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Proteins of Gram-negative bacteria destined to the
extracellular milieu must cross the two cellular mem-
branes and then fold at the appropriate time and
place. The synthesis of a precursor may be a strategy
to maintain secretion competence while preventing
aggregation or premature folding (especially for large
proteins). The secretion of 230 kDa ®lamentous haem-
agglutinin (FHA) of Bordetella pertussis requires the
synthesis and the maturation of a 367 kDa precursor
that undergoes the proteolytic removal of its ~130 kDa
C-terminal intramolecular chaperone domain. We
have identi®ed a speci®c protease, SphB1, responsible
for the timely maturation of the precursor FhaB,
which allows for extracellular release of FHA. SphB1
is a large exported protein with a subtilisin-like
domain and a C-terminal domain typical of bacterial
autotransporters. SphB1 is the ®rst described subtili-
sin-like protein that serves as a specialized maturation
protease in a secretion pathway of Gram-negative bac-
teria. This is reminiscent of pro-protein convertases of
eukaryotic cells.
Keywords: autotransporter protein/®lamentous
haemagglutinin/precursor maturation/protein secretion/
subtilisin-like protein

Introduction

The addressing of proteins to their speci®c compartment is
a fundamental cellular process that involves complex
molecular signals and machineries. In Gram-negative
bacteria, proteins destined for the cell surface or the
extracellular milieu have to be transported through two
distinct membranes (the cytoplasmic and outer mem-
branes) separated by the periplasm. Therefore, these
organisms have developed sophisticated protein trans-
location systems. Schematically, these protein secretion
pathways can be divided into Sec-dependent and Sec-
independent pathways. The Sec-independent secretory
proteins have no cleavable N-terminal signal peptides and
are transported across the envelope in one step (Fath and
Kolter, 1993; Plano et al., 2001). Conversely, the secretory
proteins synthesized with N-terminal signal peptides cross
the cytoplasmic membrane via the ubiquitous Sec machin-
ery and have their signal peptide proteolytically removed
by a signal peptidase in the periplasm (Pugsley, 1993).

They are then translocated across the outer membrane by
one of several transport systems. These include the
autotransporter systems independent of speci®c accessory
proteins (Henderson et al., 1998), the two-partner secre-
tion (TPS) pathway involving one accessory protein
(Jacob-Dubuisson et al., 2001), the general secretory
pathway (Sandkvist, 2001) and some of the type IV
secretion systems (Christie, 2001), which make use of
multi-component machineries.

The TPS pathway appears to be dedicated to the
secretion of very large proteins (>100 kDa) in various
bacterial genera. Following Sec-dependent export across
the cytoplasmic membrane (Grass and St Geme III, 2000),
these secretory proteins cross the outer membrane via
speci®c transporters of the TpsB family (for component B
of the TPS pathway, component A being the secreted
protein). The secretion of ®lamentous haemagglutinin
(FHA) by Bordetella pertussis represents a model system
for the TPS pathway. FHA is the major adhesin of
B.pertussis produced and secreted in large amounts despite
its size of ~220 kDa (Locht et al., 1993). Its secretion
depends on an outer membrane protein called FhaC
(Jacob-Dubuisson et al., 2001). As the prototype of the
TpsB family, FhaC forms channels and folds into a
transmembrane b-barrel, which probably serves as an
FHA-speci®c secretion pore in the outer membrane
(Jacob-Dubuisson et al., 1999; GueÂdin et al., 2000).

FHA derives from an even larger, 367 kDa precursor
called FhaB (Domenighini et al., 1990; Renauld-
MongeÂnie et al., 1996). fhaB expression is positively
regulated by the two-component system, BvgAS, which
controls the virulence regulon in B.pertussis (Akerley and
Miller, 1996). The secreted mature form of FHA corres-
ponds approximately to the N-terminal two-thirds of
FhaB. The function of the C-terminal one-third of the
precursor is not fully understood, but it has been proposed
to act as an intramolecular chaperone preventing prema-
ture folding of the secreted protein (Renauld-MongeÂnie
et al., 1996).

The role of this proteolytic maturation, the nature of the
protease and the cellular compartment in which precursor
cleavage occurs are unknown. Here we report the identi-
®cation of a protease, called SphB1, which is speci®cally
involved in the maturation of FhaB. SphB1 is a member of
the autotransporter superfamily of Gram-negative bacteria
(Henderson and Nataro, 2001).

Results

Identi®cation of a protease involved in the
extracellular release of FHA
Since FHA derives from the precursor FhaB, we reasoned
that this maturation might involve a speci®c protease that
is yet to be identi®ed. Scanning of the B.pertussis genomic
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sequences (www.sanger.ac.uk/Projects/B-pertussis) was
therefore performed to identify open reading frames
potentially coding for proteases. Genes encoding homo-
logues of housekeeping proteases such as aminopeptid-
ases, oligopeptidases, Lon, ClpP, HslUV, FtsH and signal
peptidases were found but not analysed further. In
addition, several genes encoding other putative proteases
were identi®ed: two degP/htrA homologues; a tsp homo-
logue; three metalloprotease genes nprB, znpB and znpC;
and three serine protease genes sphB1, sphB2 and sphB3.
We attempted to generate null alleles for each of these nine
genes by the targeted insertion of an integrational plasmid
(Antoine et al., 2000). Mutants were obtained for htrA2,
nprB, znpB, znpC, sphB1, sphB2 and sphB3 but not for
htrA1 and tsp. The culture supernatants of the seven
B.pertussis mutants were analysed by SDS±PAGE. The
sphB1 mutant called BPLC1 (sphB1¢±¢lacZ) was de®cient
in FHA secretion (Figure 1A), suggesting that the product
of sphB1 is involved in the extracellular release of FHA.

