
 

 

 University of Groningen

The extracellular proteome of Bacillus subtilis under secretion stress conditions
Antelmann, H.; Darmon, E.; Noone, D.; Veening, J.W.; Westers, Helga; Bron, S; Kuipers,
O.P.; Devine, K.M.; Hecker, M.; van Dijl, J.M
Published in:
Molecular Microbiology

DOI:
10.1046/j.1365-2958.2003.03565.x

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Antelmann, H., Darmon, E., Noone, D., Veening, J. W., Westers, H., Bron, S., Kuipers, O. P., Devine, K.
M., Hecker, M., & van Dijl, J. M. (2003). The extracellular proteome of Bacillus subtilis under secretion
stress conditions. Molecular Microbiology, 49(1), 143 - 156. https://doi.org/10.1046/j.1365-
2958.2003.03565.x

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://doi.org/10.1046/j.1365-2958.2003.03565.x
https://research.rug.nl/nl/publications/3d7f94df-16a2-4658-a19a-cd9f348c92cf
https://doi.org/10.1046/j.1365-2958.2003.03565.x
https://doi.org/10.1046/j.1365-2958.2003.03565.x


Molecular Microbiology (2003) 

 

49

 

(1), 143–156 doi:10.1046/j.1365-2958.2003.03565.x

© 2003 Blackwell Publishing Ltd

 

Blackwell Science, LtdOxford, UKMMIMolecular Microbiology 1365-2958Blackwell Publishing Ltd, 200349

 

1143156

 

Original Article

 

Proteomics of protein secretion stressH. Antelmann et al.

 

Accepted 26 March, 2003. *For correspondence. E-mail
J.M.van.Dijl@farm.rug.nl; Tel. (

 

+

 

31) 50 3633079; Fax
(

 

+

 

31) 50 3633000. †These authors contributed equally to this work.

 

The extracellular proteome of 

 

Bacillus subtilis

 

 under 
secretion stress conditions

 

Haike Antelmann,

 

1†

 

 Elise Darmon,

 

2†

 

 David Noone,

 

3

 

 
Jan-Willem Veening,

 

2

 

 Helga Westers,

 

4

 

 Sierd Bron,

 

2

 

 
Oscar P. Kuipers,

 

2

 

 Kevin M. Devine,

 

3

 

 Michael Hecker

 

1

 

 
and Jan Maarten van Dijl

 

4

 

*

 

1

 

Institut für Mikrobiologie und Molekularbiologie, Ernst-
Moritz-Arndt-Universität Greifswald, F. -L. -Jahn-Str. 15, 
D-17487 Greifswald, Germany.

 

2

 

Department of Genetics, Groningen Biomolecular 
Sciences and Biotechnology Institute, Kerklaan 30, 9751 
NN Haren, the Netherlands.

 

3

 

Department of Genetics, Smurfit Institute and National 
Pharmaceutical Biotechnology Centre, Trinity College, 
Dublin 2, Ireland.

 

4

 

Department of Pharmaceutical Biology, University of 
Groningen, A. Deusinglaan 1, 9713 AV Groningen, the 
Netherlands.

 

Summary

The accumulation of malfolded proteins in the cell
envelope of the Gram-positive eubacterium 

 

Bacillus
subtilis

 

 was previously shown to provoke a so-called
secretion stress response. In the present studies,
proteomic approaches were employed to identify
changes in the extracellular proteome of 

 

B. subtilis

 

 in
response to secretion stress. The data shows that,
irrespective of the way in which secretion stress is
imposed on the cells, the levels of only two extracel-
lular proteins, HtrA and YqxI, display major variations
in a parallel manner. Whereas the extracellular level
of the HtrA protease is determined through transcrip-
tional regulation, the level of YqxI in the growth
medium is determined post-transcriptionally in an
HtrA-dependent manner. In the absence of secretion
stress, the extracellular levels of HtrA and YqxI are
low because of extracytoplasmic proteolysis. Finally,
the protease active site of HtrA is dispensable for
post-transcriptional YqxI regulation. It is known that

 

Escherichia coli

 

 HtrA has combined protease and
chaperone-like activities. As this protein shares a
high degree of similarity with 

 

B. subtilis

 

 HtrA, it can
be hypothesized that both activities are conserved in

 

B. subtilis

 

 HtrA. Thus, a chaperone-like activity of 

 

B.
subtilis

 

 HtrA could be involved in the appearance of
YqxI on the extracellular proteome.

Introduction

 

Proteins must be correctly folded in order to perform their
biological function. Consequently, unfolded or malfolded
proteins are generally useless or even detrimental for the
cell. The misfolding of proteins can be due to events that
affect either the folding process 

 

per se

 

, or the conforma-
tion of fully folded proteins. Subsequently, misfolded pro-
teins can be completely degraded or repaired (Wickner

 

et al

 

., 1999). This involves two types of cellular strategies:
proteases can degrade the malfolded proteins (Gottes-
man, 1996), whereas chaperones can refold them and
prevent their aggregation (Wickner 

 

et al

 

., 1999). Notably,
degradation and refolding can be carried out by the same
catalysts (Gottesman 

 

et al

 

., 1997; Suzuki 

 

et al

 

., 1997). In
the Gram-negative eubacterium 

 

Escherichia coli

 

, the HtrA
(DegP) serine protease combats the stress caused by
malfolded proteins in the periplasm employing its molec-
ular chaperone or proteolytic activities as a function of the
temperature (Spiess 

 

et al

 

., 1999). At low temperature,
HtrA is able to refold chemically denatured substrates, like
a chaperone. In contrast, HtrA is predominantly acting as
a protease at high temperature.

In the Gram-positive eubacterium 

 

Bacillus subtilis

 

, three
genes encoding HtrA-like proteases have been identified:

 

htrA

 

 (or 

 

ykdA

 

), 

 

htrB 

 

(or 

 

yvtA

 

) and 

 

yyxA 

 

(or 

 

yycK

 

) (Kunst

 

et al.,

 

 1997; Tjalsma 

 

et al

 

., 2000; Darmon 

 

et al

 

., 2002).
Each HtrA-like protease of 

 

B. subtilis

 

 has an N-terminal
domain with a predicted membrane-spanning segment
(N

 

in

 

–C

 

out

 

 orientation), a catalytic protease domain and a
unique C-terminal PDZ domain. In contrast, HtrA of 

 

E. coli

 

has two PDZ domains. The latter two PDZ domains form
the mobile sidewalls of a central cavity in HtrA hexamers
in which the proteolytic sites and potential docking sites
for unfolded proteins are located (Krojer 

 

et al

 

., 2002).
Interestingly, the known human HtrA orthologues have
only one PDZ domain (Clausen 

 

et al

 

., 2002). In contrast
to HtrA of 

 

E. coli

 

, the human HtrA2/Omi protein appears
to be active as a homotrimer (Li 

 

et al

 

