and TatCy. 
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TatAc, the third TatA subunit of Bacillus subtilis, can form active 

twin-arginine translocases with the TatCd and TatCy subunits 

Protein transport from the cytoplasm to different bacterial compartments or the 

external milieu is facilitated by dedicated molecular machines (6). Among these 

protein translocases, the twin-arginine translocases (Tat) stand out, because they 

permit the passage of tightly folded proteins across the cytoplasmic membrane. The 

proteins translocated by Tat are synthesized with signal peptides that contain a 

well-conserved twin-arginine (RR) motif for specific targeting to a membrane

embedded Tat translocase ( 13, 1 7, 23). The Tat translocases of Gram-negative 

bacteria, such as Escherichia coli, are composed of three subunits named TatA, 

TatB and Tate (5, 18). The formation of an active protein-conducting channel is 

believed to require the formation of a supercomplex composed of a TatABe 

heterotrimeric complex and homo-oligomeric TatA complexes ( 1 ,  8). In contrast, 

most Gram-positive bacteria possess minimized Tat translocases that contain only 

TatA and Tate subunits. Nevertheless, various studies indicate that these TatAe 

translocases employ a mechanism similar to that of the TatABe translocases of 

Gram-negative bacteria (10, 17). 

The Gram-positive bacterium Bacillus subtilis is a well-known 'cell factory' for 

secretory protein production (20, 2 1 ). In this organism two Tat translocases are 

known to operate in parallel. The TatAded translocase consists of the TatAd and 

Tated subunits and the TatAyey translocase consists of the TatAy and Tatey 

subunits (11 ,  12, 1 5). While the TatAded translocase is produced mainly under 

conditions of phosphate starvation (12, 14, 1 5), the TatAyey translocase is 

expressed under all tested conditions (12, 14 ). Interestingly, B. subtilis produces a 

third TatA subunit named TatAc ( 1 2). The function of TatAc has remained 

enigmatic due to the fact that no phenotype was so far detectable for tatAc mutant 

B. subtilis cells (11, 1 2, 20). Therefore, the present studies were aimed at 

determining whether TatAc can actually form active translocases in combination 

with Tated or Tatey. This possibility was tested by expressing the respective tat 

genes in E. coli, because the activity and assembly of Bacillus Tat translocases can 

be assayed more readily in this organism than in B. subtilis (2). For this purpose, 

the tatAc gene was amplified from the B. subtilis genome (GenBank/EMBL/DDBJ 
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accession number AL009126) and cloned into plasmid pBAD24, resulting in 

pBAD-Ac. Next, the tatCd and tatCy genes were PCR-amplified such that the 

respective proteins contain a C-terminal strepll-tag. The amplified tatCd-strepll 

and tatCy-strepll genes were cloned into pBAD-Ac, resulting in pBAD-AcCd

Strep and pBAD-AcCy-Strep, respectively. These vectors were subsequently used 

to transform E. coli MatABCDE cells, which lack all E. coli tat genes. Next, the 

resulting strains were tested for their ability to transport the previously identified E. 

coli Tat substrates TorA, AmiA and AmiC (3, 4, 9). To monitor TorA export to the 

periplasm, E. coli cells were grown anaerobically until mid-exponential growth 

phase, and these cells were then subjected to sub-cellular fractionation as 

previously described (16). The periplasmic, cytoplasmic, and membrane fractions 

thus obtained were separated on a 10% native polyacrylamide gel that was 

subsequently assayed for Trimethylamine N-oxide (TMAO) reductase activity as 

described previously ( 4, 19) . The results in Figure 1 show that the MatABCDE 

cells producing TatAc plus TatCd, or TatAc plus TatCy were capable of 

transporting active TorA to the periplasm. In contrast, MatABCDE cells expressing 

only tatAc, tatCy or tatCd were not able to export active TorA to this subcellular 

location. This showed for the first time that TatAc was able to form active 

translocases in combination with TatCd or TatCy. To further investigate the 

activity of these translocases, we tested the export of AmiA and AmiC, which are 

both required for cell wall biosynthesis in E. coli (3, 9). Cells that do not export 

these molecules to the periplasm grow in long chains, as is observed for the E. coli 

MatABCDE strain (Fig. 2, A and B (9)). 
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FIGURE 1. B. subtilis TatAcCd and TatAcCy facilitate Tor A export in E. coli 

Cells of E. coli MatABCDE were subjected to subcellular fractionation. Proteins in the obtained 

periplasmic (P), membrane (M) and cytoplasmic (C) fractions were separated by native PAGE and 

the gels were subsequently analyzed for TMAO reductase (TorA) activity. Strains used in this 

analysis were E. coli MC41 00 (WT), E. coli MatABCDE (.Mat), or E. coli MatABCDE expressing: B. 

subtilis TatAc from plasmid pBAD-Ac-Strep (�tat + TatAc), B. subtilis TatCd from plasmid pBAD

Cd-Strep (�tat + TatCd), B. subtilis TatCy from plasmid pBAD-Cy-Strep (Mat + TatCy), B. subtilis 

TatAcCd from plasmid pBAD-AcCd-Strep (�tat + TatAcCd), or B. subtilis TatAcCy from plasmid 

pBAD-AcCy-Strep (�tat + TatAcCy). The position of active full-length TorA is indicated. TorA* 

indicates a faster migrating form of Tor A (22). 

As shown by phase contrast microscopy, the bacteria producing TatAc plus TatCd, 

or TatAc plus TatCy showed the wild-type phenotype although some slightly 

longer chains were still detectable (Fig. 2, C and D). This is indicative of active 

export of AmiA and/or AmiC to the periplasm, providing further support for the 

idea that active TatAcCd and TatAcCy complexes can be formed in E. coli. 
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FIGURE 2. B. subtilis TatAcCd and TatAcCy facilitate AmiA and AmiC export in E. coli 

The export of AmiA and Amie in E. coli was assayed indirectly by assessing the chain length of 

exponentiall y  growing cells. A, E. coli Me4100 (WT); B, E. coli MatABCDE forms long chains due 

to the mislocalization of AmiA and Amie (9); C, E. coli MatABCDE producing TatAced from 

plasmid pBAD-Aced-Strep; D, E. coli !::.tatABCDE producing TatAcey from plasmid pBAD-Acey

Strep. As evidenced by the significantly reduced chain length, the export of AmiA and Amie in £. 

coli l!,,.tatABCDE is at least partially restored by the production of TatAced or TatAcey. 

To demonstrate the formation of TatAcCd and TatAcCy complexes, a blue native 

(BN) PAGE analysis was performed. For this purpose, membranes were isolated 

from cells expressing TatCd-strepII, TatCy-strepII, TatAc-TatCd-strepII, or TatAc

TatCy-strepII. In addition, cells producing TatAc-strepII from plasmid pBAD24 

were included in the analyses. Upon solubilization in 2% digitonin, membrane 

proteins were separated by BN PAGE, followed by immunoblotting with 

antibodies against the strep-II tag. As shown in Figure 3, TatCd-strepII and TatCy-
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strepll alone formed bands of ~66 kDa. In addition, TatCd-strepII formed a minor 

band of ~ 100 kDa. TatAc-strepII expressed by itself formed a sma11 homogeneous 

complex of ~ 100 kDa. Importantly, when TatAc (non-tagged) was co-expressed 

with either TatCd-strepII or TatCy-strepII, bands of ~ 230 kDa or ~ 200 kDa 

respectively were observed. This showed that TatAc does indeed form 

membrane-embedded complexes with TatCd and TatCy. 

669 

440 .. 

232 

140 

66 

TatCd* 

TatCy 

TatCd 

FIGURE 3. TatAcCd and TatAcCy form discrete complexes 

TatAcCd 

TatAcCy 

To investigate complex formation, TatCd-strepll ,  TatCy-strepl l ,  TatAc-strepll ,  TatAc-TatCd-strepII 

or TatAc-TatCy-strepl l  were expressed in E. coli l!!,.tatABCDE. Next, membranes from the respective 

cel ls  were isolated. Membrane proteins were then solubilised in 2% digitonin and separated by blue

native PAGE. The gels were immunoblotted using strepl l-specific antibodies and a secondary anti

mouse IgG horseradish peroxidise conjugate. The EZ-ECL detection kit was used to visualize bound 

antibodies. The mobility of molecular mass markers (left panel) and strepll-tagged proteins and 

complexes is indicated (kDa). TatCd* indicates a TatCd complex with higher molecular weight. 
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In conclusion, our present studies document for the first time that the hitherto 

enigmatic third TatA subunit of B. subtilis known as TatAc can engage in the 

formation of active TatAC type translocases. The results also show that TatAc has 

no particular preference for partnering with TatCd or TatCy. It is noteworthy that 

the identified TatAcCd and TatAcCy complexes appear to be homogeneous and 

relatively small in size ( ~200 to 230 kDa). Interestingly, previous studies in B. 

subtilis have shown that the co-expression of TatAc and TatCd or TatAc and TatCy 

does not facilitate export of the known Tat substrates PhoD and YwbN (7). 

Furthermore, a recent tiling array analysis across 104 conditions has shown that 

tatAc is expressed under most conditions (14). These previous observations 

together with our present findings suggest that TatAcCd and TatAcCy translocases 

could be involved in the specific export of as yet unidentified Tat substrates in B. 

subtilis. However, it has to be noted here that our present observations on TatAc 

function were made upon heterologous expression in E. coli, and that it remains to 

be assessed whether TatAc fulfils the same functions in B. subtilis. 
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Chapter 4 

Summary 

Tat-dependent protein transport permits the traffic of fully folded proteins across 

membranes in bacteria and chloroplasts. The mechanism by which this occurs is 

not fully understood. Current theories propose that a key step requires the 

coalescence of a substrate-binding TatC-containing complex with a TatA complex, 

which forms pores of varying size that could accommodate different substrates. We 

have studied the structure of the TatAd complex from Bacillus subtilis using 

electron microscopy to generate the first 3D model of a TatA complex from a 

Gram-positive bacterium. TatAd forms ring-shaped complexes of 7 .5 - 9 nm 

diameter, with potential pores of 2.5 - 3 nm diameter that are occluded at one end. 

Although the structures resemble Escherichia coli TatE complexes, they do not 

exhibit the remarkable heterogeneity of E. coli TatA complexes. Furthermore, the 

small diameter of the TatAd pore, and the homogeneous nature of the complexes, 

suggest that TatAd cannot form the translocation channel by itself. This challenges 

current mechanistic theories. 
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Introduction 

The twin-arginine translocation (Tat) pathway is an unusual system that acts to 

translocate fully folded proteins across the bacterial plasma membrane, and the 

chloroplast thylakoid membrane [reviewed in (Miiller and Klosgen, 2005; 

Robinson et al., 201 1 )] .  The Tat system functions in parallel with the well 

characterised Sec pathway and is dependent on the presence of a proton-motive 

force across the membrane (Cline et al., 1 992; Robinson and Bolhuis, 2004; Santini 

et al., 1 998) . It derives its name from the highly conserved twin-arginine motif 

present in the N-terminal signal peptide of Tat substrates (Chaddock et al . ,  1 995; 

Stanley et al., 2000). In Gram-negative bacteria the integral membrane proteins 

TatA ( 1 0 kDa), TatB ( 1 8  kDa) and TatC (30 kDa) comprise the minimal 

components required for translocation of Tat substrates (Bogsch et al., 1 998; 

Sargent et al., 1 998; Weiner et al., 1 998), and these proteins are all expressed from 

a single operon. An additional tat gene, tatE, is expressed elsewhere in the genome 

of E. coli. The tatE gene is thought to be a cryptic duplication of tatA due to its 

high degree of sequence similarity (Sargent et al., 1 998) and ability to functionally 

complement a LltatA mutant (Baglieri et al., 201 2; Sargent et al., 1 999). 

Under steady state conditions the TatABC core components are observed to 

form two primary types of integral membrane complex: a TatABC substrate

binding complex of ~ 370 kDa and TatA complexes ranging in size from 50 kDa to 

over 500 kDa (Bolhuis et al., 200 1 ;  Oates et al., 2005; Oates et al., 2003). The 

TatABC complex and TatA complex or complexes are thought to transiently 

coalesce to form the active translocon, and TatA has been suggested to form pores 

of varying size that could accommodate different substrates. Low resolution 

structures of purified TatA suggest that this protein assembles into ring-shaped 

particles of 9-1 3  nm diameter, a small subset of which have an internal cavity that 

could be large enough to accommodate the larger Tat substrates (Gohlke et al., 

2005). On the other hand, recent investigations have shown that TatE, which can 

apparently fully substitute for TatA, forms complexes that are much smaller and 

more homogeneous. These complexes appear as rings of 6-8 nm (Baglieri et al., 
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2012), which are too small to accommodate large Tat substrates in a folded state. 

The precise nature and function of TatA-type complexes is thus currently unclear. 

In contrast to Gram-negative bacteria, almost all Gram-positive bacteria possess 

a 'minimalist' Tat system which lacks a TatB component. Interestingly some 

Gram-positive organisms contain multiple Tat systems which possess differing 

substrate specificities (Jongbloed et al., 2006). Bacillus subtilis is one such 

bacterium, containing two minimal TatAC-type complexes, termed TatAdCd and 

TatAyCy, along with a third TatA component, TatAc (Monteferrante et al., 2012). 

The tatAd and tatCd genes are expressed under phosphate-limiting conditions and 

are located together in an operon downstream of the phoD gene; this encodes a 

protein with both phosphodiesterase and alkaline phosphatase activity, and is the 

only known substrate of the TatAdCd translocase (Jongbloed et al., 2004; 

Jongbloed et al., 2000; Pop et al., 2002). The absence of a TatB component is 

compensated for by the bifunctional role of the TatAd protein, which has been 

shown to complement both E. coli tatAIE and tatB null mutants (Barnett et al., 

2008). As with the E. coli system, the B. subtilis Tat components have been shown 

to form two types of complexes; a TatC-containing complex that we assume to be 

functionally analogous to the TatABC complex, and a separate TatA complex. 

However, biochemical assays have suggested that the B. subtilis complexes are 

significantly smaller and more homogeneous than the E. coli versions. The 

TatAdCd complex runs at ~ 230 kDa during blue-native PAGE and the TatAd 

complex has been estimated to be ~ 160 kDa by gel filtration (Barnett et al., 2008), 

while both TatAyCy and TatAy have been reported to form ~200 kDa complexes 

as judged by gel filtration (Barnett et al., 2009; van der Ploeg et al., 2011). The 

earlier studies also showed that the TatAdCd system is able to export the large, 

cofactor-containing Trimethylamine N-oxide (TMAO) reductase (TorA) substrate 

( ~ 90 kDa) when expressed in an E. coli tat null mutant. These data therefore 

suggest that multiple-sized TatA complexes are not essential for the effective 

transport of Tat substrates. Consistent with these findings, an alternative model for 

Tat translocation suggests that a localised concentration of TatA components acts 

to destabilise the lipid bilayer to facilitate transport (Briiser and Sanders, 2003). 
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A further area in which the B. subtilis Tat systems appear to differ from that of 

E. coli is in the presence of a cytoplasmic species of TatA. Cytoplasmic TatAd has 

been reported to bind the PhoD substrate (Pop et al., 2003) and form homo

multimeric complexes varying widely in both size and shape (Westermann et al., 

2006). Similar large complexes or aggregates ( ~5 MDa) were identified for a 

cytoplasmic TatAy population (Barnett et al., 2009). It has been suggested that 

cytoplasmic TatAd acts as a Tat substrate chaperone shuttling to the membrane

localised TatCd component (Schreiber et al., 2006). However, the significance of 

the cytoplasmic TatA population has remained controversial. 

Despite the clear functional overlap between the Tat systems of E. coli and B. 

subtilis, the available evidence suggests major differences in complex organisation 

and potentia11y in the translocation mechanism itself. In this study we report the 

first structural investigation of membrane-localised B. subtilis TatA complexes 

including 3D density maps of TatAd complexes. These data show TatAd 

complexes to be sma11er and more homogeneous than E. coli TatA complexes, with 

no indication of a pore large enough to translocate the larger Tat substrates in a 

folded state. We additionally characterise a small and homogeneous B. subtilis 

TatAc complex that also supports efficient translocation of Tat substrates. These 

results challenge current thinking and suggest an alternative mechanism for Tat 

translocation in B. subtilis, and possibly E. coli. 

Results 

Overexpression and purification of TatAd 

TatAd was expressed in E. coli l1tatABCDE cells from the pBAd-His plasmid. The 

cells were fractionated and the membranes isolated before solubilisation in 1 % 

dodecyl maltoside (DDM) and subsequent purification on a Talon-affinity column, 

as described in the Experimental Procedures. All column fractions were analysed 

by SDS-PAGE, and visualised by silver-stain as well as immunoblotting using 

antibodies to the C-terminal His-tag on TatAd. As shown in Fig. I A, a proportion of 
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TatAd was detectable in the initial wash fraction, but the majority of the protein 

bound well to the column, eluting over fractions 7-20. 

TatAd-containing elution fractions were then pooled and concentrated during 

which no Tat protein was detectably lost. A sample of the concentrate was loaded 

onto a calibrated Superdex ™ 200 HR 10/30 gel filtration column (Fig. I B). TatAd 

complexes were found to elute with an estimated mass of ~ 270 kDa, as observed 

previously (Barnett et al., 2008), with a shoulder in the elution profile 

corresponding to a mass of ~ 160 kDa. These size estimates are greatly influenced 

by the detergent micelle and, as in previous Tat studies, the true sizes of the 

complexes are likely to be considerably smaller. All elution fractions were 

immunoblotted using antibodies to the C-terminal hexahistidine tag on TatAd. The 

immunoblot shows TatAd to elute across fractions 19-26 (Fig. lB). 
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Figure lA. Purification of B. subtilis TatAd. Membranes were isolated from E. coli Lltat cells 

expressing B. subtilis TatAd with a C-terminal Hexahistidine tag, solubilised in dodecyl maltoside 

(DOM) and applied to a Talon affinity column. The proteins in all elution fractions were separated by 

SOS-PAGE and the gels were analysed using si lver-staining or immunoblotting with antibodies 

against the His-tag. Talon column fractions: Ff =  Flow-Through, W l -3 = Wash fractions, E1 -E20 = 

Elution fractions. Arrows indicate the position of TatAd 
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Figure 1B. Purification of B. subtilis TatAd. A sample of the TatAd concentrate was applied to a 

Superdex 200 GL 30/ 1 00 gel filtration column. The run (240 µI sample, 0.5ml/min flow, 0.02% DOM 

in buffer) shows a major peak at ~270 kDa with a shoulder towards lower molecular weights. The 

corresponding Western blot shows that TatAd elutes across fractions 1 9-26. V0 = Void volume. 

Detergent concentration has a profound structural effect on the 

observed population of TatAd complexes 

The primary aim of this work was to investigate the structure of TatAd complexes 

using EM techniques. However, as the observed particles exist as a mixture of 

protein-detergent complexes (PDCs) and detergent micelles, it was important to 

assess the influence of the detergent on the structural data obtained. Samples of 

TatAd complexes taken from under the major gel filtration peak (fraction 21 in Fig. 
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l B) were analysed by single particle EM in negative stain. We observed that 

changes to the concentration of protein or detergent on the grid led to a striking 

variation in the size and shape of the particles observed (Fig. 2). Under undiluted 

conditions ( ~24 µg/ml TatAd in 0.02% DDM, which is ~2x above the critical 

micelle concentration [CMC]) the grids appear crowded with a fairly homogeneous 

population of small, round ( ~8nm diameter) particles. These particles have a lower 

central density, indicating a cavity or channel (Fig. 2A). Upon 1 :4 dilution in gel 

filtration buffer (20mM Trizma, 150mM NaCl) lacking detergent, a major change 

in particle appearance was observed (Fig. 2B). The particles appear well dispersed, 

but various distinct populations are present, including large amorphous particles of 

over 50 nm in diameter (Fig. 2B insert, arrow) and rod shaped structures ~ 25 nm in 

length (Fig. 2B insert, arrow head). The small round particles appear as a 

continuous spectrum of sizes from over 20 nm to less than 8 nm in diameter. Under 

these conditions the detergent concentration is well below the CMC ( ~ 0.005% 

DDM) and the Tat complexes no longer appear stable, collapsing into a disordered 

array of aggregates. This heterogeneous mix of particles closely resembles the 

morphology of the soluble TatAd complexes observed previously (Westermann et 

al., 2006). Given the small and homogeneous nature of TatAd in the presence of 

detergent, we propose that a soluble population most likely represents spontaneous 

aggregation rather than regulated complex formation. The same 1 :4 dilution of the 

original sample in GF buffer with 0.02% DDM generates a population of small, 

homogeneous particles that resemble those in the undiluted sample (Fig. 2C). This 

shows that the change in particle morphology is due to the reduction in detergent 

concentration and not protein. A final 1 :8 dilution with GF buffer 1 results in a 

clear, well dispersed and homogeneous population of particles (Fig. 2D). This 

dilution was used for the subsequent imaging and single particle analysis. 
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Figure 2. The concentration of detergent has a major impact on the size and shape of TatAd 

particles observed by EM. (A) Under undiluted conditions ([protein] ~24µg/ml, 0.02% DOM) the 

grids appear crowded with a homogeneous population of small ,  round ( ~8nm diameter) particles with 

lower central density. (B) Upon a I :4 dilution with GF buffer 1 minus DOM, the particles appear 

well-dispersed, but various distinct populations are present. These include large amorphous particles 

of over 50 nm in diameter (B insert, arrow) and rod-shaped structures of ~25 nm long (B insert, arrow 

head). Small round particles appear as a continuous spectrum of sizes from over 20 nm to less than 8 

nm in diameter. (C) Using the same I :4 dilution with GF buffer I (0.02% DOM present) restores the 

population as seen in (A), but some larger amorphous particles are also present. (D) A I :8 dilution 

with GF buffer I results in a clear, well-dispersed and homogeneous population of particles. 

Micrographs were acquired at ~57,000x magnification using the same gridding and staining 

procedure (see methods). Micrograph scale bar = 1 00 nm, insert scale bar = 50 nm. 
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Single particle analysis, size classification and 3D reconstruction of 

TatAd complexes 

Due to the preferred orientation of the particles on the grid, a random conical tilt 

reconstruction strategy was adopted for the single particle analysis (Radermacher et 

al., 1 987), to provide the range of alternative views required to compute a 3D 

model . Accordingly, micrographs were taken in pairs, both untilted (Fig. 3A) and 

tilted to 50° (Fig. 3B). TatAd complexes appear as small, discrete and well-defined 

ring-shaped particles with a central pool of stain (Fig. 3C) similar to those observed 

previously for TatA and TatE. 

C 
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Figure 3. Micrographs of TatAd tilt pair and example particles. The area of micrographs is shown 

untilted (A) and tilted to 50° (B). Corresponding particle pairs in both images are circled. The scale 

bar measures 1 00 nm. Images were acquired at ~57,000x magnification under low-dose conditions. 

(C) Particles picked from the untilted images are small and roughly circular measuring ~ 7 .5 nm in 

diameter. Each contains a clear central pool of stain indicating a cavity or channel. The scale bar 

measures 7 .5 nm. 

A total of 2540 initial particles were picked interactively from across 22 tilt pairs of 

micrographs. All particles were normalized and corrected for the effect of the 

contrast transfer function (CTF) by phase flipping. After discarding particles which 

were clipped or broken, the untilted particles were iteratively centred using a 

reference-free method. This gave an initial rotationally averaged sum image of ~ 7.5 

nm diameter (see Fig. 4A). The particles were then assessed for size variation 

following the published method (White et al., 2004). Using multivariate-statistical 

analysis (MSA), the dataset was separated into four potential size classes showing 

an overall variation of only ~ 1.5 nm in diameter (see Fig. 4B). This initial size 

classification was validated using a multi-reference alignment and re-classification 

method (see methods section). The smallest class measures only 7.5 nm in diameter 

(Class 1) and is the most abundant (547 images) and well defined. The largest class 

is 9 nm in diameter (Class 4) and is the least populated (352 images). Attempts 

were made to identify larger rings from within the discarded particles, but no 

significant population could be found. A variation in the intensity of central 

staining that correlates with the diameter of the particle was also observed; clear 

central density is present in the Class 4 average whilst this is absent in Class 1 .  

After reference-free alignment of the untilted particles (Fig. 4C) and centring of the 

corresponding tilted particles, initial 3D models were generated. These density 

maps were then iteratively refined by matching the original tilted particles to 

projections of the initial models to improve their cross-correlation. In Fig. 4D the 

class averages are compared to reprojections of their corresponding final density 
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map. In all classes the 3D density map appears as a small asymmetrical ring made 

up of 5 globular densities measuring ~ 2.5 nm across. 

Class 1 Class 2 Class 3 Class 4 

A 

Figure 4. Assessment of size variations in TatAd complexes. (A) Initial centred sum image of 1990 

particles. (B) Size class averages of TatAd reveal a slight size variation that correlates with internal 

density (see largest class, top right). The numbers of particles per class are as follows: class 1, 547; 

class 2, 477; class 3 , 440; class 4, 352. (C) Size classes after reference-free rotational and translational 

alignment of the untilted particles. (D) Reprojections of TatAd 3D density maps for comparison to the 

class averages. Scale bar = 10 nm. 

No variation in ring thickness is present between the classes (Fig. 5A). Only the 

largest class (Class 4) shows significant occlusion of the central channel. This is 

more prominent on the face away from the grid. Pore size also does not appear to 

vary between the classes (measuring 2.5-3 nm across). The 3 smaller classes have a 

ring height of -4 nm increasing to 5.5 nm for the larger class. The complexes are 

estimated to range from 70 kDa to 120 kDa based on the enclosed volume of the 

density maps at 3.8 er. Fig. 5B shows the results of fitting the published solution 

state NMR structure of TatAd monomers (Hu et al., 2010) into the density map of 
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the largest (Class 4) TatAd complexes. The 3 nm long transmembrane helix (TMH) 

fits well into the ring density with the 4 nm long amphipathic helix (APH) forming 

a potential lid structure occluding the central cavity. 

Previous structural studies on TatAd using circular dichroism and solid-state NMR 
have shown that the APH is oriented parallel to the lipid bilayer (Lange et al., 

2007; Miiller et al., 2007); with the more recent solution state NMR study 

indicating a high level of flexibility in the APH C-terminal region. This may 

explain the loss of lid structure density in the Class 2 and Class 3 density maps. 

A 

Class 1 Class 2 Class 3 C lass 4 

B 

Figure 5. 3D density maps of TatAd complexes. (A) Shown from left to right are classes 1-4. The 

maps are filtered to 30 A and contoured at - 4 cr (standard deviations above the mean density). Side 

views are shown with the potential cytoplasmic side facing down. Scale bar = 10 nm. (B) Cross

section of a class 4 complex to show the internal cavity. The solution state NMR structures of TatAd 

monomers are fitted into the 3D map. 
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The smallest class (Fig. 5A, Class 1) shows potential extensions arising from the 

globular ring densities. This 'arm' density was found to align during the projection 

matching and did not disappear during filtering. Manual analysis of the original 

tilted particles shows a range of small rings with these 'arm' extensions (Fig. 6A). 

One or two extensions measuring 1-2 nm can be seen to protrude from the 

circumference of the ring (Fig. 6, A and B), and such extensions are not seen in the 

larger classes or in any of the untilted particles. The total length of these extended 

regions is ~ 4 nm including the ring density. This indicates that the extensions may 

include the APH of the TatAd subunit as shown in Fig. 6C. Such a conformational 

change has been suggested previously for E. coli TatA (Gouffi et al. , 2004) due to 

the flexibility of the hinge region. This conformational change could explain the 

slight variation in ring diameter across the TatAd complexes observed; with the 

TMH shifting from a tilted orientation to a straighter alignment, parallel to the 

APH. 
A 

B C 

Figure 6. Small TatAd complexes show extensions from the ring. (A) TatAd particles were 

identified from the Class 1 tilted images showing one or two extensions from the circumference of the 

ring measuring 1 -2 nm in length. (B) Closer view of two such particles with and without a custom 

mask to highlight the extensions. (C) Cross-section of class 1 3D density map with superimposed 
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schematic representation of hypothetical 'open-state' TatAd monomer. The TMH is shown in green, 

and the APH is represented in blue. The red arrow shows a proposed shift in APH conformation and 

the dashed red arrow shows the movement to a straighter TMH orientation relative to the membrane. 

B. subtilis TatAc forms small, homogeneous complexes and can restore 

export of Tor A in a AtatAE mutant. 

Our data on TatAd complexes represent the first structural information on the Tat 

complexes from a Gram-positive organism. The data show that the TatAd 

complexes are relatively small and structurally homogeneous, and this raises the 

question as to whether this is a general feature of such complexes. We have made a 

first step towards addressing this question by analysing another TatA-type complex 

from B. subtilis: the TatAc complex. We first expressed TatAc with a C-terminal 

Strep-II™ tag in E. coli MatAE and MatB cells. These were fractionated and the 

whole membranes were solubilised in 2% digitonin. The solubilised proteins were 

then analysed by blue native (BN) polyacrylamide gel electrophoresis to identify 

membrane protein complexes. The native gels were then subjected to 

immunoblotting with antibodies against the Strep-II™ tag. As shown in Fig. 7 A, 

TatAc forms a small and homogeneous complex of ~ 100 kDa, similar to those 

observed for E. coli TatE (Baglieri et al., 2012), in the absence of other TatA-type 

complexes or TatB components. We also expressed TatAc in E. coli Mat cells and 

observed the same TatAc complex. This shows that the stability of the TatAc 

complex is neither affected by native expression levels of other E. coli Tat 

components nor their absence. As with TatAd, the properties of this homogeneous 

TatAc complex contrast with the widely varying sizes of E. coli TatA bands 

observed with BN gels. Further to this, we tested whether TatAc can functionally 

replace TatA and TatE and restore translocation activity in E. coli L1tatAE cells. 

The TMAO reductase activity assay was performed as described previously 

(Baglieri et al., 2012). As shown in Fig. 7B, expression of TatAc is sufficient to 

restore translocation activity in the presence of native levels of TatB and TatC, 

with no activity detectable in the periplasmic fraction in the absence of a TatA-like 

component (L1tatAE control). The ability of TatAc to substitute for TatA/E provides 
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strong evidence that the homogeneous TatAc complexes are physiologically 

relevant. 

A 

669 -

440 -

232 - TatA 

140 -
TatAc 

66 

a nti-Strep 

�tatAE 

LitatAE + TatAc WT 

p M C p M C p M C 

TorA 

TorA* 

Figure 7. B. subtilis TatAc forms small homogeneous complexes, capable of complementing a 

AtatAE E. coli mutant. (A). Membranes were prepared from E. coli LltatAE, Lltat, and LltatB cells 

expressing B. subtilis TatAc or from E. coli LJtatAE expressing E. coli TatA. A Strep-II™ tag was 

present on the C-terminus of TatAc or TatA, respectively. The membranes were solubilised in 

digitonin and subjected to B lue-native gel electrophoresis as described in Experimental Procedures. 

The gel was immunoblotted with antibodies to the Strep-II™ tag. Mobilities of molecular mass 
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markers (in kDa) are indicated on the left. Mobilities of TatAc and TatA complexes are also 

indicated. (B). The Figure shows a native polyacrylamide gel stained for TMAO reductase (TorA) 

activity. Periplasm, membrane and cytoplasm samples (P, M, and C respectively) were prepared and 

analyzed from E. coli LltatAE cel ls, from the same cel ls expressing B. subtilis TatAc from plasmid 

pBAD-Ac-Strep (�tatAE + TatAc), and from wild-type (WT) E. coli MC41 00 cel ls. The mobility of 

active Tor A is indicated. Tor A* indicates a faster migrating form of Tor A. 

Discussion 

Previous studies have focussed on the structures of Tat complexes from the Gram

negative bacterium E. coli (Gohlke et al. 2005; Baglieri et al., 2012). These studies 

have prompted discussion concerning the possible mechanism of the Tat system 

with particular emphasis on the roles of separate TatA and TatBC complexes 

during the actual translocation event. In contrast, Tat complexes from Gram

positive bacteria have not been subjected to structural analysis and, to date, only 

the structure of the B. subtilis TatAd monomer has been solved by solution NMR 

(Hu et al., 2010). Important biochemical differences have been noted between Tat 

complexes from Gram-positive and Gram-negative bacteria. Therefore, we have set 

out to investigate the structure of B. subtilis TatAd complexes through the 

generation of 2D and 3D structure models using EM techniques. 

We show that TatAd forms ring-shaped structures of approximately 7 .5 - 9 nm 

diameter, containing a potential pore of 2.5 - 3 nm, which is occluded at one end. 

As an aid to interpretation, we have created a 3D model for the TatAd complex 

structure using the known structure of the TatAd monomer, which we have 

manually placed into our EM density map (Fig. 5B). This map reveals a pore, or 

well, which is occluded on the potential cytoplasmic side of the membrane by a lid

like structure. In our model, the lid corresponds to the amphipathic helices and C

terminal domains of the TatAd molecules. The functional significance of this 'lid' 

structure remains to be elucidated. A subset of the identified TatA complexes 

contain potential pores of diameters that could allow translocation of even large 

substrates (see below) and in this scenario the lid could seal a defined translocation 

channel at one end. On the other hand, our TatAd data argue against a 'simple' 

channel role for TatA-type complexes, because the diameters are too small. In the 
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absence of clear data on how these smaller complexes could contribute to 

translocation, the role of the potential lid is unclear. Further experimentation is also 

required to accurately assess the protein contribution to the TatAd 3D density 

maps. The correlation in the presence of central density with complex size suggests 

a mixed population of conformational states. In such a case the arm-like extensions 

seen extruding from the smallest class could likely include the C-terminus of the 

amphipathic helix of the TatAd subunit (Fig. 6). 

Previous analysis of E. coli TatA and TatE complexes revealed a similar structure 

with a prominent potential pore in the centre of the complexes (Gohlke et al., 2005; 

Baglieri et al. , 2012). However, the two types of complex exhibited major 

differences in other respects; TatA complexes are found in a large size range (9 -

13 nm diameter), whereas TatE complexes are much smaller and more 

homogeneous (6 - 8 nm diameter). The diameters of the potential pores are 

correspondingly different, and this has major implications for models of the 

translocation mechanism. The diameters of the potential pores in TatA complexes 

vary from 3-7 nm Gohlke et al. , 2005) and this range of pores would be capable of 

translocating the wide range of known Tat substrates in a folded state. Importantly, 

the largest pores would be just capable of accommodating larger Tat substrates, 

such as TorA which is 90 kDa in size. 

TatE is capable of substituting for TatA (Sargent et al. , 1999), although the 

structures of TatE complexes are very different to those of TatA complexes 

(Baglieri et al. , 2012). Importantly, the much smaller potential pores in TatE 

complexes are too small to accommodate many of the known Tat substrates. It was 

therefore suggested that the Tat mechanism may instead involve the coalescence of 

relatively homogeneous TatBC and TatA/E complexes, with the formation of a 

more flexible pore whose diameter adjusts according to the substrate being 

transported. In this context, our present TatAd complex data are of interest 

because, like E. coli TatE, TatAd is capable of substituting for E. coli TatA 

(Barnett et al. , 2008). This implies that the TatAd complexes can interact with the 

native E. coli TatBC complex. In fact, the TatAd complexes resemble TatE 

complexes in many respects. TatAd complexes do not present a large size range 
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and the average particle diameter is smaller, at 8 nm, than the smallest observed 

class of TatA complexes. Importantly, we do not observe complexes with an 

internal channel large enough for the translocation of fully folded E. coli Tat 

substrates. 

Finally, the small and uniform size of the TatAd complex appears to be a strictly 

conserved feature of TatA complexes from B. subtilis as is underscored by our 

present investigation of the TatAc complex and our previous investigations of the 

TatAy complex (Barnett et al., 2009; van der Ploeg et al., 201 ] ). We have therefore 

shown that all three TatA-type complexes of this Gram-positive bacterium form 

small homogenous complexes after purification, which challenges previous models 

on the role of TatA in protein translocation. This emphasises the need for further 

functional studies to understand the nature and role of TatA-type complexes in the 

overall Tat mechanism for protein traffic. 
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Experimental Procedures 

Bacterial Strains, Plasmids and Growth Conditions 

Plasmids/Cells 
pBAd-his 

MC4 1 00 

MC4100 
L1tatABCDE 

MC4l00 L1tatAE 
MC4100 L1tatB 
MC4 1 00 L1tatC 
pBAD-A-Strep 

pBAD-Ac-Strep 

Relevant properties 
pBAD24 derivative containing the B. 

subtilis tatAd-his gene; Ampr 

·- �lacUl 69 araD1 39 rpsLl 50 relA ptsF 
rbs flbB5301 

tat deletion strain 

tatA and tatE deletion strain 
tatB deletion strain 
tatC deletion strain 

pBAD24 derivative containing the E. 
1li tatA gene with a C-terminal Strep-II™ 

tag; Ampr 

pBAD24 derivative containing the 
B.subtilis tatAc gene with a C-terminal 

Strep-II™ tag; Ampr 

Table 1. Plasmids and strains used in this work 

Plasmid construction 

Reference/ source 
(Barnett et al., 2007) 

:casadaban and Cohen, 
1 979) 

(Sargent et al 1998) 

(Sargent et al 1998) 
(Sargent et al 1998) 
(Sargent et al 1998) 
(Warren et al 2009) 

This study 

Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, 

and transformation of competent E. coli cells were carried out as described by 

Sambrook et al. (Sambrook et al., 1989). Plasmid DNA from E. coli was isolated 

using the alkaline lysis method, or the innuPREP Plasmid Small Kit from Analytik 

Jena. To construct the plasmid pBAD-Ac-Strep, a copy of the tatAc gene with 3' 

sequences encoding a Strep-II tag was PCR-amplified from the genome of B. 

subtilis 168. The 5' primer 5'-GGGCCATGGAA TT AAGCTTCAC 

AAAAATACTCG-3' contained an Neal restriction site whereas the 3' primer 5'

GGTCTAGACTATTTTTCAAACTGTGGGTGCGACCAATTCGACATTTGTTT 

GTCTTCTTTGTTTTCTG-3' contained an Xbal restriction site and sequences 

encoding the Strep-II tag. The resulting PCR-product was cleaved with Ncol-Xbal 

and ligated into the Ncal-Xbal-cleaved pBAD24 plasmid. 
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Expression and Purification of the TatAd complex 

E. coli was grown aerobically in Luria-Bertani broth (LB). E.coli /JtatABCDE cells 

containing plasmid pBAd-His were grown aerobically to mid-exponential phase 

(OD600 0.64) before induction of tatAd expression using 0.5 mM arabinose. 