However, a slightly larger protein present in low amounts
in the culture supernatants of BPLC1 (FHA* in Figure 1A)
was found to be an FHA derivative by immunoblot
analyses (not shown). FHA secretion was not comprom-
ised in any of the other six mutants (Figure 1A). The
secretion of pertussis toxin, haemolysin/adenylate cyclase
and pertactin was not affected in any of the strains tested
(data not shown), attesting at least some degree of
speci®city of the sphB1 mutation on the extracellular
release of FHA. It should be noted that sphB1 is the only
one of the seven genes to be positively regulated by
BgvAS (Antoine et al., 2000).

To minimize the chance of a polar effect, we created an
unmarked sphB1 null mutant by allelic exchange. The
resulting strain, called BPLC5, was found to have the same
phenotype as BPLC1 regarding FHA secretion (not
shown). In addition, we created a strain in which the
predicted catalytic Ser of SphB1 was replaced by Ala
(Ser412®Ala, with residue #1 being the putative initiator
Met). A gene fragment carrying this mutation was
introduced by allelic exchange into BPLC5, thereby
generating a complete chromosomal copy of sphB1 with
a single point mutation. The resulting strain, called
BPLC7, produced SphB1 (see below) but exhibited the
same defect as BPLC5 (sphB1 null) for FHA secretion (not
shown).

To determine whether FHA is nevertheless translocated
to the cell surface in the sphB1 mutants, surface
immunolabelling of the bacteria was performed using
monoclonal antibodies directed against FHA and followed
by ¯ow cytometry analyses. The parental and sphB1
mutant strains were labelled, in contrast to BPGR4 (fhaB
null) or BPEC (fhaC null), as shown in Figure 1B for the
12.6F8 antibody. Similar results were obtained using the
other antibodies (not shown). Thus, translocation of FHA
to the cell surface does not require SphB1.

In the culture supernatants of BPLC1 (sphB1¢±¢lacZ)
and BPLC5 (sphB1 null), a slightly larger FHA derivative
was present in low amounts (FHA* in Figure 1A). To
determine whether it results from inef®cient processing of
the FHA precursor at a cleavage site distinct from that used
in the parental strain, FHA and FHA* were puri®ed from
culture supernatants of BPSM (parental) and BPLC5
(sphB1 null), respectively, and analysed by mass spectro-
metry. The molecular mass determined for FHA was
232 760 6 558 Da (mean 6 SD) and that of FHA* was
246 954 6 386 Da, con®rming that FhaB was not pro-
cessed at the same site in the parental and mutant strains.
The mass measured for FHA localizes the cleavage site of
FhaB in the sequence Pro±Leu±Phe±Glu±Thr±Arg±Ile±
Lys±Phe±Ile±Asp, which corresponds to residues 2292±
2302 of FhaB after the removal of its signal peptide.

Role of SphB1 in the processing of FhaB
The most likely reason for the FHA secretion defect of the
sphB1 mutant strains is that the proteolytic maturation of
FhaB into FHA is compromised in the absence of SphB1.
Therefore, we attempted to detect FhaB by immunoblot
analyses of cellular extracts of the parental and mutant
strains with anti-FHA antibodies. Cell-associated FHA
was present in BPSM (parental strain), together with a
major species of lower mass (FHAd) and a smear of
smaller protein bands, most likely resulting from proteo-

Fig. 1. FHA secretion and cell surface exposure in B.pertussis parental
and protease mutant strains. (A) Identical volumes (20 ml) of non-
concentrated supernatants from each culture at late logarithmic phase
of growth were analysed by SDS±PAGE. The gel was stained with
Coomassie Blue. BPSM is the parental strain, and each derived strain is
denoted by its genotype relative to BPSM. FHA and FHA* represent
the positions of mature FHA and a slightly larger derivative,
respectively. (B) BPGR4 (fhaB null, panel 1), BPEC (fhaC null,
panel 2), BPSM (parental strain, panel 3), BPLC5 (sphB1 null, panel 4)
and BPLC7 (S412®A sphB1 mutant, panel 5) were incubated with the
12.6F8 anti-FHA monoclonal antibody followed by an anti-mouse
FITC conjugate. The ¯uorescent cells were detected by ¯ow cytometry,
with 20 000 events counted for each sample. The ¯uorescence
threshold (left end of the horizontal bar) was set such that 99% of non-
labelled cells had intensities of auto¯uorescence below the threshold
value. A representative experiment is shown, with percentages of
¯uorescent cells of 0.14% for BPGR4, 0.13% for BPEC, 87.8% for
BPSM, 77.3% for BPLC5 and 70.9% for BPLC7.
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lytic degradation (Figure 2, lane 1). These molecular
species were absent from the fhaB null strain BPGR4
(Figure 2, lane 2) and present in very low amounts in the
fhaC null strain BPEC (Figure 2, lane 3), in agreement
with previous observations that cell-associated forms of
FHA are heavily proteolysed (Jacob-Dubuisson et al.,
1997). In BPLC5 (sphB1 null) and BPLC7 (Ser412®Ala
sphB1 mutant) extracts, a form of high molecular mass that
probably corresponds to FhaB was detected (Figure 2,
lanes 4 and 5). In addition, an immunoreactive species
slightly larger than FHA and probably corresponding to
FHA* appeared to accumulate, as well as FHAd. As with
BPSM, a smear of smaller proteins was also found. These
patterns suggest an extensive proteolytic degradation of
cell-associated FhaB, probably initiated at preferential
cleavage sites. That FhaB was absent from the parental
extracts indicates that its processing is affected by the
absence of an active SphB1.