., 2002; Maurizi,
2002). The structure of HtrA-like proteases in 

 

B. subtilis

 

is presently not known. Another difference between HtrA-
like proteins of 

 

E. coli

 

 and 

 

B. subtilis

 

 concerns the local-
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ization of these proteins. Whereas HtrA of 

 

E. coli

 

 is a
soluble periplasmic protein, HtrA, HtrB and YyxA of 

 

B.
subtilis

 

 are predicted to be membrane-bound proteins
(Noone 

 

et al

 

., 2000; Tjalsma 

 

et al

 

., 2000). Interestingly,

 

htrA

 

, 

 

htrB

 

 or 

 

yyxA

 

 single mutant strains of 

 

B. subtilis

 

display a normal growth phenotype, whereas the growth
of an 

 

htrA htrB

 

 double mutant is significantly reduced
(Noone 

 

et al

 

., 2001). Colonies of this double mutant are
round and have a mucoid appearance. Moreover, the 

 

htrA
htrB

 

 mutant cells accumulate suppressor mutations very
rapidly (Noone 

 

et al

 

., 2001). Remarkably, a strain lacking
HtrB and mutated in the protease active site of HtrA dis-
plays the same growth phenotype as the 

 

htrA htrB

 

 double
mutant, but does not seem to accumulate suppressor
mutations (Noone 

 

et al

 

., 2001). These observations,
although demonstrating the importance of the protease
activity for HtrA biological function, also suggest that this
protein has an additional activity. By analogy with HtrA of

 

E. coli

 

, this could be a chaperone-like activity.
Previous work has shown that the HtrA and HtrB pro-

teins are more similar to each other than either is to YyxA
(Noone 

 

et al

 

., 2001). Furthermore, the transcription of

 

htrA

 

 and 

 

htrB

 

 is inducible by both heat and the high-level
production of secretory proteins, whereas 

 

yyxA

 

 transcrip-
tion is insensitive to these stimuli. Finally, the transcrip-
tion of 

 

htrA

 

 and 

 

htrB

 

 is negatively auto- and cross-
regulated (Noone 

 

et al

 

., 2000; 2001). All these transcrip-
tional responses of 

 

htrA

 

 and 

 

htrB

 

 are modulated by the
CssRS two-component system (Hyyryläinen 

 

et al

 

., 2001;
Kobayashi 

 

et al

 

., 2001; Darmon 

 

et al

 

., 2002). This system
consists of a sensor histidine kinase, CssS, and a cog-
nate response regulator, CssR. CssS has two potential
membrane spanning domains with an N

 

in

 

 and C

 

in

 

 orienta-
tion and is proposed to sense secretion and heat stress
by the detection of malfolded protein accumulation at the
membrane–cell wall interface (Hyyryläinen 

 

et al

 

., 2001).
Similar to other two-component systems (Stock 

 

et al

 

.,
1989; Parkinson and Kofoid, 1992), information is most
likely transferred from CssS to CssR through autophos-
phorylation of CssS and subsequent phosphotransfer to
CssR. When CssR is phosphorylated, it regulates the
transcription of specific genes thereby provoking an
appropriate cellular response to the original stimuli. Inter-
estingly, not only the 

 

htrA

 

 and 

 

htrB

 

 genes, but also the

 

cssR

 

 and 

 

cssS

 

 genes seem to be members of the
CssRS regulon (Kobayashi 

 

et al

 

., 2001; Darmon 

 

et al

 

.,
2002). These findings support the view that HtrA, HtrB
and CssRS play important roles in the combat against
misfolded proteins resulting from both heat stress and
the high-level production of secretory proteins (Noone

 

et al

 

., 2001). In this respect, it is important to note that
most secretory proteins of 

 

B. subtilis

 

 appear to be
exported from the cytoplasm in an unfolded state 

 

via

 

 the
Sec translocon. Upon their translocation across the

membrane, the folding of these proteins is facilitated by a
variety of catalysts, which may become limiting when
secretory proteins are overproduced (Tjalsma 

 

et al

 

.,
2000; van Dijl 

 

et al

 

., 2001).
The present studies were aimed at determining the

effects of protein secretion stress on the composition of
the extracellular proteome of 

 

B. subtilis

 

. The analysis of
this type of stress by proteomics is, so far, unprece-
dented. By definition, secretion stress in 

 

B. subtilis

 

includes all stimuli that trigger a CssRS-dependent cellu-
lar response. Thus, secretion stress was induced either
by removing proteins, which are required to combat
secretion stress (HtrA or HtrB), or by high-level production
of the 

 

α

 

-amylase AmyQ of 

 

Bacillus amyloliquefaciens

 

.
Strikingly, the levels of only two extracellular proteins,
HtrA and YqxI, were significantly affected by secretion
stress, irrespective of the way in which this stress was
induced. Changes in the extracellular HtrA level can be
attributed to the effects of secretion stress on 

 

htrA

 

 tran-
scription. In contrast, variation in the extracellular YqxI
level is determined by post-transcriptional events. The
present proteomic studies show that the level of YqxI in
the growth medium is modulated through extracytoplas-
mic proteases, possibly involving a conserved chaperone-
like activity of HtrA.

 

Results

 

Dual localization of HtrA

 

In order to investigate whether the HtrA and HtrB pro-
teases influence the composition of the extracellular pro-
teome of 

 

B. subtilis

 

 during the stationary growth phase,
the proteins in the growth media of 

 

htrA

 

 and 

 

htrB

 

 single
and double mutants were studied by two-dimensional
(2D) gel electrophoresis (Fig. 1). Surprisingly, the subse-
quent mass spectrometric analysis revealed that one of
the proteins that disappeared from the medium of the 

 

htrA

 

mutant was the HtrA protein itself (Fig. 1A and B). The
presence of HtrA in the medium of the parental strain 168
was unexpected as this protein was predicted to be mem-
brane-bound  with  an  N-terminal  membrane  anchor
(N

 

in

 

–C

 

out

 

 orientation). As demonstrated by N-terminal
sequencing, the extracellular HtrA starts with Ser

 

97

 

, show-
ing that the predicted transmembrane region is cleaved
off. Thus, the soluble HtrA has a calculated molecular
mass of about 37 kDa and starts with a stretch of serine
residues, a feature absent from HtrB and YyxA (data not
shown).

To determine whether HtrA also exists in a cell-
associated form, Western blotting experiments were
performed. As shown in Fig. 2, a cell-associated form
of HtrA, with an apparent molecular mass of 62 kDa,
was present in 

 

B. subtilis

 

 168 (C). In addition, a sec-
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ond cell-associated form of HtrA (apparent molecular
mass of 47.5 kDa) was detectable, which co-migrated
with the HtrA in the growth medium (M). Both immu-
noreactive bands are HtrA-specific as they were
absent from the sample of the 

 

htrA

 

 mutant (DN26).
Two additional immunoreactive bands were detectable
in cell extracts of 

 

B. subtilis

 

 168 (C), but these bands
are not related to HtrA as they were also detectable in
the cell extracts of the 

 

∆

 

htrA

 

 strain. The immun-
ostained protein profiles of strain 168 (C and M) and
the htrB mutant strain (DN111; C and M) were very
similar demonstrating that the HtrA antibody does not
cross-react with HtrB.

