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The cytotoxicity of Bordetella bronchiseptica to infected cells is known to be dependent on a B. bronchiseptica
type III secretion system. Although BopB, BopN, BopD, and Bsp22 have been identified as type III secreted
proteins, these proteins remain to be characterized. In this study, in order to clarify the function of BopD
during Bordetella infection, a BopD mutant was generated. Although secretion of BopD into the culture
supernatant was completely abolished by the bopD mutation, the secretion of other type III secreted proteins
was not affected by this mutation. It has been reported that severe cytotoxicity, including cell detachment from
the substrata, and release of lactate dehydrogenase (LDH) into the supernatant are induced in L2 cells by
wild-type B. bronchiseptica infection, and these phenotypes are dependent on the type III secretion system. In
contrast, neither cell detachment nor LDH release was induced in L2 cells infected with the BopD mutant.
Furthermore, the hemolytic activity of the BopD mutant was greatly impaired compared with that of the
wild-type strain. On the basis of the results of coimmunoprecipitation assays with anti-BopB antibodies, we
conclude that BopD has the ability to associate with BopB. Finally, we show that the BopD-BopB complex is
responsible for the pore formation in the host plasma membrane that functions as the conduit for the
transition of effector proteins into host cells.

Three major pathogenic species in the genus Bordetella are
known. Bordetella pertussis and B. parapertussis are the caus-
ative agents of whooping cough in humans, and B. bronchisep-
tica infects the respiratory tracts of a broad range of mammals
(17, 26). Numerous virulence factors have been identified in
Bordetella spp., including toxins such as pertussis toxin (ex-
pressed only in B. pertussis) (25, 35, 48), adenylate cyclase toxin
(24), and dermonecrotic toxin (46) and adhesins such as fila-
mentous hemagglutinin (12, 36), pertactin (37), and fimbriae
(31). The expression of these virulence factors is coordinately
regulated by the Bordetella virulence gene (bvg) locus (5, 49),
which encodes the BvgA/BvgS two-component regulatory sys-
tem (43). Under growth conditions of 37°C in the relative
absence of MgSO4 or nicotinic acid, the BvgAS phosphorelay
is activated and bordetellae grow under Bvg� phase conditions
(8). The Bvg� phase is characterized by the expression of
various virulence factors, such as toxins and adhesins, and is
necessary for respiratory tract colonization in rabbits and rats
(1, 10). The Bvg� phase is avirulent and is characterized by loss
of expression of both toxin and adhesin genes and by induction
of genes that are not expressed under Bvg� phase conditions.
In B. bronchiseptica, Bvg� phase loci include genes and oper-
ons that encode the motility apparatus (2, 3). It has been
shown that the type III secretion system in bordetellae is ac-
tivated in the Bvg� phase (51).

Wild-type B. bronchiseptica, but not the type III secretion

mutant, was shown to induce cytotoxicity against L2 cells that
were established from rat lung epithelial cells (51). It has been
demonstrated that the type III secretion mutant of B. bronchi-
septica was unable to colonize over the long term in the tra-
cheas of immunocompetent mice, and this mutant was unable
to induce cell death in J774 macrophages (50). A recent study
reported that the cell death induced by infection with B. bron-
chiseptica was due to necrosis, because it was independent of
the activation of caspases and was accompanied by the release
of lactate dehydrogenase (LDH) (44). Thus, the type III se-
cretion system was shown to be important for bordetellae in
attaining pathogenicity.

A large number of gram-negative pathogenic bacteria se-
crete virulence factors via the type III secretion system during
infection of host cells. These pathogens secrete and translocate
functional protein molecules referred to as effectors into the
extracellular milieu, the plasma membrane, and/or the cyto-
plasm of eukaryotic cells via this secretion system. In yersiniae,
several effectors and their functions have been reported.
YopE, YopT, and YpkA/YopO act on Rho family GTPases (4,
6, 53), and YopH is a protein tyrosine phosphatase that inhibits
the phagocytic activity of macrophages (52). On the other
hand, this machinery also secretes the proteins that localize
and form pores on the host plasma membrane, which enables
the translocation of effectors into the host cytoplasm. Both
YopB and YopD have been reported as pore-forming factors
in yersiniae (18, 32). Recently, we have identified a Bordetella
type III secreted protein, BopB, that functions as the pore-
forming factor in B. bronchiseptica (23). In addition, three type
III secreted proteins, i.e., BopN, BopD, and Bsp22, have been
reported in B. bronchiseptica (50). However, the detailed func-
tions of these secreted proteins remain to be determined.
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In the present study, we focused on the role of BopD in
Bordetella infection. Our data demonstrate for the first time
that BopD is one of the critical virulence factors in B. bron-
chiseptica.