To corroborate this notion, we performed an in vivo
pulse±chase experiment to follow the maturation of FhaB
into FHA over time. In BPSM, FhaB was the major species
at the beginning of the chase and was gradually chased into
FHA to disappear totally after 60 min (Figure 3A). Both
proteins were absent from fhaB null BPGR4 (Figure 3B).
In contrast, in BPEC (fhaC null), BPLC5 (sphB1 null) and
BPLC7 (Ser412®Ala sphB1 mutant), no processing of
FhaB was detected over 60 min (Figure 3C±E). Thus, the
kinetics of FhaB processing is affected in the sphB1
mutants, demonstrating that SphB1 is involved in the
proteolytic maturation of FhaB. That this maturation also
depends on FhaC, which transports FHA across the outer
membrane, further indicates that it is a late step in the
secretion pathway probably occurring at the cell surface.

Characterization of SphB1
SphB1 presents 24% identity with the Serratia marcescens
SSP-h1 serine protease (Ohnishi et al., 1997; Antoine
et al., 2000). Other homologues include the S.marcescens
PrtS (formerly SSP) (Miyazaki et al., 1989), Ssa1 of
Pasteurella haemolytica (Lo et al., 1991) and the
Pseudomonas ¯uorescens SspA and SspB (Kawai et al.,
1999). The B.pertussis sphB1 sequence released on the
Sanger Center web site was con®rmed by resequencing a
3600 bp region encompassing sphB1. This sequence has
been submitted to the DDBJ/EMBL/GenBank database
under accession No. AJ318229 (BPE318229). The 3117 bp
open reading frame of sphB1 is separated by >300 and
400 bp from the most likely upstream and downstream
genes encoding a phospho-enolpyruvate carboxylase and
an acyl-CoA dehydrogenase, respectively, suggesting that
it is most likely in a monocistronic operon. A possible
initiation codon was found that initiates a protein of 1039
residues ending with a Tyr. Potential promoter regions and
a BvgA binding site were found close to this Met codon
(Figure 4), in agreement with the observation that sphB1 is
regulated by the global virulence control system BvgAS
(Antoine et al., 2000). The presumed initiator Met is
followed by a positively charged segment and a hydro-
phobic segment that are both typical of signal peptides,
although no signal peptide cleavage site was readily
predicted (www.cbs.dtu.dk/services/SignalP). Alternat-
ively, SphB1 might be a lipoprotein, as its putative signal
peptide presents a Leu±Ala±Ala±Cys motif matching the
consensus sequence of bacterial lipoproteins, in which Cys
is the site of lipid modi®cation (Sankaran and Wu, 1994).
Immediately after the putative signal peptide (I in
Figure 4), SphB1 contains a stretch of 14 Gly followed
by a 60-residue-long Pro-rich region (II in Figure 4). This
region is followed by a 350-residue long domain (III in
Figure 4) with a putative Asp±His±Ser catalytic triad
characteristic of subtilisin-like proteins according to the
Prosite database (www.expasy.ch). The putative protease
domain is followed by a 200-residue-long region con-
served among SphB1 homologues (domain IV in Figure 4)
and then by a predicted b-sheet-rich domain homologous
to the C-terminal b-barrel domain of autotransporters
(domain V in Figure 4). Thus, SphB1 has the main
features of autotransporters with a `passenger' domain and
a C-terminal outer membrane `transporter' domain
(Henderson et al., 1998).

Cellular localization of SphB1
To detect SphB1 in B.pertussis, an antiserum was raised
against a SphB1 peptide predicted to be antigenic. This
peptide sequence corresponds to residues 600±614 of the
protein. Fractionation experiments were performed on

Fig. 2. Detection of cell-associated FhaB. Cellular lysates of BPSM
[wild type (WT), lane 1], BPGR4 (DfhaB, lane 2), BPEC (DfhaC,
lane 3), BPLC5 (DsphB1, lane 4) and BPLC7 (S®A sphB1, lane 5)
were subjected to SDS±PAGE and immunoblotting with a mix of the
anti-FHA F1, F4 and F5 antibodies. FhaB indicates the position of the
FHA precursor and FHA and FHA* are as in Figure 1. Fhad represents
a major degradation product of FhaB.

Fig. 3. Kinetics of FhaB maturation. Pulse labelling was performed
with BPSM (WT, A), BPGR4 (DfhaB, B), BPEC (DfhaC, C), BPLC5
(DsphB1, D) and BPLC7 (S®A sphB1, E). The cells were pulse-
labelled for 20 min and chased for the indicated times. The proteins
were precipitated and analysed by SDS±PAGE and autoradiography.
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BPSM (parental strain), BPLC5 (sphB1 null) and BPLC7
(Ser412®Ala sphB1 mutant). Culture supernatants, as well
as soluble and insoluble fractions following cell lysis, were
analysed (Figure 5). The insoluble fractions were further
fractionated by differential solubilization into Triton
X-100-soluble and -insoluble fractions. SphB1 migrated
as ~75 and 105 kDa proteins in the BPSM (parental strain)
and BPLC7 (Ser412®Ala sphB1 mutant) fractions, respect-
ively (Figure 5), raising the possibility that SphB1 is
responsible for its own maturation, like several autotrans-
porter proteases (Pohlner et al., 1987; Henderson et al.,
1998). As expected, SphB1 was not detected in any of the
BPLC5 (sphB1 null) fractions.