Protoplasts of B. subtilis 168 were prepared and exam-
ined for the presence of HtrA. It is noticeable that the
62 kDa form of HtrA predominated in the protoplast-asso-
ciated fraction (Fig. 2, lane P). This form disappeared
when protoplasts were treated with trypsin (Fig. 2, lane
PT), indicating that it is exposed on the protoplast surface.
Thus it seems that the large cellular form of HtrA repre-
sents the protein with its membrane anchor, which is
exposed at the extracytoplasmic side of the membrane.
The smaller cellular form may represent the cleaved HtrA
before its release from the membrane and secretion into
the medium.

Fig. 1. The extracellular proteomes of htrA and htrB mutant B. subtilis strains. The extracellular proteomes of B. subtilis 168 (A), and its derivatives 
∆htrA (DN26; B), ∆htrB (DN111; C), ∆htrA ∆htrB sup (DN115, suppressed; D) and htrA1 ∆htrB (DN200; E) were analysed by 2D gel electro-
phoresis. Cells were grown in LB until one hour after entry into the stationary growth phase. Only the acidic pH range (pH 3–6) is shown. Protein 
spots identified by mass spectrometry and/or N-terminal sequencing are indicated. The HtrA and YqxI protein spots are highlighted with a circle. 
Notably, the residual spot at the position of HtrA in B cannot relate to HtrA (see Fig. 2).

A C D EB

Fig. 2. Localization of HtrA. Cells of B. subtilis 168, ∆htrA (DN26) and 
∆htrB (DN111) were grown in LB medium until an OD at 550 nm of 
about 1. Next, cells (C) of all three strains were separated from the 
growth medium (M) and samples for SDS-PAGE were prepared using 
20 µg of total cell protein and 300 µl of medium respectively. Further-
more, 20 µg of protoplasts were prepared of B. subtilis 168, which 
were incubated for 10 min in the absence (P) or presence (PT) of 
1 mg ml−1 trypsin. As a positive control, 20 ng of pure HtrAecd was 
loaded. Immunodetection after Western blotting was performed with 
antibodies raised against HtrAecd.
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Absence of YqxI from the medium of the ∆htrA mutant 
strain

The comparison of the extracellular proteomes of the
parental strain 168 and the htrA mutant (DN26; Fig. 1A
and B) displayed a second major difference: the YqxI
protein was absent from the medium of the htrA mutant.
Interestingly, the yqxI gene (also known as yqdE) is
located on the SKIN prophage (map position at 227.5° on
the chromosome of B. subtilis 168). It encodes a non-
essential protein of 159 amino acids with a predicted
molecular mass of 17 kDa and a calculated isoelectric
point of 5.44. So far, the function of YqxI is unknown and
it shows no significant amino acid sequence similarity to
any other protein. Consistent with its extracellular local-
ization, YqxI contains a potential signal peptide with a
signal peptidase I cleavage site between amino acids 28
and 29 (AKA-QE; Tjalsma et al., 2000; van Dijl et al.,
2001).

Response of HtrA and YqxI to secretion stress

To further investigate the effects of secretion stress on the
extracellular proteome, plasmid pKTH10L, which directs

the overproduction of the α-amylase AmyQ of B. amy-
loliquefaciens, was introduced in B. subtilis 168. Next, the
protein composition of the growth medium of this strain
was determined by proteomics. As expected, AmyQ was
the most abundant extracellular protein of B. subtilis 168
containing pKTH10L (Fig. 3B). Notably, the levels of the
HtrA and YqxI proteins were increased in response to the
high-level production of AmyQ (Fig. 3A and B).

Previous studies have shown that AmyQ-induced
secretion stress results in the transcription of htrA at ele-
vated levels (Noone et al., 2000; Hyyryläinen et al., 2001).
The present observations indicate that the extracellular
levels of the HtrA protein can be correlated with the tran-
scriptional levels of the corresponding gene. To determine
whether the increase of the extracellular amount of YqxI
in response to AmyQ overproduction is also effected at
the transcriptional level, the transcription of htrA and yqxI
in strains with and without pKTH10L was studied by
Northern blotting. The transcription of htrA was increased
because of the overexpression of AmyQ, especially during
the mid-exponential growth phase (Fig. 4A and data not
shown). The level of yqxI transcription in the absence of
AmyQ production was highest around the transition point
between the exponential and stationary growth phases.

A B C

Fig. 3. The extracellular proteome in response 
to secretion stress. The extracellular proteomes 
of B. subtilis 168 (A), B. subtilis 168 containing 
pKTH10L (B) and the derivative ∆cssS + 
pKTH10L (BV2001; C) were analysed by 2D 
gel electrophoresis. Cells were grown in LB 
until one hour after entry into the stationary 
growth phase. Only the acidic pH range (pH 3–
6) is shown. Protein spots identified by mass 
spectrometry and/or N-terminal sequencing are 
indicated. The HtrA and YqxI protein spots are 
highlighted with a circle.
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Surprisingly, the level of yqxI transcription did not increase
when AmyQ was overexpressed (Fig. 4B; for unknown
reasons, two yqxI-specific transcripts of ∼850 and ∼750–
800 nucleotides, respectively, are detectable). The tran-
scription of yqxI was also studied as a function of growth
using a transcriptional yqxI-lacZ fusion (BV2028; Fig. 5A).
As shown by the β-galactosidase activities, the level of
yqxI-lacZ transcription did not increase in response to
AmyQ-induced secretion stress in the strain containing
pKTH10L (Fig. 4C). All together, these data demonstrate

that the increase of the amounts of extracellular HtrA upon
the high-level production of AmyQ is determined at the
transcriptional level, whereas the increase of the extracel-
lular amounts of YqxI under the same conditions is deter-
mined post-transcriptionally.

Response of HtrA and YqxI to the absence of the sensor 
CssS

The CssRS two-component system mediates the appro-
priate cellular response to combat secretion stress
(Hyyryläinen et al., 2001; Darmon et al., 2002). To identify
possible changes in the extracellular proteome of cssS
mutant cells subject to secretion stress, the protein com-
position of the medium of the B. subtilis 168 cssS::Sp
(BV2001) strain containing pKTH10L was investigated by
proteomics (Fig. 3C). The only two major changes in the
extracellular proteome resulting from the absence of CssS
were a decreased HtrA level and a disappearance of YqxI
(Fig. 3B and C). To investigate the cause of these effects,
the transcription of htrA and yqxI were studied by North-
ern blotting using RNA extracted from cells that were
grown under the same conditions (Fig. 6). The htrA tran-
scription decreased dramatically in cssS mutant cells,
even when secretion stress was imposed on these cells
(Fig. 6A). In contrast, the transcription of yqxI did not
change in the absence of CssS (Fig. 6B). The yqxI level
of transcription was also studied using a transcriptional
yqxI-lacZ fusion (Fig. 5A) in strains with either an intact or
a mutated cssS gene (strains BV2028 and BV2029,
respectively). As shown in Fig. 6C, the disruption of cssS
did not result in a change in yqxI-lacZ expression as a
function of growth, which confirms the results obtained by
Northern blotting. These observations show that the
absence of CssS leads to a reduction of htrA transcription,
and this is reflected by the lower HtrA protein level on the
extracellular proteome. In contrast, the disappearance of
YqxI under the same conditions is not correlated with the
transcription of the yqxI gene.

