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The in vivo formation of disulfide bonds, which is crit-
ical for the stability and/or activity of many proteins, is
catalyzed by thiol-disulfide oxidoreductases. In the
present studies, we show that the Gram-positive eubac-
terium Bacillus subtilis contains three genes, denoted
bdbA, bdbB, and bdbC, for thiol-disulfide oxidoreducta-
ses. Escherichia coli alkaline phosphatase, containing
two disulfide bonds, was unstable when secreted by B.
subtilis cells lacking BdbB or BdbC, and notably, the
expression levels of bdbB and bdbC appeared to set a
limit for the secretion of active alkaline phosphatase.
Cells lacking BdbC also showed decreased stability of
cell-associated forms of E. coli TEM-b-lactamase, con-
taining one disulfide bond. In contrast, BdbA was not
required for the stability of alkaline phosphatase or
b-lactamase. Because BdbB and BdbC are typical mem-
brane proteins, our findings suggest that they promote
protein folding at the membrane-cell wall interface. In-
terestingly, pre-b-lactamase processing to its mature
form was stimulated in cells lacking BdbC, suggesting
that the unfolded form of this precursor is a preferred
substrate for signal peptidase. Surprisingly, cells lack-
ing BdbC did not develop competence for DNA uptake,
indicating the involvement of disulfide bond-containing
proteins in this process. Unlike E. coli and yeast, none of
the thiol-disulfide oxidoreductases of B. subtilis was re-
quired for growth in the presence of reducing agents. In
conclusion, our observations indicate that BdbB and
BdbC have a general role in disulfide bond formation,
whereas BdbA may be dedicated to a specific process.

Disulfide bonds are essential for the activity and/or stability
of numerous eubacterial and eukaryotic proteins. Disulfide
bonds can be formed spontaneously in vitro, but this process is
much slower and less effective than the formation of disulfide
bonds in vivo, where it is catalyzed by thiol-disulfide oxi-
doreductases (1, 2). In Gram-negative bacteria, the formation
of disulfide bonds occurs in the periplasm, which is a relatively
oxidizing cellular compartment compared with the cytoplasm.
In Escherichia coli six proteins involved in disulfide bond for-

mation of periplasmic proteins have been identified: DsbA,
DsbB, DsbC, DsbD, DsbE, and DsbG (see Refs. 3–10). Current
models (for review, see Refs. 11 and 12) propose that DsbA acts
as the major oxidase in disulfide bond formation in the
periplasm. The integral membrane protein DsbB is required to
maintain the oxidized state of DsbA. In addition, DsbC acts as
an isomerase that is needed for “proof-reading” of newly formed
disulfide bonds. DsbC is kept in a reduced state by the integral
membrane protein DsbD. The roles of DsbE and DsbG are less
clear, but it has been suggested that DsbG is involved in main-
taining a proper redox balance between the DsbA/B and
DsbC/D systems (3) and that DsbE is involved in the folding of
specific proteins such as c-type cytochromes (10, 11). Strains
lacking functional dsb genes display pleiotropic phenotypes,
which include low levels of alkaline phosphatase (PhoA)1 ac-
tivity in the periplasm, sensitivity to reducing agents, and lack
of motility (see Refs. 4 and 9).

In contrast to Gram-negative bacteria, very little is known
about the catalysis of disulfide bond formation in proteins of
Gram-positive bacteria. In fact, only three extracytoplasmic
proteins with disulfide bonds were, thus far, identified in Ba-
cillus subtilis, which is the paradigm for many studies in
Gram-positive bacteria. First, the ComGC and ComGG pro-
teins, which are essential for the uptake of DNA by competent
cells, contain one intramolecular disulfide bond and one inter-
molecular disulfide bond, respectively (13). Second, the lantibi-
otic sublancin, encoded by the sunA gene, was shown to contain
two disulfide bonds (14). In addition, disulfide bonds are
formed in homologous proteins of B. subtilis with engineered
cysteine residues such as certain neutral protease (NprE) mu-
tants (15) and heterologous proteins such as PhoA of E. coli
(16).

The only Bacillus protein that has, thus far, been invoked in
the formation of disulfide bonds is Bdb from Bacillus brevis
(17). This protein, which is predicted to have a cleavable signal
peptide at its amino terminus, can complement a mutation in
the E. coli dsbA gene. Because Bdb appeared to be translocated
into the periplasm of E. coli, it was suggested that Bdb is
translocated across the membrane of B. brevis and localized at
the periphery of the cell envelope. The physiological role of Bdb
is not known because the construction of a bdb mutant has not
been reported.