Mature SphB1 was released partly into the extracellular
milieu, but was also found in the Triton X-100-insoluble
fractions that usually contain outer membrane proteins,
while the precursor form was essentially found in the
Triton X-100-insoluble fractions. To determine whether
cell-associated SphB1 was exposed at the cell surface,
immunolabelling of BPSM (parental strain), BPLC5
(sphB1 null) and BPLC7 (Ser412®Ala sphB1 mutant)
was performed using the anti-SphB1 antiserum followed
by ¯ow cytometry analyses. No surface labelling was
observed for any of the three strains (not shown),
suggesting that the protein might not be present at the
surface. Alternatively, the peptide recognized by the
antiserum might not be accessible in the folded protein.
In a further attempt to detect SphB1 at the bacterial cell
surface, BPSM (parental strain) and BPLC5 (sphB1 null)

were subjected to trypsin digestion of surface proteins with
or without prior permeabilization of the outer membrane.
The proteins were analysed by immunoblotting with the
anti-SphB1 antiserum. Mature SphB1 from intact BPSM
cells was digested into smaller species over time using
trypsin, and the same proteolytic fragments were present
in the permeabilized cells (Figure 6). This suggests that
SphB1 exposes several sites at the cell surface that are
cleaved by externally added trypsin. This localization is
compatible with the notion that SphB1 processes the
precursor of FHA as it reaches the cell surface, after its
translocation across the outer membrane via FhaC.

Self-processing of SphB1
SphB1 itself appears to derive from a larger precursor
by the proteolytic cleavage of an ~35 kDa fragment.
Therefore, we sought to determine the region of the protein
where the cleavage occurs. Triton X-100-insoluble
proteins of BPSM (parent), BPLC5 (sphB1 null) and

Fig. 5. Distribution of SphB1 in B.pertussis cellular fractions. Proteins
of BPSM (WT), BPLC5 (DsphB1) and BPLC7 (S®A sphB1) were
separated between supernatants (Sup., lanes 1±3) and cell lysates (lanes
4±6). These lysates were further fractionated between soluble and
insoluble fractions by ultracentrifugation (lanes 7±9 and 10±12,
respectively). The insoluble fractions were then extracted with Triton
X-100 to separate the Triton-soluble and -insoluble fractions (lanes
13±15 and 16±18, respectively). Twenty microlitres of 10-fold
concentrated culture supernatants were loaded in lanes 1±3. The
proteins loaded in lanes 4±12 were extracted from 0.4 OD600

equivalents of bacterial cells, while the proteins loaded in lanes 13±18
were extracted from 1.2 OD600 equivalents of bacterial cells. Samples
were analysed by immunoblotting using the anti-SphB1 antiserum.
pSphB1 and SphB1 denote the precursor and mature forms of the
protein, respectively. The masses in kDa of the molecular markers are
shown at the left.

Fig. 6. Trypsin digestion of SphB1 at the cell surface. BPSM (WT,
lanes 1±4 and 8±10) and BPLC5 (DsphB1, lanes 5±7 and 11±13) cells
were treated with trypsin with (lanes 8±13) or without (lanes 2±7) a
prior Tris±EDTA treatment to permeabilize the outer membrane. In
lane 1, BPSM cells were mock treated for 1 h. At the indicated times,
aliquots were withdrawn and trypsin was inactivated with AEBSF. The
proteins were precipitated and analysed by immunoblotting with the
anti-SphB1 antiserum. The masses in kDa of the molecular markers are
indicated at the left.

Fig. 4. Schematic representation of SphB1 and the promoter region of
its gene. (A) The protein is represented in a linear form based on the
amino acid sequence derived from the sphB1 gene. The precursor has
a calculated mass of 109 800.7 Da (horizontal arrow). The areas
numbered I±V denote the signal sequence region (I), the proline-rich
region (II), the subtilisin-like domain (III), a 200-residue domain of
unknown function (IV) and the b-barrel domain (V). According to the
autotransporter nomenclature, the passenger domain would consist of
regions II±IV and the transporter domain of region V. The catalytic
Asp184±His221±Ser412 triad is shown in bold letters with the sequences
surrounding each of the three catalytic residues. These sequences match
the consensus sequences de®ned by ProSite for 10/11, 10/11 and 11/11
residues, respectively. Asn321 is the conserved oxyanion hole residue
(Siezen and Leunissen, 1997). Probable linker regions between the
domains, as suggested by multiple sequence alignments of SphB1 and
16 homologues (using the Clustal program available in the LaserGene
package), are denoted by i and ii. (B) Nucleotide sequence of the
5¢ portion of the gene. Putative promoter regions (denoted ±10 and
±35) and a potential BvgA binding site are indicated. The predicted
start of the protein is shown with the ®rst ®ve aminoacyl residues.
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BPLC7 (Ser412®Ala sphB1 mutant) were separated by
preparative SDS±PAGE, and the gel was stained with
colloidal Coomassie Blue G-250. Protein bands most
likely corresponding to the mature and precursor forms of
SphB1 were present at the expected positions in the BPSM
(parent) and BPLC7 (Ser412®Ala sphB1 mutant) extracts,
respectively (Figure 7), and absent from BPLC5 (sphB1
null). These protein bands were excised and analysed by
mass ®ngerprinting following tryptic digestion. Fifteen
matching peptides were found for the mature form of
SphB1 from BPSM (parent). The ®rst N-terminal peptide
was T142DFVTPTGGPFFAK155, and the peptide found
closest to the C-terminus of the protein was L644DYR-
PQAVYLTMR656. Most of these peptides were also
present in the tryptic digests of the precursor form of
SphB1 from BPLC7. In addition, 10 tryptic peptides
matching SphB1 between residues 718 and 995 were
found for the precursor only. Therefore, the maturation of
SphB1 involves the removal of its C-terminal b-domain by
autoproteolysis, and the cleavage site of SphB1 is probably

