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toxB Gene on pO157 of Enterohemorrhagic Escherichia coli
O157:H7 Is Required for Full Epithelial Cell
Adherence Phenotype
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Adherence of enterohemorrhagic Escherichia coli (EHEC) to the intestinal epithelium is critical for initiation
of a bacterial infection. An in vitro infection study previously indicated that EHEC bacteria initially adhere
diffusely and then proliferate to develop MC, a process that is mediated by various secreted proteins, such as
EspA, EspB, EspD, Tir, and intimin, as well as other putative adherence factors. In the present study, we
investigated the role of a large 93-kb plasmid (pO157) in the adherence of O157:H7 (O157Sakai) and found
the foxB gene to be involved in the full adherence phenotype. A pO157-cured strain of O157Sakai (0157Cu)
developed microcolonies on Caco-2 cells; however, the number of microcolonies was lower than that of
0157Sakai, as were the production and secretion levels of EspA, EspB, and Tir. Introduction of a mini-pO157
plasmid (pIC37) composed of the foxB and ori regions restored full adherence capacity to O157Cu, including
production and secretion of the proteins. In contrast, introduction of a pO157 mutant possessing foxB::Km into
0157Cu could not restore the full adherence phenotype. Expression of truncated versions of His-tagged ToxB
also promoted EspB production and/or secretion by O157Cu. These results suggest that ToxB contributes to
the adherence of EHEC to epithelial cells through promotion of the production and/or secretion of type 111

secreted proteins.

Enterohemorrhagic Escherichia coli (EHEC) is responsible
for a range of illnesses, including nonbloody diarrhea, hemor-
rhagic colitis, and hemolytic-uremic syndrome. The Centers for
Disease Control and Prevention estimated that strains of
O157:H7 cause approximately 73,000 illnesses and 60 deaths
per year in the United States, and non-O157:H7 Shiga toxin-
producing E. coli adds an additional 37,000 estimated cases
(11, 20). The pathogenesis of EHEC (represented by O157:
H7) has been shown to be associated with several characteris-
tics, including the production of Shiga-like toxins, the ability to
produce an attaching-and-effacing intestinal lesion, and the
ability to induce enterohemolytic activity (2, 12, 22, 27).
Among its characteristics is bacterial attachment to the intes-
tinal epithelium, which constitutes an early step and is believed
to be crucial to the development of illness. Adherence of
EHEC to epithelial cells has been indicated to be mediated by
various secreted proteins, such as EspA, EspB, EspD, Tir, and
intimin, which are encoded by genes of the locus for enterocyte
effacement (LEE) (6, 7, 17, 33, 41). We recently reported that
an O157:H7 strain (O157Sakai) initially adhered diffusely to
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Caco-2 cells and proliferated to develop microcolonies (MC)
and that mini-Tn5Km?2 insertion mutants that showed a reduc-
tion in the number and size of MC were defective in an initial
stage and the later stages of adherence, respectively (32). In
that study, disruption of the eae gene encoding intimin in
0O157Sakai influenced MC formation but not initial attach-
ment, while mutants defective in type III secretion were unable
to adhere to epithelial cells. It is likely that proteins secreted
via the type III system, such as EspA, and intimate adherence,
which is mediated by the interaction of intimin with Tir, are
involved in initial attachment and subsequent development of
MG, respectively (6, 7, 32).

All O157:H7 strains, including O157Sakai, possess a large
plasmid ranging from 93 to 104 kb in size (29). Although the
significance of the plasmid for infection has been debated,
recent studies suggest that the large plasmid (pO157) in
O157:H7 is important for pathogenicity. Karch et al. reported
that an O157:H7 strain (E. coli 933) produced fimbriae, which
disappeared when pO157 was lost (14). Although fimbriae
were not detected in other O157:H7 strains, such as 7785,
when 7785 was cured of pO157, its capacity to adhere to epi-
thelial cells was decreased (36). Fratamico et al., however,
indicated that when pO157 was removed from some O157:H7
strains, their adherence was not substantially changed (9). Re-
cently, Burland et al. and Makino et al. reported the complete
nucleotide sequences of the pO157 plasmids from two inde-
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pendently isolated O157:H7 strains, 7785 and O157Sakai (3,
19). The entire plasmid sequences, including several putative
virulence-associated genes, such as foxB, katP, espP, tagA,
etcC-0, and hlyA-D, were almost identical. Recent findings
may help us to understand the function of ToxB. For example,
Nicholls et al. found that a clinical isolate, O111:H~ EHEC,
that displayed strong adherence to cultured Chinese hamster
ovary cells showed a reduction in adherence capacity upon
insertion of TnPhoA into an open reading frame (ORF) (efa-1)
on the chromosome (23). In their report, they indicated that
the predicted 365-kDa Efa-1 protein displays 28% amino acid
identity with the predicted 362-kDa foxB product of pO157.
Klapproth et al. recently reported that enteropathogenic E.
coli (EPEC) possesses an ORF (lif4) and that the gene is
associated with the ability to inhibit lymphocyte activation (15).
In that study, they found that the predicted LifA protein shares
28% amino acid identity with the predicted ToxB protein and
that the /if4A homologue sequences were extensively distributed
among various EHEC and EPEC strains, including Citrobacter
rodentium (15). In this context, we wished to elucidate whether
the toxB gene on pO157 is important for bacterial adherence to
epithelial cells.