Membranes were isolated as described previously and solubilised in 1 % dodecyl 

maltoside (DDM). Solubilised membranes were added to a 10ml Talon slurry 

equilibrated with one column volume of buffer 1 (20 mM Tris-HCl pH 8.0, 400 

mM NaCl, 5 mM Imidazole and 0.02% DOM) and left rotating overnight at 4 °C. 

The protein and slurry mix was then poured into a column and allowed to settle for 

approximately 30 min before elution of the flow through. The Talon column was 

subsequently washed with 6 column volumes of buffer 1. Bound protein was eluted 

from the column using a 150 mM Imidazole solution of buffer 1 and twenty 1.4ml 

fractions were collected. All TatAd-containing fractions, as identified by Western 

blot, were pooled ( ~20 ml volume) and concentrated using 10 kDa MWCO 

Vivaspin concentrators to ~2 ml final volume. 

SDS-PAGE and Western Blotting 

Proteins were separated using SDS-polyacrylamide gel electrophoresis and 

immunoblotted using anti-His lgG, with detection via a secondary anti-mouse IgG 

horseradish peroxidise conjugate. The EZ-ECL detection kit was used for 

visualisation. 

TMAO Reductase Activity Assay 

The TMAO reductase activity assay was performed as described previously 

(Bolhuis et al., 2001; Silvestro et al., 1989). E. coli cells were grown anaerobically 

until mid-exponential growth phase prior fractionation into periplasmic, 

cytoplasmic, and membrane fractions. The cell fractions were loaded and separated 

on a 10% native polyacrylamide gel that was subsequently assayed for TMAO 

reductase activity as described previously. 

101  



Chapter 4 

Blue Native Polyacrylamide Gel Electrophoresis 

Blue native polyacrylamide gel electrophoresis was performed as described 

previously (Oates et al., 2005). The membranes were prepared as described above 

and solubilized in 50 mM Bis-Tris, pH 7.0, 750 mm 6-aminocaproic acid, and 2% 

(w/v) digitonin. Solubilized membranes were loaded and separated on a 

polyacrylamide gradient gel (5-13.5% ). The proteins were detected by 

immunoblotting as described above. 

Gel-filtration 

A 240 µl sample of the TatAd-containing concentrate was loaded onto a 

Superdex ™ 200 HR 1 0/30 gel filtration column (Amersham Biosciences), 

equilibrated and run with GF buffer 1 (20 mM Trizma, 150 mM NaCl, 0.02% 

DOM) at a 0.5 ml/min flow rate. For the high resolution run, a 24 µl sample was 

injected and run at 0.2 ml/min. 

Grid optimisation 

All grids were produced using gel filtration fraction 21 ([protein] ~24 µg/ml). 

Dilutions of this fraction were prepared in GF buffer 1 with or without DDM. All 

grids were processed using the following protocol: 4 µl of sample was applied to 

freshly glow-discharged (negatively) carbon-coated copper grids (300 mesh, Agar 

Scientific) for 1 min. The grids were then washed twice with GF buffer 1 minus 

DDM for ~ 10 s using the touching drop method (Rubinstein, 2007). This was 

followed by staining twice with 2% uranyl acetate for 20 s and then air drying for 

~ 10 min before imaging. 

Electron microscopy 

The samples were imaged using a 200 kV JEOL 2011 field emission gun (FEG) 

TEM operating a 4k Gatan Ultrascan CCD camera with a pixel size of 14 µm. 

Images were obtained at a magnification of ~ X57 ,000 under low-dose conditions 

giving 2.62 Alp. For the tilt pairs, images were collected first at 50°, then 0° at a 
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range of defoci giving 119 initial images. 22 tilt pairs of images were selected for 

particle picking, with an average defocus of 1.8 µm for the untilted micrographs. 

Image Processing 

The majority of the image processing was performed using SPIDER/WEB software 

(Frank et al., 1996) managed through the SPIRE GUI interface (Shaikh et al., 

2008). Micrograph quality and defocus of the untilted images was estimated using 

both CTFFIND3 and the TF ED SPIDER operation. 2540 particles were picked 

interactively from 22 tilt pairs using the JWEB pair-wise picking option and a box 

size of 128x128 pixels. CTFTILT3 (Mindell and Grigorieff, 2003) was used to 

verify the tilt angle of the tilted images and to calculate the defocus across these 

images. Particles were normalized and then CTF-corrected by phase-flipping. 

The untilted particles were iteratively centred using a reference-free method. A 

cross-correlation check to the rotationally averaged sum image was used to remove 

badly matching particles. All the remaining particles were assessed for any 

variation in size following the published method (White et al., 2004 ). The dataset 

was separated into four potential size classes showing an overall variation of ~ 1 nm 

in diameter across the class averages. To validate the size classification, the centred 

class averages were used as cross-correlation references for the entire particle-set, 

allowing inter-class movement of particles to a more appropriate fit. This was 

repeated until inter-class particle movement reached a stable minimum, producing 

classes containing 386-598 particles. Each class was then aligned rotationally and 

translationally using a reference-free method. Corresponding tilted images were 

centred only using an iterative method of custom masking. After defining the Euler 

angles <I> (in plane rotation, from the untilted particle alignment) and 0 (known tilt 

angle), 3D reconstructions were calculated by back projection using the SIRT 

algorithm conjugate gradient method (Penczek et al., 1992). 
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Summary 

Efficient uptake of iron is of critical importance for growth and viability of 

microbial cells. Nevertheles, the mechanisms for iron uptake are still relatively 

poorly defined. Here we report that the widely conserved transporter EfeUOB (also 

known as YwbLMN) employs an unprecedented dual-mode mechanism for uptake 

of ferrous (Fe[II]) and ferric (Fe[III]) iron in the bacterium Bacillus subtilis. We 

show that the binding protein EfeO and the permease EfeU form a minimal 

complex for ferric iron uptake. The third component EfeB is a hemoprotein that 

oxidizes ferrous iron to ferric iron for uptake by EfeUO. Accordingly, EfeB 

promotes growth under microaerobic conditions where ferrous iron is more 

abundant. Notably, EfeB also fulfills a vital role in cell envelope stress protection 

by eliminating reactive oxygen species that accumulate in the presence of ferrous 

iron. In conclusion, the EfeUOB system employs an environment-dependent redox 

switch that allows high-affinity uptake of two iron species by one transporter .. 
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Introduction 

Microbes have developed a broad set of uptake systems for iron to meet the 

requirements for its efficient assimilation under varying environmental conditions. 

The acquisition of low soluble ferric iron generally requires specific mobilization 

strategies combined with high-affinity transport (Andrews et al., 2003; Hider and 

Kong, 201 O; Miethke and Marahiel, 2007). On the other hand, uptake of soluble 

ferrous iron is permitted by both high-affinity and low-affinity transport systems, 

which are present in both bacteria and fungi (Cartron et al., 2006; Kosman, 2003). 

Fungi acquire ferrous iron either from environmental processes such as 

dissimilatory ferric iron reduction (Lloyd, 2003), or from the reduction of ferric 

siderophore complexes by plasma membrane flavocytochrome-type reductases 

(Yun et al., 2001 ). Extracellularly released ferrous iron is subsequently taken up by 

a high-affinity transporter (Stearman et al., 1996). This transporter consists of the 

multicopper ferroxidase Fet3p associated with the membrane permease Ftr l p 

which translocates generated ferric iron into the cytosol. Fet3p binds one single 

copper atom and a trinuclear copper cluster acting as catalytic redox centers during 

ferrous iron oxidation (Stoj et al., 2006; Taylor et al., 2005). The system has an 

overall Km for iron uptake of 2 x 10-7 M (Kosman, 2003), and detailed binding site 

studies of Fet3p revealed that ferrous iron conversion is favored by the enhanced 

binding of the ferric species (Stoj et al., 2006). Bacteria possess ferrous iron uptake 

systems with several functional similarities to the Fet3p-Ftr lp  transporter (Grosse 

et al., 2006; Ollinger et al., 2006). Escherichia coli encodes an EfeUOB transporter 

which is fully induced only under both low iron and low pH conditions (Cao et al., 

2007). The EfeU component is a homolog to Ftr lp  and possesses conserved 

RExxE motifs which were suggested to be involved in ferrous iron transport 

(Grosse et al., 2006). However, later studies proposed that ferric iron is taken up by 

EfeU upon Fe(II) oxidation by an oxidoreductase mechanism which possibly 

involves the periplasmic components EfeO and EfeB (Cao et al., 2007; 

Rajasekaran et al., 2010). E. coli EfeO possesses an N-terminal cupredoxin-type 

domain (Cup domain) and two distinct iron binding sites, suggesting that this 

protein might be involved in ferrous iron oxidation (Rajasekaran et al., 2010). It 
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was further suggested that ferric iron could subsequently be transferred to the EfeU 

permease, and that the oxidized state of the Cup domain could be regenerated by 

electron transfer to the third component, the EfeB protein. EfeB is a DyP-type 

peroxidase which is secreted by the twin-arginine translocation (Tat) pathway (Liu 

et al., 2011; Sturm et al., 2006). Basic peroxidase activity of purified holo-EfeB 

was shown by oxidation of guaiacol in presence of peroxide, but redox activities 

with further substrates were not found (Sturm et al., 2006). Further studies also 

suggested a peroxidase-independent deferrochelatase activity of EfeB, which 

however was not confirmed by obtained crystallographic data (Letoffe et al., 2009; 

Liu et al., 2011 ). Thus, neither a pathway for either ferrous iron oxidation or iron 

extraction from heme scaffolds nor any physical interaction between the 

components have been shown so far for the E. coli EfeUOB system. The Gram

positive soil bacterium Bacillus subtilis encodes proteins that are closely related to 

the E. coli EfeUOB transporter (Baichoo et al., 2002; Ollinger et al., 2006). The 

efeB (ywbN) gene is double-regulated due to the presence of an additional promoter 

controlled by cell envelope stress sigma factors (Eiamphungpom and Heimann, 

2008; Huang et al., 1998). EfeB is also a Tat substrate in B. subtilis (Jongbloed et 

al., 2004), which is secreted by different Tat subunits during varying conditions of 

salinity (van der Ploeg et al., 201 1  ). The components of this system have not been 

characterized in detail, thus leaving the question of the functional relationship and 

the mechanism of this iron transport system unanswered. 

In this study, we demonstrate that the B. subtilis EfeUOB transport system is 

organized as a membrane-associated tripartite interaction complex with a structural 

and functional arrangement that permits the high-affinity uptake of both Fe(II) and 

Fe(ill) redox species dependent on the extracellular conditions for iron and oxidant 

supply. The ferrous iron peroxidase EfeB and the ferric iron binding protein EfeO 

are in physical contact with the central permease component EfeU, and act in 

succession during Fe(II) oxidation and Fe(ill) delivery, but are independent from 

each other during Fe(ill) uptake, which is mediated by the minimal transporter unit 

EfeUO. The activity of EfeB is shown to be crucial during microaerobic growth, 

under which high-affinity uptake of ferrous iron is enhanced especially in soil 
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habitats due to the partial shift of the redox equilibrium. Altogether, we are able to 

present the first consistent model for the mode of action of a bacterial EfeUOB 

transport system, which employs a mechanism for iron uptake that is different from 

all previously characterized high-affinity iron transporters, since it facilitates the 

assimilation of two iron redox species through the action of an environmental 

redox switch. 

Results 

EfeB is exported by the Tat pathway as a mature hemoprotein 

The B. subtilis efeUOB (ywbLMN) operon encodes proteins which are associated 

with cellular iron homeostasis, and in the case of efeB also with the cell envelope 

stress response (Figure 1 A). The detailed functions of these proteins have not been 

characterized yet. Since previous studies showed that the EfeB protein is a 

substrate of the Tat secretion system (Jongbloed et al., 2004; van der Ploeg et al., 

201 1 ), we hypothesized that a cofactor could be bound to the protein. Indeed, the 

42 kDa mature EfeB-Strep-tag II variant isolated from a B. subtilis recombinant 

production strain revealed absorption features which are typical for hemoproteins 

(Figure 1 B). The sharp Soret band at 406 nm was characteristic for the aerobically 

purified protein and shifted upon reduction to 430 nm. This drastic Soret band shift 

indicated that the major proportion of the heme cofactor was present in the ferric 

form, a typical feature of heme peroxidases during their resting state (Poulos, 

201 0). Treatment with hydrogen peroxide led to a Soret band shift to 4 15  nm as 

well as to the sharpening of absorption bands between 500 and 600 nm, which 

indicated the formation of a compound I radical species (Meharenna et al., 2010). 
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Figure 1. The B. subtilis EfeB transport component is a Tat-dependent hemoprotein. (A) The B. 

subtilis efeUOB operon is regulated by a Fur-dependent crA promoter, and efeB is under additional 

control of sigma factors associated with the cell envelope stress response. (B) UV-vis analysis of the 

mature hemoprotein EfeB in different redox states. Shown are spectra after aerobic purification (solid 

line), after reduction with sodium dithionite (dashed line), and after oxidation with hydrogen peroxide 

(dotted line). The insert shows an SOS-PAGE of the purified EfeB protein ( ~42 kDa). 

The chemical nature of the non-covalently associated heme species was identified 

as a protoheme IX (Figure S 1). The oligomerization state of holo-EfeB analyzed by 

gel filtrations under both aerobic and anaerobic conditions resulted in a 

predominantly monomeric protein peak (Figure S2). 
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The EfeB peroxidase uses ferrous iron as an electron donor substrate 

and is enhanced in its activity by EfeO 

Holo-EfeB was tested for its capacity to react with solubilized iron species. Since 

the spontaneous oxidation rate of Fe(II) under aerobic conditions was too high to 

follow the enzymatic conversion (Figure S3A), the peroxidase reaction was 

examined under limited oxygen conditions. A reducing Hi/N2 atmosphere was 

purged with 5 % oxygen, and the equilibrium dissolved oxygen concentration (DO) 

in the assay buffer was adjusted to ~ 1.0 ppm ( ~30 µM). The level of hydrogen 

peroxide in the assay solution had an equilibrium concentration of ~2.5 µM. Under 

these conditions, a net turnover of EfeB in the presence of ferrous iron was 

observed by decreasing Fe(II)-Ferene complex formation (Figure S3B). The kinetic 

analysis of ferrous iron conversion resulted in a Krn(ob�) of 21 0 µM for and a kcat(ob�) 

of 0.25 s- 1 (Figure 2A, Table S 1 ). To investigate if the actual catalytic rates are 

dependent on further components of the EfeUOB system, the extracytosolic EfeO 

protein was recombinantly produced and added to the peroxidase reaction. In the 

presence of increasing concentrations of EfeO, the observed catalytic efficiencies 

for ferrous iron conversion increased up to ~5-fold (Figure 2A, Table S 1 ). Since a 

direct physical interaction between EfeB and EfeO was not observed (Figure S2), 

the increased turnover rate was explained by a possible equilibirum displacement 

due to a selective product sequestration. This hypothesis was supported during 

further characterizations of EfeO (see below). 

The peroxide-dependent reaction of EfeB was analyzed by addition of H202 to a 

completely anaerobic reaction mixture in the presence of FeCh (Figure 2B, Table 

S 1 ). In this case, an extremely low Krn(obs) for hydrogen peroxide was determined at 

0.28 µM. The catalytic efficiency determined for the peroxide-dependent reaction 

was ~900-fold higher than the ferrous iron-dependent reaction, suggesting that the 

rate limiting processes of the peroxidase cycle lie on reaction stages II and ill 

rather than on the initial stage I. 
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Figure 2. EfeB catalyzes ferrous iron conversion in presence of H2O2• (A) Enzyme kinetics were 

performed in the presence of I ppm dissolved oxygen and 2.5 µM H2O2 equilibrium concentration. 

Holo-EfeB ( 1  µM) was equilibrated in assay buffer (] 0 mM Tris-HCI, pH 7.0, 25 mM NaCl) at 30 

�C, before FeC12 was added. Conversion of Fe(II) into Fe(Ill) was analyzed by Fe(I l)-Ferene complex 

detection and quantification, and data were fitted upon background correction by Michaelis-Menten 

analysis. Reactions were carried out either in absence (squares) or in presence of 50 µM (circles) or 

250 µM (triangles) of the EfeO transport component. (B) The H2Ordependent reaction of EfeB was 

performed under strictly anaerobic in the presence of 1 mM FeC12• The kinetic data were background

corrected analyzed by the Michaelis-Menten model . All kinetic experiments were carried out three 

times, and standard deviations are indicated as error bars. (C) EPR spectra under microaerobic 

atmosphere and H2O2 concentrations of 2.5 µM in 1 00 mM Tris-HCI, pH 7.0. Samples were 

incubated for 1 min at 25 °C before shock-freezing and sample analysis. All relevant g-values of the 

observed spectral features are indicated by arrows. A, 1 00 µM EfeB; B, 1 00 µM EfeB + 20 µM 

FeCl2; C, 1 00 µM EfeB + 1 00 µM H2O2; D, control with 20 µM FeCl2; E, control with 20 µM FeCl3• 
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EPR analysis reveals a large heme symmetry shift in the presence of 

ferrous iron and a ferry I radical formation during reaction with 

hydrogen peroxide 

Substrate interactions and conversions at the heme center of EfeB were further 

analyzed by EPR under the established peroxidase reaction conditions. The 

spectrum of EfeB in the ferri-heme state showed mixed high-spin and low-spin 

signals at gx = 6. 1 4, gy = 5.71 ,  gz = 2.00, and gx = 2.93, gy = 2.24, gz = 1 .52, 

respectively (Figure 2C). The slight rhombic distortion of the high-spin compound 

with weak resolution of the gx and gy signals pointed to a predominantly axial heme 

symmetry in the resting state. Addition of ferrous iron led to an immediate drastic 

increase and sharpening of the high-spin signals, resulting in a high-spin spectrum 

with a much more pronounced rhombic distortion and well-resolved gx and gy 

signals at 6. 1 7  and 5.47, respectively. The rhombic distortion indicates a significant 

local heme symmetry change by formation of a reactive penta-coordinated high

spin ferri-heme species, which seems to be induced by binding of the ferrous iron 

substrate to its ligand site. In contrast, the nearly axial spectrum in absence of 

Fe(II) indicates an occupation of the sixth iron coordination site in the heme 

scaffold, possibly with an internal weak field ligand, which points to a rather low 

reactivity of this species. The strong intensification of the g = 2.00 signal in 

presence of Fe(II) further indicated a radical development due to compound I 

formation. The development of compound I and hence catalytic activity was further 

detected by the appearance of a small rhombic high-spin Fe(ill) signal at g = 4.30, 

demonstrating the formation and release of the (probably fully hydrated) ferric iron 

product species. 

On the other hand, complete oxidation of EfeB by H202 at a stoichiometric level 

led to a drastic decrease of the ferri-heme species and a strong increase of the 

expected compound I radical at g = 2.00. A sharp increase of non-heme rhombic 

iron (g = 4.30) further indicated a partial release of iron from the heme scaffold. 

Thus, also EfeB seems to undergo a partial heme decomposition by a yet undefined 

suicide reaction, especially at very high oxidant levels (Dailey et al., 201 1  ). 
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EfeO is a substrate binding protein with strong selectivity for ferric 

iron 

The EfeO lipoprotein belongs to the class of extracellular substrate binding 

proteins (Tjalsma et al., 2004). The protein was produced heterologously as a 

Strep-tag II variant and was used for fluorescence titration studies to determine the 

nature and affinity of its physiological ligand (Supplemental Information). Due to 

its similarity to bacterial siderophore binding proteins (Figure S4), interaction 

studies were first carried out with ferric siderophores from all structural classes, but 

did not reveal a specific binding (Figure SSA). Further, titrations with porphyrins 

(Figure S5B) indicated that EfeO is not involved in heme binding or transfer, 

which was suggested for the E. coli EfeUOB system (Letoffe et al., 2009). 

However, during titration with several solubilized metal ion species, a significant 

quenching effect was found only in the case of ferric iron. The titration resulted in 

a pronounced quenching curve with a distinct equivalence point at a 1:1 molar 

ratio, and the obtained dissociation constant of 0.58 µM indicated a high-affinity 

interaction between EfeO and ferric iron (Figure 3). 

Further, the presence of protein-bound metal cofactor(s) was investigated by 

inductively-coupled plasma mass spectrometry (ICP-MS). This was attempted to 

address the structural differences to E. coli EfeO, which has a Cup domain in its N

terminal region that supposedly binds copper (Rajasekaran et al., 2010). Since B. 

subtilis EfeO does not contain such a domain, the intrinsic binding of copper or 

another metal species was unclear. ICP-MS measurements did not reveal the 

presence of a tightly bound metal cofactor (Table S2). Anaerobic titration of the 

apo-protein with increasing concentrations of copper and iron salts resulted in a 

nearly stoichiometric high-affinity binding only of ferric iron, confirming its 

selectivity for this metal species. Since B. subtilis EfeO does not bind an intrinsic 

redox-active metal cofactor, it does not permit a metal-catalyzed ferroxidation as 

suggested for E. coli EfeO, but acts as a selective scavenger for ferric iron. 

118 



100 
:!�• • 1 • ■ . ---

90 ' '·· 80 • • 
� 70 

• Cu[I I] 
·;:;; 

60 C ■ Co[I I ]  
QI 

-= � Fe[II] 
QI so 
u kDa 
C - Mn[I I] QI 

66 u 40 Ill • Fel l l l ]  QI 
52 

30 42 

20 
34 

27 
10 

0 

0 2 

' • ■ 

& 

• • 

100 

it 
i 8) 
;;; 
C 
:I 00 

EfeO- C 40 

� Strepl l 
5 20 

Q. 

0 

4 6 8 

Metal concentration [µmol L·1] 

The YwbLMN operon 

' 

• 

K
0 

= 0.58 :1: 0 11 µM 

� � 
FeCl3 (µmol L"1] 

10 

lO 

12 

Figure 3. Fluorescence titrations of EfeO. The protein was recombinantly produced as a non

acylated variant (left insert: Mw ~ 41 kDa), and a concentration of 1 µM EfeO was used for titrations 

with various transition metal species. Fluorescence emission was measured at 340 nm, and initial 

fluorescence intensities were normalized to 1 00 %. Significant fluorescence quenching was only 

observed during titration of Fe(lll) and was further analyzed by data fitting by the law of mass action 

(see right insert), giving a dissociation constant for the Fe(IIl)-EfeO complex of 0.58 µ M. The 

titration equivalence point at 1 .004 µM indicates an iron-protein complex ratio of 1 :  1 .  

EfeUOB forms a membrane-associated tripartite complex with EfeU as 

the central core component 

Although the Tat-dependent secretion of EfeB was reported previously (Jongbloed 

et al., 2004), a possible association with the cell surface was not clear. Therefore, 

cellular fractions of wild-type and efeU, efeO, efeB mutant strains were subjected 

to immunoblot analysis of EfeB contents (Figure 4A). Analysis of the wild-type 

showed the strongest accumulation of mature EfeB in the cytoplasmic membrane 

fraction. However, the amounts of membrane-associated EfeB were drastically 

lower in the efeU mutant, but similar in the efeO mutant. As a control, two 

membrane-associated proteins (iron-dependently expressed FeuA and iron

independently expressed Sunl) were detected at equal amounts in the membrane 
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fractions of all strains. These results indicated that the membrane-association of 

EfeB is greatly dependent on EfeU, but not on EfeO, which is in agreement with 

the absence of an in vitro interaction between EfeB and EfeO (Figure S2). 

To analyze the interaction of the EfeUOB components in a direct way, an in vivo 

protein crosslinking approach was used (Herzberg et al., 2007). For this purpose, 

cultures of the B. subtilis strain producing the EfeB-Strep-tag II variant were 

treated with formaldehyde to allow protein crosslinking, and membrane-associated 

proteins were solubilized after cell disruption with n-dodecyl-�-D-maltopyranoside 

(DDM). The solubilized extracts were applied to Strep-Tactin chromatography, and 

the obtained fractions were analyzed by SDS-P AGE and subsequent mass 

spectrometry. In the wild-type background, the three protein species EfeU, EfeO 

and EfeB could be detected after complex elution and reversal of crosslinkings 

(Figure 4B). Slight background contaminations which were also present resulted 

from unspecific interactions with the Strep-Tactin matrix (Figure S6). The 

crosslinking of EfeU, EfeO and EfeB demonstrated that the efeUOB operon codes 

for a physically interacting transport system, and the association of these 

components with the cell membrane was reflected by the essential treatment with 

DDM to allow the isolation of the solubilized complex. The specific interaction 

between EfeU and EfeB was further evidenced by the isolation of the cross-linked 

EfeUB complex in the EfeB-Strep-tag II production strain that carried an efeO 

mutation. In contrast, no complex formation of EfeB was observed if an efeU 

mutation background, demonstrating that no physical interaction is formed between 

EfeB and EfeO in vivo. Thus, the integral membrane permease EfeU is shown to be 

the core component of the membrane-associated tripartite transporter complex, 

which points to its central structural and functional role during the iron transport 

process. 
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Figure 4. EfeUOB forms a tripartite membrane-associated complex with EfeU as core 

component. (A) Immunoblot analysis of EfeB contents in cellular fractions of B. subtilis wild-type 

and efeU, efeO, and efeB mutants. Membrane-bound FeuA and Sunl proteins were detected as 

controls. (B) Protein crosslinking and Strep-tagged complex isolation. Cultures of EfeB-Strep-tag 

producing B. subtilis were treated with formaldehyde, and cell crude extracts were treated with n

dodecyl-�-o-maltopyranoside for membrane protein solubilization. The obtained protein extract (TP, 

total protein) was applied to Strep-Tactin chromatography, and the chromatographic fractions (FT, 

flow through; W, wash; E, elution) were collected and applied to SOS-PAGE analysis together with 

the concentrated samples of the elution fractions, which were also heated at 95°C to reverse protein 

crosslinks. After gel staining, visible bands in the elution lanes were analyzed by nano-LC/Orbitrap

MS for protein identification. Different protein complex compositions were found in the wild-type 

background (left), the !iefeO background (middle), and the !iefeU background (right). Background 

signals were analyzed and found to correspond to proteins which unspecifically interact with the 

Strep-Tactin matrix (Figure S6). 
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EfeU and EfeO are crucial for high-affinity uptake of ferric iron, while 

EfeB is essential for both ferrous iron conversion and peroxide 

detoxification under microaerobic conditions 

The rate of cellular iron uptake by the EfeUOB components was investigated by a 

radiolabeling approach. A competition between soluble iron uptake and iron

siderophore transport was excluded by using the siderophore non-producer strain 

B. subtilis 168 (May et al., 2001). Cells were grown in minimal medium under iron 

limiting conditions and were suspended to a viable cell titer of 2 x 1 08 to perform 

iron transport studies by addition of either 55Fe(ill) or 55Fe(Il). During uptake of 
55Fe(ill), a stationary phase was reached after ~5 min in the wild-type and in the 

efeB mutant, which hence showed very similar behaviour in ferric iron uptake 

(Figure 5A). In contrast, Fe(ill) uptake in the efeO mutant reached a low level 

saturation already after 2 min, with a slowly increasing tendency over 15 min. In 

case of !1efeU, no significant incorporation of ferric iron was observed at all, 

proving that EfeU is indeed essential for uptake of Fe(ill). In contrast, uptake of 
55Fe(Il) was much more dependent on the presence of EfeB than on EfeO (Figure 

5B). To exclude secondary effects of uptake in the mutants, complementation 

strains were further analyzed and showed complementated uptake for all three 

deleted components (Figures S7-9). The highly specific uptake of Fe(ill) further 

revealed a transport Km of 0.91 µM (Figure SC). This low Km shows that EfeUOB 

is indeed a high-affinity uptake system, and is in agreement with the binding 

constant obtained for the interaction bewteen EfeO and ferric iron in vitro. 

The importance of all transport components for iron-dependent growth under 

varying oxygen conditions was addressed by cell culture studies. Iron-depleted 

cultures of B. subtilis wild-

type, the efeU, efeO, efeB single mutants and the EfeB complementation strain 

liefeB pHBefeB were grown either under aerobic ( ~ 10 ppm DO) or microaerobic 

( ~ 1.0 ppm DO) conditions in presence of either Fe(ill) or Fe(Il). In case of aerobic 

growth (Figure 6A), the essential components for ferric iron uptake were identified 

to be EfeU and EfeO, while the absence of EfeB had no effect under these 
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conditions. In contrast, ferrous iron uptake under microaerobic conditions was 

found to be strongly dependent on EfeB, while the essential roles for EfeU and 

EfeO were unchanged (Figure 6B). After 12 h of microaerobic growth, the culture 

supematants of wild-type and efeB mutant were analyzed for their H202 contents. 

An accumulation of H2O2 was detected in the 11efeB culture, which was much more 

drastic in the presence of ferrous iron (Figure 6C). This accumulation of peroxide 

in absence of EfeB demonstrates that the peroxidase does not only play an essential 

role in Fe(Il) conversion for high-affinity uptake of Fe(ill) through EfeUO, but that 

it is crucial for peroxide detoxification during microaerobic conditions that lead to 

the development of cell envelope stress. 
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Figure 5. Iron transport studies in wild-type and efeU, efeO, efeB mutants. Cells were pre

incubated at 25 °C for 5 min before the transport assays were started by addition of (A) 1 0  µM 
55FeCI3 or (B)  IO  µM 55FeCI2. Aliquots were taken subsequently and applied onto filter paper discs, 

which were subjected to TCA precipitation before radioactivity measurement. (C) Additionally, 

different concentrations of 55FeCI3 were added to the cells, and aliquots were taken after 1 min 

according to the observed linear range of Fe(III) uptake. A transport-specific Km of 0.9 1 µM was 

determined by kinetic data analysis. 
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were incubated either without (control) or with addition of 1 0  µM FeCl3 • (B) Microaerobic cultures ( 1  
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type and !!lefeB strains were subsequently analyzed for their H202 contents by horseradish peroxidase 

assay, and the averaged concentrations from three independent samples each were plotted with their 

standard deviations. 
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Discussion 

In this study we characterized the single component functions and the overall 

tranport mechanism of the iron import system EfeUOB in B. subtilis. We found 

that EfeUOB is essential for the high-affinity uptake of both ferric and ferrous iron 

under aerobic and microaerobic conditions. In our current functional model of the 

EfeUOB system (Figure 7 A), EfeB catalyzes the first of three intrinsic core steps of 

the iron transport process. It serves as heme-dependent peroxidase that uses 

hydrogen peroxide and ferrous iron to produce ferric iron in a peroxidase cycle 

reaction (Figure 7B). The employment of ferrous iron as a high potential electron 

donor substrate is unusual but nevertheless possible, since the physiological 

standard potentials of the compound I/II and compound 11/ferri-heme redox pairs 

are usually higher than +0.8 V (Battistuzzi et al., 2010). As an extracytosolic 

peroxidase, EfeB is able to protect the cell envelope from emerging oxidative 

stress, which is usually generated by hydrogen peroxide in the presence of ferrous 

iron due to Fenton chemistry. By converting these two redox-reactive species into 

water and ferric iron, this enzyme provides the unique possibility of a surface

controlled Fenton reaction. During this reaction, the generated enzyme-ferry} 

species is reduced by ferrous iron, which represents a termination reaction rather 

than an initiation reaction of the classical Fenton cycle (Kremer, 1999). Such a 

reaction mediated by a single protein catalyst is reported here for the first time and 

seems to be exclusive to the B. subtilis EfeB peroxidase, since the yeast Fet3p 

oxidase uses molecular oxygen as electron acceptor, while E. coli EfeB is not 

proposed to use ferrous iron directly as an electron donor, which would be 

consistent with a separate ferroxidation in the E. coli EfeO-Cup domain 

(Rajasekaran et al., 2010). 

The kinetic data for the EfeB-dependent reaction indicate a very efficient 

compound I formation. Since the Km(obs) for hydrogen peroxide was found to be 

extremely low, already traces of peroxide could be eliminated by EfeB during the 

cell envelope stress response (Zuber, 2009). 
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Figure 7. Functional model of EfeUOB transport system and the peroxidase cycle of the redox 

switch protein EfeB. (A) Tat-secreted EfeB acts as an extracytosolic ferrous iron peroxidase, which 

represents the first functional transport step in the redox-active mode (redox +) of the system. If the 

redox switch is active, scavenging of the Fe(III) reaction product by EfeO represents the second step, 

but can act independently in the first instance if Fe(I I I) is acquired directly from the environment 

without redox conversion (redox -). EfeO transfers the sequestered ferric iron to the cytoplasmic 

membrane permease EfeU, which facilitates its translocation into the cytosol during the redox

dependent third, or redox-independent second step. The three transport components form a high

affinity uptake complex with an overal l transport Km of 9. 1 x 1 0-7 M, which is organized with EfeU as 

the central interaction partner for EfeB and EfeO. (B) In the proposed reaction cycle for the EfeB 

peroxidase, the resting state of the enzyme harbors a ferri-heme b center with predominantly axial 

symmetry, which is oxidized by trace levels of hydrogen peroxide (Km(obs) of 2.8 x I 0-7 M) and forms 

a relatively table ferry) radical species (Compound I) in the first stage of the cycle. Compound I is 

readily reduced in two consecutive reactions by Fe(II), which acts as a single electron donor substrate 

(Km(obsJ of 2. 1 x 1 0-4 M), leading to the successive formation of the Compound I I  ferry) species and 

the re-establishment of the resting state during reaction stages two and three, respectively. The 

product Fe(II I) is released and subsequently subjected to membrane translocation through the 

downstream-acting transport components EfeO and EfeU. 

An accumulation of peroxide during both aerobic and microaerobic growth 

conditions has been observed for Bacillus cereus (Mais et al., 2009), and is 

supported by our own observations of B. subtilis cells growing microaerobically. 

Therefore, a transcriptional regulation of efeB by ce11 envelope stress-specific 

sigma factors seems to be a critical strategy to reduce the level of reactive oxygen 
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species at the cell surface. Since EfeB also removes the potentially toxic ferrous 

iron species and facilitates high-affinity ferric iron uptake at the same time, it 

displays an intriguing functional double role which seems to be reflected by the 

dual mode of its regulation. 

During the second step of iron transport, EfeO acts as a selective binding protein 

for Fe(ill). This iron species is scavenged by EfeO with an in vitro formation 

constant of 5.8 x 10-7 M- 1 at physiological pH, which represents a driving force for 

the overall affinity of the uptake process as well as the preceding peroxidase 

reaction. The direct product sequestration by EfeO seems to favor an equilibrium 

displacement of the reaction catalyzed by EfeB due to the increased catalytic 

efficiency in the presence of the scavenger protein. Both EfeB and EfeO tightly 

interact with EfeU at the extracellular side of the membrane. Although they do not 

tightly interact with each other, an interaction may be transiently to increase the 

efficiency of Fe(ill) formation and the transfer from the catalytic site of EfeB to the 

binding site of EfeO. 

During the third stage of internal transfer, the Fe(III) scavenged by EfeO is 

delivered to EfeU, which serves as a selective membrane permease for this iron 

species. The physical interaction of the central permease component with both 

EfeB and EfeO seems to be crucial for an efficient iron transfer during the overall 

transport process. The scavenging of Fe(ill) from the peroxidase and its transfer to 

the acceptor site of the permease may require an additional mode of interaction 

between EfeO and EfeU. This kind of interaction is indicated by the presence of 

two conserved acidic residues in each subdomain of EfeO (Figure S4 ), a motif 

which was previously shown to be decisive for ferric siderophore transport in the 

FeuABC system (Peuckert et al., 2011). Interestingly, the conserved glutamate 

residue in the N-terminal part of EfeO (position 112 in the mature protein) lies 

within a region previously termed "domain X" (Rajasekaran et al., 2010). Thus, 

this "domain X" seems to provide a surface region similar to that known from 

substrate binding proteins of ABC-type transport systems, which enables 

electrostatic interaction with the permease component during substrate transfer. In 

contrast, the presence of an N-terminal Cup domain in most EfeO homologs in 
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Proteobacteria and some Actinobacteria suggests a different mode of iron transfer 

(Rajasekaran et al., 201 0). These dissimilar EfeO domain architectures indicate 

diverging modes of iron transfer in the EfeUOB systems of different bacterial 

phyla. 

Importantly, B. subtilis EfeUOB possesses several unique features in comparison to 

related systems in E. coli and S. cerevisiae. The E. coli EfeUOB transporter 

preferably takes up ferrous iron under low pH conditions by which the system is 

specifically induced (Cao et al., 2007). In contrast, the B. subtilis EfeUOB system 

is not induced during acidic conditions (Wilks et al., 2009). The induction of the 

efeUOB operon seems also independent of the actual aerobic state. Since oxygen 

supply permanently changes in both the vertical strata and the horizontal micro

compartments of the native soil environment (Pett-Ridge and Firestone, 2005; 

Picek et al., 2000), the state of iron availability seems to represent the dominant 

key parameter for EfeUOB regulation via the Fur repressor (Baichoo et al., 2002). 

While aerobic conditions in sediments generally lead to an accumulation of mobil 

Fe(III), which is in a fluctuating equilibrium with solid-phase iron, Fe(II) 

concentrations steadily increase during shifts from partially to fully anoxic states 

(Bridge and Johnson, 1 998; Lloyd, 2003). Thus, especially microaerobic conditions 

require a high-affinity uptake of Fe(II), which is clearly reflected by the 

demonstrated transport mechanism of EfeUOB. 

Regarding the cellular topology, we have shown that the complete EfeUOB iron 

transport system is membrane-associated in B. subtilis, and we have defined the 

interaction pattern between each component by targeted in vivo crosslinking 

studies. Further, we showed that the organization of the system is flexible enough 

to permit both the transport of soluble ferrous and ferric iron, dependent on the 

environmental conditions of iron and oxidant supply. The functional switch 

between Fe(II) and Fe(III) uptake is provided by the EfeB peroxidase. If EfeB is 

not active, Fe(III) can bind directly to EfeO which acts together with EfeU as a 

minimal transport unit for high-affinity membrane translocation. However, uptake 

of Fe(II) at low concentrations essentially requires the activity of EfeB, which was 

revealed during the mutant growth analyses. With its overall transport Km of 9. 1 x 
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10·7 M, the EfeUOB transporter acts within the same affinity range of soluble iron 

transport as the yeast Fet3p-Ftrlp  system (Kosman, 2003). Thus, the S. cerevisiae 

and the B. subtilis high-affinity iron uptake systems seem to represent a compelling 

example of evolutionary divergence by providing functionally similar, but 

structurally and mechanistically different transporting strategies. 

In conclusion, we were able to present for the first time a coherent mechanistic 

model of a high-affinity soluble iron transporter in a Gram-positive bacterium, with 

features that are not found in related Gram-negative and eukaryotic iron importers. 