A common feature of many thiol-disulfide oxidoreductase
mutant strains, both of E. coli (see above) and Saccharomyces
cerevisiae (18), is their sensitivity to reducing agents. There-
fore, our previous attempts to identify thiol-disulfide oxi-
doreductases of B. subtilis were based on random approaches
involving transposon mutagenesis and subsequent screens for
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b-mercaptoethanol-sensitive mutants. These attempts resulted
in the identification of three genes (i.e. ackA, resE, and yhdE)
that are required for growth in the presence of reducing agents.
Interestingly, the ackA gene, encoding acetate kinase (Gen-
Bank accession number L17320), and the resE gene, encoding a
histidine kinase (GenBank accession number 410142), turned
out to be required for anaerobic growth but not for disulfide
bond formation in secreted proteins such as PhoA of E. coli. The
yhdE gene, which specifies a protein of unknown function (Gen-
Bank accession number Y14082), was not involved in anaerobic
growth or disulfide bond formation (data not shown). These
unpublished observations suggested that B. subtilis either
lacked thiol-disulfide oxidoreductases, that these enzymes
were essential for growth, or that thiol-disulfide oxidoreducta-
ses were not required for growth on reducing agents.

To investigate further whether B. subtilis does contain thiol-
disulfide oxidoreductases that are actively involved in the for-
mation of disulfide bonds in extracytoplasmic proteins we made
use of the recently published genome sequence of this organism
(19). Even though none of the predicted proteins of B. subtilis
was annotated as a putative thiol-disulfide oxidoreductase, our
data base searches revealed the presence of at least three genes
for proteins with (limited) similarity to known thiol-disulfide
oxidoreductases from other organisms. In the present studies,
we document the identification of these genes, which we have
named bdbA, bdbB, and bdbC (for Bacillus disulfide bond
formation). We show that the BdbB and BdbC proteins are
required for the activity and stability of disulfide bond-contain-
ing secretory reporter proteins.

EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Growth Conditions—Table I lists
the plasmids and strains used. TY medium contained Bacto tryptone
(1%), Bacto yeast extract (0.5%), and NaCl (1%). Minimal medium
(GCHE medium; Ref. 20) contained 1% glucose, 0.2% potassium L-
glutamate, 100 mM potassium phosphate buffer (pH 7), 3 mM trisodium
citrate, 3 mM MgSO4, 22 mg/liter ferric ammonium citrate, 0.1% casein
hydrolysate, and 50 mg/liter L-tryptophane. Antibiotics were used in the
following concentrations (in mg/ml): chloramphenicol, 5; erythromycin,
1; kanamycin, 10; and ampicillin, 50. IPTG was used at 1 mM.

DNA Techniques—Procedures for DNA purification, restriction, liga-
tion, agarose gel electrophoresis, and transformation of competent E.
coli DH5a cells were carried out as described by Sambrook et al. (21).
Enzymes were from Roche Molecular Biochemicals (Germany). B. sub-
tilis was transformed by adding DNA to cells growing in GCHE medium
at the end of the exponential growth phase and continued incubation for
3–4 h at 37 °C. The nucleotide sequences of primers used for PCR
(59–39) are listed below; nucleotides identical to genomic template DNA

are printed in capital letters, and restriction sites used for cloning are
underlined.

To construct B. subtilis IbdbA, a fragment containing the ribosome
binding site, the start codon and the first 180 nucleotides of the bdbA
gene, but not the bdbA promoter(s), were amplified with the primers
AB60bdbA (aaaagcttCGGAAAATAAGGAGTATTC) and AB61bdbA
(aaggatccCAAGGAGGACAA CTTGTC). The amplified fragment was
ligated into pMutin2, which resulted in plasmid pMI-bdbA. B. subtilis
IbdbA was obtained by Campbell-type integration (single crossover) of
plasmid pMI-bdbA into the chromosome of B. subtilis 168.

To construct B. subtilis DbdbB, an internal fragment of the bdbB
gene (191 nucleotides) was amplified by PCR with the oligonucleotides
AB70bdbB (aaaagcttCCTATACCTATTATCTTAC) and AB71bdbB (aag-
gatccTAGATACTCTACTTC). The amplified fragment was cloned into
pMutin2, which resulted in plasmid pMI-bdbB. B. subtilis DbdbB was
obtained by Campbell-type integration of plasmid pMI-bdbB into the
chromosome of B. subtilis 168.

To construct B. subtilis DbdbC an internal fragment of the bdbC gene
(202 nucleotides) was amplified by PCR with the oligonucleotides
AB72bdbC (aaaagcttCTGTGCTGGTACCAGCG) and AB73bdbC (aag-
gatccCGAGCACGGCACGCC). The amplified fragment was cloned into
pMutin2, which resulted in plasmid pMI-bdbC. B. subtilis DbdbC was
obtained by Campbell-type integration of plasmid pMI-bdbB into the
chromosome of B. subtilis 168. Correct integration of all plasmids into
the chromosome of B. subtilis was verified by Southern hybridization.

Competence and Sporulation—Competence for DNA binding and up-
take was determined by transformation with plasmid or chromosomal
DNA (22). The efficiency of sporulation was determined by overnight
growth in Schaeffer’s medium (23), killing of cells with 0.1 volume of
chloroform, and subsequent plating.