MATERIALS AND METHODS

Bacterial strains, cell culture, and media. The wild-type strain used in this
study was B. bronchiseptica S798 (23). Both the BopB and type III (disrupted
bscN gene) mutants were derived from S798 (23). Bordetella strains were cultured
in Stainer-Scholte liquid medium with a starting optical density at 600 nm of 0.2,
and the inoculum was prepared from colonies grown on Bordet-Gengou agar as
described previously (10, 11, 28). For the infection assay, B. bronchiseptica strains
cultured for 18 h at 37°C with vigorous shaking were used. Escherichia coli
DH10B, MC1061, and SM10�pir were used as hosts for the construction of
various plasmids. E. coli M15 harboring pREP4 was used for the purification of
a histidine-tagged recombinant protein. L2 cells (ATCC CCL-149) were main-
tained in F-12K (GIBCO) with 10% fetal calf serum, and HeLa cells (ATCC
CCL-2) were maintained in minimal essential medium (Sigma) with 10% fetal
calf serum.

Plasmids. In construction of the BopD mutant, pDONR201 (Invitrogen) and
pABB-CRS2 (41) were used as the cloning and positive suicide vectors, respec-
tively. pQE-30 (Qiagen) was used for purification of histidine-tagged BopD
(His-BopD). An expression vector in bordetellae, pABB415, was constructed as
follows. pRK415 (22), which includes two NotI sites in its sequence, was digested
with NotI, and the cohesive ends of the resulting two linear fragments were
treated with T4 DNA polymerase. The fragments were then ligated to obtain
pRK415 with the NotI site deleted, which was designated pRK415�NotI. On the
other hand, pDEST14 (Invitrogen) was digested with BamHI and SalI and the
cohesive ends of the resulting linear fragment were treated with T4 DNA poly-
merase. The fragment was then self-ligated to obtain pDEST14 with the ccdB
gene deleted, which was designated pDEST14B/S. A 1.2-kbp fragment encoding
chloramphenicol acetyltransferase encompassed by attR1 and attR2 sites was
amplified by PCR with the primers Xh-attR1 (5�-CCGCTCGAGACAAGTTT
GTACAAAAAAGCT-3�) and Hin-attR2 (5�-CCCAAGCTTTTTCGGGCTTT
GTTAGCAGCC-3�) with circular pDEST14B/S as the template. This fragment
was inserted into the TA cloning site of pCR2.1-TOPO (Invitrogen) in the
opposite direction of lacZ�, and the resulting plasmid was designated pABB-
TPCmR. To obtain pABB415, a 1.2-kbp fragment encoding chloramphenicol
acetyltransferase encompassed by attR1 and attR2 sites was obtained by digestion
of pABB-TPCmR with BamHI and XbaI and then inserted into the BamHI and
XbaI sites of pRK415�NotI.

Generation of the BopD mutant and pBopD plasmid. The sequence data were
obtained from the B. bronchiseptica Sequencing Group at the Sanger Institute
(ftp://ftp.sanger.ac.uk/pub/pathogens/bb/) (34). To construct the BopD mutant,
the 2.9-kbp DNA fragment encoding BopD and its flanking regions was ampli-
fied by PCR with the primers B1-bopD (5�-AAAAAGCAGGCTGTCCAATAC
GCAACAGATGG-3�) and B2-bopD (5�-AGAAAGCTGGGTTGAAGGACCT
GGGTGGCTAC-3�) with B. bronchiseptica S798 genomic DNA as the template.
The resulting PCR product was cloned into pDONR201 to obtain pDONR-bopD
by means of adapter PCR and site-specific recombination techniques with the
Gateway cloning system (Invitrogen). Inverse PCR was then carried out with the
primers R1-bopD (5�-GGAATTCAGAGCCGGGCGAAGTCGGAG-3�) and
R2-bopD (5�-GGAATTCACCGCCCGTAGCGTGGCCCG-3�) with circular
pDONR-bopD as the template. The underlined portions are the EcoRI sites. The
resulting PCR products were digested with EcoRI and self-ligated to obtain
pDONR-�bopD, which contained the EcoRI site in addition to an 882-bp in-
frame deletion from 30 bp downstream of the 5� end of the bopD gene to 30 bp
upstream of the 3� end of the gene. pDONR-�bopD was mixed with a positive
suicide vector, pABB-CRS2, to obtain pABB-�bopD with the Gateway cloning
system. pABB-�bopD was then introduced into E. coli SM10�pir and transcon-
jugated into the B. bronchiseptica S798 wild-type strain (streptomycin resistant)
as described previously (13). The resulting mutant strain was designated �BopD.