The system consists of the dual EfeUO transport unit for high-affinity Fe(III) 

scavenging and translocation, and is associated with a redox switch activity 

provided by EfeB, that permits the high-affinity uptake of Fe(II) upon its oxidation 

preferably under microaerobic conditions. Through this activity, the system is not 

only relevant for cellular iron homeostasis, but also for oxidative stress protection 

during cell envelope stress. 

Experimental procedures 

Bacterial strains, plasmids and growth media. 

Strains, plasmids and DNA primers used in this study are listed in Table S3 and 

Table S4 in the Supplemental Information. DNA isolations and in vitro 

manipulations were done according to described procedures (Sambrook et al., 

1989). Bacteria were grown in Luria-Bertani (LB) medium or in Belitsky minimal 

medium (Sttilke et al., 1993), with defined iron salt concentrations. When required, 

media were supplemented with antibiotica at appropriate concentrations. 

Protein expression. 

For production of EfeO-Strep-tag II, E. coli BL2 l cells containing expression 

vector pMMefeO were cultured in LB medium and induced with 0.2 mg/L 

anhydrotetracycline. For production of EfeB-Strep-tag II, the B. subtilis 168 strain 

carrying vector pNZefeB-Strepll was cultured in LB medium and induced by 

addition of subtilin (Bongers et al., 2005). Strep-tagged proteins were purified after 
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cell disruption in 100 mM Tris-HCl, pH 8.0, 150 mM NaCl by Strep-Tactin 

chromatography (IBA) using an FPLC purifier system (Pharmacia). The 

recombinant proteins were eluted with 2.5 mM D-desthiobiotin, following dialysis 

against the desired buffer system. Protein fractions were analyzed by SDS-PAGE, 

and protein concentrations determined by Bradford assay (Bradford, 1976) using a 

BSA calibration curve. 

Kinetic analyis. 

EfeB peroxidase assays were performed under H2/N2 atmosphere purged with 5 % 

oxygen (1 ppm DO) at 30 °C, and control reactions were performed under the same 

conditions without EfeB. Reactions were analyzed by addition of 0.15 % [w/v] 

Ferene, and the Fe(II)-Ferene complex was quantified at 593 nm (E = 39.6 mM-1 

cm· 1 ). After determining the linear range of iron-dependent conversion, 

concentration-dependent steady-state reactions were carried out. Data were 

corrected from non-enzymatic background conversion of ferrous iron and analyzed 

according to the Michaelis-Menten model. The hydrogen peroxide concentrations 

present under microaerobic conditions in the assay buffer as well as in bacterial 

culture supematants were quantified by horseradish peroxidase assays with 

guaiacol as a substrate, whose conversion was followed by tetraguaiacol formation 

at 470 nm (E = 26.6 mM-1 cm· 1 ). The concentrations of peroxide were determined 

by using a concentration-dependent standard calibration curve. 

EPR analysis. 

EPR spectra of EfeB as well as iron controls were recorded at 3 K temperature with 

9.24 GHz modulation frequency, 5 mT modulation amplitude, 0.5 mW microwave 

power, and 100 kHz modulation frequency using a Bruker EPR spectrometer. All 

samples were prepared under microaerobic atmosphere in 100 mM Tris-HCl, pH 

7.0, and were shock-frozen upon substrate incubation. Background-corrected 
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spectra were analyzed with Bruker WinEPR Software vers. 2. 1 1  including 

determination of g-values of the observed relevant spectral features. 

Immunoblot analysis. 

B. subtilis 168 wild-type and efeU, efeO, and efeB mutants were grown at 37°C in 

LB medium in the presence of 0.5 mM IPTG (to induce Pspac-dependent genes) 

until an 00600 of 0.6. The cultures were treated with 1 00 µM 2,2' -dipyridyl to 

induce iron starvation for maximum EfeB production, and were grown for 

additional 30 min. Cells were harvested and further processed to extract cell wall, 

membrane and cytosolic fractions according to published protocols (Zweers et al., 

2009). The supernatant fractions were collected and subjected to precipitation with 

50 % [w/v] TCA. Proteins were subsequently separated by SOS-PAGE and blotted 

onto a nitrocellulose membrane. Specific polyclonal antibodies raised in rabbits 

were used to detect EfeB, FeuA and Sunl. 

Crosslinking studies. 

Cell cultures of B. subtilis 168 strains expressing a EfeB-Strep-tag II variant were 

grown in minimal medium under iron limitation to induce iron-dependent transport 

components. Production of EfeB-Strep-tag II was induced at mid-logarithmic 

growth phase (00600 at 0.5) and continued for 1.5 h. Then, formaldehyde (1: 10 

from a 6 % [ w/v] paraformaldehyde stock) was added to the cultures for 30 min. 

Then, cells were harvested (3,500 x g at 4 °C), washed twice and finally 

resuspended in buffer containing 50 mM Tris, pH 8.0, 100 mM NaCl. Cells were 

disrupted by sonication, and cell wall fragments were removed from the crude 

extract by centrifugation at 20,000 x g for 20 min at 4 °C. To solubilize the protein 

components of the membrane fractions, n-dodecyl-�-D-maltopyranoside (0.5 % 

[w/v] final cone.) was added to the protein extract and incubated for 30 min at 4°C. 

The protein content of the filtered extract was then applied to Strep-Tactin 

chromatography at a flow rate of 0.5 ml/min. The chromatographic fractions were 

collected and applied to SOS-PAGE analysis together with a concentrated sample 
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of the pooled elution fractions, which was a]so heated at 95°C in protein loading 

buffer (containing 2% [w/v] SDS, 5% [v/v] �-mercaptoethanol, 50 mM 

dithiothreitol). Observed protein bands in the lane of heat-treated samples were cut 

from the gels and subjected to mass spectrometric analysis for protein 

identification. 

Radioactive transport assays. 

Ce11s were grown in Belitsky minimal medium under iron ]imitation in presence of 

0.5 mM IPTG (Kobayashi et al., 2003) to an OD600 of 0.8. Cells were harvested and 

washed twice with iron-free medium, and were suspended in microaerobic minima] 

medium ( ~ 1 ppm DO) to a viable cell titer of 2 x 108
• Cells were pre-incubated at 

25 °C for 5 min before the transport assays were started by addition of final 

concentrations of either 10 µM (~20 µCi) 55FeCh or 10 µM (~20 µCi) 55FeC}z. 

Aliquots were taken from the labeled cultures at various time points and applied 

onto filter paper discs that were precipitated in 10 % [ w/v] ice-cold trichloroacetic 

acid (TCA). After two washing steps with 5% [w/v] TCA and one with 96% 

ethanol, the remaining amount of radioactivity was measured by liquid scintillation 

counting. A calibration curve of varying 55FeCh concentrations obtained was used 

to calculate the incorporated mole equivalents of labeled iron per cell number. The 

averaged data from concentration-dependent uptake were fitted according to the 

Michaelis-Menten model. A11 data are means of at least three independent 

experiments, and data were plotted with their standard deviations. 

Growth studies. 

Precultures of B. subtilis 168 strains were grown in iron-limitated Belitsky minimal 

medium containing 0.5 mM IPTG. Iron-depleted pre-cultures were diluted in fresh 

minimal medium to an OD600 of 0.005. Growth was continued either under aerobic 

or microaerobic conditions at 37 °C with three parallels of each strain. Final OD600 

values from three parallels for each condition were determined after 12 h, data 

were averaged and plotted with their standard deviations. Aerobic cultures ( ~ 10 
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ppm DO) were incubated either without or with the addition of 10  µM FeCh from 

a freshly prepared stock. Microaerobic cultures ( ~ 1 ppm DO) were incubated under 

NiO2 atmosphere without or with 10 µM FeCh or FeSO4. 
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Supplemental Information 

Supplemental Materials and Methods 

Analyses under anaerobe and microaerobe conditions. 

Analyses under controlled oxygen conditions were conducted in an air-tight 

chamber under defined gas atmosphere (Coy Laboratory Products Inc. ,  Michigan). 

For reducing anaerobic conditions, an atmosphere of 5% H2 in N2 was used. For 

microaerobic assays, levels of desired dissolved oxygen concentrations ( ~ 10 ppm 

for fully aerobic and ~ 1.0 ppm for microaerobic conditions) were adjusted in 

solutions or culture medium by controlled oxygen supply and constant monitoring 

of dissolved oxygen levels with an air-calibrated oxygen sensor (Lutron Electronic 

Enterprise Co. ,  Taiwan). Reducing microaerobic conditions were used in case of 

enzymatic assays, and non-reducing microaerobic conditions (by omitting 

hydrogen gas) for cellular growth studies. 

Mass spectrometric analysis. 

For cofactor detection, the bolo-protein was denatured by addition of 95 % 

methanol (final concentration). Precipitated protein was removed by centrifugation, 

the supernatant was dried under vacuum and the remaining pellet solved in water. 

Measurement was performed in the positive mode in a mass range of 150 - 1500 

m/z by using an FTICR-MS using a Finnigan LTQ-FT. For protein identification, 

Coomassie-stained protein bands were excised from SDS polyacrylamide gels and 

processed according to published protocols (Shevchenko et al. ,  2006). Samples 

were digested in-gel by the addition of Sequencing Grade Modified Trypsin 

(Promega) and incubation at 37 °C over night. Samples were dissolved in 25 µL 

10% acetonitrile/0.1 % TFA. The mass spectrometric analysis of the samples was 

performed using an Orbitrap V elos Pro mass spectrometer (ThermoScientific ). An 

Ultimate nanoRSLC-HPLC system (Dionex), equipped with a nano C18 RP 

column was connected online to the mass spectrometer through a Proxeon 

nanospray source. 6 µL of the tryptic digest were usually injected onto a C 1 8  pre-
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concentration column. Automated trapping and desalting of the sample was 

performed at a flowrate of 6 µL/min using water/0.05% formic acid as a solvent. 

ICP-MS analysis. Metal content analysis of purified EfeO-Strep-tag II was 

performed by initially desalting the protein in 10 mM Tris, pH 7.5, 25 mM NaCl by 

size exclusion chromatography. Different samples (1 ml each) of defined protein 

concentrations were incubated either without or with different metal chelators 

( ethylenediaminetetraacetate, EDT A; bathocuproine disulfonate, BCS). 

Furthermore, the protein was incubated with different copper and iron salts under 

anaerobic conditions. After each sample incubation (20 °C for 30 min), the protein 

was desalted anaerobically by using DG 10 desalting columns (Bio-Rad 

Laboratories, Germany), and the separated protein fractions were used 

quantitatively for metal content analysis. The protein samples were treated with 1 :6  

suprapure nitric acid (Merck) to dissociate all metals from organic complexors and 

solutions were further diluted gravimetrically with ultrapure milliQ water. Yttrium 

was added to all samples as an internal standard and quantitative analysis of metal 

contents for Mg, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, W was performed using an 

Agilent 7500ce (Agilent Technologies) together with established calibration and 

detection protocols (Albrecht et al., 2011; Eickhorst and Seubert, 2004). External 

calibration during measurement was carried out using appropriate metal calibration 

standards (Merck) . Data obtained both in the hydrogen and helium collision modes 

were averaged for all analyzed isotopes. Background metal contents detected at 

low level in buffer control samples were subtracted from analyzed protein samples. 

Fluorescence titrations. 

Purified recombinant protein solution in 20 mM Tris-HCI, pH 7.5, was adjusted to 

the desired concentration, and 2 ml were applied into a 1 x 1 cm2 quartz cuvette. 

The cuvette was placed into an FP-6500 spectrofluorimeter (J asco) at 20 °C. 

Concentrated stock solutions of ferric siderophores, PP IX, hematin and different 

metal ion salts were freshly prepared in the same buffer system and added stepwise 

to the protein solution. Anaerobic titrations under Hi/N2 atmosphere were carried 
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out with iron salts to preserve their initial states of oxidation and solubility. 

Tyrosineffryptophan fluorescence was measured after excitation at 280 nm (slit 

width 5 nm) at 340 nm (slit width 5 nm). Calculation of dissociation constants was 

done by data fitting according to the Law of Mass Action (Miethke et al., 201 l a). 

Analytical gel filtration. 

Under anaerobic conditions (95% Nz/ 5% H2) at 25°C, a PEEK BioAssist G3SWxl 

column (Tosoh) was equilibrated with buffer containing 150 mM NaCl, 100 mM 

Tris-HCl, pH 8.0 by using an Agilent HPLC system (1200 series). Then, 30 µg of 

purified EfeB, 30 µg of purified EfeO, and a mixture of both species were applied 

during subsequent runs at the same flow rate (0.5 ml/min) and temperature. The 

column was purged with 5 column volumes of buffer after each run. UV spectra at 

280 nm were recorded constantly and analyzed by Agilent ChemStation software 

B.03. For size estimation of the protein-specific UV signals, the column was 

calibrated under the same conditions by using a mixture of Ferritin (F, 440 kDa), 

Aldolase (A, 158 kDa), Conalbumin (C, 75 kDa), Ovalbumin (0, 44 kDa), and 

Carbonic Anhydrase (CA, 29 kDa) from a commercial Gel Filtration Calibration 

Kit (GE Healthcare). The same samples were further analyzed by gel filtration 

under aerobic conditions to compare possible influences of the redox state on the 

analyzed proteins. 
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Supplemental Tables 

Table S1: 

Kinetic parameters of the EfeB peroxidase in vitro reactions in 10 mM Tris-HCI, 

pH 7 .0, 25 mM NaCl at 30 °C with varying concentrations of ferrous iron or 

hydrogen peroxide, and in the absence or presence of the ferric iron scavenging 

protein EfeO. The kinetic parameters are given for the observed total iron 

conversion during the peroxidase reaction cycle. 

cFe(II) dependent c H2O2 dependent 
(in presence of 2.5 µM H202 at (in presence of 1 mM 

equilibrium concentration) FeCh) 
Protein 1 µM EfeB, 1 µM EfeB, 1 µM EfeB, 1 µM EfeB, 
components in without + S0 µM + 250 µM without EfeO 
the assay EfeO EfeO EfeO 
Km(ob�) [µM] 210 ± 45 180 ± 40 160 ± 33 0.28 ± 0.02 

Vmax [mU mt 1
] 360 ± 1 7  930 ± 43 1335 ± 52 468 ± 3  

kcat(obs) [ S- l ] 0.25 0.65 0.93 0.32 

kcal Km [s- 1 M- 1
] J .2 X 103 3.6 X 103 5.8 X 1 03 J . 1  X 106 

Fold-change of 
catalytic 917.0 
efficiency 1 .0 3.0 4.8 

Table S2: 

ICP-MS metal content analysis of purified EfeO-Strep-tag II preparations. The 

purified protein was initially desalted in 1 0  mM Tris, pH 7 .5, 25 mM NaCl. 

Different samples (1 ml each) of defined protein concentrations were incubated 

either without or with different metal chelators (ethylenediaminetetraacetate, 

EDT A; bathocuproine disulfonate, BCS). Further, the protein was incubated with 

different copper and iron salts under anaerobic conditions. After each sample 

incubation (20 °C for 30 min), the protein was desalted again by size exclusion 

chromatography, and the separated protein fractions were used quantitatively for 

141  



Chapters 

metal content analysis. Values for all protein, chelator and metal species are given 

in nmol. 

Incubation with metal chelators and determined metal contents of desalted 
protein samples: 
EfeO 100 100 100 

+ EDTA 1000 0 

+ BCS 0 0 1000 

Transition metals: 
Mn 0.0056 0.0007 0.0034 
Fe 0.2335 0.0108 0.2076 
Co 0.0008 0.0001 0.0005 
Ni 0.001 3 0.0004 0.001 
Cu 0.0073 0.0023 0.0018 
Zn 0. 1 384 0.0296 0.0977 
Further metals: 
Mg, V, Cr, Mo, W < 0.001 

Anaerobic incubation with copper or iron salts and determined copper and 
iron contents of desalted protein samples: 
EfeO 10 10 10 
+ copper or iron salt 1 10 100 

Copper contents after incubation with: 
CuCl 0.005 0.083 0.785 

CuCh 0.003 0.051 0.242 
Iron contents after incubation with: 

FeC}i 0.057 0.386 1 .301 

FeCh 0.865 4.649 9.273 
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Table S3: Plasmids and strains used in this study. 

Plasmids 
pHB201 

pNZ891 0  
pMM30 

pHBefeU 

pHBefeO 

pHBefeB 

pNZefeB-
StrepII 
pMMefeO 

Strains 
Escherichia 
coli 
DH5a 

BL21 (DE3) 
Lactococcus 
lactis 
MG 1 363 
Bacillus 
subtilis 
ATCC6633 
1 68 

1 68 NZ8900 
pMutin_efeU 

pMutin_efeO 

pMutin_efeB 
6.efeU 

6.efeO 

Relevant properties 
B. subtilis-E.coli expression vector; ori-
pBR322; ori-pTA1060; cat86::lacZa; CmR ; 
EmR 

Sure expression vector, Pspas; EmR 

Strep-tag II expression vector, tef10
; AmpR 

pHB201 vector carrying the efeU gene; 
CmR; EmR 

pHB201 vector carrying the efeO gene; 
CmR; EmR 

pHB201 vector carrying the efeB gene; CmR ; 
EmR 

pNZ89 10 vector containing the efeB gene 
with a Strep-tag II; EmR 

pMM30 vector carrying the efeO gene with a 
Strep-tag II; AmpR 

supE44; hsdR1 7; recA J ;  gyrA96; thi- 1 ; relAJ 

F ompT gal dcm Ion hsdS8(r8- m8-) A(DE3) 

Plasmid-free derivative of NCDO 7 1 2  

Subtilin producer 
trpC2, sfp0 

trpC2, sfp0
; amyE:SpaRK; KmR 

trpC2, sfp0
; efeU:pMutin2; EmR 

trpC2, sfp0
; efeO:pMutin2; EmR 

trpC2, sfp0
; efeB:pMutin2; EmR 

trpC2, sfp0
; efeU:phleomycin; PhleoR 

trpC2, sfp0
; efeU:phleomycin; PhleoR 

Reference 
(Bron et al . ,  1 998) 

(Bongers et al . ,  2005) 
(Miethke et al . ,  
201 l b) 
This study 

This study 

This study 

This study 

This study 

(Sambrook et al . , 
1 989) 
(Wood, 1 966) 

(Gasson, 1 983) 

(Bongers et al . ,  2005) 
(Antelmann et al . ,  
2003) 
(Bongers et al . ,  2005) 
(Kobayashi et al . ,  
2003) 
(Kobayashi et al . ,  
2003) 

This study 
This study 
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!}.efeU NZ8900 trpC2, sfp0
; efeU:phleomycin, amyE:spaRK; This study 

KmR, PhleoR 

!}.ef eO NZ8900 trpC2, sfp0
; efeO:phleomycin, amyE:spaRK; This study 

KmR, PhleoR 

!}.efeU NZ8900 trpC2, sfp0
; efeU:phleomycin, amyE:spaRK; This study 

pNZefeB- pNZefeB-StrepII; KmR, PhleoR, EmR 

StrepII 
!}.efeO NZ8900 trpC2, sfp0

; efeO:phleomycin, amyE:spaRK; This study 
pNZefeB- pNZefeB-S trepII; KmR, PhleoR, EmR 

StrepII 
pMutin_efeU trpC2, sfp0

; efeU:pMutin2; pHBefeU; EmR This study 
pHBefeU ,CmR 

pMutin_efeO trpC2, sfp0
; efeO:pMutin2; pHBefeO; This study 

pHBefeO EmR,cmR 

pMutin_efeB trpC2, sfp0
; efeB:pMutin2; This study 

pHBefeB pHBefeB;EmR,cmR 

Table S4: Primers used for plasmid and strain constructions in this study. 

Plasmids 
pHB201 

pNZ8910 
pMM30 

pHBefeU 

pHBefeO 

pHBefeB 

pNZefeB-
StrepII 
pMMefeO 

Strains 
Escherichia 
coli 
DH5a 

144 

Relevant properties 
B. subtilis-E.coli expression vector; ori-
pBR322; ori-pTA1060; cat86::lacZa; CmR ; 
EmR 

Sure expression vector, Pspas; EmR 

Strep-tag II expression vector, teiP10
; AmpR 

pHB201 vector carrying the efeU gene; 
CmR ; EmR 

pHB201 vector carrying the efeO gene; 
CmR ; EmR 

pHB201 vector carrying the efeB gene; CmR ; 
EmR 

pNZ89 10 vector containing the ef eB gene 
with a Strep-tag II; EmR 

pMM30 vector carrying the efeO gene with a 
Strep-tag II; AmpR 

Reference 
(Bron et al . ,  1998) 

(Bongers et al . ,  2005) 
(Miethke et al . ,  
201 1b) 
This study 

This study 

This study 

This study 

This study 

supE44; hsdRJ7; recAJ ; gyrA96; thi- 1 ; re/Al (Sambrook et al . ,  
1 989) 



BL2l (DE3) 
La,ctococcus 

lactis 

MG l 363 
Bacillus 

subtilis 

ATCC6633 
168 

168 NZ8900 
pMutin_efeU 

pMutin_efeO 

pMutin_efeB 
!1efeU 
!1efeO 
!1efeU NZ8900 

!1efeO NZ8900 

!1efeU NZ8900 
pNZefeB
StrepII 
!1efeO NZ8900 
pNZefeB
StrepII 
pMutin_efeU 
pHBefeU 
pMutin_efeO 
pHBefeO 
pMutin_efeB 
pHBefeB 

The YwbLMN operon 

Plasmid-free derivative of NCDO 7 12  

Subtilin producer 
trpC2, sfp0 

trpC2, sfp0
; amyE:SpaRK; KmR 

trpC2, sfp0
; efeU:pMutin2; EmR 

trpC2, sfp0
; efeO:pMutin2; EmR 

trpC2, sfp0
; efeB:pMutin2; EmR 

trpC2, sfp0
; efeU:phleomycin; PhleoR 

trpC2, sfp0
; efeU:phleomycin; PhleoR 

trpC2, sfp0
; efeU:phleomycin, amyE:spaRK; 

KmR , PhleoR 

trpC2, sfp0
; efeO:phleomycin, amyE:spaRK; 

KmR, PhleoR 

trpC2, sfp0
; efeU:phleomycin, amyE:spaRK; 

pNZefeB-StrepII; KmR, PhleoR, EmR 

trpC2, sfp0
; efeO:phleomycin, amyE:spaRK; 

pNZefeB-StrepII; KmR, Phleo\ EmR 

trpC2, sfp0
; efeU:pMutin2; pHBefeU; EmR 

,CmR 

trpC2, sfp0
; efeO:pMutin2; pHBefeO; 

EmR,cmR 

trpC2, sfp0
; efeB:pMutin2; 

pHBefeB;EmR,cmR 

(Wood, I 966) 

(Gasson, 1983) 

(Bongers et al . ,  2005) 
(Antelmann et al. , 
2003) 
(Bongers et al . ,  2005) 
(Kobayashi et al . , 
2003) 
(Kobayashi et al . , 
2003) 

This study 
This study 
This study 

This study 

This study 

This study 

This study 

This study 

This study 
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Supplemental Figures 
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Figure S1. Mass spectrometric analysis of the cofactor bound to the EfeB peroxidase. An 

FflCR-MS mass screen was performed in the positive mode after cofactor release by bolo-protein 

denaturation and removal of the apo-protein fraction. For this purpose, I 00 µg of holo-EfeB were 

desalted and then treated with 90 % methanol in water for quantitative protein precipitation. After 

centrifugation at 20,000 x g for 30 min, the protein-free supernatant was subjected to HPLC coupled 

with MS analysis. The observed mass spectrum is shown in the upper panel, the lower panel indicates 

the calculated exact mass spectrum of the observed iron-charged protoporphyrin IX (protoheme IX) 

compound. 
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Figure S2. Analytical gel filtration profiles showing EfeB and EfeO in their monomer status 

without stable complex formation between the two species. A PEEK BioAssist G3SWxl column 
(Tosoh) was equilibrated at 25°C with buffer containing 1 50 mM NaCl, 1 00 mM Tris-HCI, pH 8.0 by 
using an Agilent HPLC system ( 1 200 series). Then, 30 µg of purified EfeB, 30 µg of purified EfeO, 
and a mixture of both species were applied during subsequent runs at the same flow rate (0.5 ml/min) 
and temperature. The column was purged with 5 column volumes of buffer after each run. UV spectra 
at 280 nm were recorded constantly and analyzed by Agilent ChemStation software B.03. For size 
estimation of the protein-specific UV signals, the column was calibrated under the same conditions by 
using a mixture of Ferritin (F, 440 kDa), Aldolase (A, 1 58 kDa), Conalbumin (C, 75 kDa), 
Ovalbumin (0, 44 kDa), and Carbonic Anhydrase (CA, 29 kDa). 
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Figure S3. Time course of iron-dependent peroxidase activity of EfeB (representative reaction 
profile). (A) EfeB peroxidase activity was measured in the presence of Fe(II) under aerobic as well as 
oxygen-limited (microaerobic) conditions ( I  ppm oxygen concentration in solution containing an 
equilibrium concentration of ~2.5 µM H2O2 under Hz/N2 atmosphere). A stock solution of FeCI2 was 
prepared under strictly anaerobic conditions (dissolved [02] < 0.01 ppm). A substrate solution of 50 
µM Fe(II) (a total of 1 0  nmol in the assay) was then prepared in aerobic or oxygen-limited assay 
buffer ( 1 0  mM Tris-HCI, pH 7.0, 25 mM NaCl, dissolved [02] ~ 1 ppm) and incubated at 30 °C for 
analysis of Fe(II) oxidation. Control reactions were performed without addition of EfeB ("control 
aerobic", "control microaerobic"), and test reactions were carried out upon addition of purified EfeB 
("enzyme aerobic" and "enzyme microaerobic"). Aliquots of the reactions were analyzed after 
different time points by addition of 0. 1 5  % [ w/v] Ferene for rapid formation of the Fe(Il)-specific 
Ferene-iron complex, which was quantified by UV-vis spectroscopy at 593 nm using a Fe(Il)-Ferene 
calibration curve. The red data points represent the enzyme catalyzed net conversion of Fe(II) 
observed under microaerobic conditions upon subtraction of the non-enzymatic background 
conversion. The dashed green line is the regression of the initial reaction velocity within the first two 
minutes with a catalyzed turnover of 1 .6 nmol min- 1 • The steady state peroxide concentration under 
microaerobic conditions (determined in parallel sample aliquots by horseradish peroxidase assay) was 
followed photometrically by tetraguaiacol formation at 470 nm. (B) The time course of ferrous iron 
oxidation was analyzed by UV-vis spectroscopy at 590 nm by measuring the decreasing formation of 
the Fe(Il)-Ferene complex, which is shown for the enzyme-dependent reaction in (A) under 
microaerobic conditions. 
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Bsu FeuA 51 
Cje -CeuE 64 
Bsu Yc/Q 49 
Eco_FepB 48 
Vco VctP 64 
Vco_ VluP 49 
Bsu_EfeO 60 

Bsu FeuA 104 
Cje CeuE 1 17 
Bsu_ Yc/Q 104 
Eco_FepB 108 
Vco_VctP 1 18 
Vco VluP 103 
Bsu_EfeO 126 

Bsu_FeuA 157 
CJe_CeuE 173 
Bsu_ Yc/Q 160 
Eco FepB 164 
Vco_VctP 175 
Vco_ViuP 159 
Bsu EfeO 192 

Bsu FeuA 201 
Cje CeuE 216 
Bsu_ Yc/Q 204 
Eco FepB 208 
Vco_VctP 219 
Vco_ ViuP 203 
Bsu_EfeO 258 

Bsu_FeuA 258 
Cje_CeuE 270 
Bsu_ Yc/Q 258 
Eco_FepB 272 
Vco_VctP 278 
Vco VluP V 264 
Bsu EfeO E 320 

Bsu_FouA 298 
Cje_CeuE 310 
Bsu_Yc/Q 298 
Eco_FepB 303 
Vco VctP L \I M P : 315 
Vco_ViuP 306 
Bsu_EfeO M S K I A N V L  366 

Figure S4. Alignment of iron-siderophore binding proteins and the ferric iron binding protein 

EfeO. Shown are the mature binding protein sequences of B. subtilis FeuA, Y clQ, EfeO, E. coli 
FepB, Campylobacter jejuni CeuE, and Vibrio cholerae VctP and ViuP, which are secreted and in 
part acylated for their tethering to the extracel lular leaflet of the cytoplasmic membrane. The 
sequences were aligned by the ClustalW algorithm showing protein sequence identities of EfeO 
compared to FeuA, CeuE, YclQ, FepB, VctP and ViuP of 7.5 %, 7.0 %, 1 1 .0 %, 8.5 %, 7.0 % and 4.0 
%, respectively. Secondary structure elements based on the FeuA X-ray structure from PDB entry 
2WI8 (Peuckert et al . , 2009) are represented as long chain and short chain a-helical elements 
(indicated by red and yellow tubes, respectively), and P-sheet elements (indicated by blue arrows). 
Green shaded residues represent the positions of highly conserved acidic amino acids within this 
protein superfamily, which are involved in the formation of electrostatic interaction with the 
transmembrane permease component(s) during substrate translocation. 
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Figure S5. Fluorescence titrations with EfeO and different iron-ligand complexes. (A) Solutions 
of 1 µM EfeO (in Tris-HCI, pH 7.5) were used for titration with ferric siderophore ligands from 
different structural classes including catecholate-types (shown by filled symbols), hydroxamate-types 
(shown by open symbols) and carboxylate-types (cross symbol). (B) Solutions of 1 µM EfeO were 
used for titration with non-charged and iron-charged porphyrin ligands protoporphyrin IX and 
hematin, respectively. In all cases, fluorescence emission was measured at its maximum output at 340 
nm upon excitation of tryptophan/tyrosine fluorescence at 280 nm. Neither significant emission 
quenching nor a distinct equivalence point development was observed during the titrations with these 
ligands. 
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Figure S6. Untargeted negative control of in vivo protein crosslinking studies to identify 

unspecifically bound proteins. B. subtilis 1 68 wild-type cel ls were grown in defined minimal 
medium until OD600 of 0.8 (late exponential phase) at 37 °C. A freshly prepared formaldehyde 
solution (0.6 % [w/v] final concentration) was added to the cultures, which were further incubated at 
37 °C for 30 min. Cells were harvested, washed twice in 50 mM Tris, pH 8 .0, 1 00 mM NaCl, and 
were disrupted by sonication after addition of serine protease inhibitor phenylmethylsulfonyl fluoride 
(PMSF; 0.5 mM final concentration). After removal of cell debris, 0.5 % [ w/v] of the detergent n
dodecyl-P-o-maltopyranoside was added. The cell suspension was incubated for 30 min at 4 °C, and 
then filtered to remove all non-solubilized material . The clear extracts were subjected to Strep-Tactin 
chromatography using a 2 ml bed volume Strep-Tactin Supertlow column at a flow rate of 0.5 
ml/min. Aliquots from the flow through, washing and elution fractions (elution fractions were 
combined and concentrated prior to analysis) were applied to SOS-PAGE after samples were heated 
for 30 min at 95 °C in sample loading buffer to reverse formaldehyde-induced crosslinks. After 
Coomassie staining, visible bands in the elution lane were cut, destained and tryptically digested to 
perform nano-LC/Orbitrap-MS analysis of the tryptic peptides for protein species identification. 
Identified species from bands in the lane of the elution fraction are indicated on the right. 

151 



Chapters 

A 
8 + WT • MfeB • MfeB pHBefeB 
7 f f .l!l ♦ ' a:; 6 t + 

y 

0 i 

l ♦ + 'l'1 L 
� 

5 l + • ! 
� t l 
t 4 + 
0 • 
E 3 l 

.s f � 2 
i 

::, 1 

0 
0 5 10 15 20 

Time [min] 

B 
25 

• WT • MfeB • /JefeB pHBefeB 

� 20 

t y � 0 � 
,-j � � .l 15 J 

� 
f ! t 

0 

t 
t I E 10 

.s l 
CIJ T • 

.:.:: 

t 
1 

:! + 0. 5 
i i + ::, 

+ + 
• 

0 

0 5 10 15 20 
Time [min] 

Figure S7. Kinetic uptake studies with complementation strain AefeB pHBefeB. The B. subtilis 
1 68 wild-type strain ,  disruption mutant strain !:iefeB and complementation strain !:iefeB pHBefeB 
were grown in Belitsky minimal medium without citrate under iron limitation in presence of 0.5 mM 
IPTG (to induce Pspac-dependent genes downstream of disrupted targets) to an 0D600 of 0.8 (late 
logarithmic phase). Cells were harvested and washed twice with iron-free medium, and were then 
suspended to an 0D600 of 0.5 according to a viable cell titer of 2 x 1 08

. Cells were pre-incubated at 25 
�C for 5 min before the transport assays were started by addition of (A) 1 0  µM ( ~20 µCi) 55FeCl3 or 
(B) 1 0  µM (~20 µCi) 55FeCl2 (obtained by reduction of 55FeCl3 in presence of 1 0  mM ascorbate). 
Aliquots were taken at different time points and were pipetted onto filter paper discs and subjected to 
precipitation upon incubation in ice-cold 1 0  % [ w/v] trichloroacetic acid (TCA). After two washes 
with 5% [w/v] TCA and one with 96% ethanol, the amount of radioactivity in the dried filter discs 
was measured by l iquid scintillation counting. 
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Figure S8. Kinetic uptake studies with complementation strain AefeO pHBefeO. Assays were 
performed as described in Figure S7 using the B. subtilis 1 68 wild-type strain, disruption mutant 
strain /j.efeO and complementation strain /j.efeO pHBefeO. 
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Figure S9. Kinetic uptake studies with complementation strain AefeU pHBefeU. Assays were 
performed as described in Figure S7 using the B. subtilis 1 68 wild-type strain, disruption mutant 
strain !iefeU and complementation strain !iefeU pHBefeU. 
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Chapter 6 

Abstract 

Bacterial twin-arginine translocases can export fully folded proteins from the 

cytoplasm. Such proteins are usually resistant to proteolysis. Here we show that 

multiple extracellular proteases degrade the B. subtilis Tat substrate YwbN. This 

suggests that secreted YwbN is either not fully folded, or that folded YwbN 

exposes protease cleavage sites. 
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Degradation of YwbN by extracellular proteases of Bacillus subtilis 

Protein folding is a specificity determinant in the transport of proteins across 

bacterial membranes. Major protein transport machineries, such as the Sec 

translocase, only translocate unfolded proteins (6). In contrast, the twin-arginine 

translocase (Tat) is known to translocate fully folded proteins that may even 

contain cofactors (1,22,23,28,35). Importantly, the folding state of a protein is also 

critical for its biological activity and stability. Therefore, proteins have to fold 

efficiently either before or after membrane translocation, depending on their 

translocation via the Tat or Sec pathways ( 4,9, 16,27,28,30,31 ). 

Tat translocases are present in Gram-negative and Gram-positive bacteria 

(1,5, 13,22,29,31,35). Proteins are specifically targeted to these Tat translocases by 

signal peptides that possess a twin-arginine (RR) motif in their N-terminus 

(1,8, 11,22,23,31,35). In E. coli it was shown that cofactor-containing Tat substrates 

require dedicated proofreading-chaperones, like TorD, DmsD, HyaW or NapD for 

folding and cofactor insertion prior to translocation (8,23,25,29). These chaperones 

(known as redox enzyme maturation proteins or REMPs) sequester the RR-signal 

peptides of their substrates until these are properly assembled. Only then the 

REMPs dissociate from the RR-signal peptide thereby allowing Tat-dependent 

translocation of the cofactor-containing folded protein (8,29). This REMP activity 

has not yet been demonstrated in all bacteria and especially in Gram-positive 

bacteria, such as Bacillus subtilis, the mechanisms for folding and quality control 

of Tat substrates have remained enigmatic (14,31,34). Notably, proteins that are 

not properly folded are rejected by the Tat translocase and degraded. It seems that 

this quality control process relies on general proteolytic systems that are 

responsible for the turnover of misfolded proteins (1,4, 7, 18,27). 

Proteolysis is an important theme in the physiology of B. subtilis, which is 

appreciated both as a model for fundamental scientific research on Gram-positive 

bacteria, and as a workhorse in the biotechnological production of enzymes and 

vitamins (9,31 ). Proteases produced by B. subtilis can be distinguished into 'quality 

control proteases' and 'feeding proteases' (19,24,31 ). Quality control proteases are 

generally responsible for degradation of misfolded proteins in the cytoplasm, 

membrane and cell wall, whereas feeding proteases are secreted to degrade 
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extracellular proteins for the provision of nutrients (3,9,24,3 1 ). Extracellular 

proteases represent major bottlenecks in the production of heterologous proteins 

that fold inefficiently or expose protease cleavage sites (9, 1 0). Accordingly, it was 

proposed that it might be beneficial to export heterologous proteins with RR-signal 

peptides via Tat, thereby allowing them to fold in the cytoplasm prior to export and 

exposure to the feeding proteases (33). In addition, the deletion of multiple genes 

for feeding proteases would preclude the degradation of the folded secreted 

proteins (9,24,3 1 ). 

B. subtilis possesses two Tat translocases called TatAdCd and TatAyCy that 

operate parallel ( 12, 1 4). The TatAdCd translocase is only expressed under 

conditions of phosphate limitation as is the case for its specific substrate PhoD 

(1 3,26). In contrast, the TatAyCy translocase is constitutively produced (21). To 

date, the putative Dyp-type peroxidase YwbN is the only protein known to be 

specifically secreted via TatAyCy (12). Based on its secretion via Tat, it was 

generally assumed that YwbN is translocated across the membrane in a folded state 

( 1 4,3 1 ). This would confer resistance to the HtrA and HtrB quality control 

proteases in the membrane, the wall-bound and secreted quality control protease 

WprA, as well as the extracellular feeding proteases AprE, Bpr, Epr, Mpr, NprB, 

NprE and Vpr (9,30,3 1 ). The present studies were aimed at testing this assumption 

using a collection of protease mutant strains that lacked increasing numbers of 

extracellular proteases and quality control proteases (Table 1 )  all of which are 

expressed under the tested conditions. 