Enzyme Assays—The assay for alkaline phosphatase activity in
growth media, and the calculation of PhoA units (per OD600) were
performed as described in Ref. 24. p-Nitrophenyl phosphate (Sigma)
was used as the substrate.

a-Amylase activities in growth media were assayed using the diag-
nostic amylase kit from Sigma. 4,6-Ethylidene (G7)-p-nitrophenyl (G1)-
a,D-maltoheptaside was used as the substrate.

To assay cellular b-galactosidase levels, overnight cultures were di-
luted 100-fold in fresh medium, and samples were taken at hourly inter-
vals for optical density (OD) readings at 600 nm and b-galactosidase
activity determination. The b-galactosidase assay and the calculation of
b-galactosidase units (per OD600) were performed as described in Ref. 25.
2-Nitrophenyl-b-D-galactopyranoside (Sigma) was used as the substrate.

Western Blot Analysis—Western blotting was performed using a
semidry system as described in Ref. 26. After separation by SDS-PAGE,
proteins were transferred to polyvinylidene difluoride membranes
(Roche Molecular Biochemicals). Proteins were visualized with specific
antibodies and horseradish peroxidase anti-rabbit IgG conjugates using
the ECL detection system of Amersham Pharmacia Biotech.

Pulse-Chase Protein Labeling, Immunoprecipitation, SDS-PAGE,
and Fluorography—Pulse-chase labeling experiments with B. subtilis,
immunoprecipitations, and SDS-PAGE were performed as described in

TABLE I
Plasmids and strains

Relevant propertiesa Source/Ref.

Plasmids
pMutin2 Integration vector for B. subtilis; contains a multiple cloning site downstream

of the Pspac promoter and a promoterles lacZ gene preceded by the ribosome
binding site of the spoVG gene; ApR; EmR

48

pMI-bdbA pMutin2 derivative; carries the 59 part of the B. subtilis bdbA gene This work
pMI-bdbB pMutin2 derivative; carries an internal fragment of the B. subtilis bdbB gene This work
pMI-bdbC pMutin2 derivative; carries an internal fragment of the B. subtilis bdbC gene This work
pPSPPhoA5 Plasmid carrying the E. coli phoA gene, fused to the prepro region of the lipase

gene from S. hyicus; CmR
J. Meens and R. Freudl,

unpublished
pGDL48 Encodes pre-A13i-b-lactamase; Kmr; Apr 49

Strains
E. coli
DH5a F2 f80dlacZDM15 endA1 recA1 gyrA96 thi-1 hsdR17(rK

2mK
1) supE44 relA1

deoR D(lacZYA-argF)U169
Life Technologies, Inc.

B. subtilis
168 trpC2 19
IbdbA trpC2; bdbA::pMI-bdbA; EmR This work
DbdbB trpC2; bdbB::pMI-bdbB EmR This work
DbdbC trpC2; bdbC::pMI-bdbB; EmR This work

a ApR, ampicillin-resistant; EmR, erythromycin-resistant; KmR, kanamycin-resistant.
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Ref. 27. The protease inhibitor mixture Complete (Roche Molecular
Biochemicals) was used according to the instructions of the supplier.
Fluorography was performed with Autofluor (National Diagnostics, At-
lanta, GA). Relative amounts of precursor and mature forms of secreted
proteins were estimated by scanning of autoradiographs with a laser
densitometer (LKB, Bromma, Sweden).

RESULTS

Identification of Three Putative Thiol-disulfide Oxidoreduc-
tases—To identify putative thiol-disulfide oxidoreductases,
data base searches were performed using the amino acid se-
quences of Bdb of B. brevis, the Dsb proteins of E. coli, and
various thiol-disulfide oxidoreductases of yeast. Only two of
these homology searches revealed proteins with significant se-
quence similarity to known thiol-disulfide oxidoreductases.
First, a protein of 137 residues, specified by the yolI gene
(located at 193.6o on the B. subtilis chromosome; Ref. 19)
showed sequence similarity to Bdb of B. brevis (43% identical
residues and conservative replacements; Fig. 1A). By analogy
to the bdb gene of B. brevis, we renamed the yolI gene of B.
subtilis bdbA. Second, a protein of 148 residues, specified by
the yolK gene, showed significant sequence similarity to the
DsbB protein of E. coli (47% identical residues and conserva-
tive replacements; Fig. 1B). The yolK gene was renamed bdbB.
The bdbA and bdbB genes are separated by only one gene of
unknown function (i.e. yolJ). A third protein of 138 residues,
specified by the yvgU gene (located at 293.6o on the B. subtilis
chromosome; see Ref. 20), was identified through homology
searches with BdbB (51% identical residues and conservative
replacements; Fig. 1B). The yvgU gene was renamed bdbC.
Consistent with the observation that DsbB of E. coli and BdbB
of B. subtilis are related proteins, the BbdC protein of B.
subtilis shows some sequence similarity with DsbB of E. coli as
well (42% identical residues and conservative replacements).
Nevertheless, only 14 residues, representing 8% in a consensus
length of 178 residues, are strictly conserved in DsbB of E. coli
and BdbB and BdbC of B. subtilis. These include the four
cysteine residues that are essential for catalytic activity of E.
coli DsbB (i.e. Cys-41, Cys-44, Cys-104, and Cys-130; Ref. 28).