Responses of HtrA and YqxI to the absence of HtrB

HtrA and HtrB act together to combat secretion stress and
mutation of either htrA or htrB affects expression of both
genes (Noone et al., 2001). To investigate how HtrB con-
tributes to the composition of the extracellular proteome
and, in particular, to the levels of HtrA and YqxI, the
proteins in the growth medium of B. subtilis 168 htrB::Km
strain (DN111) were analysed by proteomics (Fig. 1C).
The only major changes in the extracellular proteome of
the htrB mutant were the increased amounts of the HtrA
and YqxI proteins. To assess whether these changes
occurred at the transcriptional level, Northern blotting
experiments were performed using htrA- or yqxI-specific

Fig. 4. Transcriptional responses of htrA and yqxI to secretion stress.
A. Northern blot experiments with an htrA-specific probe using RNA 
extracted from B. subtilis 168 strains without or with pKTH10L. The 
cells were grown in LB medium and total RNA was isolated every 
30 min during the growth, starting from an OD at 540 nm of 0.4 (times 
1–7). Samples of 10 µg of total RNA were applied in each lane.
B. Northern blot experiments with a yqxI-specific probe using RNA 
extracted from B. subtilis 168 strains without or with pKTH10L. The 
cells were grown in LB medium and total RNA was isolated every 
30 min during the growth, starting from an OD at 540 nm of 0.4 (times 
1–7). Samples of 10 µg of total RNA were applied in each lane.
C. A transcriptional yqxI-lacZ gene fusion was used to determine the 
time course of yqxI expression in cells grown at 37°C in TY medium. 
The strains used for the analyses were: B. subtilis 168 yqxI::pMutin2 
(BV2028; closed rectangles) and B. subtilis 168 yqxI::pMutin2 + 
pKTH10L (open rectangles). The parental strain 168 was used as a 
negative control (data not shown). β-galactosidase activities are 
indicated in nmol × min−1 × OD600

-1. Zero time (t = 0) indicates the 
transition point between the exponential and post-exponential growth 
phases.
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probes and RNA extracted from strains with an intact or
disrupted htrB gene (Fig. 7). The level of htrA transcription
rose significantly upon disruption of the htrB gene
(Fig. 7A). In contrast, transcription of yqxI was not
increased by the mutation in htrB (Fig. 7B). This result was
confirmed by β-galactosidase measurements in an htrB
mutant strain containing a transcriptional yqxI-lacZ fusion
(data not shown). Thus, the increase in the amount of
extracellular HtrA, caused by an htrB mutation, can be
explained by an effect at the transcriptional level. On the
other hand, the similar behaviour of the YqxI protein is
apparently caused by a post-transcriptional event.

Response of YqxI to HtrA overexpression

The data presented above suggest that the YqxI protein
is subject to a post-transcriptional regulation in a manner
that correlates with extracellular HtrA levels. To further
investigate whether the presence of HtrA influences the
level of YqxI, a xylose-inducible (his)6-htrA gene was intro-
duced in the amyE locus of a strain lacking a major part
of the htrA gene (DN26). This resulted in B. subtilis 168
htrA∆439 amyE::X(his)6-htrA (BV2026; Fig. 5B). Impor-
tantly, the (His)6-HtrA fusion protein complemented the
htrA null mutation (data not shown). The extracellular pro-
teome of the (His)6-HtrA inducible strain, grown in the
absence or presence of 1% xylose, was studied by 2D gel
electrophoresis (Fig. 8A). Because HtrA is processed at
the N-terminus during secretion from the cell, the pres-
ence of the His-tag did not affect the electrophoretic prop-
erties of the extracellular form of HtrA. As shown in Fig. 8A
(panel b), cells grown in the presence of xylose produced

a significant quantity of HtrA. Strikingly, a concomitant
increase in the level of YqxI was observed. To assess the
effect of (His)6-HtrA induction with xylose on the transcrip-
tion of yqxI, a transcriptional yqxI-lacZ fusion was intro-
duced into this strain (BV2026). The expression profiles
show that the transcription of yqxI-lacZ remains unaf-
fected by xylose addition. A similar yqxI-lacZ transcription
profile was observed in a control strain containing the
native htrA gene (data not shown). Furthermore, parallel
experiments with a xylose-inducible (His)6-HtrB fusion
instead of the (His)6-HtrA fusion demonstrated that induc-
tion of (His)6-HtrB did not lead to an increase of the extra-
cellular YqxI level (data not shown). These observations
imply that the amount of YqxI on the extracellular pro-
teome is determined post-transcriptionally by the level of
HtrA. In fact, the observed correlation between the extra-
cellular levels of HtrA and YqxI suggests that HtrA pro-
motes, directly or indirectly, the folding of YqxI into a
protease-resistant conformation after YqxI translocation
across the membrane. This effect is specific for HtrA as
the overexpression of HtrB, a paralog of HtrA, does not
have any effect on YqxI levels.

Stabilization of HtrA and YqxI in the absence of 
extracellular proteases

To investigate the possible involvement of extracellular
proteases in the turnover of HtrA and YqxI, the protein
composition of the growth medium of B. subtilis WB700
was investigated. This strain lacks the extracellular serine
proteases AprE (subtilisin), Bpr, Epr, Mpr and Vpr, as well
as the metalloproteases NprB and NprE (Ye et al., 1999).