For complementation of the bopD defect in �BopD, pBopD was constructed
as follows. A 1.0-kbp fragment encoding BopD was amplified by PCR with the
primers B1-bopD-comp (5�-AAAAAGCAGGCTACTGAAACGGCGCCATGT
CC-3�) and B2-bopD-comp (5�-AGAAAGCTGGGTTGAAGGTTGGAGCCG
GACAC-3�) with B. bronchiseptica S798 genomic DNA as the template. The
resulting fragment was cloned once into pDONR201 and then transferred to
pABB415 with the Gateway cloning system. The resulting plasmid was desig-
nated pBopD.

Preparation of proteins from culture supernatant and whole bacterial cells.

The proteins released into the bacterial culture supernatants and the whole
bacterial cell lysates were prepared by trichloroacetic acid precipitation. The
culture supernatants were filtered, the bacterial pellets were resuspended in
distilled water, and then trichloroacetic acid was added to the respective samples
at a final concentration of 10%. After incubation on ice for 15 min, the samples
were centrifuged for 5 min and the resulting precipitated proteins were dissolved
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sam-
ple buffer.

Antibodies. To purify His-BopD, a DNA fragment encoding BopD was am-
plified by PCR with the primers 5-His-bopD (5�-CGGGATCCATGTCTGTTT
CTCCGACTTC-3�) and 3-His-bopD (5�-GCGTCGACTCAGATATTGCGGG
CCACGCTAC-3�) with B. bronchiseptica S798 genomic DNA as the template.
The resulting PCR product was inserted into the BamHI and SalI sites of
pQE-30 (Qiagen) to construct the plasmid pQE-BopD. His-BopD was expressed
in E. coli M15 harboring both pREP4 and pQE-BopD and then purified in
accordance with the manufacture’s protocol. Purified His-BopD was inoculated
into rabbits as an immunogen, and the resulting antisera were incubated with
His-BopD immobilized on an Affi-Gel column (Bio-Rad) to obtain specific
immunoglobulin (Ig) fractions. The anti-BopB and anti-BcrH2 antibodies used
in this study have been described previously (23).

Infection assays. L2 or HeLa cells seeded on coverslips were infected with
bacteria at a multiplicity of infection (MOI) of 200 and then centrifuged for 5
min and incubated for 20 min at 37°C under an atmosphere of 5% CO2. The cells
were then washed with phosphate-buffered saline (PBS) and fixed in methanol.
Fixed cells were stained with Giemsa’s solution. For the terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay, 4%
paraformaldehyde was used as the reagent for fixation and the MOI and incu-
bation time were changed to 100 and 1 h, respectively. The TUNEL assay was
performed by using an in situ cell death detection kit (Roche). To examine the
release of LDH from B. bronchiseptica-infected cells, 7.5 � 104 L2 cells seeded
on 24-well plates were infected at an MOI of 200 and then centrifuged for 5 min
and incubated for 30 min at 37°C under an atmosphere of 5% CO2. The amounts
of LDH were measured spectrophotometrically with a CytoTox 96 nonradioac-
tive cytotoxicity assay kit (Promega).

Hemolysis assay. Measurement of type III-dependent hemolytic activity was
carried out as described previously (23). Briefly, bacterial pellets from overnight
cultures and rabbit red blood cells (RBC) were washed with PBS and adjusted to
5 � 1010 bacteria/ml and 109 cells/ml with PBS, respectively. Fifty-microliter
aliquots of each suspension were mixed together on a 96-well plate and centri-
fuged for 5 min for close contact; the combined suspension was then incubated
at 37°C for 30 min in a CO2 incubator. The bacterium-RBC suspensions were
gently resuspended with an additional 100 �l of PBS, and then the plate was
centrifuged. The supernatants were transferred to a new plate, where the optical
density at 492 nm was measured. To assess the effects of dextran 6000, polyeth-
ylene glycol (PEG) 1500, PEG 1000, raffinose, and sucrose on hemolytic activity,
these reagents were added to the PBS used for washing or suspending buffer at
a final concentration of 30 mM.