located between residues 656 and 718, which includes a
putative linker region joining the C-terminal b-barrel
domain to the rest of the protein (ii in Figure 4). Following
maturation, the passenger domain appears to be partly
released and partly associated with the outer membrane
(Figure 5).

No protein band that might correspond to the C-terminal
domain of SphB1 after maturation was readily apparent in
the 30±40 kDa mass range. Nevertheless, we excised
several bands from the gel corresponding to 30±40 kDa
proteins of BPSM (parent) and BPLC7 (Ser412®Ala
sphB1 mutant), and analysed each of them by mass
®ngerprinting. A protein corresponding to the C-terminus
of SphB1 (SphB1C in Figure 7) was found in the BPSM
extract, as eight tryptic peptides matched SphB1 between
residues 796 and 995. No peptide matching SphB1 was
detected for the protein band with an apparently similar
mass in the BPLC7 extract. Thus, the C-terminal domain
of SphB1 is found in the outer membrane fraction after the
self-maturation of the protein. Incidentally, these analyses
also identi®ed the C-terminal domains of two B.pertussis
autotransporters, Tcf and BrkA (Fernandez and Weiss,
1994; Finn and Stevens, 1995), in both BPSM and BPLC7,
which indicates that the proteolytic maturation of these
proteins from their respective precursors occurs independ-
ently from SphB1.

Discussion

Post-translational modi®cation in the late compartments of
the secretory pathway is essential for the maturation of
many secreted proteins and peptides in both eukaryotic
and prokaryotic cells. Limited endoproteolysis of precur-
sors by specialized proteases is a widespread process
within secretory pathways. In eukaryotes, the maturation
of hormones and many other secreted proteins is per-
formed by pro-protein convertases that belong to the
superfamily of subtilisin-like proteases (Nakayama, 1997;
Bergeron et al., 2000). In bacteria also, numerous secreted
proteins and peptides derive from larger pro-proteins. In
this work, we have shown that the subtilisin-related SphB1
is responsible for the maturation of the precursor of a large
secreted protein of B.pertussis. These ®ndings extend the
notion of specialized subtilisin-related pro-protein con-
vertases to a secretion pathway of Gram-negative bacteria.

The secretion of large extracellular proteins requires
them to be kept in a secretion-competent conformation
during synthesis, to avoid aggregation, and to fold at the
appropriate time and place. The Gram-negative speci®c
TPS pathway appears to have evolved for the secretion of a
protein class, including FHA, which comprises some of
the largest proteins of the prokaryotic world (Jacob-
Dubuisson et al., 2001; Locht et al., 2001). FHA derives
from a 367 kDa precursor, FhaB. The ef®cient extra-
cellular release of mature FHA depends on the presence of
the ~130 kDa C-terminal region of FhaB, which is
proteolytically removed in the course of secretion
(Renauld-MongeÂnie et al., 1996). This suggested that
this domain acts as an intramolecular chaperone to assist
FHA secretion by preventing premature folding (Renauld-
MongeÂnie et al., 1996). In agreement with this notion, it
has been suggested that FHA may cross the cytoplasmic
and outer membranes in a kinetically coupled fashion and

Fig. 7. Detection of SphB1 in Triton-insoluble membrane fractions.
Triton X-100-insoluble proteins of BPSM (WT, lane 1), BPLC5
(DsphB1, lane 2) and BPLC7 (S ®A sphB1, lane 3) were separated by
SDS±PAGE, and the gel was stained with colloidal Coomassie Blue
G-250. Protein bands corresponding to the mature and precursor forms
of SphB1 and to its C-terminal domain, denoted SphB1, pSphB1 and
SphB1C, respectively, were analysed by mass ®ngerprinting. The
masses in kDa of the molecular markers are indicated at the right.
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hence may pass unfolded through the periplasm (GueÂdin
et al., 1998). The timely processing of the FHA precursor
by SphB1 then allows for the extracellular release of the
mature protein. The synthesis and processing of a precur-
sor with an intramolecular chaperone domain may well
represent a widespread strategy for the secretion of large
proteins.

In SphB1, the subtilisin-like domain is joined to a
presumably b-barrel C-terminal domain characteristic of
autotransporters (Henderson and Nataro, 2001). Auto-
transporters make up a large family of proteins represented
in all major branches of the Gram-negative phylogenetic
tree, and most frequently found in pathogenic bacteria. As
implied by their name, they are translocated to the cell
surface by a distinctive mechanism involving a speci®c
domain of the autotransporter proteins themselves. The
unifying structure of autotransporters consists of an
N-terminal signal peptide for export across the cytoplas-
mic membrane, a secreted mature protein called the
passenger (or a) domain, and a dedicated C-terminal (or b)
domain forming a b-barrel pore in the outer membrane
through which the passenger domain passes to the cell
surface. In contrast to the well-conserved structure and
function of the b-domains, the passenger proteins diverge
more widely, which re¯ects their disparate roles. The
a-domains may function as adhesins, proteolytic toxins or
IgA proteases (Henderson and Nataro, 2001). SphB1 is the
®rst reported autotransporter whose passenger protein
serves as a maturation factor for another protein secreted
by the same organism. This represents a novel function for
autotransporters.