Fig. 5. Construction of mutant strains.
A. Schematic representation of the 
yqxI::pMutin2 mutation. The yqxI gene was dis-
rupted with pMutin2 by a single cross-over 
event (Campbell-type integration). Simulta-
neously, the spoVG-lacZ reporter gene of 
pMutin2 was placed under the transcriptional 
control of the yqxI promoter region (PyqxI). 
LacI, E. coli lacI gene; ori pBR322, replication 
functions of pBR322; ApR, ampicillin resistance 
marker; EmR, erythromycin resistance marker; 
T1T2, transcriptional terminators on pMutin2; 
Pspac, IPTG-dependent promoter; yqxI’, 3’ trun-
cated yqxI gene; ‘yqxI, 5′ truncated yqxI gene.
B. Schematic representation of the chromo-
somal amyE region of the strain containing the 
amyE::X(his)6-htrA mutation (BV2026). The 
amyE gene was disrupted via a double cross-
over recombination event with a pX(his)6-htrA-
derived cassette [X(his)6-htrA]. This cassette 
encodes an N-terminally his-tagged HtrA pro-
tein. The transcription of the corresponding 
gene is controlled by a xylose-inducible pro-
moter (PxylA). Cmr, chloramphenicol resistance 
marker; xylR, gene specifying the XylR repres-
sor protein; amyE’, 3’ truncated amyE gene; 
‘amyE, 5′ truncated amyE gene.
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Interestingly, both HtrA and YqxI were present at signifi-
cantly increased levels in the medium of strain WB700
(Fig. 8B, panels a and b). In addition, elevated amounts
of specific degradation products of the wall protein WapA
and an undegraded form of the YvcE protein were detect-
able, which is in accord with previously documented
observations (Antelmann et al., 2002). As shown by

Northern blotting, the htrA and yqxI-specific mRNA levels
in strain WB700 were comparable to those in the parental
strain 168 (data not shown). This indicates that the
absence of seven extracellular proteases does not trigger
a secretion stress response. The latter view was con-
firmed by the analysis of the extracellular proteome of
strain WB700 cssS, which contained high levels of HtrA
and YqxI (Fig. 8B, panel c). Importantly, these levels were
comparable to the HtrA and YqxI levels on the extracellular
proteome of strain WB700. Taken together, these obser-
vations show that both HtrA and YqxI are subject to extra-
cytoplasmic degradation by one or more extracellular
proteases of B. subtilis.

Extracellular appearance of YqxI does not require 
protease activity of HtrA

The HtrA protein of B. subtilis could have both protease
and chaperone-like functions as shown for its orthologue
in E. coli. In order to investigate whether the protease
activitiy of HtrA is involved in determining the YqxI level,
the extracellular proteome of an htrA1 htrB double mutant
strain (DN200) was studied by proteomics. Importantly,
the htrA1 mutation results in the synthesis of a mutant
HtrA protein lacking the protease active site serine residue
at position 290. As a control, the extracellular proteome
of an htrA htrB double mutant strain (DN115), which con-
tains an uncharacterized suppressor mutation, was stud-
ied. Neither HtrA nor YqxI were present on the
extracellular proteome of the suppressed cells inactivated
for htrA and htrB (Fig. 1D). In contrast, HtrA and YqxI
levels were significantly increased in the medium of the
strain lacking HtrB and producing the HtrA protein with a

Fig. 6. Transcriptional responses of htrA and yqxI to the absence of 
CssS.
A. Northern blot experiments with an htrA-specific probe using RNA 
extracted from B. subtilis 168 and B. subtilis 168 cssS::Sp (BV2001) 
both containing pKTH10L. The cells were grown in LB medium and 
total RNA was isolated every 30 min during the growth, starting from 
an OD at 540 nm of 0.4 (times 1–7). Samples of 10 µg of total RNA 
were applied in each lane.
B. Northern blot experiments with a yqxI-specific probe using RNA 
extracted from B. subtilis 168 and B. subtilis 168 cssS::Sp (BV2001) 
both containing pKTH10L. The cells were grown in LB medium and 
total RNA was isolated every 30 min during the growth, starting from 
an OD at 540 nm of 0.4 (times 1–7). Samples of 10 µg of total RNA 
were applied in each lane.
C. A transcriptional yqxI-lacZ gene fusion was used to determine the 
time-course of yqxI expression in cells grown at 37°C in TY medium. 
The strains used for the analyses were: B. subtilis 168 yqxI::pMutin2 
(BV2028; closed rectangles) and B. subtilis 168 cssS::Sp 
yqxI::pMutin2 (BV2029; open rectangles). The parental strain 168 
was used as a negative control (data not shown). β-galactosidase 
activities are indicated in nmol × min−1 × OD600

-1. Zero time (t = 0) 
indicates the transition point between the exponential and post-
exponential growth phases.

Fig. 7. Transcriptional responses of htrA and yqxI to the absence of 
HtrB. Northern blot experiments were performed with htrA (A) or yqxI 
(B) specific probes using RNA extracted from B. subtilis 168 and B. 
subtilis 168 ∆htrB (DN111). The cells were grown in LB medium and 
total RNA was isolated every 30 min during the growth, starting from 
an OD at 540 nm of 0.4 (times 1–7). Samples of 10 µg of total RNA 
were applied in each lane.
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mutation in its protease active site (Fig. 1E). These results
show that the protease activity of HtrA is not essential for
the extracellular appearance of YqxI. The transcription of
htrA and yqxI was analysed by Northern blotting using
RNA from the htrA1 htrB double mutant strain (DN200;
Fig. 9). Consistent with the absence of HtrB, the level of
htrA transcription increased in the htrA1 htrB double

mutant strain, but to a higher extent than in the htrB
mutant alone (compare Fig. 7A and Fig. 9A). However, the
transcription levels of yqxI in the htrA1 htrB double mutant
strain and the parental strain 168 were comparable
(Fig. 9B).

In conclusion, these data suggest that HtrA has an
activity that, directly or indirectly, determines the level of

B

A Fig. 8. The extracellular proteome in response 
to overexpression of (his)6-htrA or removal of 
extracellular proteases.
A. The extracellular proteomes of B. subtilis 
168 ∆htrA amyE::X(his)6-htrA (BV2026) in the 
absence (a) or presence (b) of 1% xylose were 
analysed by 2D gel electrophoresis. Cells 
were grown in LB until one hour after entry into 
the stationary growth phase. Only the acidic 
pH range (pH 3–6) is shown. Protein spots 
identified by mass spectrometry and/or N-ter-
minal sequencing are indicated. The HtrA and 
YqxI protein spots are highlighted with a circle.
B. The extracellular proteomes of B. subtilis 
168 (a), B. subtilis WB700 (b) and B. subtilis 
WB700 cssS (c) were analysed by 2D gel elec-
trophoresis. Cells were grown in LB until one 
hour after entry into the stationary growth 
phase. Only the acidic pH range (pH 3–6) is 
shown. Protein spots identified by mass spec-
trometry and/or N-terminal sequencing are 
indicated. The HtrA and YqxI protein spots are 
highlighted with a circle.
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YqxI on the extracellular proteome of B. subtilis by pre-
venting the proteolysis of this protein either at the mem-
brane–cell wall interface and/or in the growth medium.
This post-transcriptional activity does not involve the pro-
tease active site of HtrA. It is tempting to suggest by
analogy with HtrA of E. coli that this is a chaperone-like
activity.