Immunoprecipitation. The bacterial pellet resulting from an overnight culture
of 1 ml of B. bronchiseptica was resuspended in 1 ml of PBS, and the suspended
bacterial cells were disrupted by sonication. The supernatant resulting from
centrifugation was used as the bacterial cell fraction. On the other hand, the
supernatant fraction was prepared by filtration of the bacterial culture. The
anti-BopB antibodies were added to the bacterial cell fractions or supernatant
fractions, and the mixture was incubated at 4°C for 12 h. After addition of protein
A-Sepharose beads (Sigma) to each fraction, the resulting beads were washed
three times with PBS containing 0.1% Triton X-100. The immunocomplexes
recovered from the beads were subjected to SDS-PAGE and analyzed by West-
ern blotting with anti-BopD or anti-BopB antibodies.

RESULTS

Construction and secretion profile of a bopD in-frame dele-
tion mutant. To clarify the function of BopD, a bopD in-frame
deletion mutant was constructed as described in Materials and
Methods. The mutation resulted in an 882-bp deletion in bopD
and produced a truncated BopD protein lacking 294 internal
amino acids (Fig. 1A). The culture supernatant sample pre-
pared from the wild-type strain, the BopD mutant, the BopD
mutant harboring pBopD (�BopD/pBopD), or the type III
mutant was subjected to SDS-PAGE and then stained with
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Coomassie brilliant blue (CBB) (Fig. 1B). In the culture su-
pernatant prepared from the BopD mutant, the band corre-
sponding to BopD, located at about 35 kDa, had disappeared.
In contrast, the band intensities of the other type III secreted
proteins, such as BopN and Bsp22, were comparable between
the wild-type and BopD mutant samples (Fig. 1B). The results
of the Western blotting analysis with anti-BopD antibodies
revealed that BopD was secreted by the wild-type strain and
�BopD/pBopD but not by either the BopD or type III mutant
(Fig. 1B). To detect the band of BopD secreted by the �BopD/
pBopD mutant, supernatant samples prepared from the BopD
mutant, the �BopD/pBopD mutant, and the type III mutant
were loaded with 10 times the volume of the sample prepared
from the wild-type strain in Western blotting analysis. Further-
more, a band located at 19 kDa (Fig. 1B) was identified as a
degraded product of BopD by Western blotting analysis with
anti-BopD antibodies and a long duration of exposure of the
X-ray film (data not shown). These data suggest that the BopD
mutant constructed in this study has a nonpolar mutation that
does not exert an effect on the secretion of the other known
type III secreted proteins.

BopD is required to induce morphological changes in L2
cells by B. bronchiseptica infection. Upon infection of L2 cells
with wild-type B. bronchiseptica, the cytoplasm shrinks and the
cells round up and detach from the substrata in a type III
secretion system-dependent manner (51). To investigate the
involvement of BopD in those cytotoxic phenotypes, L2 cells
were infected with the wild-type strain, the BopD mutant, the
�BopD/pBopD mutant, or the type III mutant at an MOI of
200 for 20 min. The resulting infected cells were stained with
Giemsa’s solution and observed under a light microscope (Fig.
2). As expected, the L2 cells suffered severe cytotoxicity owing

to the wild-type infection, and about 90% of the cells were
detached from the substrata. In contrast, cytotoxicity against
L2 cells was greatly diminished by infection with the BopD or
type III mutant. Furthermore, the cytotoxicity was restored in
cells infected with the complementary �BopD/pBopD mutant
strain. To further confirm the adherence efficiency of the
BopD mutant, HeLa cells were infected with the wild-type
strain or with the BopD mutant, since the rate of detachment

FIG. 1. Construction and secretion profile of a bopD-deficient mutant. (A) Genomic organization of the type III locus in B. bronchiseptica and
construction of a bopD-deficient mutant. The sequence data of the type III locus were obtained from the B. bronchiseptica Sequencing Group at
the Sanger Institute (ftp://ftp.sanger.ac.uk/pub/pathogens/bb/). The nomenclature of the genes in the type III locus follows that of a former report
(14). (B) The proteins secreted by the wild type (lane 1), the bopD-deficient mutant (�BopD; lane 2), the BopD mutant harboring pBopD
(�BopD/pBopD; lane 3), and the type III mutant (type III�; lane 4) were separated by SDS-PAGE, stained with CBB (top), and subjected to
Western blotting with anti-BopD antibodies (bottom). Supernatant samples were loaded from an equal number of bacteria in CBB staining, while
the samples in lanes 2 to 4 were loaded with 10 times the volume of the sample in lane 1 for Western blotting analysis.