The subfamily of autotransporter proteins to which
SphB1 belongs includes recognized proteins such as the
S.marcescens PrtS (formerly SSP) (Miyazaki et al., 1989)
and the P.¯uorescens SspA and SspB (Kawai et al., 1999),
as well as putative members identi®ed by scanning
sequenced genomes. The secretion pathway and self-
processing of PrtS have been thoroughly investigated
(Miyazaki et al., 1989; Shikata et al., 1992, 1993), but no
function has been assigned to this protein or any other of
this subfamily so far (Henderson and Nataro, 2001).
Interestingly, genes encoding SphB1 homologues are
often found in bacterial species that also have genes of
FHA homologues (or TpsA proteins), including Haemo-
philus ducreyi, Pseudomonas aeruginosa, Neisseria
meningitidis and Xylella fastidiosa (Locht et al., 2001;
our unpublished data). At least in the case of H.ducreyi,
the 260 kDa extracellular FHA homologue LspA1 also
derives from a much larger precursor (Ward et al., 1998).
Therefore, it is possible that some SphB1 homologues are
involved in the proteolytic maturation of such large
secreted proteins in their respective organisms. Interest-
ingly, a region of FhaB that includes its maturation site and
extends into the intramolecular chaperone region is
conserved among TpsA proteins (Locht et al., 2001).

A role in the late steps of FHA secretion is in good
agreement with the cellular localization of SphB1.
Association of SphB1 with the outer face of the outer
membrane makes it well suited to process FHA upon
translocation across the outer membrane via FhaC. The
timely proteolytic cleavage of the precursor FhaB and the
consequent extracellular release of FHA may be important
for the in vivo role of this major virulence protein. That

sphB1 belongs to the Bvg virulence regulon-like fhaB
argues in favour of this hypothesis. We have obtained
preliminary evidence that the sphB1 mutation affects the
colonization of the respiratory tract in a mouse model of
infection (our unpublished results).

SphB1 does not seem to be involved in the maturation of
other secreted proteins. Bordetella pertussis produces
several virulence proteins including pertactin, the tracheal
colonization factor and the serum resistance factor BrkA,
which are proteolytically processed in the course of their
secretion (Charles et al., 1989; Fernandez and Weiss,
1994; Finn and Stevens, 1995). Whether they self-process
or rely on a protease or proteases in the cell envelope is
unknown. Our immunoblot or mass ®ngerprinting analy-
ses argue that SphB1 is not responsible for the proteolytic
maturation of any of these three precursors. This suggests
that SphB1 is probably not a general-purpose envelope
protease, and that the maturation of FHA might be its
major, if not unique, function.

Subtilisin-like proteases make up a superfamily com-
posed of at least six subfamilies (Siezen and Leunissen,
1997). In most bacteria, archae and lower eukaryotes,
subtilisin-like proteases are extracellular, rather unspeci®c
enzymes required for defence or for growth on protein-
aceous substrates. In contrast, the eukaryotic `kexins' such
as Kex2 of Saccharomyces cerevisiae and mammalian
furin have developed into specialized subtilisin-like
proteases involved in pro-protein processing in the late
compartments of the secretory pathway (Nakayama, 1997;
Siezen and Leunissen, 1997). Similarly, the subtilisin-like
lantibiotic peptidases of Gram-positive bacteria process
the precursors of secreted antibiotic peptides such as nisin
after secretion (van der Meer et al., 1993; Siezen and
Leunissen, 1997). SphB1 now extends the concept of
specialized subtilisin-like proteases to a secretion pathway
of Gram-negative bacteria. The addition of an autotran-
sporter b-barrel module can be viewed as an adaptation to
the presence of the Gram-negative outer membrane.
Similarly, while most subtilisin-like proteases are synthe-
sized with an inhibitor pro-peptide removed by self-
processing after membrane translocation (Siezen and
Leunissen, 1997), the autotransporter mode of secretion
may ensure that the subtilisin-like domain of SphB1
acquires its active conformation late in secretion
(Henderson et al., 1998). Eukaryotic pro-protein convert-
ases are also structurally more complex than degradative
enzymes, with the addition to the core catalytic domain of
a so-called P domain important for activity (Gluschankof
and Fuller, 1994). It is intriguing that SphB1 has an
additional 200-residue region between its subtilisin-like
and b-barrel domains, which appears to be conserved
among its homologues. It will be interesting to investigate
the function of this domain in the protein that may well be
the prototype of a new family of maturation proteases.