Discussion

Previous work has shown that 2D gel electrophoresis and
mass spectrometry are powerful tools to visualize
changes in the extracellular proteome of B. subtilis caused
by mutations in the protein secretion machinery (Antel-
mann et al., 2001; 2002). Moreover, these proteomic tech-
niques have been elementary in the description of stress
responses in the B. subtilis cell (Hecker and Engelmann,
2000). Therefore, proteomics was employed in the present
studies to characterize the effects of protein secretion
stress on the composition of the extracellular proteome of
B. subtilis. Such stress conditions were induced by (com-
binations of) overproduction of the α-amylase AmyQ of B.
amyloliquefaciens, or absence of HtrA or HtrB. Several
noteworthy observations were made. First, the HtrA pro-
tein can exist both in membrane-associated and extracel-
lular forms. In this respect, HtrA of B. subtilis seems to
resemble the human HtrA2/Omi protein, which is first
imported into mitochondria as a full-length membrane pro-
tein and, subsequently, processed to an active soluble
form that is released into the intermembrane space
(Clausen et al., 2002). Second, the levels of only two
extracellular proteins, HtrA and YqxI, varied significantly
in response to secretion stress, suggesting that similar
stimuli were generated under all secretion stress-inducing
conditions tested. Third, unlike the changes in the
amounts of extracellular HtrA, the changes in the amounts
of YqxI were not determined at the transcriptional level.

Instead, the presence of YqxI in the medium was corre-
lated with the presence of extracellular HtrA under all
conditions tested. Finally, the protease activity of HtrA was
dispensable for the appearance of YqxI in the medium. In
principle, these findings could be explained with a chap-
erone-like activity of HtrA that would facilitate the folding
of YqxI. By doing so, membrane-bound and/or extracellu-
lar HtrA would protect YqxI against extracytoplasmic deg-
radation by proteases, such as AprE, Bpr, Epr, Mpr, NprB,
NprE and/or Vpr. In fact, HtrA itself seems to be subject
to degradation by one or more of these proteases. Even
though this is an attractive hypothesis, it is presently not
possible to exclude indirect effects of HtrA on YqxI as
chemical cross-linking provided no evidence for direct
interactions between these two proteins, neither in whole
cells nor medium fractions (data not shown).

The idea that the combined proteolytic and chaperone
activities of E. coli HtrA are conserved in HtrA of B. subtilis
has an interesting implication for the role of PDZ domains
in HtrA function. As shown by crystallography, the PDZ
domains form flexible sidewalls of a central cavity in E.
coli HtrA hexamers. Protein folding or degradation seems
to take place in this cavity. It has been proposed that the
PDZ domains are required for substrate binding and entry
into the central cavity (Krojer et al., 2002). The fact that
only one of the two PDZ domains of E. coli HtrA (i.e.
PDZ1) is conserved in B. subtilis HtrA, indicates that the
presence of this unique PDZ domain is sufficient for the
proteolytic function of HtrA and, if conserved, the chaper-
one function of this protein. In this respect, it is important
to note that recent studies on HtrA of Thermotoga marit-
ima indicate that PDZ domains are dispensable both for
proteolytic and chaperone-like functions of this protein
(Kim et al., 2002).

Under all tested conditions of protein secretion stress,
the amount of the extracellular HtrA protein follows the
transcription of its gene. Furthermore, the Northern blot-

Fig. 9. Transcriptional responses of htrA and 
yqxI to the absence of HtrB and the protease 
active site of HtrA. Northern blot experiments 
were performed with htrA (A) or yqxI (B) spe-
cific probes using RNA extracted from B. sub-
tilis 168 and B. subtilis 168 htrA1 ∆htrB 
(DN200). The cells were grown in LB medium 
and total RNA was isolated every 30 min during 
the growth, starting from an OD at 540 nm of 
0.4 (times 1–7). Samples of 10 µg of total RNA 
were applied in each lane.
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ting experiments using an htrA-specific probe are consis-
tent with the previously reported negative auto- and cross-
regulation of htrA and htrB (Noone et al., 2000; 2001) and
the CssS-dependence of htrA transcription (Hyyryläinen
et al., 2001). This implies that the amount of extracellular
HtrA is primarily determined at the transcriptional level.
On the other hand, the level of YqxI on the extracellular
proteome shows variations that are independent of the
transcription of the yqxI gene. Interestingly, the largest of
the two yqxI-specific mRNA molecules detected by North-
ern blotting has a size (∼850 nucleotides) that corre-
sponds to the yqxI gene plus the downstream gene yqxJ,
encoding a protein with an unknown function (data not
shown). This is consistent with the operon-like organiza-
tion of these two genes within the SKIN prophage. In
contrast to YqxI, YqxJ has a predicted cytoplasmic local-
ization. Thus, the post-transcriptional regulation of extra-
cellular YqxI via HtrA may give the cell, or the SKIN
prophage itself, the possibility to modulate the YqxI level
independently of the YqxJ level despite the co-transcrip-
tion of the corresponding genes.

In contrast to HtrA, the paralogous HtrB protein has, so
far, not been detected on the extracellular proteome of B.
subtilis. It is presently not clear whether this is due to the
technical limitations of the 2D gel electrophoresis-based
proteomics approach, whether the extracellular protein
levels of HtrB are too low to be detectable, or whether
HtrB is not secreted into the growth medium at all. Similar
explanations can be proposed to explain why merely two
significant changes in the composition of the extracellular
proteome can be observed under conditions of secretion
stress. In view of the fact that substantial amounts of HtrA
are localized at the membrane–cell wall interface and that
secretion stress is sensed by CssS at the same subcellu-
lar location (Hyyryläinen et al., 2001), it is conceivable that
secretion stress conditions have a stronger impact on
those proteins that are localized close to the extracyto-
plasmic membrane surface of B. subtilis than on the pro-
teins secreted into the growth medium. In this respect, it
is relevant to note that protein secretion stress does not
provoke detectable changes in the composition of the
cytoplasmic proteome (H. Antelmann, unpubl. obs.).

In conclusion, the present observations show that HtrA
of B. subtilis is a protein with a dual localization and,
possibly, a dual function. Although a direct interaction
between HtrA and YqxI has not been demonstrated yet, it
seems as if HtrA promotes, directly or indirectly, the fold-
ing of YqxI into a protease-resistant conformation after its
translocation across the membrane and/or secretion into
the medium. By doing so, HtrA would protect YqxI from
degradation by the proteases that reside in the cell enve-
lope and growth medium of B. subtilis (Tjalsma et al.,
2000). For a complete understanding of the function of
HtrA of B. subtilis, it will be essential to characterize the

(putative) chaperone-like and protease activities of the
membrane-bound and extracellular forms of this protein
in vitro. Furthermore, it will be important to examine the
role of HtrA in the biogenesis of membrane and cell wall-
associated proteins of B. subtilis.