Strains Relevant properties Reference 

B. subtilis 

1 68 trpC2 1 7  

BRB02 trpC2; 11nprB, 11aprE Cobra 

Biologics 

BRB03 trpC2; 11nprB, /J.aprE, 11epr Cobra 

Biologics 

160 



Degradation of YwbN by extracellular proteases of Bacillus subtilis 

BRB04 trpC2; 13.nprB, /),.aprE, 13.epr, !),.bpr Cobra 
Biologics 

BRB0S trpC2; /),.nprB, /),.aprE, !),.epr, 13.bpr, MiprE Cobra 
B iologics 

BRB06 trpC2; 13.nprB, !),.aprE, /),.epr, !),.bpr, /),.nprE, /),.mpr Cobra 
Biologics 

BRB07 trpC2; /),.nprB, /),.aprE, /),.epr, 13.bpr, /),.nprE, /),.mpr, 13.vpr Cobra 
Biologics 

BRB08 trpC2; MiprB, /),.aprE, /),.epr, 13.bpr, /),.nprE, /),.mpr, /),.vpr, Cobra 
/),.wprA Biologics 

BRB09 trpC2;!),.nprB, /),.aprE, /),.epr, !),.bpr, /),.nprE, /),.mpr, /),.vpr, Cobra 
13.htrA Biologics 

BRB l 0  trpC2; 13.nprB, /),.aprE, !),.epr, 13.bpr, /),.nprE, /),.mpr, /),.vpr Cobra 
13.htrB Biologics 

BRB I 1 trpC2; MiprB, /),.aprE, /),.epr, !),.bpr, /),.nprE, /),.mpr, 13.vpr, Cobra 
I),. wprA, !),.htrA Biologics 

BRB 1 2  trpC2; 13.nprB, /),.aprE, /),.epr, !),.bpr, /),.nprE, /),.mpr, I),. vpr, Cobra 
I),. wprA, !),.htrB Biologics 

BRB 1 3  trpC2; !),.nprB, /),.aprE, !),.epr, 13.bpr, /),.nprE, /),.mpr, /),.vpr, Cobra 
!),.htrA, 13.htrB Biologics 

BRB 1 4  trpC2; !),.nprB, /),.aprE, !),.epr, 13.bpr, /),.nprE, /),.mpr, /),.vpr, Cobra 
I),. wprA, !),.htrA MztrB Biologics 

BRB07 AyCy trpC2; /),.nprB, /),.aprE, /),.epr, 13.bpr, /),.nprE, /),.mpr, /),.vpr, This study 
tatAy-tatCy::Sp; SpR 

BRB07 AdCd trpC2; /),.nprB, /),.aprE, !),.epr, 13.bpr, /),.nprE, !),.mpr, 13.vpr, This study 
tatAd-tatCd: :Cm; CmR 

BRB07 trpC2; !),.nprB, /),.aprE, !),.epr, !),.bpr, /),.nprE, !),.mpr, 13.vpr, This study 
AyCyAdCd tatAd-tatCd::Cm; tatAy-tatCy::Sp; SpR, CmR 

BRB07aprE trpC2; !),.nprB, /),.aprE, !),.epr, !),.bpr, /),.nprE, /),.mpr, /),.vpr; This study 
pHBaprE; EmR; CmR 

BRB07bpr trpC2; /),.nprB, /),.aprE, 13.epr, !),.bpr, /),.nprE, /),.mpr, /),.vpr; This study 
pHBbpr; EmR ; CmR 

BRB07epr trpC2; 13.nprB, /),.aprE, 13.epr, 13.bpr, !),.nprE, /),.mpr, /),.vpr; This study 
pHBepr; EmR ; CmR 

BRB07mpr trpC2; 13.nprB, /),.aprE, !),.epr, !),.bpr, /),.nprE, /),.mpr, /),.vpr; This study 
pHBmpr; EmR ; CmR 

BRB07nprB trpC2; 13.nprB, /),.aprE, /),.epr, !),.bpr, /),.nprE, /),.mpr, !),.vpr; This study 
pHBnprB ; EmR ; CmR 

BRB07nprE trpC2; MzprB, /),.aprE, 13.epr, 13.bpr, !),.nprE, /),.mpr, !),.vpr; This study 
pGS 1 npr; CmR, 

BRB07vpr trpC2; 13.nprB, !),.aprE, 13.epr, 13.bpr, !),.nprE, /),.mpr, !),.vpr; This study 
pHBvpr; EmR ; CmR 

BRB = Bacillus Recipharm cobra Biologics 

Table 1: Strain used in this study 
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To assess the impact of proteases on the extracellular levels of YwbN, cells were 

grown in Lysogeny Broth (LB). Next, cells were separated from the growth 

medium by centrifugation and the amounts of YwbN in both fractions were 

assessed by Western blotting using specific antibodies. Unexpectedly, compared to 

the parental strain 168, a major increase in the levels of extracellular YwbN was 

observed upon the consecutive deletion of genes for feeding and quality control 

proteases (Figure 1). In contrast, only a relatively minor change in the levels of the 

secreted control protein LipA was observed. The increasing levels of Y wbN did 

not relate to cell lysis as evidenced by the extracellular levels of the cytoplasmic 

protein TrxA, which was previously established as a lysis marker (15). 

�� 1�1 - - - - - - - - - - wl+- YwbN 

l+- LipA 

- -1+- TrxA 

FIGURE 1. Increasing levels of YwbN in the growth media of protease mutants 

Cells  of B. subtilis 1 68 and BRB02- 14  were grown overnight in LB medium at 37°C. The overnight 

cultures were diluted in fresh LB medium and grown for 6 hours. Cel ls were then separated from the 

growth medium by centrifugation. Proteins in the medium fractions were separated using pre-cast 

1 0% Bis-TrisNuPAGE gels (lnvitrogen) and semi-dry blotted (75 min at l mA/cm2) onto a 

nitrocellulose membrane. Prior to gel loading all protein samples were corrected for 0D600. The 
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presence of YwbN, LipA and TrxA was detected with specific polyclonal antibodies raised in rabbits. 

Visualization of bound antibodies was performed using IRDye 800 CW goat anti-rabbit secondary 

antibodies in combination with the Odyssey Infrared Imaging System (LiCor Biosciences). 

Fluorescence was recorded at 800 nm. Please note that the apparently reduced LipA level in the 

medium of strain BRB02 is an outlier that is not normally encountered in this strain . This could relate 

to an incidental fluctuation in the lipA expression level or to a technical problem during sample 

processing. 

Consistent with this view, the cellular levels of YwbN and TrxA were by-and-large 

the same in all tested strains (Figure 2). Interestingly, all wprA mutants contained 

cell-associated degradation products of YwbN, suggesting that these are normally 

degraded by the WprA quality control protease. These findings indicated that 

YwbN is subject to extensive 

75 
50 

37 

25 _. 
20 • 

+- preYwbN 
+- YwbN 
+- * 
+- * 
+- * 

1 5  

1 0  -. �� � - ...... - 1 .. -- • - - +- Trx.A 

FIGURE 2. Detection of intact and proteolyzed YwbN in protease mutant cells 

Cells of B. subtilis 1 68 and BRB02- 1 4  were grown overnight in LB medium at 37°C. The overnight 

cultures were diluted in fresh LB medium and grown for 6 hours. Cells were collected by 

centrifugation and disrupted by bead-beating as previously described (33). Cellular proteins were 

analyzed by PAGE and Western blotting as described in the legend of Figure 1 using specific 

antibodies against YwbN and TrxA. Please note that cel ls  lacking the ywbN gene give barely any 

signal with the YwbN-specific antibody in Western blotting experiments as compared to ywbN 

proficient cells (20). 

163 



Chapter 6 

proteolysis during cell wall passage and secretion. To verify this idea and to 

pinpoint proteases involved in YwbN degradation, a complementation analysis was 

performed using the seven-fold protease mutant strain BRB07. This mutant can be 

readily transformed by routine methods (17) in contrast to strains lacking 

additional proteases (not shown). Briefly, the nprB, aprE, epr, bpr, mpr or 

vpr genes were PCR-amplified from the genome of B. subtilis 168 and 

cloned into the low-copy expression vector pHB201 (2) .  The resulting 

plasmids or the plasmid pGS lnpr for nprE expression (32) were then used 

to transform B. subtilis BRB07. As shown in Figure 3, the production of 

AprE, Bpr, NprE or Vpr resulted in decreased extracellular YwbN levels, 

comparable to that of the parental strain 168.  

+- YwbN 

37 1 � t::• • - - ••• -I +- FeuA 

....... - -1 

FIGURE 3. Identification of proteases that degrade YwbN 

To identify proteases responsible for YwbN degradation, strain B RB07 was transformed with 

plasmid-borne copies of the proteases genes that had been deleted from this strain. The nprB, aprE, 

epr, bpr, mpr or vpr genes were cloned in the pHB201 expression plasmid (2). For nprE expression 

the previously constructed plasmid pGS 1 npr was used (32). The presence of the YwbN and FeuA 

proteins in growth medium fractions of the transformed strains was detected by PAGE and Western 

blotting with specific polyclonal rabbit antibodies as described in the legend of Figure 1 .  
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In contrast, ectopic expression of nprB, epr and mpr did not result in relatively low 

extracellular YwbN levels as encountered in the parental strain 168. Most likely, 

this means that NprB, Epr and Mpr are not involved in YwbN degradation. 

However, we cannot exclude the possibility that, upon ectopic expression of the 

respective genes, the production levels of NprB, Epr and Mpr are lower than those 

in the parental strain. In contrast to YwbN, the secreted control protein FeuA was 

not affected by the ectopic expression of protease genes. Lastly, we showed that 

YwbN was still TatAyCy-dependently secreted in the BRB07 strain using tatAyCy, 

tatAdCd or tatAdCd-tatAyCy mutant derivatives (Figure 4). 

75 

50 

37 
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- ..,_ pre-YwbN 
..,_ YwbN 

Med ium 

..,_ YwbN 

FIGURE 4. Tat-dependent secretion of YwbN in a multiple protease mutant 

To verify the Tat-dependent secretion of Y wbN by strain BRB07, mutant derivatives of this 

strain were constructed that lacked the tatAyCy, tatAdCd, or tatAyCy-tatAdCd genes. Next, 

the levels of YwbN in the growth medium and cel ls  were assayed by Western blotting as 

described in the legends of Figures 1 and 2 .  

Taken together, our data show that the Tat-dependently secreted protein YwbN is a 

substrate for multiple extracellular proteases of B. subtilis including both feeding 

and quality control proteases. Our findings thus challenge the hypothesis that Tat

dependently secreted proteins of B. subtilis would be protease-resistant. Instead, 
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our observations suggest that YwbN is either not fully folded upon membrane 

translocation, cell wall passage and secretion into the growth medium, or that the 

folded YwbN exposes protease cleavage sites which would be highly remarkable 

for a native secretory protein of B. subtilis. At present, we do not know whether the 

post-translocational degradation of YwbN is advantageous for B. subtilis. Clearly, 

the degradation of Y wbN is not disadvantageous for the cells under the tested 

conditions, suggesting that the steady-state production level of this protein is high 

enough to sustain optimal growth and cell viability. 
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Summary 

The twin-arginine translocation (Tat) pathway is dedicated to the transport of fully 

folded proteins across the cytoplasmic membranes of many bacteria and the 

chloroplast thylakoidal membrane. Accordingly, Tat-dependently translocated 

proteins are known to be delivered to the periplasm of Gram-negative bacteria, the 

growth medium of Gram-positive bacteria and the thylakoid lumen. Here we 

present the first example of a protein - YkuE of Bacillus subtilis - that is 

specifical ly targeted by the Tat pathway to the cell wall of a Gram-positive 

bacterium. The cell wall binding of YkuE is facilitated by electrostatic interactions. 

Interestingly, under particular conditions, YkuE can also be targeted to the cell wall 

in a Tat-independent manner. The biological function of YkuE was so far 

unknown. Our present studies show that YkuE is a metal-dependent 

phosphoesterase that preferentially binds Mn and Zn. 
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Introduction 

The twin-arginine protein translocation (Tat) pathway is present in the membranes 

of most bacteria and the thylakoid membranes of plant chloroplasts ( 1 ,2). A key 

distinguishing feature of the Tat translocase is that it can transport proteins in a 

folded state (3,4,5,6,7). Moreover, many substrates of the Tat pathway contain a 

cofactor, which needs to be inserted correctly prior to translocation. If the substrate 

protein does not fold efficiently or correctly, it is potentially exported in an 

unfolded state by another transport pathway, such as the general Secretion Pathway 

(Sec) (3, 5, 8, 9, 1 0). A second important feature of substrates that are accepted by 

the Tat translocase is the presence of a specific twin-arginine (RR-)signal peptide 

at the N-terminus of the protein. The RR-signal peptides are composed of three 

parts, namely an N-terminal region rich in positively charged residues, a central 

hydrophobic H-region, and a C-terminal region containing the cleavage site 

recognized by signal peptidases ( 1 1, 12). Importantly, these signal peptides possess 

a twin-arginine (RR) or a lysine-arginine (KR) recognition motif in the N-region 

with the consensus sequence K/R-R-x-#-#, where # marks hydrophobic residues 

and x can be any residue (11, 12, 13, 1 4). This RR-motif or its variant with a lysine 

is specifically recognized by the Tat translocase (15, 16, 17). RR-signal peptides 

are generally less effective in protein targeting to the Sec machinery due to the low 

hydrophobicity of their H-region and the presence of a positively charged residue 

in the C-region that facilitates "Sec avoidance" ( 1 6). Several studies conducted 

with Gram-negative and Gram-positive bacteria have shown that RR-signal 

peptides are often interchangeable among different proteins, and that in some 

instances proteins can be redirected from the Sec pathway into the Tat pathway by 

replacing the original Sec-type signal peptide with an RR-signal peptide (10, 18, 

1 9). 

Interestingly, Tat is a major protein translocation pathway in some bacterial 

species, whereas other species seem to make only very limited use of their Tat 

translocase. For example, more than 30 proteins are exported Tat-dependently in 

streptomycetes ( 19, 20, 21 , 22, 23), whereas only two genuine Tat-substrates 

(PhoD and YwbN) have so far been identified in Bacillus subtilis (24, 25), and only 
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one in Staphylococcus aureus (26). Especially, the limited use of Tat in B. subtilis 

is remarkable in view of this organism' s  very high capacity for protein export ( 12, 

27). Moreover, B. subtilis contains two Tat translocases named TatAdCd and 

TatAyCy, which can function independently (25, 28, 29) . This suggests that some 

Tat substrates of B. subtilis may have been overlooked in studies aimed at their 

identification. Several bioinformatic approaches have been designed with the aim 

to identify new Tat substrates (20, 30, 31). Indeed such bioinformatics tools predict 

additional Tat substrates for B. subtilis, the numbers depending on the stringency of 

the algorithms. To demonstrate the Tat-specificity of predicted RR-signal peptides, 

a reporter system was developed based on the agarase of Streptomyces coelicolor, 

which is secreted via the Tat pathway of this organism (22). Since the agarase is 

secreted into the growth medium of Streptomyces, its activity can be tested in a 

simple semi-quantitative way with a colorimetrical assay. Using this assay, several 

potential RR-signal peptides have been tested, including the one of the B. subtilis 

protein YkuE ( 19). These studies confirmed that the YkuE signal peptide was 

capable of directing Tat-dependent protein transport, but the actual Tat-dependent 

secretion of YkuE and other predicted Tat substrates of B. subtilis remained 

enigmatic. 

The present studies were aimed at assessing the expression, export and function of 

YkuE in B. subtilis. Our results show that YkuE is a Tat-dependently exported 

metallo-phosphoesterase. Most noticeably, YkuE is specifically targeted to the cell 

wall of B. subtilis, making it the first known protein that is targeted via Tat to this 

particular subcellular compartment. We show that the cell wall-binding of YkuE is 

facilitated by electrostatic interactions. Furthermore we have identified different 

modes of YkuE export to the cell wall that are specific for particular conditions, 

such as phosphate starvation or YkuE overexpression. 

Experimental Procedures 

Plasmids, bacterial strains, media and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 1. Strains 

were grown with agitation at 37 °C in either Luria Bertani-Miller (LB) medium or 
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Paris minimal (PM) medium. LB medium consisted of 1 % tryptone, 0.5% yeast 

extract and 1 % NaCl, pH 7.4. PM consisted of 10.7 mg mr 1 K2HPO4, 6 mg mr 1 

KHPO, 1 mg mr 1 trisodium citrate, 0.02 mg mr 1 MgSO4, 1 % glucose, 0.1 % 

casamino acids (Difeo), 20 mg mr 1 L-tryptophan, 2.2 mg mr 1 ferric ammonium 

citrate and 20 mM potassium glutamate. To trigger a phosphate starvation response 

the strains were grown overnight in HPDM (high phosphate depletion media), 

which is rich in phosphate. The next morning, cells were transferred to LPDM (low 

phosphate depletion media). Both media were prepared according to MUiier et al. 

(32). Lactococcus lactis was grown at 30 °C in Ml 7 broth supplemented with 0.5% 

(w/v) glucose and erythromycin 2 µg mr 1
• When required, media for E. coli were 

supplemented with erythromycin (Em; 100 µg mr 1), kanamycin (Km; 20 µg rn1- 1 ), 

chloramphenicol (Cm; 5 µg mr 1
), or spectinomycin (Sp; 100 µg rn1-1) ;  media for B. 

subtilis were supplemented with Em (2 µg mr 1 ), Km (20 µg mr 1
),  Cm (5 µg mf 1

) 

or Sp (100 µg mr 1 ). 

Plasmids 
pHB201 

pHB-YkuE-myc 

pNZ89 I 0-YkuE
Strepll 
pCACy 

pCAy 

pCCy 

Strains 
E. coli 
DH5a 
L. lactis 
MG 1 363 
B. subtilis 
1 68 
ykuE 
ATCC6633 

Relevant properties 
B. subtilis-E.coli expression vector; ori
pBR322; ori-pTA1060; cat86::lacZa; CmR ; 
EmR 

pHB201 vector carrying the ykuE gene with a 
myc tag; CmR; EmR 

pNZ89 l O vector containing the ykuE gene 
with a Strepll tag; EmR 

pGDL48 vector containing the tatAyCy 
operon; ApR ; KmR 

pGDL48 vector containing the tatAy gene; 
ApR ; KmR 

pGDL48 vector containing the tatCygene; 
ApR ; KmR 

supE44; hsdR1 7; recAJ ; gyrA96; thi- 1 ;  relAJ 

Plasmid-free derivative of NCDO 7 1 2  

trpC2 
trpC2; pMutin2 : :ykuE; EmR 

Subtilin producer 

Reference 
( 1 1 ) 

This study 

This study 

(29) 

(29) 

(29) 

(50) 

(2 1) 

(3) 
(35) 
(9) 
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tatAyCy 
tatAdCd 
tatAdCd 
total-tat3 

AyCy pCACy 
total-tat3 pCACy 

1 68 pHB-YkuE
myc 
tatAyCy pHB
YkuE-myc 
tatAdCd pHB
YkuE-myc 
total-tat3 pHB
YkuE-myc 

1 68 + TatAy 
1 68 + TatCy 
1 68 + TatAyCy 
tatAyCy + 
TatAy 
tatAyCy + 
TatCy 
tatAyCy + 
TatAyCy 
total-tat3 
+TatAy 

total-tat3 
+TatCy 

total-tat3 
+TatAyCy 

1 68 
pNZ891 0YkuE
StrepII 
tatAyCy 
pNZ891 0YkuE
StrepII 
tatAdCd 
pNZ8910-YkuE
S trepII 
total-tat3 
pNZ8910-YkuE
StrepII 

trpC2; tatAy-tatCy: :Sp; Sp 
trpC2; tatAd-tatCd: :Km; KmR ; 
trpC2; tatAd-tatCd: :Cm; CmR ; 
trpC2; tatAd-tatCd: :Cm; CmR ; tatAy-
tatCy: :Sp; SpR ; tatAc: :Tc; TcR 

trpC2; tatAy-tatCy: :Sp; pCACy; KmR ; SpR 

trpC2; tatAd-tatCd: :Cm; CmR ; tatAy-
tatCy: :Sp; SpR ; tatAc: :Tc; TcR pCACy; KmR 

trpC2; pHB-YkuE-myc EmR ; CmR 

(3 1 )  
(29) 
(3 1 )  
This study 

60 
This study 

This study 

trpC2; tatAy-tatCy::Sp; Sp\· pHB-YkuE- This study 
myc; EmR ; CmR 

trpC2; tatAd-tatCd: :Km; KmR; pHB-YkuE- This study 
myc; Em\ CmR 

trpC2; tatAd-tatCd: :Cm; CmR ; tatAy- This study 
tatCy: :Sp; SpR ; tatAc: :Tc; TcR ; pHB-YkuE-
myc; EmR ; CmR 

trpC2; pHB-YkuE-myc; pCAy; Em\ KmR 

trpC2; pHB-YkuE-myc; pCCy; EmR ; KmR 

trpC2; pHB-YkuE-myc; pCACy; EmR ; KmR 

trpC2; tatAy-tatCy: :Sp; Sp\ pHB-YkuE-myc; 
pCAy; EmR ; KmR 

This study 
This study 
This study 
This study 

trpC2; tatAy-tatCy: :Sp; SpR; pHB-YkuE-myc; This study 
pCCy; EmR ; KmR 

trpC2; tatAy-tatCy: :Sp; SpR ; pHB-YkuE-myc; This study 
pCACy; EmR ; KmR 

trpC2; tatAd-tatCd: :Cm; tatAy-tatCy: :Sp; This study 
tatAc: :Tc; pHB-YkuE-myc; pCAy; EmR ; 
KmR; TcR; Cm\ SpR 

trpC2; tatAd-tatCd: :Cm; tatAy-tatCy: :Sp; This study 
tatAc: :Tc; pHB-YkuE-myc; pCCy; EmR ; 
KmR; TcR ; CmR ; SpR 

trpC2; tatAd-tatCd: :Cm; tatAy-tatCy: :Sp; This study 
tatAc: :Tc; pHB-YkuE-myc; pCACy; EmR; 
KmR; Tc\ CmR ; SpR 

trpC2; pNZ89 1  OYkuE-StrepII; EmR This study 

trpC2; tatAy-tatCy: :Sp; pNZ89 1 OYkuE- This study 
Strepll; EmR ; SpR 

trpC2; tatAd-tatCd: :Km; pNZ89 10YkuE- This study 
StrepII; EmR ; KmR 

trpC2; tatAd-tatCd: :Cm; CmR ; tatAy- This study 
tatCy: : Sp;SpR;tatAc: :Tc;TcR; pNZ89 l OYkuE-
StrepII; EmR 

Table 1. strains and plasmids used in this study 
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DNA cloning procedures 

Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, 

and transformation of competent E. coli cells were carried out as previously 

described (33). B. subtilis was transformed as described by Kunst and Rapoport 

(34). PCR was carried out with the Phusion DNA polymerase (Finnzymes). 

Primers are listed in the Supplementary Table 1. PCR products were purified using 

the PCR purification kit from Roche. Restriction enzymes were obtained from New 

England Biolabs. Plasmid DNA from E. coli was isolated using the alkaline lysis 

method or by using the Invisorb®Plasmid Isolation Kit (Invitek). All constructs 

were checked by sequencing. The plasmids pHB-ykuE-myc and pHB-ykuE were 

constructed by cloning the PCR-amplified ykuE gene into the pHB201 plasmid. 

The forward primer used to construct pHB-ykuE-myc contained a Sall restriction 

site and the reverse primer an EcoRI restriction site and a myc tag. The PCR 

product was digested with SalI-EcoRI and cloned in the digested SalI-EcoRI 

pHB201 vector. The forward primer used to construct pHB-ykuE contained a Spel 

restriction site and the reverse primer contained a BamHI restriction site. The PCR 

product was digested with SpeI-BamHI and cloned into the digested SpeI-BamHI 

pHB201 vector. To construct pNZ8910-ykuE-StrepII a synonymous point mutation 

was introduced into the ykuE gene to delete an internal BspHI restriction site. The 

mutagenesis was carried out using the F _Mut_ykuE and R_Mut_ykuE primers and 

the pHB-ykuE plasmid as a template. The resulting plasmid pHB-ykuEmut was 

verified by sequencing and used as a template for a further PCR reaction with a 

forward primer containing a BspHI restriction site and a reverse primer with a Spel 

restriction site. The fragment was digested with BspHI-SpeI and cloned into Ncol

Hindill digested pNZ8910  plasmid. The ligation mixture was introduced into L. 

lactis by transformation, resulting in the plasmid pNZ89 I 0-YkuE-StrepII. This 

plasmid was then introduced into B. subtilis 168, or the tatAyCy, tatAdCd or tota1-

tat3 mutant strains by transformation. 
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SOS-PAGE and Western blotting 

Cells were separated from the growth medium by centrifugation. Next, the cells 

were fractionated as described by Zweers et al. (35). Briefly, the cells were 

incubated with lysozyme in protoplast buffer to liberate cell wall-associated 

proteins. The resulting protoplasts were collected by centrifugation and disrupted 

by bead-beating. Debris of the disrupted protoplasts was removed through 

centrifugation. Membranes were then separated from the cytoplasm through 

ultracentrifugation. Finally, the collected membranes were resuspended in 

solubilization buffer with 0.1 % DOM. To extract cell wall-bound proteins, cells 

were incubated for 10 min in 25 mM Tris-HCI buffer pH 8.0 with 1.5 M LiCl or a 

solution containing 2 M KSCN as previously described (36, 37). Proteins in the 

collected fractions were separated by PAGE using pre-cast Bis-Tris NuPAGE gels 

(lnvitrogen). For Western blotting analyses, proteins separated by PAGE were 

semi-dry blotted (75 min at 1 mA/cm2
) onto a nitrocellulose membrane. 

Subsequently, FeuA, TatAy, TrxA, WprA, YkuE, YwbN or YfkN were detected 

with specific polyclonal antibodies raised in rabbits. Visualization of bound 

antibodies was performed using IRDye 800 CW goat anti-rabbit secondary 

antibodies in combination with the Odyssey Infrared Imaging System (LiCor 

Biosciences). Fluorescence was recorded at 800 nm. 

Protein production and purification 

A B. subtilis 168 strain containing a subtilin-inducible ykuE-Strepl/ -tag construct 

was grown in 3 liters LB medium at 37 °C under selective conditions (2 µg mr 1 

erythromycin, 10 µg m1- 1 kanamycin) until an OD600 of 0.6 at which point the 

cultures were induced by addition of subtilin-containing supernatant from B. 

subtilis ATCC 6633 prepared as described by Bongers et al. (38). After 3 h of 

induction, cells were harvested ( 4 °C, 3500 x g for 20 min). Cell pellets were 

washed and resuspended in 100 mM Tris, pH 8.0, 150 mM NaCl. Cells were 

disrupted by using a French pressure cell (Thermo Spectronic) and a French 

pressure cell press (Aminco), resulting in the liberation of Strepll-tagged YkuE 
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from the cells. The filtrated lysate was subjected to Strep-Tactin chromatography 

using an FPLC purifier system (Pharmacia) and a column with a 2 ml packed 

volume of Strep-Tactin Superflow material (IBA). The protein extract was applied 

to the column at a flow rate of 0.5 ml min- 1
• The column was washed for 20 min 

with cell resuspension buffer at 0.8 ml min- 1
• The bound protein was then eluted 

with 2.5 mM D-desthiobiotin (IBA) dissolved in resuspension buffer at 0.5 ml min-

1 . Elution fractions were analyzed by SDS-PAGE and subsequent mass 

spectrometry for species identification and those fractions containing pure YkuE 

protein were concentrated using Amicon ultra centrifugal filter units (Millipore) 

with a nominal molecular weight limit of 10 kDa at 4 °C and 2000 x g. Protein 

concentrations were determined with the Bradford method (39) using a BSA 

calibration curve. Freshly purified protein of different concentrations obtained 

before and during the concentration process was used for ICP-MS analysis. 

MS-based protein identification 

Protein samples were digested in gel by the addition of Sequencing Grade 

Modified Trypsin (Promega) and incubation at 37 °C overnight. Samples were 

dissolved in �5 µL 10% acetonitrile/0.1 % TFA. The mass spectrometric analysis of 

the samples was performed by using an Orbitrap Velos Pro mass spectrometer 

(ThermoScientific). An Ultimate nanoRSLC-HPLC system (Dionex), equipped 

with a nano C18 RP column was connected online to the mass spectrometer 

through a Proxeon nanospray source. A 6 µL aliquot of the tryptic digest was 

injected onto a C 18 pre-concentration column. Automated trapping and desalting 

of the sample was performed at a flowrate of 6 µL/min using water/0.05% formic 

acid as a solvent. Separation of the tryptic peptides was achieved with a gradient of 

water/0.045% formic acid (solvent A) and 80% acetonitrile/0.05% formic acid 

(solvent B) at a flow rate of 300 nL min- 1
• The column was connected to a stainless 

steel nanoemitter (Proxeon), and the eluent sprayed directly towards the heated 

capiIIary of the mass spectrometer using a potential of 2300 V. A survey scan with 

a resolution of 60,000 was combined with at least three data-dependent MS/MS 

scans. Data analysis was performed using Proteome Discoverer (ThermoScientific) 
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with SEQUEST and MASCOT (version 2.2; Matrix science) search engines using 

either the SwissProt or NCBI databases. 

ICP-MS analysis 

Protein samples with defined concentrations were treated with 1 :6 suprapure nitric 

acid (Merck) to dissociate all metals from organic complexors and solutions were 

further diluted gravimetrically with ultrapure milliQ water. Yttrium was added to 

all samples as an internal standard and quantitative analysis of metal contents for 

Mg, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, W was performed using an Agilent 7500ce 

(Agilent Technologies) together with established calibration and detection 

protocols ( 40, 41 ). External calibration during measurement was carried out using 

appropriate metal calibration standards (Merck). Data obtained both in the 

hydrogen and helium collision modes were averaged for all analyzed isotopes. 

Background metal content, which was detected at substantially low level in buffer 

control samples, was subtracted from the protein-containing samples after analysis. 

Enzymatic assays 

Enzyme activity assays (200 µ1 reaction mixtures) were carried out in assay buffer 

containing 50 mM Tris-HCI (pH was varied between 6.5 - 9.5) and 5 mM MnCh, 

with varying concentrations of p-nitrophenyl phosphate (0.1 - 10 mM) and 1 µM 

purified YkuE-Strepll at 25 °C. The reactions were started by addition of the 

phosphoester substrate and quenched by addition of 2% SDS (w/v). The release of 

p-nitrophenol was measured spectrophotometrically at 410 nm. Product 

quantification was subsequently carried out using a p-nitrophenol standard curve. 

�ontrol reactions without enzyme were carried out for each pH series to correct for 

spontaneous p-nitrophenyl phosphate background hydrolysis. Substrate-dependent 

kinetic data of each pH series were plotted and analyzed by a Michaelis-Menten 

fitting model (Microcal Origin 5.0 software). 
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Results 

YkuE is a Tat-dependently exported cell wall protein 

To verify whether the Tat system does indeed translocate the YkuE protein in B. 

subtilis, a polyclonal antibody was raised against this protein, and used to 

determine the intra- and extracellular levels of YkuE. However, irrespective of the 

different growth conditions that were tested, we were unable to detect the 

production of YkuE in B. subtilis by Western blotting (not shown). In this respect it 

should be noted that a recent tiling array analysis of B. subtilis gene expression 

across 1 04 conditions revealed that ykuE is expressed at very low levels under all 

tested conditions ( 42; supplementary Fig. S 1 ). For this reason, we expressed a 

plasmid-borne copy of the ykuE gene from the relatively weak constitutive 

promoter of the low-copy expression vector pHB201, which increases the ykuE 

expression level to a similar level as that of the ywbN and tatAyCy genes (43, 44). 

This allowed the detection of the mature-sized YkuE protein in the B. subtilis 

prototype strain 1 68 (Fig. 1 ). 

;t�1 - -_r :_- t ·1_- � 
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◄ Pre-Yfl<N 

◄ Yfl<N 

Figure 1. Subcellular localization of YkuE. To determine the subcel lular localization of YkuE in 

the presence or absence of active Tat translocases, the parental strain B. subtilis 1 68 and the tat 

mutant strains tatAyCy, tatAdCd, total-tat3, tatAyCy pCACy and total-tat3 pCACy were transformed 

with plasmid pHBykuEmyc for the expression of YkuE. Next, the cells producing YkuE were grown 

for 7 hours in LB medium. The cells  were then separated from the growth medium by centrifugation 

and subjected to subcellular fractionation. Proteins in the obtained fractions were separated by PAGE 

and the presence of YkuE and YfkN was monitored by Western blotting with specific polyclonal 

antibodies. Protein loading on the gels was corrected for 00600. Only the results for the cytosol, 

membrane and cell wall fractions are shown because no YkuE was detectable in the fractions 
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representing the growth medium. The cell wall-localized protein YfkN was used as a Tat-independent 

control . The lanes are labeled as follows: 1 68 ,  B. subtilis 1 68 Marburg strain; ykuE, B. subtilis 1 68 

with a disrupted ykuE gene; 1 68 pHBykuEmyc, B. subtilis 1 68 containing pHBykuEmyc; AyCy 

pHBykuEmyc, B. subtilis tatAyCy containing pHBykuEmyc; AdCd pHBykuEmyc, B. subtilis 

tatAdCd pHBykuEmyc; Total-tat pHBykuEmyc, B. subtilis lacking all tat genes but containing 

pHBykuEmyc; AyCy pHBykuEmyc pCACy, B. subtilis tatAyCy containing pHBykuEmyc and 

plasmid pCACy for expression of TatAyCy; Total-tat pHBykuEmyc pCACy, B. subtilis lacking all 

chromosomal tat genes but containing pHBykuEmyc and pCACy. The positions of mature YkuE 

(YkuE) and the precursor and mature forms of YfkN (pre-Yfkn, YfkN) are marked with arrows. A 

band that cross-reacts aspecifically with the antibodies against YkuE is labeled with *. 

Next, the plasmid was introduced in mutant B. subtilis strains lacking either the 

tatAyCy genes, the tatAdCd genes, or all tat genes (total-tat). To study YkuE 

export, the transformed strains were grown until stationary phase in LB medium. 

Cells were separated from the growth medium by centrifugation and incubated 

with lysozyme to liberate cell wall-bound proteins. Lastly, the resulting protoplasts 

were separated from the liberated cell wall proteins by centrifugation. The 

collected fractions were analyzed by PAGE and Western blotting using the YkuE

specific antibodies, which revealed that YkuE was only detectable in the protoplast 

and cell wall fractions. Importantly, the localization of mature YkuE to the cell 

wall was strictly dependent on the presence of the TatAyCy translocase since this 

protein was not detectable in the cell wall fractions of the tatAyCy mutant and the 

total-tat mutant, whereas it was detectable in the cell wall fraction of the tatAdCd 

mutant. The cell wall localization of YkuE was restored in the tatAyCy mutant and 

the total-tat mutant by ectopic expression of the tatAyCy genes from a plasmid 

(Fig. 1). In contrast to YkuE, the cell wall localization of the Sec-dependent control 

protein YfkN was not affected by any of the tat mutations tested. Interestingly, 

mature YkuE was also detectable in the protoplast fraction irrespective of the 

presence or absence of a functional Tat machinery although cells lacking TatAyCy 

contained less YkuE than TatAyCy-proficient cells. Further fractionation studies 

revealed that the protoplast-associated mature YkuE was localized to the 

cytoplasmic membrane (Fig. 1). Together, these findings imply that the membrane 
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localization of YkuE is to a large extent Tat-independent, whereas its cell wall 

localization is strictly TatAyCy-dependent. To investigate whether the Tat

independent membrane localization is specific for YkuE, or a more general feature 

for Tat substrates in B. subtilis, we also assessed membrane localization of the 

well-studied Tat substrate YwbN in the different tat mutant strains. To this end, we 

analyzed the localization of YwbN expressed from its authentic promoter using a 

YwbN-specific polyclonal antibody. As shown in Figure 2, mature YwbN was 

localized to the cell wall and growth medium in a strictly TatAyCy-dependent 

manner. In contrast, the membrane association of mature YwbN was completely 

Tat-independent and barely any YwbN was detectable in the cytosolic fraction 

(Fig. 2). 
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Figure 2. Subcellular localization of YwbN. To determine the subcellular localization of YwbN in 

the presence or absence of active Tat translocases, the parental strain B. subtilis 1 68 and tat mutant 

strains were subjected to subcellular fractionation as described in the legend of Figure 1 .  The presence 
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of YwbN, the Tat-independently cel l wall-localized control protein YfkN, and the Tat-independently 

secreted control protein FeuA was monitored by Western blotting with specific polyclonal antibodies. 

The lanes are labeled as follows: ywbN, B. subtilis 168 with a disrupted ywbN gene; 1 68, B. subtilis 

1 68 Marburg strain; AyCy, B. subtilis tatAyCy; AdCd, B. subtilis tatAdCd; Total-tat, B. subtilis 

lacking all tat genes; AyCy pCACy, B. subtilis tatAyCy containing plasmid pCACy for expression of 

TatAyCy; Total-tat pCACy, B. subtilis lacking all chromosomal tat genes but containing pCACy. The 

positions of mature YwbN (YwbN), the precursor and mature forms of YfkN (pre-Yfkn, YfkN) and 

secreted FeuA (FeuA) are marked with arrows. 

These findings indicate that Tat substrates of B. subtilis can interact with the 

membrane in a Tat-independent manner. At present, we do not know how this Tat

independent interaction with the membrane is brought about, or how the signal 

peptide is removed in this case. Potentially, signal peptide cleavage is catalyzed by 

as yet unidentified cytoplasmic or membrane-associated proteases for which there 

are many candidate proteases in B. subtilis (12,45). 

Since YkuE is a predicted metallo-phosphoesterase, we also investigated the cell 

wall localization of this protein under phosphate starvation conditions where 

various secreted phosphatases and phosphodiesterases are produced by B. subtilis 

(4, 12,). However, also under these conditions, no YkuE expression from the 

authentic ykuE promoter was detectable, which is in line with the low expression 

level of this gene under phosphate starvation conditions ( 42; Fig. S 1, compare the 

expression profiles for ykuE with those for tatAd, tatCd and phoD). As shown for 

cells grown in LB broth, the cell wall localization of YkuE in phosphate-starved 

cells was strongly dependent on the presence of the TatAyCy translocase (Fig. 3). 

In fact, the level of cell wall-associated YkuE was increased when the tatAy and 

tatCy genes were overexpressed from a plasmid, and it was severely reduced in 

mutant cells lacking the tatAyCy genes or expressing only tatAy or tatCy. The 

absence of the tatAdCd genes had no effect on YkuE localization to the cell wall 

showing that the TatAdCd translocase is not involved in YkuE export when this 

translocase is produced at wild-type levels (Supplementary Fig. S2). Surprisingly, 

very small amounts of YkuE were detectable in the cell wall of the tatAyCy and 
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total-tat mutant strains (Fig. 3), suggesting that some Tat-independent YkuE 

localization to the cell wall can occur under phosphate starvation conditions. 