Notably, the spacing between Cys-104 and Cys-130 of DsbB of
E. coli is substantially larger than the spacing between the
corresponding cysteine residues of BdbB and BdbC.

Like Bdb of B. brevis, BdbA is predicted to have a cleavable
signal peptide but no membrane-spanning domains, suggesting
that BdbA is translocated across the cytoplasmic membrane
and retained in the cell wall or secreted into the growth me-
dium. In contrast, algorithms of Sipos and von Heijne (29)
predict that both BdbB and BdbC have four membrane-span-
ning domains, the amino and carboxyl termini being localized
in the cytoplasm. This is in good agreement with the predicted
membrane topology of DsbB from E. coli (28).

BdbA, BdbB, and BdbC Are Not Essential for Growth, Via-
bility, and Resistance to Reducing Agents—To analyze the func-
tions of BdbA, BdbB, and BdbC in B. subtilis, three mutant
strains were constructed with the chromosomal integration
plasmid pMutin2. In the first strain, denoted B. subtilis IbdbA,
the coding sequence of the bdbA gene was left intact, but the
promoter of this gene was replaced with the IPTG-inducible
Pspac promoter present on pMutin2 (Fig. 2A). In the second
and third strains, denoted B. subtilis DbdbB and B. subtilis
DbdbC, respectively, the coding sequences of bdbB and bdbC
were disrupted by the integrated pMutin2 (Figs. 2, B and C).
Irrespective of the growth medium or the presence of IPTG, B.
subtilis IbdbA, DbdbB, and DbdbC showed growth rates similar
to that of the parental strain B. subtilis 168 (data not shown),
demonstrating that bdbA, bdbB, or bdbC is not essential for
growth and viability of the cells, at least under the conditions
used. Interestingly, B. subtilis DbdbC was unable to develop
competence for DNA uptake, whereas competence development
was not affected in B. subtilis IbdbA and DbdbB. None of these
strains was affected in sporulation.2

B. subtilis IbdbA, DbdbB, and DbdbC were tested for sensi-
tivity to reducing agents by plating these mutant strains on
TY-agar plates containing various concentrations of DTT, rang-

2 R. Meima, C. Eschevins, A. Bolhuis, J. M. van Dijl, and S. Bron,
unpublished results.

FIG. 1. Comparison of putative
thiol-disulfide oxidoreductases of B.
subtilis with Bdb of B. brevis or DsbB
of E. coli. Panel A, comparison of BdbA of
B. subtilis (BdbA-Bsu) with Bdb of B. bre-
vis (Bdb-Bbr). The position of putative
signal peptidase cleavage sites in both
proteins is indicated with an arrow. The
CXXC motifs, possibly involved in cataly-
sis, are boxed, and the cysteine residues
are marked in bold. Identical (*) and con-
served replacemements (.) are marked.
Panel B, comparison of BdbB and BdbC of
B. subtilis (BdbB-Bsu and BdbC-Bsu, re-
spectively) with DsbB of E. coli (DsbB-
Eco). Putative membrane spanning do-
mains are shaded.
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ing between 5 and 25 mM. Significant inhibition of growth was
observed at DTT concentrations higher than 10 mM, but, inter-
estingly, none of the bdb mutant strains displayed an increased
sensitivity for DTT compared with the parental strain (data not
shown). This observation suggested that BdbA, BdbB, and BbC
were not involved in disulfide bond formation or that B. subtilis
lacked proteins with disulfide bonds required for growth and
viability. In what follows, we show that the lack of DTT sensi-
tivity of B. subtilis bdbB and bdbC mutants is, most likely, the
result of the absence of essential proteins with disulfide bonds
required for their function or overlapping specificities of BdbB
and BdbC.

BdbB and BdbC Are Required for the Stability of Secretory
Proteins Containing Disulfide Bonds—As a first approach to
investigate the role of BdbA, BdbB, and BdbC in the forma-
tion of disulfide bonds in proteins that are exported from the
cytoplasm and secreted into the growth medium, PhoA of E.
coli was used. For two reasons PhoA is a particularly useful
reporter protein for these studies. First, it contains two in-
tramolecular disulfide bonds, which are essential for its ac-
tivity and stability (30). Second, the formation of these disul-
fide bonds requires the activity of an oxidase such as DsbA of
E. coli (see Refs. 4 and 9). Therefore, the IbdbA, DbdbB, or
DbdbC mutation was introduced in a strain containing plas-
mid pPSPhoA5. This plasmid specifies PhoA of E. coli fused
to the signal peptide and pro region of a lipase from Staph-
ylococcus hyicus. When grown in TY medium, B. subtilis
secretes this hybrid PhoA precursor protein efficiently into
the medium where it is active, implying that its two disulfide