Experimental procedures

Plasmids, bacterial strains and growth conditions

The bacterial strains and plasmids used are listed in Table 1.
Strains were grown with agitation at 37°C in LB (Luria–Ber-
tani, Difco BRL) or TY (1% tryptone, 0.5% yeast extract and
1.0% NaCl) media. Antibiotics were used in the following
concentrations: ampicillin (Ap), 50 µg ml−1; chloramphenicol
(Cm), 5 µg ml−1; erythromycin (Em), 1 µg ml−1; kanamycin
(Km), 10 µg ml−1; spectinomycin (Sp), 100 µg ml−1. To visual-
ize α-amylase activity, TY plates were supplemented with 1%
starch.

DNA techniques

Procedures for DNA purification, restriction, ligation, agarose
gel electrophoresis and transformation of competent E. coli
cells were carried out as described in Sambrook et al.,
(1989). Bacillus subtilis was transformed as described by
Leskela et al. (1996). Enzymes were from Roche Molecular
Biochemicals. Polymerase chain reaction was carried out
with the Taq (Roche Molecular Biochemicals) or Pwo (New
England Biolabs) DNA polymerases, using chromosomal
DNA of B. subtilis 168 as a template (van Dijl et al., 1995).
The nucleotide sequences of primers used for PCR are listed
in Table 1; restriction sites used for cloning are underlined.
Constructs were first made in E. coli MC1061 or ER2566 and
then, if required, introduced into B. subtilis.

To construct the yqxI::pMutin2 mutation (Fig. 5A) and the
transcriptional yqxI-lacZ fusion, an internal fragment (173
nucleotides) of the yqxI gene was amplified by PCR with the
oligonucleotides yqxI7 and yqxI8 (Table 1). This fragment was
cloned into plasmid pMutin2, using the HindIII and BamHI
sites. The B. subtilis 168 yqxI::pMutin2 (BV2028) strain was
obtained by Campbell-type integration (single cross-over) of
the resulting plasmid into the chromosome of B. subtilis 168.
The correct integration was verified by PCR. The B. subtilis
168 cssS::Sp yqxI::pMutin2 (BV2029) strain was constructed
by transformation of B. subtilis 168 yqxI::pMutin2 with chro-
mosomal DNA of B. subtilis 168 cssS::Sp (BV2001) and
selection for spectinomycin resistance.

To construct a B. subtilis strain with an inducible (his)6-htrA
gene (BV2026; Fig. 5B), the htrA gene was amplified by PCR
with primers N-HH1 (specifying a hexa-histidine tag) and N-
HH2 (See Table 1). The amplified fragment (1400 nucle-
otides) was cloned into plasmid pX, using the SpeI and BglII
sites, resulting in pX(his)6-htrA. B. subtilis 168 htrA∆439
amyE::X(his)6-htrA (BV2026) was obtained by a double
cross-over recombination event between the flanking regions
of amyE located on pX(his)6-htrA and the chromosomal amyE
gene of B. subtilis 168 htrA∆439 (DN26). Correct mutants
were chloramphenicol resistant and showed no α-amylase
activity on plates containing starch.
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The B. subtilis WB700 cssS strain was constructed by
transformation of B. subtilis WB700 with chromosomal DNA
of B. subtilis 168 cssS::Sp (BV2001) and selection for spec-
tinomycin resistance.

Expression of the extracytoplasmic domain of HtrA

The extracytoplasmic domain of the HtrA protein (HtrAecd)
was purified using the IMPACT-CNTM System (New England
Biolabs) (Chong et al., 1997). A fragment encoding HtrAecd
was amplified by PCR with primers HTRA-AbF and HTRA-
AbR. Upon cleavage with NheI-SapI, this fragment was
cloned into the vector pTYB1. Thus a C-terminal protein
fusion of HtrAecd (from amino acid Thr67 until the C-terminal
Ser449) to the intein domain and chitin binding tag of pTYB1
was created. The resulting plasmid pDN500, was used to
transform E. coli ER2566. Production of the fusion protein
was induced by the addition of 0.5 mM IPTG and subse-
quent growth for 4 h at 30°C. The fusion protein was purified
and HtrAecd was cleaved from the intein tag according to
the IMPACT-CNTM System manual. The N-terminal sequence

of the purified HtrAecd protein was determined by N-termi-
nal amino acid sequencing. In accordance with the cloning
strategy, HtrAecd was shown to start with Ala and Ser,
directly followed by the HtrA protein sequence starting with
Thr67.

Production of an HtrA-specific antibody

An HtrA-specific antibody was prepared by injection of
100 µg HtrAecd, emulsified in Freunds complete adjuvant,
into New Zealand white rabbits. The initial injection was fol-
lowed by boosts at 14 and 28 days and a final injection at
49 days. Bleeds were taken before the first injection (preim-
mune) and 14 days after the final injection. The anti-HtrAecd
activity of pre- and postimmune sera was checked by West-
ern blotting using HtrAecd and B. subtilis total cell protein.
Anti-HtrAecd antibody was purified by immuno-affinity chro-
matography on a column of HtrAecd covalently bound to
CNBr-activated Sepharose 4B Fast Flow (Amersham Phar-
macia Biotech, Uppsala, Sweden) following the manufac-
turer’s instructions. The anti-HtrAecd antibody used in this

Table 1. Plasmids, strains and primers.

Plasmids Relevant properties References

pDN500 pTYB1 derivative encoding an HtrAecd-intein fusion; Apr This work
pKTH10L pKTH10 derivative; Kmr Hyyryläinen et al. (2001)
pMutin2 pBR322-based integration vector for B. subtilis; containing a multiple cloning 

site downstream of the Pspac promoter, and a promoter-less lacZgene 
preceded by the RBS of the spoVG gene; Apr; Emr

Vagner et al. (1998)

pTYB1 Vector for cloning and expression of proteins with a C-terminal intein fusion 
in E. coli; Apr

IMPACT-CNTM. System Chong et al. (1997)

pX Vector for the integration of genes in the amyE locus; the integrated gene 
will be transcribed from the xylA promoter; carries the xylR gene; Apr, Cmr

Kim et al. (1996)

pX(his)6-htrA pX derivative carrying the his-htrA gene downstream of the xylA promoter; 
Apr, Cmr

This work

Strains
E. coli
ER2566 F– λ– fhuA2[lon] ompT lacZ::T7 genel gal 5sulA11 (mcrC-mrr)114::IS10 IMPACT-CNTM. System Chong et al. (1997) 