Materials and methods

Construction of strains
The B.pertussis strains used in this study were derived from BPSM
(Menozzi et al., 1994). BPGR4 (DfhaB), BPEC (DfhaC) and BPLC1
(sphB1¢±¢lacZ) have been described previously (Locht et al., 1992;
GueÂdin et al., 1998; Antoine et al., 2000). BPLC5 and BPLC7 were
obtained by homologous recombination (Stibitz, 1994). The recombinant
plasmids were introduced into B.pertussis by conjugation with
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Escherichia coli SM10 (Simon et al., 1983). BPLC5 carries a 626 bp
internal deletion between the unique BglII site of sphB1 and the XmaI site
located 626 bp downstream of the BglII site. It was obtained as follows.
Two ~600 bp gene fragments ¯anking the region to be deleted were
obtained by PCR on BPSM genomic DNA with the oligonucleotide pairs
5¢-TATAGAGCTCACCCGCCCCTTCGCCACGCCCCGAACCT-3¢ and
5¢-TATAAGATCTTGATGCCGTGCCCGAGCAGGTC-3¢, and 5¢-AGT-
ACGGCTGGGGCGTGCTCGACGTG-3¢ and 5¢-TATACTGCAGGG-
TAGTCCAGCCGGGCGTTGAGCAGCAG-3¢. The PstI±XmaI fragment
and the BglII±EcoRV fragment (with the EcoRV site derived from an
intermediate construct in pCR2.1-TOPO; InVitrogen Life Technology,
Groningen, The Netherlands) were successively introduced into the
PstI±XmaI and BglII±NruI sites of pIC20H (Marsh et al., 1984), yielding
pIC1-5. The 1.3-kb HindIII fragment of pIC1-5 was inserted into pJQ200
mp18 rpsL (Quandt and Hynes, 1993). This construct was used for allelic
exchange in BPSM, yielding BPLC5. BPLC7 carries a complete
chromosomal copy of sphB1 with a point mutation resulting in the
substitution of Ala for Ser412 in SphB1. Site-directed mutagenesis was
performed by the megaprimer method. The mutagenic primer
5¢-AACAGGGCACGGCGCTATCC-3¢ and the primer 5¢-TATACC-
CGGGCGACGAAGTCGCCGAAGGCGAA-3¢ were used to synthesize
a 210 bp PCR fragment that then served as a primer for a second PCR with
the primer 5¢-TATAAGATCTTCAACAACAGTTTCGCCACCGA-3¢.
The mutated PCR fragment was inserted into XmaI-restricted and BglII-
restricted pIC1-5, yielding pIC1-3-5. The 1.9 kb HindIII fragment of
pIC1-3-5 was inserted into pJQ200 mp18 rpsL, and this construct was
used for allelic exchange in BPLC5, yielding BPLC7. All PCR fragments
were ®rst cloned into pCR2.1 TOPO and checked by sequencing using the
ABI 377 prism sequencer of Perkin Elmer (Courtaboeuf, France). For the
sequencing of other portions of sphB1, several pairs of primers were used
to generate ~400 bp fragments by PCR. At least two independent clones
were sequenced for each ampli®ed region.

All B.pertussis strains were grown on Bordet±Gengou agar (BG) or in
liquid medium as described by Locht et al. (1992). The culture media
were supplemented with 100 mg/ml streptomycin, 10 mg/ml gentamycin
or 30 mg/ml nalidixic acid where appropriate.

Protein preparations and analyses
To harvest proteins from culture supernatants, B.pertussis strains were
grown in liquid medium and the cells were collected by centrifugation in
the late logarithmic phase of growth. The culture supernatants were
analysed by SDS±PAGE. Proteins were detected by staining the gels with
Coomassie Brilliant Blue R250, or the proteins were transferred onto
nitrocellulose membranes for immunoblot analyses. Pertussis toxin and
pertactin were detected with the monoclonal antibodies 1B7 and BPE3,
respectively (Sato et al., 1984; Leininger et al., 1991). FHA was detected
using a mixture of three monoclonal antibodies, F1, F4 and F5, the
corresponding hybridomas of which were a gift of H.Sato (Japan). F4 and
F5 have been determined by enzyme-linked immunosorbent assays to
bind an 80 kDa N-terminal fragment of FHA, while F1 recognizes full-
length FHA only (our unpublished data). A rat antiserum against the
LHVDDIRPGYVGGDG peptide of SphB1 was purchased from
Eurogentec (Seraing, Belgium) and used to detect SphB1 by immunoblot
analyses. The blots were developed using alkaline phosphatase-con-
jugated secondary antibodies followed by the addition of 5-bromo-
4-chloro-3-indolyl-phosphate and nitroblue tetrazolium. The secretion of
adenylate cyclase/haemolysin was assessed by monitoring the haemolysis
haloes surrounding the colonies grown on BG agar plates.

For fractionation experiments, bacteria were grown in liquid medium
to an OD600 of 2, and harvested by centrifugation. Cells were washed and
resuspended into 20 mM HEPES pH 7.4, 10 mg/ml DNase and 0.5 mg/ml
4-(2-aminoethyl)-benzene-sulfonyl hydrochloride (AEBSF) (Roche,
Meylan, France). Cells were broken by two passages in a French pressure
cell at 1000 psi. The lysates were centrifuged for 10 min at 6000 g to
pellet large debris (total lysates). The clari®ed lysates were ultracen-
trifuged for 1 h at 100 000 g in a Beckman TL100 rotor 100.3 to pellet
membranes. The soluble fractions were collected for analyses. The
membrane pellets were washed and resuspended in 20 mM HEPES pH 7.4
(total insoluble fractions). Triton X-100 was then added to a ®nal
concentration of 2%. After 30 min incubation at room temperature, the
samples were ultracentrifuged as above. The supernatants were collected
(Triton-soluble), and the pellets were resuspended in 20 mM HEPES
pH 7.4 (Triton-insoluble).