bonds are formed correctly.3 Next, PhoA activity was deter-
mined in the culture supernatants of B. subtilis IbdbA (grown
in TY medium in the absence of IPTG), DbdbB, DbdbC, or the
parental strain 168, all of which contained pPSPhoA5. Inter-
estingly, compared with the parental strain, the PhoA activ-
ities in the growth media of B. subtilis DbdbB and DbdbC
were reduced about 4- and 15-fold, respectively. In contrast,
the PhoA activity in the medium of B. subtilis IbdbA was not
affected (Table II). As shown by Western blotting (Fig. 3A),
the reduced PhoA activities in the media of B. subtilis DbdbB
and DbdbC were paralleled by the presence of about 3- and
6-fold reduced amounts of PhoA protein, respectively. In con-
trast, the secretion of the Bacillus amyloliquefaciens a-amy-
lase AmyQ, which does not contain disulfide bonds (31), was
not affected in these strains. This was demonstrated both by
Western blotting (Fig. 3C) and a-amylase activity assays,
which showed an average activity of 457 (628) units/OD600 in
the different growth media. The reduced accumulation of the
PhoA protein in the media of B. subtilis DbdbB and DbdbC
was not caused by reduced rates of synthesis and transloca-
tion of PhoA, as evidenced by pulse labeling experiments in
the presence or absence of sodium azide, an efficient inhibitor
of the pre-protein translocase (32). These pulse labeling ex-
periments (Fig. 4A) showed that within a labeling period of 2
min, these mutant strains synthesized amounts of PhoA sim-
ilar to that of the parental strain. Furthermore, these exper-

3 J. Meens and R. Freudl, personal communication.

FIG. 2. Construction of bdb mutant strains of B. subtilis. Panel A, schematic presentation of the bdbA locus of B. subtilis IbdbA. By a
single-crossover event (Campbell-type integration), the bdbA promoter region (PbdbA) was replaced with the Pspac promoter of the integrated
plasmid pMutin2, which can be repressed by the product of the lacI gene. Simultaneously, the spoVG-lacZ reporter gene of pMutin2 was placed
under the transcriptional control of the bdbA promoter region. The chromosomal fragment from the bdbA region, which was amplified by PCR and
cloned into pMutin2, is indicated with black bars. Only the restriction sites relevant for the construction are shown (B, BamHI; H, HindIII); ori
pBR322, replication functions of pBR322; Apr, ampicillin resistance marker; Emr, erythromycin resistance marker; T1T2, transcriptional termi-
nators on pMutin2; bdbA9, 39-truncated bdbA gene. Panel B, schematic presentation of the bdbB locus of B. subtilis DbdbB. The bdbB gene was
disrupted by a Campbell-type integration of plasmid pMutin2. Simultaneously, the spoVG-lacZ reporter gene of pMutin2 was placed under the
transcriptional control of the bdbB promoter region (PbdbB). The chromosomal fragment from the bdbB region, which was amplified by PCR and
cloned into pMutin2, is indicated with black bars. bdbB9, 39-truncated bdbB gene; 9bdbB, 59-truncated bdbB gene. SL, putative rho-independent
terminator of transcription. Panel C, schematic presentation of the bdbC locus of B. subtilis DbdbC. The bdbC gene was disrupted with pMutin2,
using a strategy similar to the one described for the disruption of bdbB in panel B. PbdbC, promoter region of the bdbC gene; bdbC9, 39-truncated
bdbC gene; 9bdbC, 59-truncated bdbC gene.
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iments showed that prepro-PhoA processing to pro-PhoA by
signal peptidase depended on the activity of the preprotein
translocase (Fig. 4A, 1NaN3) and was not impaired in B.
subtilis DbdbB and DbdbC (Fig. 4A, no addition). The latter
findings demonstrate that the reduced accumulation of PhoA
in the medium was not caused by a general secretion defect of
these strains. Taken together, these observations indicate
that the reduced accumulation of PhoA in the medium of B.
subtilis DbdbB and DbdbC strains was caused by a reduced
stability of this protein which, most likely, is the result of the
inefficient formation of disulfide bonds in the absence of
BdbB or BdbC.

To examine possible roles of BdbA, BdbB, and BdbC in the
secretion of a reporter protein of which the stability, but not the
activity, depends on the formation of a single disulfide bond,
the E. coli TEM-b-lactamase (Bla) was used (33). In fact, this
reporter protein was shown previously to be prone to proteo-
lytic degradation in the growth medium of B. subtilis (34). For
the present studies, the hybrid precursor pre(A13i)-b-lacta-
mase (pre-A13i-Bla), encoded by plasmid pGDL48, was used.
This precursor, which contains a modified signal peptide de-
rived from the B. subtilis YdjM protein, is processed by the type
I signal peptidases of B. subtilis, albeit at a low rate (35, 36).
Consequently, pre-A13i-Bla and mature A13i-Bla are detecta-
ble in cells of B. subtilis which, in contrast to PhoA, offers the
additional advantage that the effects of bdb mutations on the
stability of this reporter protein in the membrane/cell wall