FIG. 2. Morphological changes induced by B. bronchiseptica infec-
tion. L2 cells were infected with the wild type (a) and �BopD (b),
�BopD/pBopD (c), and type III (type III�; d) mutant strains for 20
min. These cells were then visualized by Giemsa staining.
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of HeLa cells infected with wild-type B. bronchiseptica was
lower than that of L2 cells. After Giemsa staining, the bacteria
adhering to the HeLa cells were counted under a light micro-
scope. The number of bacteria adhering to each cell was almost
equivalent among the wild-type-, �BopD-, and type III mu-
tant-infected cells (data not shown). These results demon-
strated not only that BopD is an essential factor for inducing
cytotoxicity but also that it is not involved in adherence to host
cells.

BopD is required for the cell death induced by B. bronchi-
septica infection. B. bronchiseptica infection has been shown to
induce the death of various cells, such as infiltrating polymor-
phonuclear cells in the lungs of BALB/c mice, L2 cells, and
J774 cells (a macrophage-like cell line), and such cell death has
been shown to be dependent on functional type III secretion
machinery (44, 50). We used the TUNEL method to determine
the role of BopD in B. bronchiseptica-induced cell death. To
avoid the severe cell detachment induced by the wild-type
infection, the MOI in this assay was reduced from 200 to 100.
Fluorescent signals in the nuclei indicative of DNA fragmen-
tation were observed in L2 cells infected with the wild-type
strain or with the �BopD/pBopD strain but not in cells in-
fected with the BopD or type III mutant (Fig. 3A). To further
confirm the involvement of BopD in cell death, L2 cells were
infected with the wild type or the �BopD, �BopD/pBopD, or
type III mutant strain for 30 min, and the amounts of LDH
released into the extracellular milieu by the respective infected
cells were measured. The relative amounts of LDH released by
cells infected with the wild-type strain and the �BopD/pBopD
mutant strain were 48.9 and 42.8%, respectively, against the
positive control (Fig. 3B). In contrast, the values obtained from
cells infected with the BopD and type III mutants were 5.3 and
7.0%, respectively (Fig. 3B). These results suggest that the
BopD protein plays a role in B. bronchiseptica-induced cell
death.

BopD is required for the type III secretion machinery-de-
pendent hemolytic activity. B. bronchiseptica has the ability to
disrupt RBC membranes, and this activity is mediated by both
adenylate cyclase toxin-hemolysin and type III secretion ma-
chinery (23). In a previous report, we established a hemolytic
assay that could measure the type III secretion system-medi-
ated hemolytic activity but not the adenylate cyclase toxin-
hemolysin-mediated activity (23). In the present study, to test
the participation of BopD in type III-dependent hemolysis, the
hemolytic activity of the BopD mutant was measured and com-
pared to that of the wild-type strain. The hemolytic activity of
the wild-type strain was 25.1% of that of water-lysed RBC
(positive control). In contrast, the hemolytic activities of the
BopD and type III mutants were 3.9 and 2.0%, respectively
(Fig. 4A). By the introduction of pBopD into the BopD mu-
tant, the hemolytic activity was partially restored to 10.2% of
that in the positive control (Fig. 4A). To examine the hemolytic
ability of type III secreted proteins already secreted into the
culture supernatant, filtered supernatant from the wild-type
culture was mixed with RBC. However, no hemolytic activity
was detected (data not shown). These data indicate that BopD
is an essential factor in the type III secretion system-dependent
hemolysis in B. bronchiseptica.