Cell Wall 

:: I J --

Cell " 

I l• � �. '"t • 

- -I +-- YkuE 

· •  TatAy 

" 1 1- - - -- ---- - - - 1----- rrxA 

Figure 3. Partially Tat-independent cell wall localization of YkuE under phosphate starvation 

conditions. To investigate the effects of phosphate starvation on the localization of YkuE, cells 

containing pHBykuEmyc for the production of YkuE were grown in LPDM medium and subjected to 

subcellular fractionation as described for Figure 1 .  The presence of YkuE, YfkN, TatAy and TrxA 

was monitored by Western blotting with specific polyclonal antibodies. The lanes are labeled as 

follows: 1 68, B. subtilis 1 68; 1 68 + tatAy, B. subtilis 1 68 containing pCAy for expression of tatAy; 

1 68 + tatCy, B. subtilis 1 68 containing pCCy for expression of tatCy; 1 68 + tatAyCy, B. subtilis 1 68 

containing pCACy for expression of tatAyCy; AyCy, B. subtilis tatAyCy; AyCy + tatAy, B. subtilis 

tatAyCy containing pCAy for expression of tatAy; AyCy + tatCy, B. subtilis tatAyCy containing pCCy 

for expression of tatCy; AyCy + tatAyCy, B. subtilis tatAyCy containing pCACy for expression of 

tatAyCy; Total-tat, B. subtilis lacking al l tat genes; Total-tat + tatAy, B. subtilis lacking al l tat genes 

containing pCAy for expression of tatAy; Total-tat + tatCy, B. subtilis lacking all tat genes containing 

pCCy for expression of tatCy; Total-tat + tatAyCy, B. subtilis lacking al l tat genes containing pCACy 

for expression of tatAyCy. The positions of mature YkuE (YkuE), a processed form of YfkN (YfkN), 

TatAy and TrxA are marked with arrows. 
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Tat-independent YkuE export upon overexpression 

Since some Tat-independent membrane- and cell wall localization of YkuE was 

detectable, we investigated whether this might relate to the production level of this 

protein. To this end, we made use of the subtilin-regulated gene expression (SURE) 

system for high-level protein production in B. subtilis (38, 46). The ykuE gene was 

cloned into the SURE plasmid and its expression was induced with subtilin in 

different tat mutant strains. As shown in Figure 4, YkuE was overproduced in high 

amounts. Most of this overproduced YkuE was localized to the membrane, and 

relatively small amounts were localized to the cell wall. Furthermore, upon 

overproduction YkuE was localized to the cell wall in a mostly Tat-independent 

manner. Nevertheless, a small decrease in the amount of cell wall-localized YkuE 

was detectable in the tatAyCy or total-tat mutant strains compared to the parental 

strain 168 and the tatAdCd mutant. Furthermore, high amounts of membrane

associated YkuE were detectable and, also upon overproduction, the membrane 

association of this protein remained Tat-independent. 

Membrane Cel l  Wal l  

:: 1-� +-- YkuE 

Figure 4. Tat-independent export of overproduced YkuE to the cell wall. To overproduce YkuE, 

a subti l in-inducible copy of the ykuE gene was expressed from the plasmid pNZ89 1 0ykuE-strep in B. 

subtilis cell s  expressing the SpaRK two-component regulatory system. YkuE-overproducing cells 

grown in  LB medium were subjected to subcellular fractionation as described for Figure 1 .  The 

presence of YkuE was monitored by Western blotting with specific polyclonal antibodies. The lanes 

with samples from YkuE (over)producing cells are labeled as follows: 1 68, B. subtilis 1 68; AyCy, B. 
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subtilis tatAyCy; AdCd, B. subtilis tatAdCd; total-tat, B. subtilis lacking al l tat genes. YkuE-specific 

protein bands are marked with an arrow. 

YkuE is retained in the cell wall through electrostatic interactions 

The YkuE protein lacks obvious domains for cell wall binding, such as an LPxTG 

motif for covalent attachment to peptidoglycan or domains for non-covalent cell 

wall binding ( 4, 1 2). To determine how YkuE can be retained in the cell wall, B. 

subtilis cells expressing this protein at different levels were subjected to treatment 

with either 2 M KSCN or 1.5 M LiCl as previously described (36, 37). Treatment 

with the chaotrope KSCN would disrupt non-covalent cell wall interactions based 

on hydrogen bonds, van der Waals forces, or hydrophobicity (47) and treatment 

with LiCI would disrupt electrostatic cell wall interactions. As shown in Figure 5, 

treatment of the cells with LiCl was equally effective in extracting YkuE from the 

cell walls as protoplasting with lysozyme. By contrast, KSCN did not liberate any 

YkuE from the cells (not shown). This implies that YkuE is retained in the B. 

subtilis cell wall through electrostatic interactions, most likely with particular cell 

wall components. 
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Figure 5. LiCI extraction of YkuE from the cell wall. Cells of B. subtilis 1 68, the ykuE mutant 

BFA I 834, B. subtilis 1 68 pHBykuE or B. subtilis SURE ykuE were grown and harvested as described 
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in the legend of Figure 1 .  Next, the bacterial cells were treated either with 1 .5 M LiCI as described by 

Antelmann et al. (36) or with lysozyme as described in the Experimental Procedures. The presence of 

YkuE, or the Tat-independent non-covalently cell wall-bound control protein WprA in the 

supernatant of LiCl-treated cells, or in the protoplast supernatant was monitored by Western blotting 

with specific polyclonal antibodies. The presence of mature YkuE (YkuE), different processed forms 

of WprA and an unidentified protein (X) that cross-reacts with the WprA antibodies are marked with 

arrows. 

Purification and metal cofactor analysis of YkuE 

Database homology searches suggest that YkuE 1s a putative metallo

phosphoesterase. To validate this proposed function, YkuE was produced as a 

Strepll-tagged variant in its original host B. subtilis in order to ensure the 

association with any native metal cofactor(s) that it may carry. The protein was 

obtained at a yield of about 0.2 mg per liter culture, and was analyzed after 

purification for intrinsic stability (Fig. 6). The protein sample that was analyzed 

directly after elution ( ~0.5 hours before SDS-PAGE) was observed to be intact as a 

full-length variant of the expected size of approximately 35 kDa. Mass 

spectrometric analysis of purified YkuE yielded a total amino acid sequence 

coverage of ~ 75% starting from residue 33 (Supplementary Table 2). No peptides 

relating to the signal peptide were identified, which suggests that YkuE was 

purified predominantly in the mature form. Furthermore, no evidence for impurities 

with other B. subtilis proteins was obtained, suggesting that the protein samples 

contained YkuE only. Interestingly, when purified YkuE samples were incubated 

for 20 hours at 4 °C some degradation of YkuE was observed. All detectable 

degradation fragments corresponded to YkuE as shown by mass spectrometry. 

YkuE degradation was not reduced in the presence of inhibitors for cysteine 

proteases (N-ethylmaleimide) or serine proteases (phenylmethylsulfonyl fluoride; 

Fig. 6). 
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Figure 6. YkuE purification and stability in the presence of different protease and hydrolase 

inhibitors. YkuE was purified from overproducing cells of the native host B. subtilis as described in 

the Experimental Procedures section. SOS-PAGE analysis of the YkuE-Strepll protein ( ~35 kDa) was 

performed with a freshly purified sample obtained directly after elution from the Strep-Tactin column 

(lane 1 ), or with samples obtained after 20 h of incubation at 4 °C in the presence of either 1 mM N

ethylmaleimide (lane 2), mM phenylmethylsulfonyl fluoride (lane 3), 1 0  mM 

ethylenediaminetetraacetate (lane 4), or 1 mM ethylenediaminetetraacetate (lane 5). Degradation 

bands observed upon protein incubation in buffered solution were identified by mass spectrometry to 

be part of the original full-length protein. 

In contrast, YkuE degradation was significantly reduced upon addition of 

ethylenediaminetetraacetate (EDTA), an effective inhibitor for metallohydrolase 

activity. Addition of 10 mM EDTA had a slightly higher protective effect than 1 

mM EDTA, suggesting a direct relation between competitive metal sequestration 

and degradation of YkuE. Together these findings suggest a basal level of 

autohydrolytic activity of the metal-charged enzyme upon storage in aqueous 

solution. This may indicate a high activation potential of the enzyme for the 

nucleophilic attack of amide bonds. However, we cannot completely exclude the 

possibility that small amounts of a metalloprotease (undetectable by mass 

spectrometry) were co-purified with YkuE causing its subsequent degradation. 

In order to identify the bound metal cofactor species in a quantitative way, the 

freshly purified YkuE samples obtained before and after protein concentration by 

ultrafiltration over a concentration range of one order of magnitude were subjected 
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to inductively-coupled plasma mass spectrometry (ICP-MS) analysis. This analysis 

revealed two dominant metals, zinc and manganese, which were present in a 

strongly protein concentration-dependent manner (Table 2). The averaged 

stoichiometries of these metals were for Mn 0.76 ± 0.01 mol and for Zn 1 .16 ± 0.02 

mot per mole YkuE, which indicates their association with two distinct metal 

binding sites. In the higher concentrated samples, small but significant quantities of 

nickel and copper were also found (Table 2). However, the low stoichiometric 

proportions of these metals (averaged amounts of 0.08 ± 5 X 10-5 mol Ni and 0.03 

± 2 x 10-3 mol Cu per mole YkuE, respectively) point to a fairly low selectivity of 

these species. Their substoichiometric amounts suggest a non-selective binding site 

occupation due to a superior ligand affinity within the Irving-Williams series for 

divalent transition metals, which has to be considered especially if competition 

with manganese takes place ( 48, 49). 

YkuE-Strep II 1.0 5.0 10.0 
Mg 0.005 0.0 12  0.008 

V 0.002 0.004 0.007 

Cr 0.0008 0.0007 0.001 

Mn 0.82 4.08 6.47 

Fe 0.002 0.005 0.009 

Co 0.003 0.002 0.005 

Ni 0.046 0.228 1 .63 

Cu 0.017 0. 1 34 0.544 

Zn 1 .2 1  5 .93 10.85 

Mo 0.0001 0.00015 0.0002 

w 0.00006 0.00008 0.0009 

Table 2. Quantitative metal content analysis 

Three samples of YkuE-Strepll (containing 1 ,  5, or 1 0  nmol purified protein obtained by Strep-Tactin 

chromatography) were subjected to ICP-MS analysis, and metal contents were determined by using 

appropriate internal calibration standards. All values are given in nmol. 

Likewise, the unequal stoichiometric distribution of Mn and Zn with a bound mole 

ratio of about 0.8 to 1.2 may well be consistent with a partial loss of the low 
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affinity species Mn and, second, with a partial displacement by the high affinity 

species Zn during the processes of overproduction and/or purification. This points 

to the importance and maintenance of proper metal insertion during protein folding 

and transport between different compartments (50). All further metals identified by 

ICP-MS were present below a threshold level of 1 % compared to the injected 

protein quantities (Table 2), suggesting that they were not specifically associated 

with YkuE. 

YkuE displays monophosphoesterase activity in a strongly pH-dependent 

manner 

To determine the catalytic activity of YkuE, freshly purified protein was incubated 

in an enzyme assay buffer containing 5 mM MnCh to ensure the quantitative 

occupation of the proposed Mn binding site. Enzymatic reactions were carried out 

with varying concentrations of p-nitrophenyl phosphate as a substrate, which is 

commonly used for the evaluation of monophosphoesterase activity (51 ). The 

reaction series were performed under seven different pH conditions in the range of 

6.5 to 9.5 to screen for the pH optimum of enzymatic activity. The product 

formation rates of p-nitrophenol obtained for each pH were evaluated by the 

Michaelis-Menten model and revealed relatively constant though slightly 

decreasing KM values when the pH was changed from acidic to alkaline. In 

contrast, the kcat increased over more than one order of magnitude within this pH 

range (Fig. 7 A and Supplementary Table 3). The obtained catalytic efficiencies at 

different pH showed that the pH optimum for YkuE is approximately at pH 9.0, 

and the pKa of the activated water species was determined at about 7.8, indicating a 

nearly 100% active hydroxide complex at pH 9.0 and above (Fig. 7B). Thus, the 

slight drop of enzyme activity at pH 9.5 pointed to an arising catalytic limitation, 

which is different from the cofactor-generated activation potential of the water 

nucleophile. Previous kinetic analyses of zinc-dependent alkaline phosphatase, 

representing a widely distributed monophosphoesterase, have shown that the rate

limiting process at higher pH is in fact the dissociation rate of the cleaved 
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phosphate product, while a lower pH generally limits the hydrolysis rate of the 

enzyme-phosphoryl intermediate (51). This substitution of rate-limiting events 

takes place mainly between pH 7 .0 and 8.0, which is also observed for YkuE due to 

the strong pH dependence of kcat within this range and may relate to the actual pKa 

of the proposed metal-bound hydroxide acting as the attacking nucleophile. The 

presence of this activated water species in bimetallic reaction centers has been 

confirmed previously from electron densities in the crystal structures of native and 

phosphoryl-bound alkaline phosphatase (52). Taken together, our present findings 

show that YkuE apparently acts as a Mn/Zn-dependent metallo-phosphoesterase 

that is Tat-dependently localized to the cell wall of B. subtilis. 
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Figure 7A. Enzyme kinetics of YkuE under different pH conditions. A, Freshly purified YkuE 

was used under restored conditions of Mn [11]-binding for kinetic analysis. The monophosphoester 

compound p-nitrophenyl phosphate was used as a substrate, and the assays were conducted under 

varying pH conditions (between pH 6.5 and 9.5) at 25 °C. The formation of p-nitrophenol was 

monitored spectrophotometricai ly, and the obtained data were corrected for spontaneous background 

hydrolysis examined in non-enzymatic control reactions. Final data were plotted and analyzed by 

Michaelis-Menten-type non-linear regression. The kinetic parameters for alI pH-dependent reaction 

series are given in Supplementary Table 3. 
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Figure 7B. Observed catalytic efficiencies of YkuE under different pH conditions. The obtained 

catalytic efficiencies were plotted versus their cognate pH to determine the optimum catalytic activity 

and the pKa of the water nucleophile for YkuE-dependent hydrolysis. Due to the strongly pH

dependent kcat values, the catalytic efficiencies vary over one order of magnitude within the tested pH 

range and show an optimum peak at around pH 9.0.  The pKa of the hydrated metal center is  

approximately 7 .80, revealing the strong activation potential of the binuclear catalytic site of YkuE . .  

Discussion 

Previous studies have shown that the Tat translocases of B. subtilis are highly 

restrictive with respect to the acceptance of potential substrate proteins (53, 54). 

Thus, despite extensive investigations, merely two strictly Tat-dependent proteins 

of this organism, PhoD and Y wbN, had so far been identified. In the present 

studies we show that the YkuE protein is also a genuine substrate of the B. subtilis 

Tat pathway, and that the TatAyCy translocase specifically directs this protein to 

the cell wall. No evidence for an involvement of the TatAdCd translocase in YkuE 

export was obtained under any of the tested conditions. Furthermore, our data show 

that the translocated YkuE protein is retained in the cell wall through electrostatic 

interactions. Notably, this is the first time that a cell wall protein has been 

identified as a specific substrate of the Tat system. In contrast, the two other known 

Tat substrates of B. subtilis, PhoD and YwbN, are secreted into the growth 
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medium. Interestingly the Tat-dependence of YkuE is not as strict as that of the 

two other substrates since we have observed at least two conditions where YkuE is 

exported Tat-independently, albeit to different extents. While the cell wall 

localization of YkuE in cells growing in LB medium seems strictly Tat-dependent, 

a very low but detectable level of Tat-independent YkuE export takes place when 

ce11s are grown under phosphate starvation conditions. Under the latter conditions, 

the amount of ce11 wall-associated YkuE was found to be increased upon 

overexpression of the TatAyCy translocase, which underscores the view that YkuE 

is most effectively exported via this translocase. This finding is also fu11y 

consistent with the previously observed increase in the Tat-dependent secretion of 

the YwbN protein into the growth medium upon overexpression of TatAyCy (25). 

We therefore conclude that TatAyCy is present in limiting amounts when 

substrates like YkuE and YwbN are overproduced. This is actually very clearly 

observed upon high-level overexpression of YkuE (Fig. 3). Under these high-level 

production conditions, most YkuE is Tat-independently localized to the cell wall, 

showing that the saturation of TatAyCy leads to YkuE export via a Tat

independent route, which is probably the Sec pathway (4, 12). 

Several known Tat substrates are proteins that contain a metal cofactor that may 

need to be inserted in the folded protein prior to translocation (55). For example, 

the MncA protein in Synechocystis is secreted via the Tat pathway. MncA is 

believed to bind its Mn cofactor during folding in the cytoplasm where metal 

species such as Cu and Zn are tightly bound and thus are less competitive than in 

the extracytosolic compartment. Our present studies suggest that a similar 

mechanism for distinct incorporation of transition metal species with different 

binding affinities could have evolved in the case of YkuE. The determined metal

protein stoichiometries indicate that one Mn and one Zn atom are incorporated at 

the predicted binuclear metal center of YkuE. This would place YkuE in the group 

of binuclear metallohydrolases that selectively bind Mg, Mn, Zn, Fe, Ni or Co at 

their distinct metal recognition sites (56). However, it remains to be shown whether 

metal species with different ligand affinities are generally bound in a successive 

way to the binuclear site before and after transport of the folded protein through a 
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secretion pathway, such as the Tat system. Indeed, many metallohydrolases such as 

the E. coli alkaline phosphatase PhoA (57) and the aminopeptidase lap (58, 59) as 

well as several virulence-associated metalloproteases in Vibrio (60), Streptococcus 

(61, 62) or Burkholderia (63, 64) are secreted in an unfolded state via the Sec 

pathway. However, these proteins usually contain only one transition metal 

species, such as Zn, that does not face strong binding site competition in the 

extracytosolic environment due to its high binding site affinity. 

Comparisons of the sequences of various binuclear metallo-phosphoesterases with 

the sequence of YkuE and its conserved binding site motifs suggest mixed N/0 

ligand donor sites for both metals in the binuclear center, primarily formed by 

histidine and aspartate residues (Fig. 8). Binding site 1, which contains a higher 

proportion of O donors may be suspected to favor the binding of Mn, while site 2 

with higher N proportion may in contrast favor interaction with Zn, due to the 

corresponding metal-ligand affinity series (65). However, metal selectivities are 

also dependent on binding site-specific geometric features and thus, predictions of 

selectivity for one or other of the species can only be tentatively based on the 

currently available sequence data. Nonetheless, the binding site compositions 

suggest that Zn will bind at least two orders of magnitude stronger to both of these 

sites than Mn according to the affinity ranges of the Irving-Williams series for 

divalent cations. The indicated partial displacement of Mn by Zn may further 

suggest that the selectivity of the lower-affinity site 1 may be relaxed. At present, it 

cannot be excluded that catalytic activity may be provided upon occupation with 

either one or the other of these two species, or even further divalent species of the 

transition metal series displaying considerable binding affinity. 

The simplest catalytic mechanism of the YkuE metallo-phosphoesterase may 

comprise four core processes, each of which can be further divided into particular 

equilibrium steps. First, the association of the preferably deprotonated oxygen 

donor groups of the phosphoryl substrate molecule takes place at the free metal 

coordination sites of the binuclear metal center. As the investigation of native 

enzyme crystal structures of this superfamily showed (56), water coordination at 

the bi-metal center is expected to precede this event, leading to a readily activated 

195 



Chapter 7 

hyxdroxyl group, which nucleophilically attacks the substrate phosphorus atom 

within the second process. This then leads to hydrolysis by electron pair shift 

towards the alcohol function of the phosphoester. Third, dissociation of the alcohol 

and phosphate hydrolysis products takes place, followed by a fourth process of 

repeated water binding and activation at the metal center. Further detailed 

investigations of the catalytic properties of YkuE may include a closer inspection 

of its phosphoryl substrate specificity as well as the detailed analysis of the metal 

binding site by metal replacement analyses and binding site mutagenesis. 
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Figure 8. YkuE active site model. The proposed binuclear metal reaction center of YkuE is shown, 

and amino acid residues are indicated which are predicted to act as ligand donors at the metal cofactor 

site. Predictions were made upon comparison with various metallo-phosphoesterase consensus 

sequences and their metal binding motifs based on protein database information (UniProt, NCBI). 

Putative metal selectivities at the distinct binding sites are further suggested according to the 

experimentally found dominant metal species associated with natively purified YkuE, and based on 

known metal-ligand complex stabilities for varied N/O donor sites. The core processes of the 

proposed catalytic mechanism of YkuE are indicated by interaction of a substrate phosphoryl moiety 

with the bi-metal cofactor site, which also activates water for nucleophilic attack and subsequent 

hydrolysis of the currently not further specified phosphoester substrate compound(s). 
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In conclusion, our novel finding that the B. subtilis YkuE protein is a mixed-site 

metallo-phosphoesterase, which is specifically targeted to the cell wall, sheds new 

light on the versatility of Tat translocases in the targeting of proteins to different 

subcellular compartments. To date, no specific Tat-dependent protein targeting to a 

bacterial cell wall has been documented. While previous studies have shown that 

several Tat-dependently exported proteins can be extracted from the cell wall of 

streptomycetes, there is no published evidence that these proteins are exclusively 

localized in this subcellular compartment (22, 23). Furthermore, our present data 

show that particular Tat-dependently secreted proteins of B. subtilis can bypass the 

Tat pathway when the required Tat translocase is present in limiting amounts. This 

is also a novel finding, because secretion of the two other known Tat substrates of 

this organism, PhoD and YwbN, remains strictly Tat-dependent when TatAdCd or 

TatAyCy become limiting. This finding is important, because it may explain, at 

least in part, why only a very limited number of Tat-dependently secreted proteins 

were so far identified in B. subtilis. Another reason for the detection of only few 

Tat-dependently exported proteins in B. subtilis could be that some of these 

proteins have been overlooked due to specific targeting to the cell wall, as is the 

case for YkuE which is retained in the cell wall through electrostatic interactions. 

Lastly, our findings support the view that, during the evolution of B. subtilis as a 

colonizer of ecological niches in the soil and plant rhizosphere, there must have 

been a particularly high selective pressure on phosphate acquisition since this 

organism produces at least five exported proteins with phosphoesterase activity, 

namely PhoA, PhoB, PhoD, YfkN and as shown in the present studies YkuE. All 

these enzymes contribute to the acquisition of phosphate. A similar functional 

redundancy was previously shown for other proteins that fulfill critical 

physiological roles in B. subtilis as exemplified by eight exported proteases that 

cooperate in nitrogen acquisition (12), or essential protein secretion machinery 

components such as the five type I signal peptidases that catalyze the maturation of 

secretory precursor proteins (66). In this light, we believe that the demonstration of 

the metallo-phosphoesterase activity of YkuE is of physiological relevance. 
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Abstract 

Twin-arginine protein translocation (Tat) pathways are required for transport of 

folded proteins across bacterial, archaeal and chloroplast membranes. Recent 

studies indicate that Tat has evolved into a mainstream pathway for protein 

secretion in certain halophilic archaea, which thrive in highly saline environments. 

Here, we investigated the effects of environmental salinity on Tat-dependent 

protein secretion by the Gram-positive soil bacterium Bacillus subtilis, which 

encounters widely differing salt concentrations in its natural habitats. The results 

show that environmental salinity determines the specificity and need for Tat

dependent secretion of the Dyp-type peroxidase YwbN in B. subtilis. Under high 

salinity growth conditions, at least three Tat translocase subunits, namely TatAd, 

TatAy and TatCy, are involved in the secretion of YwbN. Yet, a significant level of 

Tat-independent YwbN secretion is also observed under these conditions. When B. 

subtilis is grown in medium with 1 % NaCl or without NaCl, the secretion of YwbN 

depends strictly on the previously described "minimal Tat translocase" consisting 

of the TatAy and TatCy subunits. Notably, in medium without NaCl, both tatAyCy 

and ywbN mutants display significantly reduced exponential growth rates and 

severe cell lysis. This is due to a critical role of secreted YwbN in the acquisition 

of iron under these conditions. Taken together, our findings show that 

environmental conditions, such as salinity, can determine the specificity and need 

for the secretion of a bacterial Tat substrate. 
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Introduction 

The transport of proteins across biological membranes and their subsequent 

secretion into external milieus are vital processes for all known microorganisms. 

These processes depend on the activity of dedicated molecular machines. A first 

critical step in protein secretion is the passage of transported proteins through the 

cytoplasmic membrane, which can occur either in an unfolded state via the general 

secretion (Sec) machinery, or in a folded state via the twin-arginine translocation 

(Tat) machinery [ 1 ,2,3 ,4,5] . Accordingly, the Sec and Tat machines work 

independently of each other, using distinct mechanisms for protein translocation. 

Acceptance of a protein by the Sec or Tat complexes is dictated by the presence of 

an N-terminal signal peptide with or without a selective recognition motif for Tat 

(i.e. the twin-arginine motif) [6] , and the folding state of the transported protein 

[7,8] . In general, Tat-dependent proteins fold prior to translocation, while the 

folding of Sec-dependent proteins occurs post-translocationally [7] . 

Early studies have defined the twin-arginine (RR-) motif in the N-region of 

signal peptides as S/f-R-R-x-F-L-K [6,9, 1 0, 1 1 , 1 2] .  However, this motif is not 

always strictly conserved in Tat-dependently exported proteins. The observed 

natural variations, as well as site-directed mutagenesis studies, have defined a more 

general RR-consensus sequence as R/K-R-x-#-#, where # is a hydrophobic residue 

[ 13 , 1 4, 1 5] .  This RR-motif is recognized by the membrane-embedded Tat 

machinery of which two general types are known. Gram-negative bacteria, like 

Escherichia coli, contain a TatABC-type machinery consisting of three Tat 

proteins (TatA, TatB and TatC) that are indispensable for translocation [ 1 6, 1 7] .  In 

contrast, most Gram-positive bacteria contain a "minimal" TatAC machinery that 

lacks the TatB protein [ 1 8, 19] .  In these minimal TatAC translocases, the role of 

TatB is fulfilled by a bifunctional TatA protein [20,21 ] .  The precise mechanism of 

Tat-dependent protein translocation is currently unknown, but studies in E. coli and 

the thylakoids of plant chloroplasts have shown that RR-signal peptide recognition 

involves a TatB-TatC complex [22,23,24] . Subsequently, TatBC-precursor 

complexes merge with TatA sub-complexes to facilitate the translocation process 
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in such a way that folded proteins of varying sizes and complexity can pass across 

the membrane [24,25] . 

Notably, some organisms contain multiple Tat translocases [26] . This was 

shown for the Gram-positive bacterium Bacillus subtilis, which contains two 

minimal TatAC translocases named TatAdCd and TatAyCy that can function 

independently of each other [20]. The tatAd-tatCd and tatAy-tatCy genes coding 

for these translocases are organised in operons at separate genomic loci [ 1 8] .  In 

what follows these operons are referred to as tatAdCd and tatAyCy respectively. B. 

subtilis contains a third tatA gene (tatAc) with no demonstrable role in Tat

dependent protein transport [ 1 9  ,20] . The specificities of the TatAdCd and TatAyCy 

translocase complexes are non-identical, but overlapping. Only two B. subtilis 

proteins, YwbN and PhoD, were shown to be secreted in a strictly Tat-dependent 

manner [ 1 9,20] . YwbN is a member of the family of Dyp-type peroxidases that 

contain an iron-heme co-factor [27] . This protein is a preferred substrate for the 

constitutively expressed TatAyCy translocase when cells are grown in standard 

Luria-Bertani (LB) medium. In contrast, secretion of the phosphodiesterase PhoD 

is strictly dependent on the TatAdCd translocase. Notably, the phoD gene is 

located upstream of the tatAd-tatCd genes, and all three genes are induced under 

phosphate starvation conditions [ 18] .  

In silica analyses suggested that 69  proteins of B. subtilis have signal peptides 

with potential RR-motifs [ 1 9] .  However, proteomics and molecular biological 

analyses revealed that only two of these - YwbN and PhoD - were strictly 

dependent on a functional Tat translocase for secretion. The signal peptides of the 

B. subtilis QcrA and YkuE proteins were shown to direct Tat-dependent protein 

secretion in Streptomyces [28], but the Tat-dependence of these proteins in B. 

subtilis remains to be shown. Recently, we demonstrated that the esterase LipA can 

be secreted via both the Sec and Tat pathways of B. subtilis [29] . This became 

evident under conditions of LipA hyperproduction, indicating that an overflow 

mechanism exists to re-direct LipA from the normally used Sec-dependent export 

route into the Tat-dependent route. Importantly, if LipA is produced at wild-type 

levels this protein is secreted Sec-dependently and, in accordance with this view, 
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no Tat-dependent secretion of the LipA protein can be demonstrated in the 

sequenced B. subtilis strain 1 68 [ 1 9], [29]. These observations on LipA secretion 

suggest that seemingly Sec-dependent proteins can be targeted to the Tat pathway 

depending on intracellular and perhaps even extracellular conditions. In this 

context, it is noteworthy that the Tat machinery is extensively used for protein 

secretion by certain halophilic archaea, such as Haloferax volcanii and Haloarcula 

hispanica, indicating that Tat has evolved into a mainstream secretion pathway for 

some organisms that grow in highly saline milieus [30,31,32,33,34,35]. This raised 

the question as to what extent salinity can impact on Tat-dependent protein 

secretion by microorganisms, like the soil bacterium B. subtilis, that live in 

ecological niches where the salinity can fluctuate markedly. As a first approach to 

address this question, we studied the influence of different NaCl concentrations in 

the growth medium of B. subtilis on the Tat-dependent secretion of the YwbN 

protein. The results show that the NaCl content of the growth medium has a strong 

impact on the Tat-dependency of YwbN secretion. Remarkably, when cells were 

grown at high salinity some Tat-independent secretion of YwbN was observed. 

Moreover, the Tat-dependent secretion of YwbN at high salinity does not only 

involve the TatAy and TatCy subunits as previously shown, but also the TatAd 

subunit. If no NaCl is included in the LB medium, only TatAy and TatCy are 

required for YwbN secretion. Under these conditions TatAy and TatCy are of 

major importance for growth and cell viability, which relates to an important role 

of YwbN in iron acquisition. 

Results 

TatAyCy-independent secretion of YwbN at high salinity 

To investigate whether high salinity might impact on Tat-dependent secretion, we 

investigated the secretion of YwbN in LB medium with a final salt concentration of 

6%, which is comparable to that of highly saline environments or brine. It should 

be noted that the 'standard' LB medium, as originally defined by Luria and Bertani 

and used in all our previously published secretion studies, already contains 1 % 
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NaCl. Thus, its salinity resembles that of brackish water or the cytoplasm. LB with 

no added salt would reflect the situation encountered in fresh water. To facilitate 

YwbN detection, this protein was provided with a C-terminal Myc-epitope, and the 

corresponding gene construct was expressed ectopically from the xylose-inducible 

xylA promoter. The cassette encoding the xylA-ywbN-myc fusion was named X

YwbN (Table 1). When the cells reached an OD600 of 2, expression of ywbN was 

induced and growth was continued for 3 hours. Cellular and growth medium 

fractions were collected and used for SDS-PAGE and Western blotting to monitor 

YwbN secretion (Fig. 1, upper panels). The results revealed a significant impact of 

high salinity on the specificity of YwbN secretion. Clearly, YwbN secretion was no 

longer strictly dependent on the tatAyCy genes when cells were grown in medium 

with 6% salt. Although deletion of tatAyCy resulted in a strong reduction of the 

extracellular level of YwbN, the tatAyCy mutant nevertheless secreted substantial 

amounts of this protein. This contrasts markedly with the secretion of YwbN by 

cells grown in LB with 1 % or no salt, which is strictly TatAyCy-dependent (Fig. 1 ,  

middle and lower panels). Remarkably, at 6 %  NaCl the secretion of YwbN was 

also reduced in a tatAdCd mutant. This suggested for the first time an involvement 

of TatAd and/or TatCd in YwbN secretion in a strain in which tat gene expression 

was not genetically engineered. Furthermore, this observation was intriguing 

because a function for tatAdCd had only been demonstrated so far under phosphate 

starvation conditions [18]. Consistent with the finding that tatAyCy or tatAdCd 

mutant strains secreted reduced amounts of mature YwbN, the secretion of YwbN 

was also strongly reduced in the total-tat2 mutant strain (Fig. 1 ), which lacks all B. 

subtilis tat genes (Table 1). These data show that YwbN secretion was partially 

Tat-independent when cells were grown in the presence of 6% salt. To verify that 

this Tat-independent secretion of YwbN was not due to cell lysis, the locations of 

the Sec-dependently secreted LipA protein and the cytoplasmic marker protein 

TrxA were verified by Western blotting. No extracellular TrxA was detected, 

indicating that the observed Tat-independent secretion of YwbN was not due to cell 

lysis (Supplemental Figure S 1 ). Furthermore, secreted LipA was readily detectable 

(Fig. 1 ), and Sypro Ruby-staining of the respective gels did not reveal any major 
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differences in the total amounts of protein secreted by the parental and tat mutant 

strains grown in LB with 6% salt (Supplemental Figure S2). Taken together, these 

findings show that the TatAyCy translocase is not exclusively involved in YwbN 

secretion under high salinity growth conditions, and that TatAd and/or TatCd are 

also involved in this process. 

Plasmids Relevant properties Reference 

pGDL48 Contains multiple cloning site to place genes under the 
control of the erythromycin promoter; 6.8 kb; ApR ; KmR 

[54] 

pCAd pGDL48 containing the tatAd gene; 7 .0 kb; ApR ; KmR [43] 
pCCd pGDL48 containing the tatCd gene; 7.5 kb; ApR ; KmR [43] 
pCACd pGDL48 containing the tatAd-tatCd operon; 7.7 kb; ApR ; [43] 

KmR 

pCAy pGDL48 containing the tatAy gene; 7 .0 kb; ApR ; KmR [20] 
pCCy pGDL48 containing the tatCy gene; 7 .5 kb; ApR ; KmR [20] 
pCACy pGDL48 containing the tatAy-tatCy operon; 7.7 kb; Ap\ [20] 

KmR 

pXTc Expression vector with the xylose-inducible xylA promoter; [55]  
ApR ; TcR 

pXTc-ywbN- pXTc with the ywbN-myc gene; results in the production of This study 
myc YwbN with a C-terminal Myc tag 

B. subtilis 

1 68 trpC2 [56] 
tatAy trpC2; tatAy: :Em; EmR [20] 
tatCy trpC2; tatCy: :Sp; SpR [ 1 8] 
tatAyCy trpC2; tatAy-tatCy: :Sp; SpR [ 1 9] 
tatCd trpC2; tatCd: :Km; KmR [ 1 8] 
tatAdCd trpC2; tatAd-tatCd: :Km; KmR ; [20] 

tatAy-tatAd trpC2; tatAy: :Em; EmR ; tatAd: :Km; KmR [20] 
tatCy-tatCd trpC2; tatCy: :Sp; SpR ; tatCd: :Km; KmR 

total-tat trpC2, tatAc: :Em; Em\· tatAy-tatCy: :Sp; SpR; tatAd- [ 1 9] 
tatCd: :Cm; CmR 

total-tat2 trpC2; tatAd-tatCd: :Km; KmR ; tatAy-tatCy: :Sp; SpR ; [20] 
tatAc: :Em; EmR 

1 68 X-ywbN trpC2; amyE: :xylA-ywbN-myc; CmR [ 1 9] 
tatAyCy X-ywbN trpC2; tatAy-tatCy: :Sp; SpR ; amyE: :xylA-ywbN-myc; CmR [ 1 9] 
tatAdCd X- trpC2; tatAd-tatCd: :Km; KmR ; amyE: :xylA-ywbN-myc; CmR [ 1 9] 
ywbN 
tatAdCd X- trpC2; tatAd-tatCd: :Cm; CmR ; amyE: :xy/A-ywbN-myc; TcR This study 
ywbN2 
total-tat2 X- trpC2; tatAd-tatCd: :Km; KmR ; tatAy-tatCy: :Sp; Sp\ [ 19] 
ywbN tatAc: :Em; EmR ; amyE: :xylA-ywbN-myc; CmR 

ywbL trpC2, ywbL::pMutin2: :Em; EmR (BFA32 1 1 ) [57] 
ywbM trpC2, ywbM::pMutin2: :Em; EmR (BFA32 1 2) [57] 
ywbN t1pC2, ywbN: :pMutin2: :Em; EmR (BFA321 3) [57] 

2 1 1 



Chapter 8 

ywbN X-ywbN trpC2, ywbN::pMutin2: :Em; Emk amyE::xylA-ywbN-myc: This study 
CmR 

Table 1. Strains and Plasmids used in this study. 

It should be noted that the cellular amounts of YwbN-Myc decreased when the salt 

concentration in the growth medium was reduced (Fig. 1). It is currently not known 

why this is the case, but it may relate to the xylose-induced expression of the xylA

ywbN-myc cassette. Furthermore, we also observed that the total yields of secreted 

LipA became lower when the NaCl concentration in the medium was reduced (Fig. 

1). This decrease seems specific for LipA as the total amounts of secreted proteins 

were not substantially affected by differing salt concentrations (Supplemental 

Figure S2). Again, this may relate to differences in gene expression under the 

different conditions, but it is also conceivable that salt has an impact on certain 

stages in the LipA secretion process. 

2 12 



Impact of salinity on the Tat dependent secretion -----------------

Cel l  

1 00 
75 
50 
37 

1 00 
75 

50 
37 

1 00 
75 
50 

37 

Medium 

6% Salt 
1 00 
75 

_ _ __ __  +- preYwbN 50 
+- YwbN 

37 

20 1 

1 %  Salt 1 00 
75 

+- preYwbN 50 · +- YwbN 
37 

20 1 

No Salt 1 00 
75 

+- preYwbN 50 

37 

20 1 

6% Salt 

' +- YwbN 

, ____ ... , +- LipA 

1 %  Salt 

... ... +- YwbN 

______ -_:j__. +- LipA 

No Salt 

.- YwbN 

__._ ___ ___,I .- LipA 

Fig. 1. Tat-dependence of YwbN secretion in media with differing salinity. 

Cell and growth medium fractions of B. subtilis tat mutant strains and the parental strain 1 68 were 

separated by centrifugation and used for SOS-PAGE, Western blotting and immunodetection of 

YwbN-Myc and LipA with specific antibodies. From top to bottom the panels show results obtained 

for cells grown in LB with 6%, I %  or no added NaCl. Protein loading was corrected for 00600. The 

YwbN-Myc (YwbN and preYwbN) and LipA proteins, and Mw markers are indicated. A slight 
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'smiling effect' as observed for the YwbN and LipA bands in the growth medium sample of the total

tat2 mutant grown in LB with 6% NaCl is due to some residual salt in the sample (see also 

supplemental Figure S2). 