environment can be analyzed. For these reasons, Western blot-
ting experiments were performed to monitor the presence of
A13i-Bla in cells of B. subtilis IbdbA, DbdbB, DbdbC, and the
parental strain, all of which contained pGDL48. Notably, the
cellular levels of A13i-Bla were only (mildy) reduced in the
strain lacking a functional bdbC gene; compared with the pa-
rental strain, the level of pre-A13i-Bla was reduced about
2-fold, whereas the level of mature A13i-Bla was reduced ap-
proximately 5-fold (Fig. 3B). The cellular levels of A13i-Bla
were not affected in B. subtilis IbdbA or DbdbB (Fig. 3B). As
shown by pulse-chase labeling (Fig. 4B), the synthesis of A13i-
Bla in B. subtilis DbdbC was not affected, demonstrating that
the reduced levels of A13i-Bla in cells of this strain were caused
by a reduced stability of the reporter protein. Most likely, this
reflects a reduced efficiency of disulfide bond formation in
A13i-Bla in the absence of functional BdbC.

Interestingly, the rate of pre-A13i-Bla processing to the ma-
ture form was increased significantly in the absence of BdbC;
after a chase of 2 min, '55% (63%) of the labeled A13i-Bla was
mature in B. subtilis DbdbC, whereas only '14% (62%) was
mature in the parental strain (Fig. 4B). This observation indi-
cates that the reduced folding in the absence of BdbC makes
pre-A13i-Bla a better substrate for the type I signal peptidases
of B. subtilis. A similar but less pronounced effect was observed
for processing of prepro-PhoA to pro-PhoA in the absence of
BdbB or BdbC (Fig. 4A).

Medium- and Growth Phase-dependent Transcription of
bdbA, bdbB, and bdbC—We have shown previously that the
transcription of the secDF gene (37), the type I signal peptidase
genes sipS and sipT (36, 38), and the type II signal peptidase
gene lsp (39) depends on the growth phase and medium. To test
whether the transcription of the bdbA, bdbB, and bcbC genes is
also growth phase- and medium-dependent, we made use of the
transcriptional bdb-lacZ gene fusions present in B. subtilis
IbdbA, DbdbB, and DbdbC, respectively (Fig. 2). These three
strains were grown in minimal or TY medium, and samples

TABLE II
Alkaline phosphatase activity in TY medium

Values are the average of five independent experiments. Culture
supernatants were collected after overnight growth.

Strain PhoA activity

units/OD600

168 13.6 (61.7)
IbdbA 12.2 (62.0)
DbdbB 3.8 (60.6)
DbdbC 0.82 (60.3)

FIG. 3. Stability of alkaline phosphatase, b-lactamase, and
a-amylase in bdb mutants. Panel A, cells of B. subtilis 168 (wild type
(wt); parental strain), IbdbA, DbdbB, or DbdbC, containing plasmid
pPSPhoA5, were grown overnight in TY medium at 37 °C. The levels of
secreted PhoA in the culture supernatants were analyzed by SDS-
PAGE and Western blotting. Panel B, cells of B. subtilis 168, IbdbA,
DbdbB, or DbdbC, containing plasmid pGDL48, were grown in TY
medium at 37 °C until 3 h after the end of exponential growth. Next,
cells were collected by centrifugation, and the cellular levels of pre-
A13i-Bla (p) and mature A13i-Bla (m) were analyzed by SDS-PAGE and
Western blotting. Panel C, cells of B. subtilis 168, IbdbA, DbdbB, or
DbdbC, containing plasmid pKTH10, were grown overnight in TY me-
dium at 37 °C. The levels of secreted AmyQ in the culture supernatants
were analyzed by SDS-PAGE and Western blotting.

FIG. 4. Processing of PhoA and b-lactamase precursors in bdb
mutants. Panel A, processing of prepro-PhoA in B. subtilis 168 (wild
type (wt); parental strain), IbdbA, DbdbB, or DbdbC was analyzed by
pulse labeling and subsequent immunoprecipitation, SDS-PAGE, and
fluorography. Cells were labeled with [35S]methionine, and samples
were withdrawn after 2 min of labeling. To prevent aspecific degrada-
tion of the pro region of pro-PhoA (m), all cultures were supplemented
with a protease inhibitor mixture (Complete) 30 min before labeling.
Sodium azide (NaN3; 5 mM) was added 5 min before labeling. p, prepro-
PhoA; m, pro-PhoA. Panel B, processing of pre-A13i-Bla was analyzed
by pulse-chase labeling and subsequent immunoprecipitation, SDS-
PAGE, and fluorography. Cells were labeled with [35S]methionine for l
min before chase with an excess of nonradioactive methionine. Samples
were withdrawn after the chase at the times indicated. p, pre-A13i-Bla;
m, mature A13i-Bla.
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withdrawn at hourly intervals were assayed for b-galactosidase
activity. Nearly constant low levels of b-galactosidase activity
were observed during growth of all three strains in minimal
medium (Fig. 5; indicated with open symbols), suggesting that
under these conditions bdbA, bdbB, and bdbC are expressed
constitutively. In fact, the levels of b-galactosidase activity in
B. subtilis DbdbC were very low, being close to background
levels (Fig. 5; indicated with the symbol ‚). Completely differ-
ent results were obtained when B. subtilis IbdbA, DbdbB, and
DbdbC were grown in TY medium. In cells of B. subtilis IbdbA
and DbdbB, the levels of b-galactosidase activity increased
during exponential growth, reaching a maximum in the tran-
sition phase between exponential and postexponential growth
(t 5 0). The b-galactosidase levels decreased again in the post-
exponential growth phase (Fig. 5; indicated with the symbols l
and f, respectively). Compared with cells of B. subtilis IbdbA
and DbdbB grown in minimal medium, the b-galactosidase
levels at t 5 0 were about 10-fold higher when these cells were
grown in TY medium. In contrast, the b-galactosidase levels in
cells of B. subtilis DbdbC grown in TY medium were nearly
constant during all growth phases (Fig. 5; indicated with the
symbol Œ), and they were increased about 5-fold compared with
cells grown in minimal medium. Taken together, these obser-
vations show that the expression levels of bdbA and bdbB
depend both on the growth phase and the growth medium,
whereas bdbC is constitutively expressed, the expression level
depending on the growth medium.