In previous studies, hemolytic activity was induced by inser-
tion of pores into the RBC membranes, and this activity is
inhibited by the addition of osmoprotectants (7, 16, 21, 32, 42).
Furthermore, it is possible to determine the minimal diameter
of the pores inserted into RBC membranes with protectants of
different sizes. The hemolytic activity of the wild-type strain
was measured in the presence of sucrose, raffinose, PEG 1000,
PEG 1500, or dextran 6000 as a protectant (Fig. 4B). In the
presence of sucrose, raffinose, PEG 1000, PEG 1500, or dex-
tran 6000, the hemolytic activity was reduced to 82.3, 70.5, 43.9,
19.7, or 8.2%, respectively. These results suggest that the di-
ameter of the Bop-mediated pores in the RBC membrane is

FIG. 3. TUNEL and LDH release assays of L2 cells infected with B. bronchiseptica. (A) L2 cells were infected with the wild type (a, e) and
�BopD (b, f), �BopD/pBopD (c, g), and type III (type III�; d, h) mutant strains for 1 h. The cells were then treated with the fluorescent TUNEL
reagent and observed under a Nomarski (top) or fluorescence (bottom) microscope. (B) Histogram showing relative amounts of LDH released by
L2 cells infected with the B. bronchiseptica strains indicated at the bottom. Results are expressed as the percentage of Triton-lysed L2 cells after
subtraction of the value measured in the supernatant of uninfected cells. The error bars represent the standard error of the mean from triplicate
experiments.
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less than that of PEG 1500-mediated pores and larger than
that of raffinose-mediated pores.

BopD binds to BopB. BopD and BopB have 30.3 and 36.1%
amino acid sequence similarity to YopD and YopB, respec-
tively, which have been reported as type III secreted proteins
in yersiniae. It has been demonstrated that YopD has the
ability to bind directly to YopB, and the resulting complex
composes a pore on the host plasma membrane to translocate
effectors into the cytoplasm of infected cells (33). To investi-
gate the possible association of BopD with BopB, a coimmu-

noprecipitation assay was carried out with anti-BopB antibod-
ies. The anti-BopB antibody or rabbit IgG was added to the
bacterial-cell-soluble or supernatant fraction prepared from
the wild-type strain and the BopB mutant, and then the im-
munocomplexes were recovered by addition of protein
A-Sepharose. The resulting samples were subjected to SDS-
PAGE and analyzed by Western blotting with anti-BopD an-
tibodies. The BopD signal was detected in the samples precip-
itated with anti-BopB antibodies from both the wild-type cell-
soluble and supernatant fractions (Fig. 5). In contrast, both in
the case of protein samples that were precipitated with rabbit
IgG from the fractions prepared from the wild-type strain and
in the case of those that were precipitated with anti-BopB
antibodies from the fractions prepared from the BopB mutant,
no BopD signals were detected (Fig. 5). BcrH2, which is a
homolog of the Yersinia chaperonin of YopB and YopD, is
encoded directly downstream of BopB. To investigate the abil-
ity of BcrH2 to bind to the BopB-BopD complex in the cyto-
plasm, the immunocomplex precipitated with anti-BopB anti-
bodies was analyzed by Western blotting with anti-BcrH2
antibodies. Interestingly, the signal of BcrH2 was detected in
the anti-BopB antibody-precipitated sample (Fig. 5). These
results strongly suggest that BopD forms a complex with BopB,
and a putative type III chaperonin, BcrH2, was also associated
with the BopB-BopD complex in the bacterial cytosol.

DISCUSSION

In this study, we demonstrated that BopD plays a critical
role in evoking cytotoxicity in B. bronchiseptica-infected cells
and that BopD forms a complex with BopB for pore formation
on the host plasma membrane. This conclusion was based on
the finding that cytotoxicity, as manifested by the cell death
induced by wild-type infection, did not occur upon BopD mu-
tant infection and that BopD specifically associated with BopB
in both the bacterial cell and supernatant fractions.

A recent study demonstrated that BCECF [2�,7�-bis-(2-car-
boxyethyl)-5-(and 6)-carboxyfluorescein, acetoxymethyl ester]
can be used to monitor pore formation more directly than the
LDH release assay (27). BCECF is a membrane-permeating

FIG. 4. Type III secretion system-dependent hemolytic activity of
B. bronchiseptica. The values in the histogram are the percentages of
water-lysed RBC after subtraction of the value measured in uninfected
cells (PBS alone). (A) Histogram showing the hemolytic activities of
the wild type and �BopD, �BopD/pBopD, and type III (type III�)
mutant B. bronchiseptica strains. (B) The hemolytic activity of the wild
type strain was measured in the presence of osmoprotectants (30 mM).
The molecular diameters of sucrose, raffinose, PEG 1000, PEG 1500,
and dextran 6000 were 0.47, 1.2 to 1.4, 1.8, 2.4, and 3 to 3.5 nm,
respectively (7, 16, 21, 30, 40). The error bars represent the standard
error of the mean from triplicate experiments.