TatAd, TatAy and TatCy are required for efficient Y wbN secretion at 

high salinity 

Recent studies by Eijlander et al. [ 43] indicated that engineered tatAdCd 

expression was able to compensate for the absence of the tatAyCy genes in the 

secretion of YwbN. We therefore investigated the levels of tatAdCd- and tatAyCy

specific transcripts in ce11s grown in LB media with varying NaCl concentrations 

by Northern blotting. Interestingly, we identified a 0.8 kb tatAd-specific transcript 

that was detectable at comparable amounts in ce11s grown in the presence of 1 % 

NaCl or without NaCl (Fig. 2). When ce11s were grown in LB with 6% NaCl, the 

level of this tatAd transcript was elevated. Most likely, it corresponds to the 

complete tatAd gene and part of the tatCd gene (data not shown). Conversely, the 

levels of two tatAyCy-specific transcripts of ~ 1 .2 kb showed a clear decrease in 

cells grown in medium with 6% salt compared to ce11s grown in medium with 1 % 

or no salt. These ~ 1 .2 kb transcripts originate from a promoter immediately 

upstream of tatAy ([36]; data not shown). The levels of a less abundant ~2.3 kb 

transcript corresponding to moaC, rex, tatAy and tatCy were not affected by growth 

medium salinity (Fig. 2). These findings imply that the relative levels of TatAd and 

TatAyCy production can differ in cells grown in LB media of high or low salinity, 

which may explain the altered Tat component specificity observed for YwbN 

secretion in medium with 6% salt as shown in Figure 1 .  Notably, the finding that 

there was no tatCd transcript detectable when cells were grown in LB with 6% salt 

indicated that TatCd has no, or only a very minor role in YwbN secretion during 

growth at high salinity. Consistent with the view that TatAd has a role in 

YwbN secretion when cells are grown in LB medium with 6% NaCl, the plasmid

directed expression of tatAd was sufficient for full restoration of the secretion of 

YwbN by tatAdCd mutant cells under these conditions (Fig. 3, compare the first 

two lanes for the tatAdCd mutant strain with the control). 
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Fig. 2 .  Northern blotting analysis of tatAd and tatAy transcription in cells grown in LB media of 

differing salinity. RNA isolation and Northern blotting were performed as described in the Materials 

and Methods section. For each sample, 5 µg of RNA per lane were loaded as indicated. Molecular 

markers and the positions of the 1 6S and 23S rRNA are indicated. 

Furthermore, YwbN secretion under these conditions was also fully restored by the 

expression of plasmid-borne tatAdCd or tatAyCy genes. Conversely, no restoration 

of YwbN secretion was observed in the tatAdCd mutant upon expression of a 

plasmid-borne tatCd gene alone, and Y wbN secretion by the tatAdCd mutant was 

even completely suppressed by the presence of a plasmid-borne copy of tatCy. The 

reduced secretion of YwbN by a tatAyCy mutant grown in LB with 6% NaCl was 

complemented by plasmid-borne tatAyCy, but it was completely inhibited by the 

presence of plasmid-borne copies of either tatAy or tatCy alone (Fig. 3, panels on 

the right). Lastly, expression of plasmid-borne tatAdCd genes in the tatAyCy 

mutant did not restore secretion of YwbN, which contrasts with the afore-
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mentioned findings by Eijlander et al. [43]. Taken together, these observations 

show that TatAd, TatAy and TatCy are involved in the Tat-dependent secretion of 

YwbN by cells growing in LB with 6% NaCl. This is reminiscent of the situation in 

Gram-negative bacteria that contain a three-component TatABC translocase. 

Furthermore, the results indicate that a separate expression of tatAy or tatCy can 

strongly interfere with YwbN secretion by cells grown at high salinity. 

Cel l  

1 00 
75 .., 

50 • .. 

37 

Medium 

1 00 
75 -. 

50 ... 

37 

1 00 

---- - ---- - -
50 1 1 1  35 1 05 86 0 1 25 29 0 0 66 25 
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�tatAdCd X-ywbN �tatAyCy X-ywbN 
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.... preYwbN 
+- YwbN 

+- YwbN 

+- % YwbN 

+- LipA 

Fig. 3. Complementation analysis of tatAdCd or tatAyCy mutant strains grown at high salinity. 

Growth medium and cell fractions of B. subtilis tat mutant strains and the parental strain 1 68 grown in 

LB with 6% added NaCl were separated and used for SOS-PAGE, Western blotting and 

immunodetection of YwbN-Myc and LipA using specific antibodies. The tatAdCd or tatAyCy mutant 

strains (marked at the bottom of the Figure) were complemented with plasmid-borne tat genes as 

indicated at the top of the Figure. The plasmids used for this purpose were pCAd, pCCd, pCACd, 
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pCAy, pCCy, pCACy (see Table 1 ). Note that the tatAdCd mutant strains contained an X-ywbN 

cassette in which the original CmR marker had been replaced by a TcR marker (tatAdCd X-ywbN2), 

whereas the 1 68 strain and the tatAyCy mutant strains contained the previously published X-ywbN 

cassette (see Table I ). The YwbN-Myc (YwbN and preYwbN) and LipA proteins, and Mw markers 

are indicated. 

TatAyCy is required for optimal growth of B. subtilis and entry into 

stationary phase at low salinity 

The experiments to monitor Tat-dependent secretion of YwbN by the tatAdCd, 

tatAyCy or total-tat mutant strains cultivated in LB medium without added salt 

revealed an unexpectedly strong growth phenotype for mutant strains lacking the 

tatAy and/or tatCy genes (Fig. 4A and Supplemental Fig. S3). Compared to the 

parental strain 168 and tatAdCd mutant strains, the tatAyCy and total-tat mutant 

strains showed significantly reduced growth rates during the exponential growth 

phase. Most strikingly, the tatAyCy and total-tat mutants exhibited a lower growth 

yield as compared to the tatAyCy proficient strains and they were even unable to 

enter directly into a stationary phase of growth. Instead, mutants lacking tatAyCy 

displayed a severe lysis phenotype as reflected by a significant drop in the OD600 of 

the culture. Interestingly, the surviving tatAyCy mutant cells resumed (or 

continued) growth about 1.5 hours after the onset of cell lysis, but at a lower rate 

than during the initial exponential growth. This growth phenotype could be 

reversed by complementation of the chromosomal tatAyCy mutations with 

plasmid-borne copies of the tatAyCy genes (Fig. S3, panel B). Specifically, the 

growth defect of cells lacking tatAy and tatCy at low salinity was only reversed 

when both the tatAy and tatCy genes were present on the complementing plasmid. 

Since tatAyCy mutant cells that had recovered from the lysis phase showed the 

same phenotype upon re-cultivation under low salinity conditions, it seems that the 

cells that resumed growth had adapted to these conditions rather than expressing a 

suppressor mutation. Importantly, the observed phenotype revealed that B. subtilis 

needs to have an active TatAyCy translocase for optimal growth and entry into 

stationary phase at low salinity. 
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TatAyCy-dependent secretion of YwbN has an important role in iron 

acquisition 

To test whether the known TatAyCy substrate YwbN was implicated in the growth 

kinetics observed at low salinity, experiments were performed with a ywbN mutant. 

Indeed, the ywbN mutant strain displayed a similar growth phenotype as strains 

lacking tatAyCy in the absence of added salt (Fig. 4, panels A and B; Fig. S3, panel 

C), while its growth phenotype was normal in the presence of 1 % salt (Fig. S3, 

panel F). Furthermore, the growth phenotype of the ywbN mutant strain was fully 

complemented by xylose-induced ectopic expression of a copy of ywbN-Myc that 

was integrated into the chromosomal amyE locus (Fig. S3, panel C). Consistent 

with these findings, the secretion of Myc-tagged YwbN was strictly dependent on 

TatAyCy under conditions of low salinity (Fig. 1, lower panels). Since ywbN is part 

of a well-conserved cluster of three genes of which the two other genes, ywbL and 

ywbM, have been implicated in iron uptake [20,37,38], we also investigated 

whether ywbL or ywbM mutant strains have a growth defect at low salinity. Indeed, 

this was the case (Fig. 4B; Fig. S3, panel C), suggesting that YwbL (a homologue 

of known iron permeases) and YwbM (a lipoprotein), as well as TatAyCy

dependently secreted YwbN could be required for the uptake of sufficient amounts 

of iron to sustain growth under conditions of low salinity. To test this idea, all 

growth experiments at low salinity were repeated in the presence of 10 µM FeCb 

(Fig. S3, panel D) or FeSO4 (Fig. S3, panel E). The results showed that addition of 

10 µM Fe2+ to the low salinity LB medium strongly stimulated the growth of the 

tatAyCy, ywbL, ywbM, or ywbN mutants to levels that were indistinguishable from 

growth in the presence of 1 % salt (Fig. S3, compare panels E and F). Importantly, 

the addition of FeSO4 to tatAyCy or total-tat mutant cells growing exponentially in 

LB without salt completely prevented the occurrence of the lysis phase (Fig. S4 ). 

This implies that the resumed growth after the lysis phase is most likely due to the 

release of iron by the lysed cells that can then be used by the surviving cells to 

resume or continue growth. The addition of 10 µM Fe3+ to the low salinity medium 

had only a moderately stimulating effect on the growth of the tatAyCy, ywbM or 
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ywbN mutant strains, while Fe3+ had barely any growth-promoting effect on the 

ywbL mutant strain (Fig. S3, panel D). Limited rescue of the mutants by addition of 

Fe3+ is consistent with the previously reported lack of Fe3+ -specific bacillibactin

dependent iron acquisition in the B. subtilis 168 strain [39] , while excess of Fe2+ is 

directed towards low affinity uptake by divalent cation importers [40,41] . The 

results imply that YwbL is the decisive Fe3+ permease for elemental iron uptake as 

previously suggested [42], and that the B. subtilis TatAyCy translocase and its 

substrate YwbN are of pivotal importance for the acquisition of iron during growth 

at low salinity. Since this suggests a possible general role for the B. subtilis Tat 

pathway in growth under iron-limited conditions, we tested the growth of two 

independently constructed B. subtilis total-tat mutants in synthetic iron-limited 

BOC medium. The results in Figure 4C show that, indeed, the growth rates of total

tat mutants in BOC medium were significantly lower than that of the parental 

strain 168. This growth defect was largely relieved by the addition of 10  µM Fe2+ 

to the medium (Fig. 4C), showing that the B. subtilis Tat pathway is required for 

optimal growth under iron-limited conditions. 
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Fig. 4. Growth phenotypes of tatAyCy andywbLMN mutant strains at low salinity. 

A. Growth of the B. subtilis strains tatAdCd (fil led rectangles), tatAyCy (open triangles), and 1 68 

(open squares) in LB medium without NaCl. 
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B. Growth of B. subtilis strains ywbN (open circles), ywbN XywbN plus xylose (closed rectangles), 

ywbL (closed diamonds), tatAyCy (open triangles), and 1 68 (open squares) in LB medium without 

NaCl. 

C. Growth of the B. subtilis strains total-tat (triangles), total-tat2 (circles) and 1 68 (squares) in BOC 

medium: open symbols, no added iron; closed symbols, addition of 1 0  µM FeS04 • 

Discussion 

In the present studies we have addressed the question as to whether the salinity of 

the growth medium is a determinant in Tat-dependent secretion of the YwbN 

protein by B. subtilis. The results show that this is indeed the case. Intriguingly, 

high growth medium salinity had a strong impact on the specificity of the Tat 

pathway of B. subtilis, as shown by the role of the TatAd component in YwbN 

secretion. The observation that, at high salinity, TatAd was involved in YwbN 

secretion to a similar extent as TatAyCy implies that the TatAd, TatAy and TatCy 

subunits of B. subtilis can cooperate under these conditions. This contrasts strongly 

with the previously demonstrated exclusive dependence of YwbN secretion on the 

TatAyCy translocase, when cells were grown in LB with 1 % salt [20] . It was 

recently reported that YwbN can be secreted in a TatAdCd-dependent manner by 

cells growing in LB medium with 1 % NaCl. However, this only occurs when the 

TatAdCd translocase is produced ectopically from plasmid-borne tatAdCd genes 

[43]. In this somewhat artificial situation, TatAdCd was able to sustain YwbN 

secretion in the absence of TatAyCy, which is clearly not the case for the parental 

1 68 strain growing at high salinity (Fig. 3, last lane), where cooperation between 

TatAd, TatAy and TatCy appears to be a requirement for YwbN secretion via Tat. 

Interestingly, our Northern blotting analyses indicate that B. subtilis is able to fine

tune the levels of TatAd, TatAy and TatCy in cells grown in high salinity medium 

through an as yet unidentified transcriptional regulatory mechanism. The present 

findings thus show that the TatAd subunit is not only involved in Tat-dependent 

protein secretion upon phosphate starvation, but also when high levels of salt are 

present in the growth medium. To date, it is not known whether the observed 

cooperativity between TatAd, TatAy and TatCy is triggered directly by high levels 
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of salt (e.g. high ionic strength), or by the altered expression levels of tatAd and 

tatAyCy. 

Cells grown at high salinity secreted substantial amounts of YwbN in a Tat

independent manner. Most likely, this YwbN secretion takes place via the B. 
subtilis Sec pathway since this has been shown to accept proteins with RR-signal 

peptides [44] . We attempted to confirm the involvement of Sec in the Tat

independent secretion of YwbN by growing cells in the presence of the SecA 

inhibitor sodium azide. Unfortunately however, sodium azide interfered 

significantly with the growth of B. subtilis in LB with 6% salt making it impossible 

to carefully verify a role for the Sec pathway in YwbN secretion. Furthermore, it is 

presently difficult to say whether the observed Tat-independent secretion of YwbN 

under high salinity growth conditions relates to indirect effects of these growth 

conditions on the pre-translocational folding or assembly of YwbN. Since the 

internal NaCl concentration is unlikely to change in a significant way when cells 

are grown in LB medium with 6% salt, any possible folding or assembly defects of 

YwbN could perhaps relate to changes in the intracellular concentrations of as yet 

unidentified salt stress-dependent proteins, compatible solutes (osmolytes) or ions 

[45,46] . Clearly, impaired folding of pre-YwbN would make this protein a 

potential substrate for the Sec pathway. 

The present experiments revealed an essential role of the TatAyCy-secreted 

YwbN in the acquisition of iron during growth in LB at low salinity and in iron

limiting synthetic BOC medium. At low salinity, the growth defects and post

exponential growth lysis phenomenon of tatAyCy or ywbN mutants could be fully 

suppressed by the addition of Fe2+, and to a lesser extent Fe3+, to the growth 

medium. This implies that cells lacking TatAyCy and/or YwbN are iron-starved at 

low salinity. The same turned out to be true for cells lacking the lipoprotein YwbM 

and the integral membrane protein YwbL. Interestingly, the E. coli homologue of 

Y wbM, named EfeO, is a periplasmic protein that has been implicated in high

affinity iron-binding [37] . YwbL is a homologue of the EfeU iron permease in the 

E. coli inner membrane [37,47], and the high-affinity iron permease Ftrl p of fungi 

and yeast [48] . While Ftrlp is an Fe3+ permease [48,49], EfeU was shown to 
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permeate Fe2+ in vitro into proteoliposomes [ 4 7] . The present study shows impaired 

growth of a ywbL mutant in the presence of Fe3+, but not in the presence of Fe2+, 

indicating that B. subtilis YwbL is specific for Fe3+ uptake like Ftrl p. Taken 

together, our findings show that severe iron limitation is the reason why cells 

lacking YwbLMN or TatAyCy grow at reduced rates in low salinity LB medium, 

and start to lyse instead of entering the stationary growth phase. The finding that 

such mutants resume growth after the lysis phase indicates that cell lysis results in 

the liberation of iron, which can be reused by the surviving cells. This view is 

confirmed by the observation that the lysis phenomenon can be largely prevented if 

iron is added to the culture during exponential growth. The precise role of YwbN 

in making iron available for the cells is not entirely clear but, being a homologue of 

the Dyp-type iron-dependent peroxidase EfeB, it seems most likely that this 

enzyme is involved in oxidation of Fe2+ for subsequent uptake of Fe3+ by YwbL, 

which is analogous to the yeast Fet3p-Ftrl p high-affinity iron uptake system 

[27 ,37] . Furthermore, recent studies have shown that EfeB of E. coli can extract 

iron from heme without affecting the protoporphyrin ring [50] , which suggests a 

role for B. subtilis YwbN in the liberation of complexed iron. A function of YwbN 

in iron metabolism in B. subtilis is fully consistent with the finding by Helmann 

and co-workers that the ywbN gene is part of the Fur regulon [42] . By contrast, 

tatAyCy does not seem to be controlled by Fur, which is consistent with a 

"mainstream" role in Tat-dependent protein translocation, as documented in the 

present studies. It is remarkable to note that an iron starvation response was 

previously documented for B. subtilis cells grown at high salinity [51,52] . This 

apparent iron limitation at high salinity growth conditions did not result in a 

requirement for the TatAyCy translocase or YwbLMN as observed under low 

salinity growth conditions. However, it should be noted that tatAyCy mutants do 

secrete YwbN when grown in LB medium with 6% NaCl, which might suffice for 

iron acquisition. 

Taken together, our present results show for the first time that environmental 

salinity is a critical determinant for Tat-dependent protein secretion in B. subtilis. 

Depending on the salinity levels, the YwbN protein is seemingly directed from the 
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Tat pathway into the Sec pathway. This observation is reminiscent of our previous 

observation that the esterase LipA of B. subtilis can be redirected from the Sec to 

the Tat pathway under conditions of hyperproduction via an overflow mechanism 

[29]. This suggests that there may be additional, as yet unidentified factors that can 

impact on the choice between Sec or Tat pathway usage. A parameter that can 

impact strongly on the rates of protein (un-)folding is temperature. Nevertheless, 

growth temperature by itself does not seem to be a factor determining secretion 

pathway dependency, since we did not detect any obvious differences in Tat

dependence of YwbN secretion when cells were grown at 15, 30, 37 or 48 °C 

(unpublished observations). However, being an organism that lives in the soil, B. 

subtilis can be exposed to a plethora of environmental insults that may either 

directly influence the activity and specificity of the Tat translocases, or that may 

indirectly impact on the pre-translocational folding of secretory precursor proteins. 

We are therefore convinced that more proteins will use the Sec and/or Tat 

pathways of B. subtilis in a growth condition-dependent manner. Identification of 

such conditions will be of interest not only from a fundamental scientific point of 

view, but also for the biotechnological application of B. subtilis as a cell factory for 

the production of high-value proteins. 

Materials and Methods 

Plasmids, bacterial strains, media and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 1. Strains 

were grown with agitation at 37°C in Luria Bertani (LB) medium consisting of 1 % 

tryptone, 0.5% yeast extract and 0%, 1 % or 6% added NaCl, pH 7.4. Belitsky 

minimal medium without citrate (BOC medium) was prepared as described [53]. If 

appropriate, media for were supplemented with the following antibiotics: 

erythromycin (Em), 2 µg m1·1 ; chloramphenicol (Cm), 5 µg m1· 1 ; tetracycline (Tc), 

10 µg m1·1 ; spectinomycin (Sp), 100 µg m1· 1 ; kanamycin (Km), 20 µg m1· 1
• 
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Growth experiments 

Strains were pre-cultured in LB medium containing 1 % NaCl and subsequently 

diluted in LB medium without salt or with 1 % or 6% NaCl to an optical density at 

600 nm (OD600) of ~0.01. Growth was continued in triplicate wells of a 96-well 

black optical bottom microtiter plate (Nunc) that was incubated in a Biotek 

Synergy 2 plate reader (37°C, variable shaking). OD600 readings were recorded for 

8 or 14 hours. 

SOS-PAGE, Western blotting, Zymography and Proteomics 

Cells were separated from the growth medium by centrifugation. Cellular or 

secreted proteins were separated by SDS-PAGE using pre-cast Bis-Tris NuPAGE 

gels (Invitrogen). Separated proteins were stained with SYPRO Ruby protein gel 

stain (Molecular Probes Inc.). The presence of YwbN-Myc, LipA, or TrxA in 

cellular or growth medium fractions was detected by Western blotting. For this 

purpose, proteins separated by SDS-PAGE were semi-dry blotted (75 min at 1 mA 

I Cm2) onto a nitrocellulose membrane (Protran®, Schleicher & Schoell). 

Subsequently, the LipA and TrxA proteins were detected with specific polyclonal 

antibodies raised in rabbits. YwbN-Myc was detected with monoclonal antibodies 

against the Myc-tag (Gentaur). Visualisation of bound antibodies was performed 

with fluorescent IgG secondary antibodies (IRDye 800 CW goat anti-rabbit or goat 

anti-mouse from LiCor Biosciences) in combination with the Odyssey Infrared 

Imaging System (LiCor Biosciences). Fluorescence was recorded at 800 nm. 

Quantification of the recorded data was done using the ImageJ software package 

(http://rsbweb.nih.gov/ij/). 

Northern blotting analyses 

For Northern blotting, cells from overnight cultures in LB medium with 1 % NaCl 

were used to inoculate LB medium without NaCl or with 1 % or 6% NaCL Growth 

was continued till an OD600 of ~ 2 and then the cells were harvested for RNA 

extraction and blotting. Preparation of total RNA and Northern blot analysis using 
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specific RNA probes were performed as described previously [29] . The RNA 

preparations (5 or 10 µg per lane) were separated electrophoretically in a 1.2% 

agarose gel. After hybridization of the blotted RNA with gene-specific probes, 

chemiluminescence was detected using a Lumi-Imager (Roche Diagnostics). 

Transcript sizes were determined by comparison with an RNA size marker 

(Fermentas RiboRuler High Range RNA Ladder). Digoxygenin-labeled specific 

RNA probes were synthesized by in vitro transcription using T7 RNA polymerase 

and a specific PCR product as template. Synthesis of the DNA template was 

performed by PCR using the following pairs of oligonucleotides: tatAd-for (5' 

ATGTTTTCAAACATTGGAAT-3' ) and tatAd-rev (5'

CT AATACGACTCACTATAGGGAGAGCCCGCGTTTTTGTCCTGCT-3 ' ), 

tatAy-for (5'- ATGCCGATCGGTCCTGGAAG-3' ) and tatAy-rev (5'

CTAATACGACTCACTATAGGGAGACTGATCTTCTTTCTTTTTTT-3' ). The 

underlined sequence indicates the T7 promoter region. 
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Abstract 

The Gram-positive bacterium Bacillus subtilis contains two Tat translocases, 

which can facilitate transport of folded proteins across the plasma membrane. 

Previous research has shown that Tat-dependent protein secretion in B. subtilis is 

a highly selective process, and that heterologous proteins, such as the green 

fluorescent protein (GFP) are poor Tat substrates in this organism. Nevertheless, 

when expressed in Escherichia coli, both B. subtilis Tat translocases facilitated 

exclusively Tat-dependent export of folded GFP when the twin-arginine (RR) 

signal peptides of the E. coli AmiA, DmsA or MdoD proteins were attached. 

Therefore, the present studies were aimed at determining whether the same RR

signal peptide-GFP precursors would also be exported Tat-dependently in B. 

subtilis. In addition, we investigated the secretion of GFP fused to the full-length 

YwbN protein, a strict Tat substrate in B. subtilis. Several investigated GFP fusion 

proteins were indeed secreted in B. subtilis, but this secretion was shown to be 

completely Tat-independent. At high salinity growth conditions, the Tat

independent secretion of GFP as directed by the RR-signal peptides from the E. 

coli AmiA, DmsA or MdoD proteins was significantly enhanced, and this effect 

was strongest in strains lacking the TatAy-TatCy translocase. This implies that 

high environmental salinity has a negative influence on the avoidance of Tat

independent secretion of AmiA-GFP, DmsA-GFP and MdoD-GFP. We conclude 

that as yet unidentified control mechanisms reject the investigated GFP fusion 

proteins for translocation by the B. subtilis Tat machinery and, at the same time, 

set limits to their Tat-independent secretion presumably via the Sec pathway. 
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Introduction 

High salinity growth conditions promote 

Tat-independent secretion of Tat substrates 

Protein secretion is an important feature for the survival and competitive success 

of bacterial cells in their natural habitats. The ability to secrete proteins is 

particularly well developed in the Gram-positive bacterium Bacillus subtilis, 

which is of interest both from applied and fundamental scientific points of view 

[3, 47, 48, 51] . Combined genetic, proteomic and bioinformatic analyses have 

revealed that the vast majority of proteins secreted by B. subtilis leave the 

cytoplasm in an unfolded state via the general secretion (Sec) pathway [47] . Upon 

translocation these proteins fold into their active and protease-resistant 

conformation [19] . A limited number of proteins are secreted via the so-called 

twin-arginine (Tat) pathway which, in contrast to the Sec pathway, can facilitate 

the transport of fully folded proteins [16, 35, 37, 38, 42, 45, 53] . 

The proteins destined for export via the Sec or Tat pathways are synthesized 

with N-terminal signal peptides. These have a characteristic tripartite structure 

consisting of a positively charged N-terminal region, a hydrophobic H-region and 

a C-terminal region [37, 48] . The C-region contains a signal peptidase cleavage 

site for signal peptide removal during or shortly after membrane translocation of 

the attached protein [10, 52] .  Although the signal peptides of Sec and Tat 

substrates are similar in structure, particular signal peptide features promote the 

specific targeting of proteins to the Tat pathway. These include a twin-arginine 

(RR) recognition motif in the N-region with the consensus sequence K/R-R-x-#-#, 

where # marks hydrophobic residues and x can be any residue [6, 12, 14, 33,  46] . 

This RR-motif is specifically recognized by the Tat translocase [1, 8, 13] .  

Additionally, RR-signal peptides are "unattractive" for the Sec machinery, 

because their H-region has a relatively low hydrophobicity, and because the C

region often (but not always) contains a positively charged residue that strongly 

promotes "Sec avoidance" [7, 14, 49] . Importantly, the Sec incompatibility of Tat 

substrates is not only achieved through RR-signal peptide features, but also 

through their rapid or controlled folding in the cytoplasm prior to translocation 

[15, 39] . In fact, some Tat-dependently exported proteins are subject to dedicated 
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chaperone-mediated proofreading in the cytoplasm in order to prevent the 

initiation of their transport before folding or co-factor assembly have been 

completed [30, 38, 40, 43]. 

B. subtilis contains two independently working Tat translocases named 

TatAyCy and TatAdCd, which are of the TatAC type that is commonly found in 

Gram-positive bacteria [21, 22, 23] . Unlike the TatABC type translocases that are 

present in Gram-negative bacteria, these "minimal" TatAC translocases lack a 

TatB subunit [4, 5, 24] . In B. subtilis, the TatAyCy and TatAdCd translocases 

have distinct specificities for the Dyp-type peroxidase YwbN and the 

phosphodiesterase PhoD respectively, at least when the cells are grown in a 

standard LB medium [21, 22, 23] . Also, a hybrid precursor of the subtilisin AprE 

fused to the YwbN signal peptide was secreted in a TatAyCy-specific manner, 

suggesting a preferential interaction between the Y wbN signal peptide and the 

TatAyCy translocase [25] . Nevertheless, the specificities of TatAyCy and 

TatAdCd overlap at least to some extent as was recently shown by the 

heterologous expression of TatAdCd or TatAyCy in Escherichia coli strains 

lacking their own TatABC translocase [4, 5]. The latter studies revealed that both 

B. subtilis Tat translocases are able to translocate the green fluorescent protein 

(GFP) fused to the RR-signal peptides of the E. coli AmiA, DmsA or MdoD 

proteins (Fig. 1 ). A specificity difference was, however, observed as the TMAO 

reductase (TorA) and a TorA-GFP fusion were transported by TatAdCd but not by 

TatAyCy [4, 5]. An interesting conclusion from the heterologous Tat expression 

studies in E. coli was that both B. subtilis TatAC translocases were able to 

translocate active GFP when expressed in E. coli. By contrast, earlier experiments 

had indicated that this was not possible in B. subtilis [25, 32] . Therefore, the aim 

of the present studies was to assess whether the same RR-signal peptide-GFP 

hybrid precursors that were Tat-dependently translocated in E. coli would also 

lead to Tat-dependent GFP secretion in B. subtilis. In addition we investigated 

whether a fusion of GFP to the full-size YwbN protein might facilitate GFP 

export. 
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Am iA MSTFKPLKTLTSRRQVLKAGLAAL TLSGMSQAIAKDE LLKTSNG HS 

DmsA MKTKIPDAVLAAEVSRRGLV�TTAJGGLAMASSALTLPFSRIAHAV 

Md oD M DRRREIKGSMAMAAVCGTSGJASLFSQAAFAADSDIADGQTQRFD 

Yw bN MSDEQKKPEQI HRRDILKWGAMAGAAVAJGASGLGGLAPLVQTAAK 

PhoD MAYDSRFDEWVQKLKEESFQNNTFDRRKFIQGAGKJAGLSLGL TIAQSVGAFE 

Fig. 1. Signal peptide sequences. The amino acid sequences of the RR-signal peptides of AmiA, 

DmsA and MdoD of £. coli, and YwbN and PhoD of B. subtilis are shown. Twin-arginine motifs are 

underlined, hydrophobic H-regions are printed in italics, and the C-regions are marked in bold with 

residues flanking the signal peptidase cleavage sites underlined. 

Briefly, the results show that none of the GFP fusion constructs were Tat

dependently secreted. Instead, Tat-independent GFP secretion was observed, 

which was most pronounced when the cells were grown in LB medium of high 

salinity. Taken together, our findings show that the GFP fusion proteins are 

rejected for translocation by the B. subtilis Tat machinery. Furthermore, the 

avoidance of Tat-independent secretion of all three hybrid GFP precursors, 

presumably via the Sec pathway, seems to be suppressed when cells are grown in 

medium with 6% salt. 

Materials and Methods 

Plasmids, bacterial strains, media and growth conditions 

The plasmids and bacterial strains used in this study are listed in Table 1. Strains 

were grown with agitation at 37°C in either Lysogeny Broth (LB), or Paris 

minimal (PM) medium. LB medium consisted of 1 % tryptone and 0.5% yeast 

extract with or without NaCl (1 % or 6%), pH 7.4. Notably, LB with 1 % NaCl is 

the standard LB medium that has been used in all our previous studies. PM 
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consisted of 10.7 mg m1- 1 K2HPO4, 6 mg mr 1 KHPO, 1 mg m1- 1 trisodium citrate, 

0.02 mg mr 1 MgSO4, 1 % glucose, 0.1 % casamino acids (Difeo), 20 mg m1- 1 L

tryptophan, 2.2 mg mr 1 ferric ammonium citrate and 20 mM potassium glutamate. 

To activate a phosphate starvation response and, accordingly, induce the 

expression of the TatAdCd translocase, the strains were grown overnight in 

HPDM (high phosphate defined medium), which is rich in phosphate. The next 

morning, cells were transferred to LPDM (low phosphate defined medium). Both 

media were prepared according to Mtiller et al. (1997) [34]. Lactococcus lactis 
was grown at 30°C in Ml 7 broth supplemented with 0.5% glucose. When 

required, media for E. coli were supplemented with erythromycin (Em; 100 µg m1-

1 ), kanamycin (Km; 20 µg mr 1 ), chloramphenicol (Cm; 5 µg m1- 1 ), or 

spectinomycin (Sp; 100 µg mr 1
) ;  media for B. subtilis were supplemented with 

Em (1 µg mr 1 ), Km (20 µg mr 1 ), Cm (5 µg mr 1), Phleomycin (Phleo; 4 µg m1- 1 ) 

or Sp (100 µg mr 1 ); media for L. lactis were supplemented with Em (2 µg mr 1 ). 

Plasmids 
pHB201 

pHB-AmiA-GFP 

pHB-DmsA-GFP 

pHB-MdoD-GFP 

pSG l 554 
pNZ89 1 0  
pSG l 554-
SpYwbN 
pSG1 554-YwbN 
pSURE-
SpYwbN-GFP 
pSURE-YwbN-
GFP 
pGFP 

E. coli 
DH5a 

L.Lactis 

236 

Relevant properties 
B. subtilis-E.coli expression vector; ori-pBR322; ori-
pTA1 060; cat86::lacZa; CmR ; EmR 

pHB201 vector carrying the amiA-gfp hybrid gene; CmR; 
EmR 

pHB201 vector carrying the dmsA-gfp hybrid gene; CmR ; 
EmR 

pHB20 1  vector carrying the mdoD-gfp hybrid gene; CmR ; 
EmR 

bla amyE3' spc Pxyl-'gfpmutl amyE5' 
SURE expression vector, PspaS, EmR 

pSG 1 1 54 vector c�ing the signal sequence of ywbN fused 
to gfpmut l ;  ApR ; Sp 
pSG 1 1 54 vector carrying ywbN fused to gfpmutl ;  ApR ; SpR 

pNZ891 0  vector carrying the ywbN signal sequence-gfp 
gene fusion; EmR 

pNZ89 I O  vector carrying the ywbN-gfp gene fusion; EmR 

Originally known as pNZ8907; Pspas translational ly fused to 
gfp; only the ful l-size GFP is produced; EmR 

supE44; hsdRJ 7; recAJ ;  gyrA96; thi-1 ; relAJ 

Reference 
[ 1 0] 

This study 

This study 

This study 

[29] 
[9] 
This study 

This study 
This study 

This study 

[9] 

[44] 
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MG 1 363 

B. subtilis 
1 68 
ATCC6633 
tatAyCy 
tatAdCd 
tatAdCd 
total-tat2 

ywbN 
ywbN spaRK 
tatAyCy ywbN 
spaRK 
tatAdCd ywbN 
spaRK 
ywbN pGFP 
ywbN pSURE
SpYwbN-GFP 
ywbN pSURE
YwbN-GFP 
AyCy ywbN 
pSURE-YwbN
GFP 
AdCd ywbN 
pSURE-YwbN
GFP 
1 68 XywbN 
tatAyCy XywbN 
tatAdCd XywbN 
tota1-tat2 XywbN 

1 68 pHB201 
1 68 
pHB-AmiA-GFP 
tatAyCy 
pHB-AmiA-GFP 
tatAdCd 
pHB-AmiA-GFP 
total-tat2 
pHB-AmiA-GFP 
1 68 
pHB-DmsA-GFP 
tatAyCy 
pHB-DmsA-GFP 
tatAdCd 
pHB-DmsA-GFP 
total-tat2 

pHB-DmsA-GFP 
1 68 
pHB-MdoD-GFP 
tatAyCy 
pHB-MdoD-GFP 

Plasmid-free derivative of NCDO 7 1 2  

trpC2 
Subtilin producer 
trpC2; tatAy-tatCy::Sp; SpR 

trpC2; tatAd-tatCd: :Km; KmR ; 
trpC2; tatAd-tatCd::Cm; CmR ; 
trpC2; tatAd-tatCd: :Km; KmR ; tatAy-tatCy::Sp; SpR ; 
tatAc : :Em; EmR 

trpC2; ywbN: :Phleo; PhleoR 

tlpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR 

trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; tatAy
tatCy: :Sp; SpR 

trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; tatAd
tatCd: :Cm; CmR 

tlpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; pNZ8907 
trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR; pSURE
SpYwbN-GFP EmR 

trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; pSURE
YwbN-GFP EmR 

trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; pSURE
SpYwbN-GFP EmR; tatAy-tatCy::Sp; SpR ; 

trpC2; ywbN: : Phleo; PhleoR ;amyE: : spaRK, KmR ; pSURE
Sp YwbN-GFP EmR ; tatAd-tatCd: :Cm; CmR; 

trpC2; amyE::xylA-ywbN-myc; CmR 

trpC2; tatAy-tatCy: :Sp; SpR ; amyE: ::>.ylA-ywbN-myc; CmR 

trpC2; tatAd-tatCd: :Km; KmR ; amyE: :xylA-ywbN-myc; CmR 

trpC2; tatAd-tatCd: : Km; KmR ; tatAy-tatCy::Sp; SpR ; 
tatAc : :Em; EmR ; amyE::xylA-ywbN-myc; CmR 

trpC2; pHB20 1 ;  EmR ; CmR 

trpC2; pHB-AmiA-GFP; EmR ; CmR 

trpC2; tatAy-tatCy: :Sp; pHB-AmiA-GFP; SpR ; EmR ; CmR 

trpC2; tatAd-tatCd: : Km; pHB-AmiA-GFP; KmR ; EmR ; CmR 

trpC2; tatAd-tatCd: :Km; tatAy-tatCy::Sp; tatAc: :Em; pHB
AmiA-GFP KmR ; SpR ; EmR ; CmR 

trpC2; pHB-DmsA-GFP; EmR; CmR 

trpC2; tatAy-tatCy: :Sp; pHB-DmsA-GFP; SpR ; EmR; CmR 

trpC2; tatAd-tatCd: :Km; pHB-DmsA-GFP; KmR ; EmR ; CmR 

trpC2; tatAd-tatCd: :Km; tatAy-tatCy::Sp; tatAc: :Em; pHB
DmsA-GFP KmR ; SpR ; EmR ; CmR 

trpC2; pHB-MdoD-GFP; EmR ; CmR 

trpC2; tatAy-tatCy::Sp; pHB-MdoD-GFP; SpR ; EmR ; CmR 

[ 1 8] 

[2] 
[9] 
[2 1 ]  
[22] 
[2 1 ]  
[22] 

This study 
This study 
This study 

This study 

This study 
This study 

This study 

This study 

This study 

[22] 
[22] 
[22] 
[22] 

This study 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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tatAdCd 
pHB-MdoD-GFP 
total-tat2 
pHB-MdoD-GFP 

trpC2; tatAd-tatCd: :Km; pHB-MdoD-GFP; Kmk; Emk; CmR This study 

trpC2; tatAd-tatCd: :Km; tatAy-tatCy: :Sp; tatAc: :Em; pHB- This study 
MdoD-GFP KmR ; SpR ; EmR ; CmR 

Table 1. Strains and plasmids used in this study. 

Primer Sequence Remarks 

RBS-MntA- GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
AmiA-F ATGAGCACITTFAAACCACTA start amiA 
RBS-MntA- GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
DmsA-F ATGAAAACGAAAATCCCTGAT start dmsA 
Spel-MntA- GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
MdoD-F ATGGATCGTAGA CGA ITTA TT start mdoD 
GFP-Rev- CCCCCGGATCCTTATITGTATAGTTCATCCATGC BamHI, end gfp 
BamHI 
YwbN_LW-F GGCGGTACCATGAGCGATGAACAGAAAAAGCCAG Kpnl 

AACAA 
SPywbN_LW- GGGGAATTCAACAAGCGGAGCGAGACCGCC EcoRI 
R 
YwbN_LW-R GGGGGAATTCTGATTCCAGCAAACGCTG EcoRI 

F-YwbN-SURE GGGGGTCATGAGCGATGAACAGAAAAAGCCAGAA Real 
CAAATTC 

GFP-Rev- GCCCAAGCTTATTATTTGTAGAGCTCATCCATGCC HindIII, end 
Hindlll ATGTG gfpmutl 

Table 2 Primers used in this study 

DNA techniques 

Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, 

and 

transformation of competent E. coli cells were carried out as previously described 

[ 44]. B. subtilis was transformed as described by Kunst and Rapoport [28] . PCR 

was carried out with the Pwo DNA polymerase. PCR products were purified using 

the PCR purification kit from Roche. Restriction enzymes were obtained from 

New England Biolabs. Plasmid DNA from E. coli was isolated using the alkaline 

lysis method [44], or the Invisorb®Plasmid Isolation Kit (lnvitek). All constructs 

were checked by sequencing (serviceXS, Leiden the Netherlands). 