Because the expression levels of bdbA, bdbB, and bdbC were
significantly lower in cells grown in minimal medium compared
with TY medium, the effects of minimal medium on the secre-
tion of active PhoA were determined. To this purpose, B. sub-
tilis IbdbA (grown in the absence of IPTG), DbdbB, DbdbC, or
the parental strain 168, all of which contained pPSPhoA5, were
grown overnight in minimal medium. As shown in Table III,
the PhoA activities in the culture supernatants strongly de-
pended on the presence of intact bdbB or bdbC genes; compared
with the parental strain, the PhoA activity in the supernatant
of B. subtilis DbdbB was reduced about 4-fold, and the PhoA
activity in the supernatant of B. subtilis DbdbC cells was re-
duced about 10-fold. In contrast, the PhoA activity in the su-
pernatant of BdbA-depleted cells was hardly affected. Most
importantly, however, the PhoA activities in the culture super-

natants of cells grown in minimal medium were reduced about
25–35-fold compared with the PhoA activities in culture super-
natants of cells grown in TY medium (Table II). Similar PhoA
activity levels were measured after growth in minimal medium
supplemented with maltose instead of glucose (data not
shown), showing that the reduced PhoA activities were not
caused by carbon catabolite repression of PhoA synthesis.
Taken together, these data indicate that the expression levels
of the bdbB and bdbC genes set a limit to the secretion of active
PhoA.

DISCUSSION

In the present studies, we have identified two genes of B.
subtilis, denoted bdbB and bdbC, which are required for the
stability of secreted proteins with disulfide bonds. Because
BdbB and BdbC show similarity to DsbB of E. coli, it seems
most likely that these two proteins are thiol-disulfide oxi-
doreductases, which catalyze the formation of disulfide bonds.
Similar to DsbB of E. coli (7), BdbB and BdbC are required for
the stability of PhoA, which is secreted into the growth medium
of B. subtilis. The strongest defect in PhoA secretion was ob-
served with the bdbC mutant strain. This mutant strain also
showed reduced levels of translocated, yet cell-associated forms
of a second reporter protein, A13i-Bla. Because BdbB and BdbC
are predicted to be integral membrane proteins, our observa-
tions suggest that these proteins catalyze the formation of
disulfide bonds in secretory proteins during or shortly after
their translocation across the membrane. However, we can
presently not exclude two alternative possibilities. First, BdbB
and/or BdbC could be indirectly involved in the formation of
disulfide bonds in secretory proteins by regeneration of an, as
yet unknown, oxidase, as proposed for DsbB and DsbA of E. coli
(40, 41). Second, irrespective of their thiol-disulfide oxidoreduc-
tase activity, BdbB and/or BdbC could have chaperone-like
activities that promote the folding of A13i-Bla and/or PhoA. For
example, it has been shown previously that the endoplasmic
reticular protein disulfide isomerase has chaperone-like
activities in addition to its disulfide bond isomerase activity
(see Refs. 42 and 43).

Interestingly, the bdbA gene, which specifies a homolog of
the Bdb protein from B. brevis, was not required for the
stability of PhoA or A13i-Bla. This observation is remarkable
because the Bdb protein from B. brevis is, to date, the only
protein derived from Bacillus species for which thiol-disulfide
oxidoreductase activity has been demonstrated directly (17).
Thus, it seems that BdbA of B. subtilis may be dedicated to
the formation of disulfide bonds in a specific (subset of)
protein(s). For example, because the B. subtilis bdbA gene is
located immediately downstream of genes required for the
synthesis and secretion of the lantibiotic sublancin, which
contains two disulfide bonds (14), it is conceivable that BdbA
is required for the formation or isomerization of disulfide
bonds in sublancin.