FIG. 5. Associations between BopD and BopB. Immunoprecipita-
tion (IP) from the cell-soluble (lanes 2 to 4) and supernatant (lanes 6
to 8) fractions with anti-BopB antibodies (lanes 2, 3, 6, and 7) and
rabbit IgG (lanes 4 and 8) was carried out, and the resulting samples
were analyzed by Western blotting with anti-BopB (top), anti-BopD
(middle), and anti-BcrH2 (bottom) antibodies. The cell-soluble (lane
1) and supernatant (lane 5) fractions used for immunoprecipitation
were loaded onto the gel as positive controls. wt, wild type.
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dye of 623 Da that becomes fluorescent and loses its mem-
brane-permeating ability after cleavage by intracellular ester-
ases. We measured the amounts of BCECF and LDH released
from the cells after infection with wild-type B. bronchiseptica
for 0, 10, 30, 60 and 120 min as described previously (27).
However, there were no significant differences in the release
profiles of BCECF and LDH (data not shown). It has been
reported that the Yersinia effectors prevent leakage of BCECF
from the translocation pore (32). Therefore, the Yersinia
�HOPEMN strain that does not produce effectors (YopH,
YopO, YopP, YopE, YopM, and YopN) was used for the
BCECF release method (32). In the genus Bordetella, type III
effectors are still unknown. To monitor the direct readout of
the pores (BCECF release), not osmotic lysis (LDH release),
we need to identify the type III effector proteins in bordetellae
and then generate an effector polymutant.

Stockbauer et al. (44) demonstrated that the death of mam-
malian cells, such as HeLa cells, induced by wild-type B. bron-
chiseptica infection was necrosis rather than apoptosis. In the
present study, the TUNEL assay revealed that DNA fragmen-
tation occurred in the nuclei of B. bronchiseptica-infected L2
(Fig. 3A) and HeLa (data not shown) cells, and this phenotype
was also observed in macrophages (50). The TUNEL assay is
often used to detect apoptotic cells, but in some cases, a
TUNEL-positive signal is seen in response to unconventional
apoptotic cells. For example, Salmonella-infected macrophages
showed the TUNEL-positive phenotype even though their
death was not accompanied by the activation of caspases (19).
Although the detailed molecular mechanisms of caspase-inde-
pendent cell death are unknown, bordetellae and salmonellae
may induce such a phenotype during infection.

To investigate whether the hemolytic activity defect of the
BopD mutant was reversed by the presence of BopD in the
extracellular buffer, purified His-BopD was added to the RBC-
BopD mutant suspension in the hemolysis assay. The outcome
of this experiment was that the level of hemolysis was almost
equal to that of the BopD mutant alone (data not shown).
Hemolytic activity was not detected when the RBC were mixed
with the wild-type supernatant, even though that solution con-
tained the BopB-BopD complex (data not shown). Moreover,
the mixture of the BopB mutant (which secretes BopD at a
level equal to that of the wild-type strain but has no hemolytic
activity [23]) and the BopD mutant (which secretes BopB at a
level equal to that of the wild-type strain [Fig. 1C]) was not
able to disrupt the RBC membrane (data not shown). These
results suggest that the proper translocation of both BopB and
BopD into the host plasma membrane by type III secretion
machinery is required for BopB-BopD-mediated pore forma-
tion. Interestingly, B. bronchiseptica-induced hemolysis oc-
curred even when the bacterium-RBC suspension was not cen-
trifuged (data not shown). Yersiniae (18, 32) and shigellae (7,
38) also induce hemolysis, but the close contact between bac-
teria and RBC caused by centrifugation is required to evoke
this event. Close-contact-independent hemolysis has been re-
ported in enteropathogenic E. coli (EPEC) (41), suggesting
that B. bronchiseptica induces hemolysis by a mechanism sim-
ilar to that of EPEC.