For trypsin digestions, B.pertussis cells were harvested by centrifuga-
tion in the logarithmic phase of growth (OD600 = 2). Cells were
suspended in 10 mM Tris±HCl pH 8, 75 mM NaCl (intact cells), or
into 30 mM Tris±HCl pH 8, 20% sucrose, 10 mM EDTA (permeabilized

cells). Trypsin was then added to the cell suspensions to a ®nal
concentration of 5 mg/ml, and the digestions were performed on ice for 0,
30 or 60 min. Trypsin was inactivated by the addition of AEBSF to a ®nal
concentration of 0.5 mg/ml. The proteins were precipitated by the
addition of ice-cold trichloroacetic acid (TCA) to a ®nal concentration of
6%, and the precipitates were collected by centrifugation. SphB1 and its
proteolytic fragments were detected by immunoblot analyses using the
anti-peptide rat antiserum.

Pulse labelling of B.pertussis
Pulse labelling was performed as described by Lambert-Buisine et al.
(1998) except that the samples were analysed using 4±15% acrylamide
precast gradient gels (Bio-Rad, Ivry-sur Seine, France).

Flow cytometry
Bordetella pertussis cells freshly grown on BG agar plates were harvested
by scraping the plates and resuspending the cells in phosphate-buffered
saline containing 5% glycerol (PBSG). The samples were diluted in
PBSG to an OD600 of 1, and incubated for 1 h with anti-FHA monoclonal
antibodies. Preliminary experiments were performed to determine the
optimal dilution of each antibody for the cytometry experiments. The
12.1F9, 12.2B1, 55.4G9, 12.6F8 and 55.6C4 antibodies have been
characterized previously (Leininger et al., 1997); F4 and F5 have been
described above. Bacteria were washed three times in PBSG and
incubated at room temperature for 1 h with ¯uorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG (Dako, Trappes Cedex, France)
diluted 300-fold in PBSG. After three washes, bacteria-associated
¯uorescence was quanti®ed by ¯ow cytometry using an EPICS Elite
cytometer (Coulter, Fullerton, USA).

Mass spectrometry
FHA was puri®ed from BPSM and BPLC5 culture supernatants as
described by Menozzi et al. (1991), desalted using a C18 ZipTip column
(Millipore, St Quentin-en Yvelines, France) and prepared for mass
spectrometry. Briefy, the protein (~1 pmol) was mixed with freshly
dissolved sinapinic acid [10 mg/ml in 50% acetonitrile, 0.1%
tri¯uoroacetic acid (TFA)], spotted onto the sample plate and allowed
to dry. The samples were analysed by matrix-assisted laser desorption
ionization time-of-¯ight (MALDI-TOF) mass spectrometry using a
Voyager-DE-STR (Applied Biosystems, Palo Alto, CA). Mass spectra
were obtained in the delayed extraction, positive ion, linear mode with an
accelerating voltage of 20 kV. The parameters were set as follows: grid,
% 92; delay, 750 ns; and low mass gate, 1000 atomic mass units (a.m.u.).
The instrument was calibrated externally with carbonic anhydrase and
bovine serum albumin. As the mass of FHA is much higher than those of
the proteins used in the calibration, its double, triple and quadruple ions
were used for mass determination.

For mass ®ngerprinting analyses, protein bands were excised from a gel
stained with colloidal Coomassie Blue G-250 (Neuhoff et al., 1988).
Trypsin digestions were performed as follows. Small pieces of gel were
covered with 100 ml of 25 mM NH4HCO3/50% acetonitrile in a 0.65 ml
siliconized tube, the suspension was vortexed for 10 min and the
supernatant was discarded. These steps were repeated twice. The gel
pieces were dried completely in a Speed Vac, and a solution of 20 ng/ml
trypsin in 25 mM NH4HCO3 was added at 3 vols per volume of dried gel.
The suspension was vortexed for 10 min and incubated for 30 min at 4°C.
NH4HCO3 (25 mM) was added such as to cover the gel pieces, and the
samples were incubated at 37°C overnight. An organic extraction of the
peptides from the gel pieces was performed using 50 ml of 50%
acetonitrile/1% TFA. The suspension was vortexed for 10 min, spun
brie¯y and sonicated for 5 min. The extracted peptides were pooled and
the organic extraction steps were repeated twice. The volume of the
extracted digests was reduced to 10 ml in a Speed Vac. The extracted
peptides were desalted using a C18 ZipTip column. They were then
mixed with freshly dissolved a-cyano-4-hydroxycinnaminic acid
(5 mg/ml in 50% acetonitrile, 0.1% TFA), spotted on the plate and
allowed to dry. Mass spectra were obtained in the delayed extraction,
positive ion, re¯ection mode, with an accelerating voltage of 20 kV. The
parameters were set as follows: grid, % 61; delay, 90 ns; and low mass
gate, 500 a.m.u. to obtain the best resolution in the mass range (typically
>10 000). The laser energy required to desorb and ionize the samples was
kept at the lowest value compatible with a signal/noise ratio >50. The
instrument was calibrated externally using the MH+ monoisotopic ions
from several peptides (angiotensin, 1296.685; ACTH clip 1±17,
2093.087; ACTH clip 18±39, 2465.199).
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Identi®cation of proteins by mass ®ngerprinting
No annotation of the B.pertussis genome is available yet. Therefore, in
order to generate a B.pertussis protein database, all contigs were
arti®cially concatenated, and the resulting DNA sequence was translated
in the six possible reading frames. All resulting polypeptide sequences
were retained as proteins independently of their length, codon usage and
coding probability. This crude protein database was digested by trypsin in
silicon for use with the GPMaw program.

Supplementary data
Supplementary data to this paper are available at The EMBO Journal
Online.
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