R(mcr-73::miniTn10)2 R(zgb-210::Tn10)1 (TetS) endA1 [dcm]MC1061
MC 1061 F– araD139 ∆(ara-leu)7696 ∆(lac)X74 galU galK hsdR2 µrA mcrB1 rspL Wertman et al. (1986)
B. subtilis
168 trpC2 Kunst et al. (1997)
BV2001 trpC2 cssS::Sp; Spr Hyyryläinen et al. (2001)
BV2026 trpC2 htrA∆439 amyE::X(his)6-htrA; Cmr This work
BV2028 trpC2 yqxI::pMutin2; Emr This work
BV2029 trpC2 cssS::Sp yqxI::pMutin2; Emr, Spr This work
DN26 trpC2 htrA∆439 Noone et al. (2000)
DN111 trpC2 htrB::km; Kmr Noone et al. (2001)
DN115 trpC2 htrA∆439 htrB::Km (suppressed)
DN200 trpC2 htrA1[N289H S290M] htrB::km amyE::PhtrA-bgaB; Cmr, Emr, Kmr Noone et al. (2001)
WB700 trpC2 nprE aprE epr bpf mpr nprB vpr; Emr Ye et al. (1999)
WB700 cssS trpC2 nprE aprE epr bpf mpr nprB vpr cssS::Sp; Emr, Spr This work
Primers 5′−3′
HTRA-AbF GGTGGTGCTAGCACACCGCTTGGTAACCATG This work
HTRA-AbR GGTGGTTGCTCTTCCGCACGAATGTTTCTCTTCTTTTTG This work
HtrAvor GGCGGCAGTCTTGCTCTTG This work
HtrArev CTAATACGACTCACTATAGGGAGAGAACAGGCCGAGTGTGCCT This work
N-HH1 GAC TAG TGA GAA ACG GAG TGA CAC TGA TGC 

ATC ACC ATC ACC ATC ACG ACT ATC GTG ATG AAA ACA G
This work

N-HH2 GAA GAT CTT TAC GAA GTT TTC TCT TCT TTT TGA TCC This work
YqxIvor ATTACTTTTAGCAACATCTGC This work
YqxIrev CTAATACGACTCACTATAGGGAGAGCTGTAGAAGATTTTACACC This work
yqxI7 CCCAAGCTTGGGGCAATGAAGGCAACAGC This work
yqxI8 CGGGATCCCGTCCACAACGTCACCTCG This work
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analysis was eluted using 0.2 M glycine pH 2.2 into tubes
containing 2 M Tris pH 8.8.

Western blotting

Total protein from B. subtilis was prepared by resuspending
cell pellets in Z-buffer excluding β-mercaptoethanol (Miller
J.H., 1982) containing lysozyme and DNase (10 µg ml−1

each) and incubation at 37°C for 20 min. Protoplasting
(10 min incubation with 1 mg ml−1 lysozyme) and protease
accessibility studies were performed as described by Bolhuis
et al. (1998). Proteins from the growth medium were col-
lected by precipitation with TCA at a final concentration of
10% w/v. The precipitate was washed with acetone and
resuspended in Z-buffer. Protein amounts were determined
using the Bio-Rad Protein Assay. Protein samples were sep-
arated with 12.5% SDS-polyacrylamide gels according to
(Laemmli, 1970) on a Bio-Rad Protean 3 mini-system and
transferred to PVDF membranes using the Bio-Rad trans-blot
system following the manufacturer’s instructions. Membranes
were blocked with 2% w/v non-fat milk powder in TBST
(10 mM Tris-HCl at pH = 7.5, 150 mM NaCl, 0.5% Tween 20)
and incubated with anti-HtrAecd antibody (1:10 000 dilution)
for 90 min in the same solution. HtrAecd-antibody complexes
were detected by incubation for 60 min with horseradish per-
oxidase conjugated to goat anti-rabbit secondary antibody
(1:30 000 dilution) and visualized by chemiluminescence
(Roche Molecular Biochemicals).

Preparation of extracellular protein fractions for two-
dimensional (2D) gel electrophoresis

Bacillus subtilis cells were grown in 500 ml LB and samples
of 250 ml were collected at the transition point between the
exponential and the stationary growth phases (t0), and one
hour after the beginning of the stationary phase (t1). Cells
were removed from the growth medium by centrifugation for
20 min at 4°C and 10 000 r.p.m. Then, proteins in the medium
were precipitated with ice-cold 10% TCA (w/v), and collected
by centrifugation (40 000 g, 45 min, 4°C). The resulting pro-
tein pellet was scraped from the wall of the centrifuge tube
with a spatula, washed three times with 96% ethanol (v/v)
and dried.

2D polyacrylamide gel electrophoresis

The dried protein pellets were resolved in a solution contain-
ing 2 M thiourea and 8 M urea. Subsequently, insoluble mate-
rial was removed by centrifugation. The protein concentration
of the resulting extracellular protein sample was determined
according to Bradford (Bradford, 1976), and the volume of an
equivalent of 80 µg of this sample was adjusted to 360 µl with
the thiourea/urea solution. Next, 40 µl of a 10-fold concen-
trated reswelling solution was added containing 2 M thiourea,
8 M urea, 10% Nonidet P-40, 200 mM DTT and 5% Pharm-
alyte. This sample containing reswelling solution was used
for the rehydration of IPG strips in the pH range of 3–10.
Isoelectric focusing was performed using the Multiphor II unit
(Amersham Pharmacia Biotech) and SDS-PAGE in the sec-
ond dimension was carried out using the Investigator 2D

electrophoresis system (Genomic Solutions, Chelmsford) as
described previously (Buttner et al., 2001). Finally, the result-
ing 2D gels were stained with silver nitrate according to Blum
et al. (Blum et al., 1987). All gels will be made available in
the Sub2D proteome database (http://microbio2.biologie.uni-
greifswald.de:8880/).

Protein identification

Protein identification by MALDI-TOF mass spectrometry was
performed using a Voyager DE-STR mass spectrometer
(Applied Biosystems, Foster City) as described previously
(Antelmann et al., 2001). Peptide mass fingerprints were
analysed using the ‘MS-Fit’ software as provided by Baker
and Clausner through http://prospector.ucsf.edu/.

Northern blotting

Total RNA of B. subtilis was isolated from cells grown in LB
at different time points using the acidic phenol method of
Majumdar et al. (1991). Northern blotting was performed as
described previously (Wetzstein et al., 1992). Briefly, internal
fragments of the yqxI and htrA genes, respectively, were first
amplified with the YqxIvor-YqxIrev and HtrAvor-HtrArev
primer pairs (Table 1). Note that the 3′ primer for each of the
amplified genes contains a T7 promoter sequence. Next, the
amplified fragments were used for the T7 RNA polymerase-
directed in vitro synthesis of digoxigenin-labelled gene-
specific RNA probes.

β-galactosidase activity assay

To assay β-galactosidase activities, overnight cultures were
diluted in fresh TY medium and grown at 37°C. Samples were
taken at different intervals for OD readings at 600 nm and β-
galactosidase activity determinations. For strains containing
a transcriptional lacZ fusion, the β-galactosidase assay and
the calculation of β-galactosidase units (Miller units:
nmol × OD600 × min−1) were performed as described by
Hyyryläinen et al., (2001). Experiments were repeated at
least twice, starting with independently obtained transfor-
mants. In all experiments, the relevant controls were per-
formed in parallel. Although some differences were observed
in the absolute β-galactosidase activities, the ratios between
these activities in the various strains tested were largely
constant. A ratio of about 1.5 was generally reproducible.
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