To construct the plasmids pHB-AmiA-GFP, pHB-DmsA-GFP and pHB

MdoD-GFP, the amiA-gfp, dmsA-gfp and mdoD-gfp hybrid genes were PCR-
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amplified from the respective pBAD24-based plasmids carrying these genes [5] 

(Table 1 ). The 5' primers used for PCR contained the mntA ribosome-binding site 

and start codon, as well as a Spel restriction site, and the 3' primer contained a 

BamHI restriction site (Table 2). The resulting PCR products were cleaved with 

Spel and BamHI, and ligated to Spel-BamHI-cleaved pHB201 .  Ligation mixtures 

were used to transform E. coli, resulting in the identification of plasmids pHB

AmiA-GFP, pHB-DmsA-GFP and pHB-MdoD-GFP. Next, these plasmids were 

used to transform the B. subtilis strains 1 68, tatAyCy, tatAdCd and total-tat2 • To 

construct the plasmids pSURE-SpYwbN-GFP and pSURE-YwbN-GFP, the ywbN 

signal sequence and the full-length ywbN gene were PCR-amplified from 

chromosomal DNA of B. subtilis 1 68. The 5' primer used for PCR contained a 

Kpnl restriction site, and the 3 '  primer contained a Hindill restriction site (Table 

2). The resulting PCR products were cleaved with Kpnl and Hindill, and ligated 

to Kpnl-Hindill-cleaved pSG 1 1 54 [29], which contains the gfpmutl gene. The 

fusion products Sp(Ywbn)-GFP and YwbN-GFP where then amplified from these 

vectors usin'g a 5' primer containing a BspHI restriction site and a 3 '  primer 

containing a Hindill restriction site, and they were cloned into the Ncol-HindIII

cleaved pNZ891 0  plasmid. Ligation mixtures were used to transform L. lactis, 

resulting in the isolation of plasmids pSURE-SpYwbN-GFP and pSURE-YwbN

GFP. The plasmids were then used to transform the B. subtilis ywbN, tatAyCy 

ywbN or tatAdCd ywbN strains. 

SDS-PAGE and Western blotting 

Cellular or secreted proteins were separated by PAGE using pre-cast Bis-Tris 

NuPAGE gels (lnvitrogen). The presence of GFP, YwbN or LipA in cellular or 

growth medium fractions was detected by Western blotting. For this purpose, 

proteins separated by PAGE were semi-dry blotted (75 min at 1 mA/cm2) onto a 

nitrocellulose membrane (Protran®, Schleicher & Schuell). Subsequently, GFP 

was detected with monoclonal antibodies (Clontech), YwbN-Myc was detected 
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with monoclonal antibodies against the Myc-tag attached to this protein (Gentaur), 

YwbN, LipA, TrxA, PhoD and PhoB were detected with specific polyclonal 

antibodies raised in rabbits. Visualisation of bound antibodies was performed with 

fluorescent IgG secondary antibodies (IRDye 800 CW goat anti-rabbit or goat 

anti-mouse from LiCor Biosciences) in combination with the Odyssey Infrared 

Imaging System (LiCor Biosciences) . Fluorescence was recorded at 800 nm. 

Fluorescence microscopy 

Cells carrying plasmids pHB-AmiA-GFP, pHB-DmsA-GFP and pHB-MdoD-GFP 

were grown in LB supplemented with 1 or 6% NaCl. After 7 hours of growth the 

optical density at 600 nm (OD600) was measured. The strains containing pGFP, 

pSURE-SpYwbN-GFP or pSURE-YwbN-GFP were grown till an OD600 of 1.0, 

induced with 1.0% (v/v) supernatant of B. subtilis ATCC 6633. In this respect it is 

noteworthy that the subtilin produced by B. subtilis ATCC6633 is secreted into its 

growth medium. Addition of this spent medium in a 100-fold dilution to B. 

subtilis cells containing pGFP, pSURE-SpYwbN-GFP or pSURE-YwbN-GFPl 

induces the spaS promoter on these plasmids thereby driving the high-level 

transcription of the downstream GFP genes. Upon growth for 2 additional hours, 

cells were spotted on M9 agarose slides containing the appropriate salt 

concentrations. These slides were prepared by transfer of M9 agarose medium into 

a 65 µl Frame-Seal Slide Chamber (SLF-0601, Bio-Rad). Fluorescence 

microscopy was performed with a Leica DM5500 B microscope. Fluorescence 

images were recorded using a Leica EL6000 lamp with the intensity set to 55%. 

The exposure time was 256 ms. Quantification of GFP fluorescence was done 

using the ImageJ software package (http://rsbweb.nih.gov/ij/). Cellular 

fluorescence values were measured in grey scale values. Background fluorescence 

was calculated by averaging the grey scale values of the area outside the cells. 

Finally the background fluorescence was subtracted from the cellular 

fluorescence. 

240 



High salinity growth conditions promote 

Tat-independent secretion of Tat substrates 

Results 

The AmiA and MdoD RR-signal peptides mediate Tat-independent 

GFP secretion in B. subtilis. 

When heterologously expressed m E. coli, the TatAdCd and TatAyCy 

translocases can transport the AmiA-GFP, DmsA-GFP and MdoD-GFP precursors 

across the inner membrane, leading to an accumulation of active GFP in the 

periplasm [4, 5] . To assess whether the very same RR-signal peptide-GFP 

precursors would also be exported Tat-dependently in B. subtilis, we expressed 

them in B. subtilis 168 and corresponding tat mutant strains. For this purpose, the 

respective hybrid genes were provided with the ribosome-binding site plus start 

codon of the B. subtilis mntA gene, that are well suited for heterologous protein 

expression in B. subtilis [26]. The resulting constructs were then constitutively 

expressed at relatively low levels from the E. coli - B. subtilis shuttle vector 

pHB201. Cells containing these constructs were subsequently grown in standard 

LB medium (1 % NaCl). It should be noted that under these conditions, the cells 

produce mainly the TatAyCy translocase and the TatAdCd translocase is 

expressed at barely detectable levels [23, 36]. As shown in Figure 2A (left 

panels), all three precursors were synthesized in B. subtilis cells when grown 

overnight in this medium. However, only in the case of AmiA-GFP and MdoD

GFP was processing to the mature form and release of this mature form into the 

growth medium observed (Fig. 2A, left and right panels). The strains producing 

AmiA-GFP secreted relatively higher amounts of mature GFP into the medium 

than strains producing MdoD-GFP. Notably, the secretion of mature-sized GFP by 

strains producing AmiA-GFP was not influenced by the absence of tatAyCy, 

tatAdCd or even all tat genes, and the same was true for strains producing MdoD

GFP, although in this case the GFP was secreted at lower levels (Fig. 2A). No 

secretion of GFP was detectable for wild-type or tat mutant strains producing the 

DmsA-GFP precursor (Fig. 2A). Consistent with this observation, barely any 

mature-sized GFP was detectable in cells producing DmsA-GFP. This suggests 
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that the DmsA-GFP precursor is neither an acceptable substrate for the two TatAC 

translocases nor the Sec translocase when produced in B. subtilis cells grown in 

standard LB medium (1 % NaCl). 
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Fig. 2. Secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP by cells grown in standard LB 

medium with 1 % NaCl. A. Cell and growth medium fractions of B. subtilis strains producing 

AmiA-GFP, OmsA-GFP or MdoD-GFP were separated by centrifugation and used for SOS-PAGE 

and Western blotting with specific antibodies. For this purpose, the cel ls of tatAyCy, tatAdCd or 

total-tat mutant strains or the parental strain 1 68 were grown for 7 hours in LB medium, 

supplemented with 1 % NaCl. Protein loading was corrected for OD600• "pG", cell s  harbouring pHB

AmiA-GFP, pHB-DmsA-GFP or pHB-MdoD-GFP; "ev", cel ls harbouring the empty vector 

pHB20 1 . B. Cell and growth medium fractions of B. subtilis strains producing YwbN-Myc were 

prepared for SOS-PAGE and Western blotting with specific antibodies as indicated for panel A. For 
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this purpose, the cel ls of tatAyCy, tatAdCd or total-tat mutant strains or the parental strain I 68 

contained the XywbN cassette in amyE. "Xy", cel ls containing the XywbN cassette. 

By contrast, under these conditions the control protein YwbN-Myc was secreted 

in a strictly TatAyCy-dependent manner, as evidenced by the fact that it was 

secreted only by the parental strain 1 68 and the tatAdCd mutant, but not by the 

tatAyCy or total-tat2 mutants (Fig. 2B). These findings show that under the tested 

conditions, the precursors of AmiA-GFP, DmsA-GFP and MdoD-GFP are 

rejected by the Tat system of B. subtilis. 

Rejection of the chimeric YwbN-GFP protein by Tat 

Our previous studies have shown that the RR-signal peptide of the Tat substrate 

YwbN can redirect the normally Sec-dependent protein AprE into the B. subtilis 

Tat pathway, leading to TatAyCy-dependent secretion of this protein [25] . We 

decided therefore to challenge the Tat system with a chimeric protein consisting of 

GFP fused to the C-terminus of full-length YwbN (YwbN-GFP). As controls we 

used strains producing GFP with or without the RR-signal peptide (denoted 

SpGFP and GFP respectively). Subsequently, the YwbN-GFP, SpGFP or GFP 

proteins were produced using the subtilin- induced SURE system [9] . The 

possible secretion of YwbN-GFP or GFP was assessed by Western blotting using 

specific antibodies for GFP and YwbN. As shown in Figure 3, neither GFP nor 

SpGFP was secreted into the growth medium. In contrast, small amounts of the 

YwbN-GFP fusion protein were secreted, but this was independent of the 

TatAyCy or TatAdCd translocases. These findings show that GFP produced in B. 

subtilis is rejected by the Tat system, irrespective of its fusion to a full-size Tat 

substrate or an RR-signal peptide only. 
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Fig. 3. Secretion of a chimeric YwbN-GFP fusion protein 

Cell and growth medium fractions of B. subtilis strains producing GFP, GFP fused to the signal 

peptide of YwbN (SpGFP) or the fusion protein YwbN-GFP were separated by centrifugation and 

used for SDS-PAGE and Western blotting with specific monoclonal antibodies directed against GFP 

and polyclonal antibodies against YwbN. Notably, the full-size YwbN-GFP fusion protein was only 

efficiently detected with antibodies against YwbN. Specifically, the cells of parental strain 1 68, as 

well as the mutant strains ywbN (mutant lacking ywbN gene), ywbN pGFP (producing 'unfused' 

GFP), ywbN pSpGFP (producing SpGFP), ywbN pYwbNGFP (producing YwbN-GFP), ywbN 

AyCy pYwbNGFP (lacking TatAyCy and producing YwbN-GFP) or ywbN AdCd pYwbNGFP 

(lacking TatAdCd and producing YwbN-GFP) were grown for 7 hours in LB medium, supplemented 

with 1 % NaCl . Protein loading was corrected for OD600• The positions of GFP, SpGFP, YwbNGFP, 

the secreted control protein LipA, and the cytoplasmic lysis marker TrxA are indicated with arrows. 

Positions of Mw markers are indicated on the left. 
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To test whether the GFP protein produced with the different signal peptide 

fusions was active, we analysed the producing cells by fluorescence microscopy. 

As can be observed in Figure 4, the production of the authentic GFP protein with 

the control plasmid pGFP resulted in a very bright fluorescent signal throughout 

the B. subtilis cells. Fusion of the YwbN signal peptide to GFP largely abolished 

the fluorescent signal and the remaining signal was most clearly detectable at the 

cell poles. Notably, production of the YwbN-GFP fusion protein resulted in a 

spotted pattern of GFP fluorescence that was not altered in the absence of the 

tatAyCy or tatAdCd genes. Together with the Western blotting data, these findings 

suggest that fusion of Y wbN or the Y wbN signal peptide to GFP may interfere 

with its folding into an active and stable conformation and/or to an altered sub

cellular localization, possibly in an aggregated state. Alternatively, the GFP might 

correctly fold and then aggregate. 

Phosphate starvation conditions result in Tat-independent GFP 

secretion 

Studies on the B. subtilis Tat translocases (following expression in both B. subtilis 

and E. coli) have shown that the TatAdCd translocase is the most permissive of 

the two translocases present in B. subtilis [4, 17] . However, production of the 

TatAdCd complex of B. subtilis is fully induced only under phosphate starvation 

conditions [23, 36]. We thus investigated whether this translocase can facilitate 

the secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP under conditions of 

phosphate starvation. As shown in Figure 5, all three precursors were produced by 

cells grown in LPDM medium with the cells also containing mature GFP in 

varying amounts. Furthermore, secretion of mature-sized GFP was observed in the 

AmiA-GFP- and DmsA-GFP-producing strains (Figure 5A, right panel). The 

secretion of GFP was 
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Bacillus subUlis 1 68 

ti ywbN pGFP 

ywbN pSPGFP 

L\ ywbN pYwbNGFP 

L\ ywbN MyCy 
pYwbNGFP 

ti ywbN MdCd 
pYwbNGFP 

Phase contrast Fluorescence 
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\ 

Fig. 4. Fluorescence microscopic analysis of GFP, SpGFP and YwbNGFP production. Cells of 

B. subtilis 1 68 producing GFP, GFP fused to the signal peptide of YwbN (SpGFP) or the YwbN

GFP fusion protein were grown in LB medium with 1 % NaCl til l  an 0D600 of 1 .0. The strains were 

then induced with subtilin by the addition of spent medium from B. subtilis ATCC6633 ( 1  % v/v) 

and grown for 2 additional hours. After this time period cel ls were spotted onto M9 agarose slides 

with 1 % NaCl and analyzed by phase contrast and fluorescence microscopy. 
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Fig. 5. Secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP by cells grown in Phosphate 

starvation conditions. 

Ce11 and growth medium fractions of B. subtilis strains producing AmiA-GFP, DmsA-GFP or 

MdoD-GFP (A), PhoD (B), or PhoB (C) were separated by centrifugation and used for SDS-PAGE 

and Western blotting with specific antibodies. For this purpose, the cel ls of tatAyCy, tatAdCd or 
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total-tat mutant strains or the parental strain 1 68 were grown for 7 hours in LPDM medium. Protein 

loading was corrected for OD600. Lanes are labelled as in Figure 2, and the positions of precursor 

and mature forms of PhoD and PhoB are marked with arrows. Positions of Mw markers are 

indicated on the left. Note that PhoD and PhoB are produced through expression of the authentic 

genes from their own promoters. 

however, mostly Tat-independent, since bands corresponding to mature-size GFP 

were detected in the medium of mutant strains lacking the tatAyCy,, tatAdCd, or 

all tat genes. In contrast, no GFP secretion was observed for cells producing 

MdoD-GFP. In control experiments the secretion of PhoD was found to be 

dependent upon the production of the TatAdCd complex, as shown by the lack of 

PhoD secreted by the tatAdCd and total-tat mutant strains, in addition to the PhoD 

secretion observed in the strain lacking the tatAyCy genes. Furthermore, secretion 

of the Sec-dependent protein PhoB was not affected by any of the tested tat 

mutations. These findings show that induction of the TatAdCd translocase does 

not preclude the rejection of GFP by the B. subtilis Tat system. 

High salinity growth conditions result in elevated levels of Tat

independent GFP secretion 

We have previously shown that the specificity of Tat-dependent protein transport 

in B. subtilis is influenced by the salinity of the growth medium (50). This was 

most clearly evidenced by the finding that some YwbN was secreted completely 

Tat-independently when LB medium was supplemented with 6% NaCl (instead of 

the standard 1 % NaCl). To investigate whether the secretion of AmiA-GFP, 

DmsA-GFP, MdoD-GFP, SpYwbN-GFP or YwbN-GFP might be influenced by a 

growth medium with high salinity, cells producing these hybrid precursors were 

grown in LB medium with 6% NaCl. As shown by Western blotting of cellular 

and growth medium samples, the increased salt concentration in the medium 

resulted in a drastically improved secretion of DmsA-GFP, with mature-sized 

GFP now clearly detectable in both the cellular and growth medium fractions (Fig. 

6A). 
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Fig. 6. Secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP by cells grown in LB medium with 

6% NaCl. Cell and growth medium fractions of B. subtilis strains producing AmiA-GFP, DmsA

GFP or MdoD-GFP (A), or YwbN-Myc (B) were separated by centrifugation and used for SDS

PAGE and Western blotting with specific antibodies. For this purpose, the cel ls of tatAyCy, tatAdCd 

or total-tat mutant strains or the parental strain 1 68 were grown for 7 hours in LB medium, 

supplemented with 6% NaCl. Protein loading was corrected for OD600. Lanes are labelled as in 

Figure 2, and the positions of precursor and mature forms of GFP and YwbN-Myc are marked with 

arrows. Positions of M w markers are indicated on the left. 
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The highest levels of secreted GFP were observed for the tatAyCy and total-tat 

mutant strains, suggesting that the TatAyCy translocase interferes with the Tat

independent translocation of DmsA-GFP during growth in LB medium with 6% 

salt. Consistent with these findings, the high salinity growth conditions clearly had 

a stimulating effect on the secretion of mature GFP by cells producing AmiA-GFP 

or MdoD-GFP. Again the highest levels of mature GFP were secreted by the 

tatAyCy and total-tat mutant strains. The high salt concentration had no effect on 

secretion of SpYwbN-GFP or YwbN-GFP (not shown). Under the same 

conditions, Tat-independent secretion of YwbN was observed (Figure 6B) as 

previously reported (50). These observations show that the Tat-independent 

secretion of GFP and YwbN is strongly stimulated when cells are grown in LB 

medium with 6% NaCl. As the Tat-independent secretion most likely takes place 

via the Sec pathway [25, 50], these findings imply that the high salinity growth 

conditions result (at least partially) in a suppressed "Sec avoidance" of the 

respective precursor proteins. Since both Tat-dependent protein translocation and 

Sec avoidance are not only determined by features of the signal peptide, but also 

by the folding state of the respective precursor protein, we used fluorescence 

microscopy to determine whether folded and active GFP is detectable in cells 

producing AmiA-GFP, DmsA-GFP or MdoD-GFP. Indeed Figure 7 shows that at 

least some of the GFP within cells producing AmiA-GFP, DmsA-GFP or MdoD

GFP is active when cells were grown in LB with 6% NaCl. Nevertheless, little if 

any GFP seems to be secreted by the Tat translocases of the respective cells. It 

should be noted here that the cellular GFP expression levels and fluorescence 

were not substantially different when cells were grown in LB with 1 % or with 6% 

NaCl, suggesting that salt does not directly affect the folding state of cytoplasmic 

GFP (data not shown). 
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Fig. 7. Fluorescence microscopic analysis of AmiA-GFP, DmsA-GFP or MdoD-GFP 

production by cells grown in LB medium with 6% NaCl. Cel ls of B. subtilis 1 68 producing 

AmiA-GFP (AmiA), DmsA-GFP (DmsA), MdoD-GFP (MdoD) or no GFP (strain containing the 

empty vector pHB20 1 )  were grown in LB medium with 6% NaCl for 7 h. Cells were spotted onto 
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M9 agarose slides with 6% NaCl and analyzed by phase contrast and fluorescence microscopy. The 

cel lular fluorescence values indicated in the fluorescence panels were determined as arbitrary grey 

scale units of the cells and have been corrected for average background fluorescence. Please note 

that the production levels of AmiA-GFP, DmsA-GFP, and MdoD-GFP are much lower than the 

production levels of the subtilin-induced GFP constructs shown in Figure 4. 

This view is supported by the finding that cells producing the authentic GFP 

(without signal peptide) did not show significant differences in fluorescence upon 

growth in LB with 1 % or 6% NaCl (Figure 8). 

1% NaCL 6% NaCL 
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..... \ -
' 

Fig. 8. Fluorescence microscopic analysis of GFP production by cells grown in LB medium 

with 1 % or 6% NaCl. Cells of B. subtilis 1 68 (pGFP) producing 'unfused' GFP were grown in LB 

medium with 1 % or 6% NaCl til l  an OD600 of 1 .0. The strains were then induced with subtilin by the 

addition of spent medium from B. subtilis ATCC6633 (1 % v/v) and grown for 2 additional hours. 

After this time period cel ls were spotted onto M9 agarose slides with 1 % or 6% NaCl and analyzed 

by fluorescence microscopy. 

Discussion 

The present studies were aimed at investigating the possible Tat-dependent 

secretion in B. subtilis of hybrid GFP precursor proteins that contain the RR

signal peptides of the E. coli AmiA, DmsA or MdoD proteins. While these 

precursors were previously shown to be transported to the periplasm of E. coli by 
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the heterologously expressed TatAdCd or TatAyCy translocases of B. subtilis [4, 

5] , we now show that these precursors are not accepted by the B. subtilis TatAC 

translocases when expressed in B. subtilis. Instead, Tat-independent secretion of 

GFP was observed in strains producing the AmiA-GFP or MdoD-GFP precursors 

under standard growth conditions (i.e. LB medium with 1 % NaCl), and this Tat

independent secretion was significantly enhanced when the strains were grown in 

LB medium with 6% NaCl. While cells expressing the DmsA-GFP precursor 

under standard growth conditions did not secrete GFP, these cells did secrete GFP 

Tat-independently when grown in LB with 6% NaCl. Under these high salinity 

growth conditions, we also observed Tat-independent secretion of the known B. 

subtilis Tat substrate YwbN. These findings imply that the Sec avoidance of B. 

subtilis RR-precursor proteins under standard growth conditions is suppressed 

under high salinity growth conditions. 

To investigate whether a full-size Tat-dependent protein might serve as a carrier 

for Tat-dependent translocation of GFP in B. subtilis, the possible secretion of a 

YwbN-GFP fusion protein was investigated. However, the results showed 

unambiguously that this fusion protein was not exported Tat-dependently, as was 

the case when only the YwbN signal peptide was fused to GFP. While YwbN

GFP was effectively produced, degradation within the B. subtilis cells was 

observed, and small amounts were found to be secreted Tat-independently. The 

finding that the YwbN signal peptide can direct Tat-independent secretion is in 

agreement with previous studies indicating that this RR-signal peptide is able to 

direct either Tat- or Sec-dependent secretion of particular proteins to which it was 

fused [25]. This was even true for the authentic E. coli Tat substrate Sufi, which 

was secreted Tat-independently in B. subtilis when fused to the YwbN signal 

peptide [25]. In contrast to the AmiA-GFP, DmsA-GFP or MdoD-GFP, no 

difference in GFP secretion was observed when the strains producing Y wbN-GFP 

or SpYwbN-GFP were grown in LB with 6% NaCl (data not shown). This 

suggests that the altered behaviour of AmiA-GFP, DmsA-GFP or MdoD-GFP 
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under high salinity growth conditions may relate to specific properties of the 

respective signal peptides. 

Previous studies have indicated that the Tat pathway in B. subtilis is able to 

facilitate the secretion of GFP, albeit in an inactive state [32]. It is therefore not 

clear why the B. subtilis TatAC translocases do not facilitate the secretion of 

mature GFP when the AmiA-GFP, DmsA-GFP, MdoD-GFP, SpYwbN-GFP or 

YwbN-GF precursors are produced in B. subtilis. At least three possible reasons 

for this finding are conceivable. Firstly, the respective RR-signal peptides may not 

be presented to the TatAC translocases in the right way. This would then expose 

these signal peptides to the Sec machinery of B. subtilis, resulting in Tat

independent GFP secretion via the Sec pathway. Consistent with this idea, the 

RR-motifs in the AmiA, DmsA and MdoD signal peptides do not show a perfect 

match with the consensus RR-motif Sff-R-R-x-F-L-K (Fig. 1). Nevertheless, at 

least under high salinity growth conditions, the RR-signal peptides of AmiA, 

DmsA and MdoD seem to be recognized somehow by TatAyCy as was evidenced 

by the observation that Tat-independent GFP secretion was enhanced in B. subtilis 

strains lacking tatAyCy. Secondly, the GFP attached to the AmiA, DmsA or 

MdoD signal peptides may not fold rapidly enough in B. subtilis to allow Tat

dependent translocation of the fusion proteins. This seems to be the case for the 

SpYwbN-GFP fusion, the production of which resulted in substantially lower 

levels of cell fluorescence than the production of GFP without an attached signal 

peptide. This was despite the protein production levels of GFP with or without the 

YwbN signal peptide being very similar (Figure 3). Furthermore, foci of 

fluorescence were observed in cells producing SpYwbN-GFP or YwbN-GFP 

suggesting that aggregation of GFP might occur thereby precluding its efficient 

export via Tat. On the other hand, the identification of GFP foci at the cell poles is 

in agreement with previous reports, which showed a polar and septal localization 

of Tat-machinery components in B. subtilis [31, 41]. However, mutations in the 

tatAyCy or tatAdCd genes did not seem to influence the appearance of GFP foci 

suggesting that this phenomenon is not directly related to interactions with the Tat 

machinery. Thirdly, B. subtilis may be missing some chaperones that are needed 
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to coordinate the export of the investigated GFP fusion proteins. This might apply 

to the fusions containing E. coli RR-signal peptides, like the DmsA signal peptide, 

which is known to be recognized by the DmsD chaperone [38, 43] . On the other 

hand, if the absence of an appropriate chaperone were the main problem, we 

would expect that fusing GFP to a native Tat substrate of B. subtilis, such as 

YwbN, would result in productive Tat-dependent GFP export provided that the 

fused GFP is folded. 

Analyses of cells producing AmiA-GFP, DmsA-GFP or MdoD-GFP by 

fluorescence microscopy showed that these ceIIs contained little or no active GFP. 

Furthermore, Western blotting revealed that some of the produced GFP is secreted 

Tat-independently, possibly via the Sec pathway. Such secretion via Sec would 

suggest slow folding of GFP since the Sec pathway is known to translocate only 

proteins in an unfolded state. Notably, Tullman-Ercek et al. [49] reported that the 

signal peptides of AmiA, DmsA and MdoD can direct attached proteins, such as 

GFP, the alkaline phosphatase PhoA and the maltose-binding protein MBP to both 

the Sec and Tat pathways of E. coli. The Tat-specificity of the AmiA and MdoD 

signal peptides was found to be especiaIIy low when fused to the alkaline 

phosphatase PhoA, which is a regular Sec substrate [49] . However, the Tat

independent export of GFP fused to the AmiA and MdoD signal peptides was also 

substantial (about 25-30% ), which is consistent with our present finding that these 

hybrid precursors are Tat-independently exported in B. subtilis. Furthermore, the 

export of DmsA-GFP in E. coli, as reported by Tullman-Ercek et al. was only to 

less than 1 0% Tat-independent, which is in line with our present observations that 

the synthesis of this precursor does not lead to detectable levels of Tat

independent secretion of GFP. The observed strong Sec avoidance of DmsA-GFP 

is consistent with the presence of two positively charged residues in the C-region 

of the DmsA signal peptide (i.e. Arg and His; Fig. 1). Such positively charged 

residues with a possible role in Sec avoidance are absent from the AmiA and 

MdoD signal peptides. 
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Interestingly, an increased salinity of the growth medium seems to result in a 

suppression of Sec avoidance, not only by the AmiA-GFP, DmsA-GFP and 

MdoD-GFP precursors, but also by authentic Tat-dependently secreted proteins 

such as YwbN. It is at present not clear why this happens, but the finding suggests 

that electrostatic interactions and/or a salt-sensitive factor are involved in Sec 

avoidance. A possible involvement of electrostatic interactions in Sec avoidance 

would be in line with the finding that positively charged residues in the C-region 

of the signal peptide facilitate Sec avoidance. However, high salinity of the 

growth medium might also slow down the folding of precursor proteins, for 

example through changes in the cytoplasmic concentrations of compatible solutes, 

which would then make these proteins more attractive for the Sec translocase [ 1 1 ,  

20, 50] ,. One additional Sec-avoidance determinant seems to be the TatAyCy 

translocase itself, since the absence of this translocase resulted in increased levels 

of GFP secretion under high salinity growth conditions. It thus seems that 

TatAyCy can be directly involved in Sec avoidance, possibly by targeting 

unfolded GFP precursors for degradation, or by redirecting them into the 

cytoplasm where they fold into a Sec incompatible state. Notably, in B. subtilis an 

increased TatAdCd-dependent secretion in the absence of TatAyCy has previously 

been shown for the phosphodiestase PhoD [23]. This supports the view that 

interactions of certain precursor proteins with TatAyCy may lead to the rejection 

of these precursors for translocation via Tat in B. subtilis. 

In conclusion, the present results indicate that as yet unidentified control 

mechanisms reject the AmiA-GFP, DmsA-GFP and MdoD-GFP fusion proteins 

for translocation by the B. subtilis Tat machinery and, at the same time, set limits 

to their Sec-dependent secretion. At least the Sec avoidance of all three hybrid 

GFP precursors seems to be overruled when cells are grown in LB medium with 

6% NaCl. Further studies to characterize this phenomenon should involve the 

systematic mutagenesis of the C-regions of the AmiA, DmsA MdoD and Y wbN 

signal peptides. In addition, at least under these high salinity growth conditions, 

the TatAyCy translocase seems to be a determinant in Sec avoidance, probably 

due to preferential signal peptide recognition. Most likely, the identification and 
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subsequent elimination or modulation of the control systems that limit GFP 

secretion will be key to unlocking the B. subtilis Tat pathway for the production of 

heterologous proteins. 
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Proteins are macromolecules consisting of long polypeptide chains. They are 

critical building blocks of every organism since they are involved in all the 

essential processes for the correct functioning of a cell, but not just that. Proteins 

are, in fact, important also for a plethora of other processes that take place outside 

the cell mediating the interaction and adaptation of a certain species with its 

surrounding environment. Considering the highly important role that they play, the 

correct movement of proteins through different cellular compartments has to be 

tightly controlled in order to make sure that they can be used in specific processes 

at the right time and the right place. For this reason, several secretion pathways are 

used to synchronize and regulate the delicate traffic that drives proteins across 

different cellular compartments or into the extracellular milieu. This is relevant for 

all organisms, but seems particularly important for unicellular organism, such as 

bacteria, for which protein traffic is a crucial way of interacting with the 'outside 

world' . The study of different secretion systems therefore represents a fundamental 

feature of scientific research to understand the basis of life. Furthermore, we can 

make use of this knowledge for biotechnological applications, such as the secretion 

of commercially relevant molecules or the identification of new targets for drugs 

that might serve to eliminate pathogens without harming the host. 

Bacillus subtilis is a well-known model organism in science that possesses a highly 

developed ability to deliver proteins into the external milieu (Harwood, C.R. 1992, 

Pohl, S. and Harwood, C.R. 2010). Different studies have revealed that there are at 

least two major routes for protein secretion in this bacterium (figure 1) (Tjalsma, 

H. et al., 2004). The main one is the general secretion pathway (Sec) that is able to 

transport proteins in an unfolded state in two different ways (Driessen, A.J. and 

Nouwen, N. 2008; Yuan, J. et al 2010). During co-translational translocation the 

protein is transported while it is being synthetized (Driessen, A.J. and Nouwen, N. 

2008). In the post-translational process, the protein is firstly produced and kept in 

an unfolded state by the action of chaperones. Upon targeting to an appropriate 

translocation system in the membrane the unfolded protein is moved across the 

cytoplasmic membrane (Driessen, A.J. and Nouwen, N. 2008). Upon co- or post

translational translocation, the translocated protein needs to fold into its active and 
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protease-resistant form to fulfill its biological function and to avoid degradation by 

extracytoplasmic proteases (Harwood, C. R., and Cranenburgh, R. 2008). 

A second protein transport pathway of B. subtilis is responsible for the transport of 

a limited number of proteins. This transport machinery is known as the twin

arginine translocation system (Tat) (Figure 1). As described in chapter 1, B. 

subtilis possesses two Tat systems which have two main characteristics: they are 

able to recognize proteins that have a twin-arginine motif in their signal peptides 

and, more importantly, can transport proteins in a folded state (Cline, K., and H. 

Mori. 2001; Robinson, C. and Bolhuis, A. 2004; Miiller, M. and Klosgen, R.B., 

2005; Robinson, C. et al., 2011; Palmer, T. and Berks, B. 2012; Frobel, J. et al 

2012). 

� 
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I ""p 
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Figure 1: Schematic representation of protein transport patways in B. subtilis. SP, signal 

peptide, RR or KR, twin arginine motifs in signal peptides that direct proteins into the Tat 

pathway. 

These transport systems are composed of the TatAy and TatCy subunits or the 

TatAd and TatCd subunits, respectively. The genome of B. subtilis encodes a third 
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TatA isoform called TatAc for which no specific TatC counterpart was known at 

the start of the present PhD studies. Also, there was no evidence for the 

participation of TatAc in the transport of B. subtilis Tat substrates (Eijlander, R.T 

et al., 2009; Jongbloed, J.D. et al., 2004). The transport of a fully folded protein is 

an energetically expensive process for the cell, but also a very relevant aspect for 

industrial applications. Often protein secretion in a heterologous system is 

unsuccessful, because of the characteristics of the secreted substrate protein itself, 

limitations imposed by the transport system, or substrate degradation by 

extracellular proteases (Pohl, S. and Harwood, C.R. 2010). In this sense the Tat 

system represents a nice opportunity since it would theoretically allow the 

secretion of a fully folded protein, thereby preventing or limiting degradation and 

increasing the final concentration of the product in the growth medium of the 

producing organism (van Dijl, J.M. et al., 2002). However, attempts of re

addressing proteins for secretion using the Tat pathway of B. subtilis remained 

mostly unproductive (Kolkmann, M. et al., 2008; van der Ploeg, R. et al., 2012). In 

fact, the B. subtilis Tat pathway turned out to be very selective with respect to its 

substrates, much more than its counterpart E. coli (Kolkmann, M. et al., 2008; van 

der Ploeg, R. et al., 2012; Barnett, J.P. et al., 2009). The difference in selectivity is 

not determined by the Tat translocases per se because, when heterologously 

produced in E. coli, the Tat translocases of B. subtilis were about equally receptive 

for chimeric and folded reporter proteins as their E. coli counterpart. Therefore, the 

possible causes of the difference in the selectivity of the Tat pathways of B. subtilis 

and E. coli may be sought and found in the arrangement of the respective Tat 

proteins in protein-protein interaction networks, their organization and/or their 

regulation, or combinations thereof. The work that is described in this thesis 

addressed all of these aspects in relation to the Tat system of B. subtilis. 

In the studies described in chapter 2 a Yeast two-Hybrid screen (Y2H) was used to 

identify interactions between the different Tat subunits and other B. subtilis 

proteins. To this purpose TatAd, TatAy, TatAc, TatCd and TatCy were screened 

for interactions with each other and with proteins expressed from a library of 
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constructs containing fragments of B. subtilis genomic DNA. Following this 

approach, we were able to demonstrate that TatAd, TatAy or TatAc are able to 

form homo-dimers and hetero-dimers. The formation of homo-dimers was in line 

with previous biochemical analyses showing the formation of complexes of 

multiple TatA subunits as shown also in chapter 3 (figure 3). An even more 

interesting result was the formation of hetero-dimers of TatAd-TatAy, TatAd

TatAc or TatAy-TatAc. The formation of these complexes implies that, depending 

on the level of expression of the single tat genes, hetero-oligomeric complexes 

consisting of different TatA subunits can be present in B. subtilis. These hetero

oligomeric complexes may form functional Tat translocases together with TatCd 

and/or TatCy subunits. This view is supported by the observation that TatAd can 

replace TatAy in the formation of an active translocase together with TatCy 

(Eijlander, R.T et al., 2009). Also, as described in chapter 3 of this thesis, the 

TatAc subunit is able to interact with both TatCd and TatCy, which results in the 

assembly of active Tat translocases capable of transporting various substrate 

proteins. Notably, the interactions between TatAc and TatCd, or TatAc and TatCy 

were not reproduced in the Y2H screen. The same was true for the known 

interaction between TatAd and TatCd, whereas the interaction between TatAy and 

TatCy was detectable in targeted Y2H screens. These results might suggest that the 

Y2H analysis is not a suitable method to identify these interactions. On the other 

hand, many biologically relevant interactions between membrane proteins have 

been identified in Y2H screens (Marchadier et al). Hence, it is possible that certain 

interactions are not detectable by Y2H because another critical component is 

missing. This could be a third Tat subunit, a substrate protein, or another 

membrane protein. In this respect, very interesting results were obtained in Y2H 

experiments where the full-length Tat proteins were used for genome-wide Y2H 

screens. This resulted in the identification of an intricate Tat interaction network 

(chapter 2, figure 2), consisting of 36 interacting proteins involved in several 

cellular processes. To test their importance for Tat-dependent protein transport, the 

genes for Tat-interacting proteins were mutated and the resulting mutants were, 

one-by-one, tested for secretion of the TatAyCy substrate YwbN and the TatAdCd 
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substrate PhoD. This revealed that mutation of the wprA gene caused caused a 

complete block in the secretion of Y wbN and that mutation of the hemA T or csbC 

genes blocked the secretion of PhoD. In addition, the hemAT and csbC mutations 

also showed a reduction in the levels of TatAd. The secretion defects of the wprA, 

hemAT and csbC mutants were all restored by ectopic expression of the respective 

genes from a plasmid. 

The influence of HemAT and CsbC on the TatAdCd translocase is so far unclear. 

HemAT is a haem-based aerotactic signal transducer capable of sensing oxygen, 

whereas CsbC is a putative pentose transporter. Fluorescence microscopy 

experiments conducted using copies of HemA T or CsbC fused to GFP showed a 

preferential polar localization for both HemA T and CsbC. The same localization 

pattern was observed also for TatAd so this might imply that there could be a direct 

contact between the two proteins and the translocase. The involvement of WprA in 

the secretion of YwbN was also unexpected. WprA is a cell wall-associated 

protease and the deletion of the corresponding gene seems to have an effect on 

Y wbN levels inside and outside the cell since the protein disappears from the 

medium and the cellular levels decrease. The mechanism by which WprA 

influences Tat-dependent secretion of YwbN is still not known. Conceivably, this 

protease could act right outside the translocation channel by removing the 

substrates that are not correctly folded or transported across the membrane. In 

support of this hypothesis is the observation that WprA interacted specifically with 

just TatAy and TatCy in the Y2H analyses. 