Notably, bdbA, bdbB, and bdbC mutant strains of B. subtilis

FIG. 5. Analysis of bdbA, bdbB, and bdbC expression with a
transcriptional lacZ gene fusion. The transcriptional bdbA-lacZ,
bdbB-lacZ, and bdbC-lacZ gene fusions of B. subtilis IbdbA, DbdbB, and
DbdbC, respectively, were used to determine the time courses of bdbA,
bdbB, and bdbC expression in cells growing at 37 °C in minimal me-
dium (MM) or TY medium. b-Galactosidase activities are indicated in
units/OD600. Zero time (t 5 0) indicates the transition from exponential
to postexponential growth.

TABLE III
Alkaline phosphatase activity in minimal medium

Values are the average of three independent experiments. Culture
supernatants were collected after overnight growth.

Strain PhoA activity

units/OD600

168 0.48 (60.15)
IbdbA 0.38 (60.02)
DbdbB 0.12 (60.03)
DbdbC 0.05 (60.02)
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are not sensitive to DTT, which indicates that this organism
does not contain proteins with disulfide bonds that are essen-
tial for growth and viability or that the specificities of BdbA,
BdbB, and BdbC overlap to some extent. This observation is
consistent with our unpublished observation that genes for
thiol-disulfide oxidoreductases of B. subtilis could not be iden-
tified through transposon mutagenesis and subsequent analy-
sis of DTT-sensitive mutants. These findings are remarkable in
view of the fact that many strains of E. coli and yeast, which
carry mutations in genes for thiol-disulfide oxidoreductases,
display increased sensitivity to reducing agents.

The observation that the bdbC mutant strain is completely
blocked in the development of competence is consistent with
the fact that the ComGC and ComGG proteins of B. subtilis
contain disulfide bonds, the formation of which is critical for
DNA uptake by competent cells (13, 44). Because the bdbB
mutant strain was not impaired in competence development, it
seems that BdbB, which is a paralog of BdbC, has no or only a
very minor role in the formation of disulfide bonds in proteins
required for DNA uptake. Thus it seems that the substrate
specificities of BdbB and BdbC are not identical. Nevertheless,
their substrate specificities do overlap to some extent because
both proteins are required for the stability of secreted PhoA of
E. coli.

We have reported previously that processing of pre-A13i-Bla
was improved significantly by signal peptidase overproduction,
both in B. subtilis (35) and E. coli (45). To explain this obser-
vation, we hypothesized that pre-A13i-Bla can fold into a con-
formation that prevents processing by the signal peptidase of
E. coli and slows down processing by signal peptidases of B.
subtilis. Thus, overproduction of signal peptidase would allow
the processing of more pre-A13i-Bla molecules before their
folding (45). Our present observation that the rate of pre-A13i-
Bla processing was increased significantly in B. subtilis DbdbC
seems to confirm this hypothesis because the folding of A13i-
Bla was impaired in this mutant.

The expression of the bdbA and bdbB genes follows a pattern
that is reminiscent of the expression pattern of the secDF gene
of B. subtilis (37). Like secDF, bdbA and bdbB are constitu-
tively transcribed when cells are grown in minimal medium,
whereas the transcription of these genes peaks in the transi-
tion phase between exponential and postexponential growth
when cells are grown in TY medium. In contrast, genes for
other known components of the protein secretion machinery of
B. subtilis are transcribed in a different temporal- and medium-
dependent manner. First, the transcription of the lsp gene for
signal peptidase II is growth phase-dependent, irrespective of
the growth medium, reaching a maximum in the exponential
growth phase (39). Second, the transcription of the secA gene
follows a pattern similar to that of lsp, but it peaks during the
transition from exponential to postexponential growth (46).
Third, the transcription of the sipS and sipT genes for the two
major type I signal peptidases of B. subtilis is growth phase-
dependent and, as shown for sipS, depends on the growth
medium only with respect to the transcription initiation site
(36, 38, 47). Finally, the sipU, sipV, and sipW genes for three
minor type I signal peptidases of B. subtilis are constitutively
transcribed, irrespective of the growth medium (36, 47). Thus,
the third gene described in our present studies, bdbC, is tran-
scribed in a way similar to that of sipU, sipV and sipW. The
present observations suggest that the requirement for BdbA
and BdbB peaks in the transition phase between exponential
and postexponential growth when cells are grown in TY me-
dium, whereas the requirement for BdbC is relatively low but
constant under all growth conditions tested. Notably, the ex-
pression levels of bdbB and bdbC appear to set a limit for the

secretion of active PhoA because PhoA activities in the super-
natants of cells grown in minimal medium were significantly
lower than the PhoA activities in supernatants of cells grown in
TY medium.

In conclusion, our results show that BdbB and BdbC of B.
subtilis are actively involved in the folding of certain secretory
proteins, most likely by catalyzing the formation of disulfide
bonds. Our ongoing research on the catalysis of disulfide bond
formation in B. subtilis addresses three important questions
that still remain to be answered: first, which are the natural
substrates of BdbB and BdbC; second, are BdbB and BdbC
directly or indirectly involved in the formation of disulfide
bonds in PhoA and A13i-Bla; and third, do they act as oxidases
or isomerases?
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