The partial complementation of hemolytic activity by the
�BopD/pBopD mutant strain was due to the lower expression
of BopD in this strain. In fact, approximately 10 times less

BopD was found in the whole-cell lysate prepared from the
�BopD/pBopD mutant strain than in that from the wild-type
strain, as determined by Western blot analysis with anti-BopD
antibodies (data not shown). The copy number of bopD in the
�BopD/pBopD strain should have been higher than that in
the wild-type strain. However, the expression level of bopD in
the �BopD/pBopD strain was lower than that in the wild-type
strain. Although the reason for this finding was unclear, the
plasmid-derived promoter may be unsuitable for gene expres-
sion in bordetellae. Despite the low expression level, the
amounts of LDH released were almost identical between
the wild-type strain and the �BopD/pBopD strain (Fig. 3B).
The level of restoration caused by introduction of pBopD into
the BopD mutant may depend on the sensitivity of each assay
system.

Several reports have noted that the factors responsible for
pore formation through the eukaryotic plasma membrane are
a prerequisite for the translocation of effectors into host cells
(9). For example, YopD and EspB were found to be secreted
via the type III secretion system in Yersinia enterocolitica and
EPEC, respectively, and both proteins function as one of the
pore-forming factors (21, 32, 45). BopD has 30.3 and 26.8%
sequence similarity with YopD and EspB, respectively. These
pore-forming factors, as well as BopD, have one putative trans-
membrane domain (as predicted by TMpred; http://www
.ch.embnet.org/software/TMPRED_form.html) in the respec-
tive central region. Moreover, according to a coiled-coil pre-
diction result (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat
.pl?page	/NPSA/npsa_lupas.html), these proteins, including
BopD, have a coiled-coil region at their respective C-terminal
ends. Although further analyses are needed, these findings
suggest that BopD functions as the pore-forming factor in
bordetellae. bopD has been found in the genomes of both B.
pertussis Tohama I (98.7% identity) and B. parapertussis 12822
(99.7% identity) (34). These findings suggest that BopD and its
function may be conserved in the genus Bordetella.

Extensive studies have been conducted in which the complex
of YopB, YopD, and LcrV was required for forming the pore
on the host plasma membrane during Yersinia infection (15, 18,
20, 32, 33, 39). The diameter of pores composed of YopB-
YopD-LcrV was inferred to be about 2 nm by using osmopro-
tectants in the hemolytic assay (32). The diameter of pores
composed of translocator proteins in shigellae, EPEC, or
pseudomonads was estimated by using osmoprotectants such
as sucrose, raffinose, PEG, and dextran (7, 16, 21). The hemo-
lytic activity of wild-type B. bronchiseptica was greatly reduced
by the presence of PEG 1500 (19.7% hemolysis) and was
slightly reduced by the presence of raffinose (70.4% hemolysis)
(Fig. 4B). These results indicate that the diameter of the pores
mediated by the BopD and BopB proteins is 1.5 to 2.5 nm.
Although no gene encoding a Yersinia LcrV homolog was
found in the genomes of Bordetella spp., we have demonstrated
that BopB, which is a homolog of Yersinia YopB, is involved in
hemolytic activity (23). In this study, we showed that BopD
associated with BopB in the bacterial cytosol and culture su-
pernatant (Fig. 5), suggesting that at least BopB and BopD are
required for the pore formation complex in Bordetella spp. In
shigellae, the pore-forming factors IpaB and IpaC do not as-
sociate in the bacterial cytoplasm. Both proteins have been
shown to bind with the specific chaperonin called IpgC to
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prevent their premature association (29). In contrast, YopB
and YopD, which are the pore-forming factors in yersiniae, can
form complexes not only in the supernatant but also in the
bacterial cytoplasm (33). Our data were consistent with the
case of yersiniae. It has been reported that YopB, YopD, and
their chaperonin, LcrH/SycD, make a complex in the bacterial
cytosol. LcrH/SycD is thought to protect the complex com-
posed of YopB and YopD and facilitate the efficient secretion
of YopD and YopB (33, 47). BcrH1 and BcrH2, which were
encoded directly upstream of bopD and downstream of bopB,
respectively (Fig. 1A), in the Bordetella genome, show 38.9 and
32.7% sequence similarities to Yersinia LcrH. Indeed, BcrH2
was coprecipitated with the BopB-BopD complex in the cell-
soluble fraction (Fig. 5). These findings suggest that BcrH1 or
BcrH2 might directly bind to BopD or BopB as a chaperonin
in the Bordetella cytosol.

Although further experiments are needed to determine the
exact associations among BopD and other proteins, our results
strongly suggest that BopD is one of the pore-forming factors
and functions as the translocator to deliver type III effectors
into the host cell cytoplasm.
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