Structural characterization of TatAd complexes using Electron 

Microscopy 

A better understanding of the working mechanism of a single protein or of a 

complex of proteins can be achieved by studying their quaternary structures and the 

conformational changes through which they go while performing their function. 

For this reason we decided to perform structural studies on the membrane proteins 

that assemble into the Tat translocases of B. subtilis. 
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The experiments described in chapter 4 report the Electron Microscopic analysis 

of complexes of the B. subtilis TatAd protein. Previous experiments conducted in 

E.coli had shown ring-shaped particles with an internal cavity that could be large 

enough to accommodate the larger Tat substrates (Gohlke et al. 2005). These 

experiments supported the model of a pore-forming protein complex that allows 

the passage of fully folded substrates. The experiments described in chapter 4 also 

show ring-shaped particles for the B. subtilis TatAd protein with a diameter 

ranging from 7 .5 to 9 nm and containing a potential pore of 2.5 to 3 nm. 

Importantly, the 3D density maps generated from the data collected are compatible 

with the structure of the single TatAd subunit as determined by solution state NMR 

(Hu, Y. et al., 2010  Walther, T.H. et al., 2010), which could be fitted in the model 

( chapter 4). The pore is occluded at one end, potentially the cytoplasmatic side, by 

a lid-like strqcture, which might be involved in the selection of the substrates that 

are accepted by the system, for example by simply closing one end of the channel. 

However the diameters of the particles that we observed are too small to 

accommodate the larger E. coli Tat substrates. Taken together these results point 

towards a role for the TatA complex that might involve more than just the 

formation of a channel. Higher resolution structures of TatAd and the other B. 

subtilis Tat proteins will be needed to elaborate a better model that describes how 

the Tat system works. 

Impact of proteases on the Y wbN protein and possible roles of 

proteases in the quality control of the Tat system 

In chapter 5 a integrated analysis of the YwbLMN complex is reported. For the 

first time it is shown that YwbN is a peroxidase with a protoheme IX cofactor that 

can convert Fe2+ into Fe3+. Notably, this activity is very important for bacterial 

growth under microaerobic conditions where ferrous iron is more abundantly 

available in nature. A very interesting observation is that YwbN forms a 

membrane-associated complex together with YwbM, a lipoprotein with strong 

selectivity for ferric iron, and YwbL, a permease that translocates ferric iron across 
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the membrane into the cytosol. This feature can be connected to the phenotype 

observed for the wprA mutant, where the stable production and secretion of Y wbN 

was shown to be impaired (chapter 2). In this sense the hypothesis of WprA acting 

at the membrane-cell wall interface right outside the translocation machinery to 

remove incorrectly folded substrates is attractive. The removal of WprA from this 

quality control role might then lead to degradation of YwbN or even the entire 

Y wbLMN complex by other proteases. 

It is also necessary to consider the fact that YwbN is secreted by B. subtilis. The 

protein, however, as evidenced by the results described in chapter 5, works 

together with YwbL and YwbM as a membrane-bound complex. This raise the 

question why B. subtilis exports this protein into the extracellular milieu? An 

answer can be obtained form the results that are described in chapter 6 where we 

show that the YwbN protein is specifically degraded by extracytoplasmic proteases 

with the amount of extracellular YwbN increasing along with the deletion of 

additional protease genes. This is a very important finding since it shows that B. 

subtilis degrades one of its own Tat-dependently exported substrates thereby 

challenging the hypothesis that Tat substrates are protease-resistant in this 

microorganism. Together with the results described in chapter 5, these findings 

suggest that YwbN molecules that are not complexed with YwbL and YwbM are 

prone to degradation, possibly due to the exposure of protease cleavage sites that 

would be protected when the protein is part of the Y wbLMN complex. This 

suggests an important role for proteases in the quality control of the B. subtilis Tat 

system. 

Another important observation documented in chapter 6 was that the deletion of 

wprA in a multiple protease mutant did not block the release of YwbN into the 

growth medium as is observed in the parental strain 168 ( chapters 2 and 5). 

However, consistent with a presumed role in quality control, WprA was shown to 

be involved in the degradation of cell-associated forms of YwbN. At present, we 

do not know why the absence of WprA in wild-type cells blocks YwbN secretion, 

but we conclude that this must relate to the presence of one or more 

extracytoplasmic proteases. Possibly, these fully degrade YwbN when the WprA 
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quality control function is absent. Together these findings point towards a 

cooperative and tightly balanced action of the proteases of B. subtilis in the quality 

control of the substrates accepted by the Tat system. 

Identification of YkuE as a novel Tat substrate specifically targeted to 

the Bacillus cell wall 

At the start of this PhD research only two proteins were known to be genuine Tat 

substrates in B. subtilis, namely YwbN transported by the TatAyCy translocase, 

and PhoD transported by the TatAdCd translocase (Jongbloed, J.D. et al ., 2000, 

Jongbloed, J.D. et al., 2004; Pop, 0. et al., 2002). In addition, two twin-arginine 

signal peptides of B. subtilis proteins YkuE and QcrA were shown to direct the 

Tat-dependent secretion of an agarase reporter protein in Streptomyces coelicor 

(Widdick, D.A. et al., 2008). It was therefore decided to investigate the behavior of 

the YkuE protein in its original host. The experiments described in chapter 7 

reveal that YkuE is a metal-dependent phosphoesterase specifically targeted to the 

cell wall of B.subtilis where it is retained through electrostatic interactions. 

Interestingly, YkuE is the first example of a protein that is specifically targeted to 

the cell wall via the Tat system. The detailed characterization of the purified 

protein showed that YkuE has two binding sites specific for Mn and Zn. This 

finding is also very relevant since the binding site composition suggests that Zn 

will bind at least two orders of magnitude stronger to both of these sites than Mn 

according to the affinity ranges of the Irving-Williams series for divalent cations. 

The fact that both metals are present suggests that the folding properties of the 

protein protect the binding site and promote the insertion of a specific metal 

species. It is tempting to speculate that this is the main reason why YkuE is 

exported to the cell wall via the Tat pathway, allowing YkuE folding and metal 

binding to take place in the controlled environment of the cytoplasm. Together 

these data show a new level of versatility and selectivity of the Tat system of B. 

subtilis. 
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Impact of the Tat system on ecological adaptability 

The Tat system is not present in all species and usually it is not a main route for 

protein secretion. The deletion of all tat genes from the chromosomes of E. coli and 

B. subtilis has no effect on the viability of the cells, which are still able to 

proliferate, even if removal of the Tat system can influence characteristic 

properties, such as the cell morphology (Jongbloed et al 2000; Jongbloed et al., 

2002; Bernhardt, T. G. and de Boer, P. A 2003; Ize, B. et al., 2003). In some 

species however the Tat-system has evolved as the main secretion route. This is the 

case for halophilic archaea, a group of archaea living in environments with very 

high concentrations of salt (Bolhuis, A. 2002; Thomas, J .R. and Bolhuis, A. 2006; 

Hutcheon, G.W. and Bolhuis, A. 2003; Dilks, K. et al., 2005). This observation is 

very relevant considering the fact that bacteria, such as the soil bacterium B. 

subtilis, are subjected to chemical and physical stresses caused by day-to-day 

changes in the environment they live in. For this reason, the impact of growth 

medium salinity on YwbN secretion via the TatAyCy translocase was investigated 

(chapter 8). This led to several intriguing observations. Firstly, it was shown that 

the TatAd protein is also involved in YwbN secretion when cells are grown in LB 

medium containing 6% NaCl, indicating a cooperative action between TatAd and 

the TatAy and TatCy subunits. Secondly, a substantial amount of YwbN was 

secreted Tat-independently under these conditions, most probably via the Sec 

pathway. A third important observation was the need for TatAyCy-dependent 

YwbN secretion for growth and cell viability when cells were cultivated in low 

salinity LB medium (no added NaCl), or in the iron-limited BOC synthetic 

medium. The YwbN protein, as documented in chapter 5, is an iron peroxidase 

that converts Fe2+ into Fe3+. In the absence of salt or when iron is limiting, this 

activity becomes extremely important, since cells lacking either YwbN or the 

TatAyCy translocase exhibited severe growth defects. Together these findings 

show that environmental conditions can have a major impact on Tat-dependent 

protein secretion in B.subtilis that can even lead to the redirection of Tat substrates 

into other secretion pathways, such as the Sec pathway. This consideration is very 

important also in terms of potential biotechnological applications of the Tat system. 
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As mentioned above, one of the mam characteristics of Tat substrates is the 

presence of a twin-arginine motif in the signal peptide and, so far, all the strategies 

to secrete normally Tat-independent proteins via this system made use of genuine 

signal peptides from Tat substrates attached to target proteins of interest. This 

strategy was proven to be very successful in E. coli where GFP, a protein with a 

cytosolic localization, provided with the signal peptides from the E. coli Tat 

substrates AmiA, DmsA and MdoD could be successfully transported to the 

periplasm in a Tat-dependent way. In chapter 9 similar experiment in B. subtilis 
are described, where the signal peptides from Arni A, DmsA, MdoD and Y wbN 

were fused to GFP. In addition, these studies included a fusion between the full

length protein sequences of YwbN and GFP. In contrast to the situation in E. coli, 
none of these fusions led to efficient Tat-dependent secretion of GFP in B. subtilis 
when the cells were grown in standard LB medium. In fact, low-level Tat

independent secretion was observed for some of these constructs. Therefore, 

secretion of the AmiA-GFP, DmsA-GFP and MdoD-GFP constructs was also 

tested in high-salinity or low-phosphate growth media to assess possible 

environmental influences on their Tat-dependent secretion. When cells were grown 

in LB with 6% NaCl the AmiA, DmsA and MdoD signal peptides did direct more 

efficient secretion of GFP, but still in a Tat-independent way. The latter finding is 

interesting since it indicates that high salinity growth conditions suppress the Sec

avoidance characteristic of twin-arginine signal peptides, possibly through the 

involvement of electrostatic interactions and/or a salt-sensitive factor. Taken 

together, the experiments described in chapter 9 suggest that an unknown quality 

control mechanism rejects the AmiA-GFP, DmsA-GFP and MdoD-GFP fusion 

proteins for translocation by the B. subtilis Tat machinery. 

Conclusion and future perspectives 

The results described in this thesis provide new knowledge on the Twin-arginine 

translocation system of B. subtilis in all its aspects ranging from regulation to 

structural organization, new substrate identification and biotechnological 

applications. The research on Tat systems is relevant both from scientific and 
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applied points of view. In terms of scientific research, it remains a major challenge 

to unravel the specific mechanism of protein translocation across biological 

membranes via Tat. In terms of applications, as exemplified here with the non

pathogenic bacterium B. subtilis, the Tat system holds promise for the production 

of a wide range of novel products, provided that it can be unlocked. Another 

relevant area in terms of application is the use of Tat as a potential drug target in 

pathogenic bacteria, especially because such organisms may deliver fitness

enhancing enzymes and toxins into the host via this pathway. More research needs 

to be done and this thesis has given several directions that can be followed in order 

to unveil the full potential of the Tat system. 

Concerning the regulation of the Tat system, the roles of HemAT and CsbC on the 

TatAdCd minimal translocase need to be investigated in more detail. It is still 

unclear how the deletion of these two genes affects the secretion of PhoD in 

particular since the known functions of these proteins do not help to understand 

their connection with the Tat system. From the studies described in this thesis we 

identified a common polar localization pattern for HemA T and CsbC as was 

previously described for TatAd (Ridder, A.N. et al., 2009). This might imply that a 

contact between these proteins is perhaps needed to protect TatAd from possible 

degradation and to ensure the correct secretion of PhoD. 

The role of proteases in the regulation of the Tat system is a very important aspect 

that came out of the present studies, and it might be one of the keys to make the Tat 

system of B. subtilis more accessible for new biotechnological applications. 

Proteases are known bottlenecks in heterologous protein production in B. subtilis, 

but their involvement in the Tat system has not yet been analyzed in much detail, 

also because of the peculiar nature of the Tat translocase which transports already 

folded and usually protease-resistant substrates. The experiments described in this 

thesis have started to reveal a new level of regulation in Tat-dependent protein 

transport that is operated by proteases and more work should be done in this 

direction. For example, it might be worth to try the expression of GFP constructs 

with different twin-arginine signal peptides in protease deficient strains and 

determine whether they are finally secreted in a Tat-dependent way. Another 
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intriguing experiment would involve the purification of both TatAyCy and 

TatAdCd translocases from protease defective strains and the determination of their 

structures at high resolution to assess whether there are any changes upon the 

deletion of the quality control system. 

Finally it has become clear from the structural determination of the TatAd 

complexes that the working hypotheses for the mechanism of the E. coli Tat system 

cannot be directly translated to the situation in B. subtilis. The density maps of the 

TatAd complexes clearly indicate that their pore diameter is too small to 

accommodate the larger Tat substrates, but yet these complexes are actively 

involved in protein translocation and can even replace the authentic E. coli Tat 

system. A refined model for Tat-dependent protein translocation is certainly 

needed and for this we need more structural data of the other Bacillus Tat proteins 

preferably with an even higher resolution. 

In conclusion this PhD research has addressed several major questions concerning 

the Tat system in Bacillus, and the results provide useful leads for future 

mechanistic and applied research. 
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Het Tat-systeem van Bacillus subtilis 

Levende cellen gebruiken verschillende routes om het transport van eiwitten door 

de verschillende cellulaire compartimenten en naar het extracellulaire milieu te 

reguleren. Dit is een universeel fenomeen, dat bij uitstek oak van belang is voor de 

interacties van eencellige organismen met de 'wereld' om hen heen. 

De Gram-positieve bacterie Bacillus subtilis is een veelgebruikt modelorganisme 

voor fundamenteel wetenschappelijk en toepassingsgericht onderzoek. Een 

belangrijke reden hiervoor is gelegen in het feit, dat deze bacterie beschikt over een 

sterk ontwikkeld vermogen om eiwitten in zijn exteme milieu uit te scheiden 

(Harwood, C.R. 1992, Pohl, S. and Harwood, C.R. 2010). Dergelijke uitgescheiden 

eiwitten zijn met eenvoudige middelen uit het groeimedium te isoleren, wat hun 

kosteneffectieve opwerking tot een hoogwaardig product aanzienlijk bespoedigt. 

Verschillende studies hebben laten zien, dat B. subtilis over ten minste twee routes 

voor eiwitsecretie beschikt (figuur 1) (Tjalsma, H. et al., 2004). De hoofdroute 

voor eiwitsecretie is de zogenaamde Sec-route. Via deze route warden eiwitten in 

een ontvouwen toestand over de cytoplasmamembraan naar de celwand 

getransporteerd, alwaar ze moeten vouwen om actief te warden. Voor het transport 

over de cytoplasmamembraan wordt een complexe machinerie ingezet, de Sec 

translocase (Driessen, A.J. and Nouwen, N. 2008; Yuan, J. et al 2010). Via de 

tweede route, die bekend staat als de twin-arginine translocatie (Tat-)route, wordt 

slechts een beperkt aantal eiwitten getransporteerd (figuur 1 ,  chapter 10). Deze 

eiwitten hebben een zogenaamd twin-arginine motief - twee arginine 

aminozuurresiduen naast elkaar - in hun signaalpeptide, dat specifiek door de Tat

translocase in de cytoplasmamembraan herkend wordt. De Tat-translocase 

bewerkstelligt vervolgens het transport van de gebonden eiwitten over de 

cytoplasmamembraan. In tegenstelling tot de Sec-route kan de Tat-route volledig 

gevouwen eiwitten over de cytoplasmamembraan transporteren. Uit eerder 

onderzoek is gebleken, dat B. subtilis zelfs over twee parallelle Tat-routes beschikt. 

De desbetreffende Tat-translocases bestaan elk uit twee componenten: het 

TatAyCy-translocase bestaat uit de TatAy- en TatCy-subunits en het TatAdCd

translocase bestaat uit de TatAd- en TatCd-subunits. Het genoom van B. subtilis 
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codeert nog voor een derde TatA isovorm, die bekend staat onder de naam TatAc. 

Bij aanvang van dit promotieonderzoek was nog niet bekend of TatAc actief in 

eiwittranslocatie participeert en, zo ja, met welke TatC subunit. 

Op grond van het vermogen van B. subtilis om eiwitten in grote hoeveelheden uit 

te scheiden is het aantrekkelijk om deze bacterie te gebruiken voor de secretie van 

heterologe (soortvreemde) eiwitten. Dit vereenvoudigt namelijk de isolatie en 

opwerking van de geproduceerde heterologe eiwitten. Helaas blijkt dit vaak 

moeilijk te zijn. Dit komt met name door specifieke eigenschappen van het 

heterologe eiwit, beperkingen van het gekozen secretiesysteem of afbraak van het 

heterologe eiwit door de extracellulaire proteases van B. subtilis (Pohl, S. and 

Harwood, C.R. 2010). In dit opzicht biedt het Tat-systeem interessante 

mogelijkheden, doordat het in theorie in staat is om volledig gevouwen eiwitten te 

secreteren. Dit zou wellicht kunnen leiden tot verminderde afbraak van de 

gesecreteerde eiwitten. Gevouwen eiwitten zijn namelijk meestal resistenter tegen 

afbraak door proteases dan ontvouwen eiwitten. De secretie van gevouwen eiwitten 

zou aldus kunnen leiden tot hogere eiwitconcentraties in het groeimedium, ofwel 

een hogere opbrengst en een kwalitatief beter product (van Dijl, J.M. et al., 2002). 

Helaas waren de pogingen om homologe (soorteigen) of heterologe eiwitten via de 

Tat-route van B. subtilis te secreteren tot dusver weinig succesvol. Dit komt 

doordat de Tat-translocases van dit organisme nogal selectief zijn in de acceptatie 

van eiwitten voor transport over de cytoplasmamembraan. Dit lijkt een specifieke 

eigenschap van de Tat-routes van B. subtilis te zijn, aangezien de Tat-route van een 

andere bacterie, Escherichia coli, veel eenvoudiger verschillende homologe en 

heterologe eiwitten laat passeren, zolang die maar gevouwen zijn. De mogelijke 

oorzaken van de verschillende selectiviteit van de Tat-routes van B. subtilis en E. 

coli moet gezocht worden in de positionering van de respectievelijke Tat

translocases in eiwit-eiwit interactienetwerken, hun organisatie en/of hun regulatie. 

Het onderzoek, beschreven in dit proefschrift, had tot doel om al deze aspecten van 

het Tat-systeem van B. subtilis in kaart te brengen en de achterliggende 

mechanismen op te helderen. 
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Het Tat-interactoom 

Hoofdstuk 2 van dit proefschrift beschrijft het gebruik van de 'Yeast two-Hybrid' 

(Y2H) screening methode voor identificatie van de interacties tussen de 

verschillende Tat-subunits onderling en met andere eiwitten van B. subtilis. De 

resultaten van dit onderzoek laten zien, dat de TatAd, TatAy en TatAc subunits 

homo- en hetero-dimeren kunnen vormen. De waargenomen vorming van homo

dimeren is in overeenstemming met de resultaten van eerdere biochemische 

analyses, die het bestaan van complexen van meerdere TatA subunits hebben 

aangetoond. Een nieuwe bevinding was, dat hetero-dimere complexen van TatAd

TatAy, TatAd-TatAc of TatAy-TatAc ook gevormd kunnen worden. De vorming 

van deze complexen impliceert dat, afhankelijk van de mate waarin de individuele 

tat genen tot expressie komen, hetero-oligomere complexen bestaande uit 

verschillende TatA-subunits in B. subtilis kunnen voorkomen. Deze hetero

oligomere complexen kunnen wellicht samen met TatCd- en/of TatCy-subunits 

actieve Tat translocases vormen. Dit idee wordt ondersteund door de waarneming, 

dat TatAd een actieve translocase kan vormen met TatCy (Eijlander, R.T et al., 

2009). Tevens kan de TatAc-subunit zowel met TatCd als met TatCy actieve 

translocases vormen, zoals beschreven in hoofdstuk 3 van dit proefschrift. 

De meest verrassende resultaten werden verkregen in de genoom-wijde Y2H 

studies met Tat subunits van B. subtilis. Dit resulteerde in de identificatie van een 

Tat-interactienetwerk van 36 verschillende eiwitten (hoofdstuk 2, figuur 2), die 

betrokken zijn bij uiteenlopende cellulaire processen. Om het belang van deze 

eiwitten bij Tat-afhankelijke eiwitexport te testen werden de desbetreffende genen 

een-voor-een gemuteerd. Vervolgens werd in de aldus verkregen mutanten de 

secretie van het TatAyCy-substraat YwbN en het TatAdCd-substraat PhoD 

onderzocht. Dit resulteerde in de identificatie van een gen (wprA), dat nodig is voor 

de secretie van YwbN en twee genen (hemAT en csbC), die nodig zijn voor de 

secretie van PhoD. In de hemAT en csbC mutanten werd ook een sterke reductie 

van het TatAd-niveau waargenomen, wat mogelijk verklaart waarom deze 

mutanten een defect hebben in de secretie van PhoD. Hoe HemA T en CsbC de 

TatAdCd-translocase en de expressie van TatAd precies bei:nvloeden is momenteel 
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nog niet geheel duidelijk. De resultaten van fluorescentie-microscopische analyses 

van B. subtilis cellen, die GFP-fusies van HemAT of CsbC tot expressie brengen, 

duiden er op dat deze eiwitten bij voorkeur aan de cel-polen gelocaliseerd zijn. Een 

soortgelijk localisatiepatroon werd eerder waargenomen voor TatAd. Dit 

suggereert dat HemAT en CsbC inderdaad directe interacties met de TatAdCd

translocase kunnen aangaan. De betrokkenheid van WprA bij de secretie van 

YwbN was eveneens onverwacht. WprA is een celwand-geassocieerde protease. 

De deletie van het wprA gen is van invloed op de YwbN-niveaus binnen en buiten 

de eel, aangezien de cellulaire niveaus sterk afnemen en het eiwit niet meer 

detecteerbaar is in het groeimedium. Het exacte mechanisme, waarmee WprA de 

Tat-afhankelijke secretie van YwbN beinvloedt is nog onbegrepen, maar het lijkt er 

op dat WprA nodig is voor de qualiteitscontrole van getransloceerd YwbN. 

Structurele analyse van TatAd-complexen 

De experimenten beschreven in hoofdstuk 4 hebben betrekking op 

electronenmicroscopische (EM) analyses van complexen van het B. subtilis TatAd

eiwit. Eerder onderzoek aan TatA-complexen van E. coli had ringvormige partikels 

met een inw.endige opening laten zien, die groot genoeg zou kunnen zijn om grote 

Tat-afhankelijk gesecreteerde eiwitten te bevatten (Gohlke et al. 2005). Deze 

waameming was consistent met een model, waarin verondersteld wordt dat TatA

complexen een pore in de cytoplasmamembraan vormen, waardoor volledig 

gevouwen eiwitten de membraan kunnen passeren. De experimenten in hoofdstuk 
4 laten zien, dat gezuiverde B. subtilis TatAd-complexen eveneens uit ringvormige 

partikels bestaan. Deze partikels hebben diameters, die in grootte varieren van 7 .5 

tot 9 nm, en ze bevatten een mogelijke pore van 2.5 tot 3 nm. De drie-dimensionale 

structuur van de TatAd complexen, die op grond van de EM data werd berekend, is 

compatibel met de structuur van monomere TatAd-eiwitten, die eerder al via 

Nuclear Magnetic Resonance (NMR) was bepaald (Hu, Y. et al., 2010 Walther, 

T.H. et al., 2010). Deze NMR structuur kon hierdoor in het model voor het TatAd

complex geintegreerd worden (hoofdstuk 4). Opmerkelijk is dat de pore in de 
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TatAd-complexen aan een kant afgesloten is door een deksel-achtige structuur. Dit 

deksel zit mogelijk aan de cytoplasmatische kant van de cytoplasmamembraan en 

zou betrokken kunnen zijn bij de selectie van substraat-eiwitten. De diameters van 

de waargenomen TatAd-complexen zijn echter te klein om grotere Tat-substraten 

te laten passeren. Dit suggereert <lat de waargenomen TatAd complexen wellicht 

niet op zichzelf als eiwittransport-kanaal kunnen fungeren, maar <lat ze hiertoe 

moeten assembleren door onderlinge interacties en interacties met de TatCd

subunit. Toekomstige structuuranalyses aan TatAd en andere Tat-eiwitten van B. 

subtilis moeten hierover uitsluitsel geven. 

Afbraak van bet YwbN-eiwit door proteases en mogelijke rol van 

proteases in de kwaliteitscontrole van bet Tat-systeem 

In hoofdstuk 5 wordt de analyse van het YwbLMN complex beschreven. De 

resultaten laten zien, <lat YwbN peroxidase activiteit heeft en <lat <lit eiwit een 

protoheem-IX-cofactor bevat, die Fe2+ kan oxideren tot Fe3+. Deze activiteit van 

YwbN is van groot belang voor de groei van B. subtilis onder micro-aerobe 

omstandigheden, waaronder Fe2+ het meest voorkomt in de natuur. Een belangrijke 

waarneming is <lat Y wbN een membraan-geassocieerd complex vormt met het 

lipoproteine YwbM, <lat een hoge affiniteit heeft voor Fe3+, en met de Fe3+

permease YwbL. Dit laat zien <lat YwbN een belangrijke rol speelt bij de 

ijzeropname door B. subtilis, maar roept ook de vraag op waarom Y wbN 

gesecreteerd wordt. De resultaten beschreven in hoofdstuk 6 geven een mogelijk 

antwoord op deze vraag. Ze laten namlijk zien, dat het gesecreteerde YwbN-eiwit 

door extracytoplasmatische proteases afgebroken wordt. Dit is een belangrijke 

waameming, die aantoont dat B. subtilis een van zijn eigen Tat-atbankelijk 

gesecreteerde eiwitten afbreekt. Hieruit kan geconcludeerd worden, dat niet alle 

Tat-substraten van deze bacterie protease-resistent zijn zoals eerder werd 

verondersteld. In de context van het onderzoek beschreven in hoofdstuk 5 lijkt het 

er op dat YwbN-moleculen, die geen complex vormen met YwbL en YwbM, 

mogelijk extra gevoelig zijn voor afbraak. Dit suggereert dat de 
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extracytoplasmatische proteases een belangrijke rol spelen bij de kwaliteitscontrole 

van de substraten van het B. subtilis Tat-systeem. 

Een tweede belangrijke waameming, beschreven in hoofdstuk 6, is dat de deletie 

van het wprA gen in meervoudig protease-deficiente mutanten de secretie van 

YwbN blokkeert. De WprA protease lijkt met name betrokken bij de afbraak van 

cel-gebonden vormen van YwbN en dit is in overeenstemming met de 

veronderstelde rol van WprA in de kwaliteitscontrole van Tat-substraten (zie 

hoofdstuk 2). Het is momenteel niet helemaal duidelijk waarom de afwezigheid 

van WprA de secretie van YwbN blokkeert in cellen, die verder alle andere 

proteases normaal produceren, terwijl dit niet het geval is in cellen die meerdere 

proteases missen. Dit suggereert echter dat het verschil te maken heeft met een of 

meer van de proteases, die ontbreken in de onderzochte meervoudig protease

deficiente mutanten. Tezamen lijken de extracytoplasmatische proteases van B. 

subtilis een goed gebalanceerde rol in de kwaliteitscontrole van Tat-substraten te 

spelen. 

Specifiek Tat-atbankelijk transport van bet YkuE-eiwit naar de 

celwand van B. subtilis 

De experimenten beschreven in hoofdstuk 7 laten zien, dat het YkuE-eiwit een 

metaalion-afhankelijke phospho-esterase is, die specifiek naar de celwand van B. 

subtilis getransporteerd wordt. Het YkuE-eiwit blijft geassocieerd met de celwand 

door electrostatische interacties. YkuE is aldus het eerste eiwit, waarvoor 

specifieke celwand-targeting via de Tat-route beschreven is. Verdere karakterisatie 

van het gezuiverde YkuE-eiwit laat zien, dat het mangaan- (Mn) en zink-ionen 

(Zn) bevat. Deze waameming is zeer relevant aangezien de samenstelling van de 

bindingssite suggereert, dat Zn honderdmaal sterker aan YkuE kan binden dan Mn. 

Het feit dat beide metaalionen aanwezig zijn in YkuE suggereert, dat de 

vouwingseigenschappen van dit eiwit de binding van Mn bevorderen en de Mn

bindingssite beschermen. Mogelijk is dit ook de directe reden waarom YkuE via de 
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Tat-route gesecreteerd wordt, aangezien dit de vouwing van YkuE en de binding 

van Mn in het gecontroleerde milieu van het cytoplasma mogelijk maakt. 

Invloed van bet Tat-systeem op bet ecologiscbe aanpassingsvermogen 

van B. subtilis 

In sommige micro-organismen is het Tat-systeem de belangrijkste secretieroute. 

Dit is het geval in bepaalde halofiele archaea, een groep van archaea die in milieus 

met extreem hoge zoutconcentraties leeft (Bolhuis, A. 2002; Thomas, J .R. and 

Bolhuis, A. 2006; Hutcheon, G.W. and Bolhuis, A. 2003; Dilks, K. et al., 2005). 

Deze waameming is hoogst relevant voor studies aan B. subtilis, omdat deze 

bodembacterie blootgesteld wordt aan chemische en fysische stress door de 

frequente veranderingen in zijn leef-milieu, waaronder fluctuaties in osmolariteit. 

Vanwege deze reden werd de invloed van de NaCl-concentratie in het kweek

medium van B. subtilis op de secretie van YwbN via de TatAyCy-translocase 

onderzocht (hoofdstuk 8). Dit resulteerde in meerdere intrigerende waamemingen. 

In de eerste plaats bleek, dat niet alleen de TatAy- en TatCy-subunits bij YwbN 

secretie betrokken zijn wanneer B. subtilis gekweekt wordt in een rijk medium met 

6% NaCl, maar ook het TatAd-eiwit. Dit suggereert een cooperatieve interactie 

tussen de TatAd, TatAy en TatCy subunits. In de tweede plaats blijkt een 

substantiele hoeveelheid van het YwbN-eiwit Tat-onafhankelijk gesecreteerd te 

worden onder deze omstandigheden. Dit geschiedt wellicht via de Sec-route. Een 

derde belangrijke waameming was, dat TatAyCy-afhankelijke secretie van YwbN 

van groot belang is voor de groei en levensvatbaarheid van B. subtilis cellen, die 

gekweekt worden in een rijk medium zonder zout of in het ijzer-gelimiteerde 

synthetische BOC medium. Tezamen laten deze waamemingen zien, dat 

omgevingsomstandigheden een grote invloed kunnen hebben op de Tat

afhankelijke secretie van eiwitten door B. subtilis en dat de milieuomstandigheden 

ertoe kunnen leiden, dat bepaalde eiwitten via een altematieve route, bijvoorbeeld 

de Sec-route, gesecreteerd worden. Dit gegeven is wellicht van belang voor 

toekomstige biotechnologische toepassingen van het Tat-systeem. 

286 



Nederlandse samenvatting 

Een van de belangrijkste kenmerken van Tat-substraten is de aanwezigheid van een 

twin-arginine motief in het signaalpeptide. Om deze reden hebben tot dusver alle 

strategieen om Tat-onafhankelijke eiwitten via het Tat-systeem te secreteren 

gebruik gemaakt van natuurlijke signaalpeptides van Tat-substraten, die via 

genetische modificatie gekoppeld werden aan het te secreteren eiwit. Deze aanpak 

is zeer succesvol gebleken in E. coli, waar bijvoorbeeld het cytosolische GFP-eiwit 

met behulp van de signaalpeptides van de E. coli Tat-substraten AmiA, DmsA en 

MdoD met succes via de Tat-route naar het periplasma getransporteerd kon 

worden. Dit lukte zelfs in E. coli stammen, waarin het E. coli TatABC-translocase 

vervangen was door de TatAdCd- of de TatAyCy-translocases van B. subtilis. In 

hoofdstuk 9 worden vergelijkbare experimenten met B. subtilis beschreven. In dit 

geval werden de signaalpeptides van AmiA, DmsA, MdoD of Y wbN gefuseerd 

met GFP. Daamaast werd de secretie van een fusie-eiwit bestaande uit het 

volledige YwbN-eiwit en GFP onderzocht. In tegenstelling tot de situatie in E. coli 

leidde geen van deze fusies tot efficiente Tat-afhankelijke secretie van GFP in B. 

subtilis, wanneer de cellen in een standaard rijk medium gekweekt werden. 

Feitelijk werd onder deze omstandigheden voor bepaalde fusie-eiwitten zelfs een 

laag niveau van Tat-onafhankelijke secretie waargenomen. Daarom werd de 

secretie van de AmiA-GFP, DmsA-GFP en MdoD-GFP constructen ook 

onderzocht door cellen, die deze fusie-eiwitten produceren, te kweken in media 

met een hoog zoutgehalte (6% NaCl). Onder deze omstandigheden leidde de fusie 

van de AmiA, DmsA of MdoD signaalpeptides met GFP inderdaad tot een 

efficientere secretie van GFP, maar nog steeds op een Tat-onafhankelijke wijze. 

Dit laatste resultaat is interessant, omdat het laat zien dat groei in een medium met 

veel zout het vermogen van twin-arginine signaalpeptides om de Sec-route te 

vermijden onderdrukt. Dit heeft mogelijk te maken met de rol van electrostatische 

interacties en/of een zoutgevoelige factor, die nodig zijn voor het vermijden van de 

Sec-route door Tat-substraten. De resultaten beschreven in hoofdstuk 9 impliceren 

dat in B. subtilis een mechanisme voor kwaliteitscontrole bestaat, dat verhindert dat 

de AmiA-GFP, DmsA-GFP en MdoD-GFP fusie-eiwitten door de Tat-translocase 
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geaccepteerd en getransporteerd worden. Dit mechanisme lijkt niet in E. coli 

aanwezig te zijn. 

Conclusies en perspectieven voor toekomstig onderzoek 

De resultaten beschreven in dit proefschrift verschaffen nieuwe inzichten in 

verschillende aspecten van het Tat-systeem van B. subtilis, varierend van regulatie 

tot structurele organisatie, identificatie van nieuwe substraten en biotechnologische 

toepassingen. Het onderzoek aan Tat-systemen is zowel vanuit fundamenteel 

wettenschappelijk als toepassingsgericht oogpunt relevant. Belangrijke 

wetenschappelijke uitdagingen betreffen de opheldering van het specifieke 

transportmechanisme en de structurele organisatie van het Tat-systeem. In 

toepassingsgericht opzicht is het Tat-systeem veelbelovend voor de productie van 

eiwitten, maar wel op voorwaarde dat het ontsloten kan worden voor het transport 

van soortvreemde eiwitten. Een andere relevante toepassing van Tat-gerelateerd 

onderzoek is de mogelijkheid om dit systeem als mogelijke drug-target in 

pathogene bacterien te gebruiken. Dit is met name relevant, omdat dergelijke 

ziekteverwekkers fitness-verhogende enzymen (bijvoorbeeld homologen van 

YwbN) en toxines via Tat kunnen uitscheiden. Er zal verder onderzoek nodig zijn, 

voordat dergelijke toepassingen in de praktijk gei'mplementeerd kunnen worden, 

maar de tot dusver behaalde resultaten geven hoop dat dit mogelijk is. 

Met betrekking tot de regulatie van het Tat-systeem moet de invloed van HemAT 

en CsbC op de werking van de TatAdCd translocase in meer detail onderzocht 

worden. Het is nog onduidelijk  hoe de deletie van de twee respectievelijke genen 

de secretie van PhoD beinvloedt, met name omdat de bekende functies van deze 

eiwitten geen uitsluitsel geven welk direct verband er met het Tat-systeem zou 

kunnen zijn. In ieder geval Iijken HemA T en CsbC eenzelfde subceIIulaire 

localisatie te hebben als TatAd (Ridder, A.N. et al., 2009). Dit suggereert dat fysiek 

contact tussen deze eiwitten mogelijk is. De interactie met HemAT en CsbC zou 

TatAd bijvoorbeeld kunnen beschermen tegen atbraak, waardoor de effectieve 

secretie van PhoD gewaarborgd is. 
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De rol van proteases in de regulatie van het Tat-systeem is een belangrijk aspect, 

dat duidelijk naar voren kwam uit het onderhavige ondezoek en dit zou wel eens 

een van de sleutel-aspecten kunnen zijn bij het toegankelijk maken van het Tat

systeem van B. subtilis voor nieuwe biotechnologische toepassingen. Proteases 

staan bekend als bottlenecks voor de productie van heterologe eiwitten in B. 

subtilis, maar hun betrokkenheid bij het Tat-systeem was nog niet onderzocht. Dit 

had te maken met het feit dat de Tat-translocase gevouwen eiwitten transporteert, 

waarvan verondersteld werd dat ze protease-resistent zouden zijn. De experimenten 

in dit proefschrift bebben ecbter laten zien, dat proteolyse een belangrijke 

regulatoire rol speelt in het Tat-afhankelijke eiwittransport in B. subtilis. Dit aspect 

verdient nader onderzoek en zo zou bet bijvoorbeeld zinvol kunnen zijn de secretie 

van GFP-constructen met bebulp van verscbillende twin-arginine signaalpeptides 

in protease-deficiente stammen te onderzoeken. Een andere intrigerende aanpak 

zou de zuivering en structurele analyse van TatAyCy- en TatAdCd-translocases uit 

protease-defeciente stammen kunnen bebelzen om te onderzoeken of de 

afwezigbeid van bepaalde proteases structurele veranderingen in de translocases tot 

gevolg beeft. 

Tenslotte is bet duidelijk geworden door de structuur-analyses aan TatAd

complexen, dat bet buidige model voor de werking van het E. coli Tat-systeem niet 

rechtstreeks vertaald kan warden naar de situatie in B. subtilis. De structuurdata 

van de TatAd-complexen laten duidelijk zien, dat de diameter van de pores in deze 

complexen te klein is om grate Tat-afuankelijke eiwitten te laten passeren. Tocb 

kunnen deze TatAd complexen het transport van grate eiwitten faciliteren, met 

name wanneer ze in E. coli tot expressie gebracht warden. Een beter structuur

gebaseerd model voor Tat-afhankelijk eiwit-transport is in ieder geval noodzakelijk 

om bet werkingsmechanisme van bet B. subtilis Tat-systeem op moleculair niveau 

te begrijpen. Samenvattend kan geconcludeerd warden, dat dit promotieonderzoek 

verscbillende belangrijke vragen met betrekking tot bet Tat-systeem van Bacillus 

beeft beantwoord en dat de resultaten een belangrijke leidraad voor toekomstig 

fundamenteel en toepassingsgericbt onderzoek aan dit systeem kunnen vormen. 
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