MATERIALS AND METHODS

Bacterial strains, media, and tissue culture. O157:H7 strain RIMD 0509952
(referred to as O157Sakai in our previous paper [32]) was originally isolated from
a patient in the biggest outbreak to occur in 1996 in Sakai City, Japan (19, 32, 40).
EHEC was maintained as described previously (32). Caco-2 cells were main-
tained as previously reported (32).

Plasmid constructions. Mini-pO157 plasmid pIC37 was constructed by ligating
a 25-kb BamHI DNA fragment of pO157 with a Km"encoding gene cassette-
bearing the BamHI DNA fragment of pUT mini-Tn5Km2 (5) and designated
pIC37. pIC37 was maintained with 5 pg of kanamycin per ml in the host strain
throughout the study. pMH900 was constructed by deleting a 10.3-kbp AatIl
fragment of pIC37.

Construction and detection of truncated ToxB versions tagged with six histi-
dines. The toxB gene and the various truncated foxB versions were constructed
and tagged with six histidines as follows. pHis-ToxB(SacI) was constructed by
ligating the 9.8-kb SacI-Pst] fragment of pIC37 with the SacI-PstI fragment of
pQE30 (QIAGEN). pHis-ToxB(HindIIl) and pHis-ToxB(Sphl) were con-
structed by deleting 5.3-kb HindIIl and 5.6-kb Sphl fragments from pHis-
ToxB(Sacl), respectively. pHis-ToxB(EcoT14I) was constructed by deleting a
1.5-kb EcoT14I fragment from pHis-ToxB(HindIII). Expression of the His-ToxB
derivatives was detected by using the protocol for QIAexpress (QIAGEN) and
the immunoblot method as described previously (32). Briefly, E. coli IM109 or
XL-1 blue was used as a host strain. L broth (1.5 ml) containing ampicillin (50
pg/ml) was inoculated with overnight cultures (500 pl), which were then grown
at 37°C for 30 min with vigorous shaking. Expressions were induced by adding
isopropyl-B-p-thiogalactopyranoside (IPTG) to a final concentration of 1.5 mM.
The cultures were grown for 3 h and transferred in 1-ml aliquots to microtubes.
The cells and supernatants were concentrated by adding 340 wl of 24% trichlo-
roacetic acid. The His-foxB derivatives were detected by using anti-RGSHHHH
mouse immunoglobulin G antibody (QIAGEN).

Construction of a foxB mutant by insertion of a Km" cassette gene. Bacteria
were cultured at 30°C for all constructions. A set of oligonucleotides, toxB3
(5'-CCGGGATCCATCCTGAAACAAAACGAAACG-3') and toxB4 (5'-CGG
AATTCGATGCAAAATTGTATGCTCTAG-3"), was used to amplify DNA
fragments of 3,033 bp corresponding to the internal region of the foxB gene from
plasmid pIC37 by PCR as described previously (32). The corresponding nucle-
otides contained restriction sites for the endonucleases BamHI and EcoRI
(shown in bold in the oligonucleotide sequences). These enzymes were used to
clone an amplification product into pBluescript II KS(+) (30). The resulting
3,017-bp BamHI-Xbal fragment, containing the foxB gene, at the Scal site of
which the blunted PstI fragment, containing the Km"-encoding gene of pUK4K
(34) was introduced, was subcloned into temperature- and sucrose-sensitive
suicide vector pCACTUS (31), and the plasmid was introduced into O157Sakai
by electroporation. The transformants were grown on L agar plates supple-
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mented with kanamycin at 5 wg/ml and 5% sucrose without NaCl at 42°C. The
resulting sucrose- and kanamycin-resistant colonies were tested for chloram-
phenicol sensitivity, which is indicative of loss of the suicide vector. The chlor-
amphenicol-sensitive colonies thus selected were confirmed to contain an inser-
tion of the Km™-encoding gene in the foxB gene, as determined by restriction
enzyme digestion of the PCR-amplified segment.

Adherence assay. The adherence of O157 derivatives to Caco-2 cells was
evaluated as previously described (32). Briefly, bacteria were grown in Dulbecco
modified Eagle medium (DMEM) containing 0.45% glycerol for 2 h at 37°C
(optical density at 600 nm, ~1.8) and inoculated at a multiplicity of infection of
50:1 onto semiconfluent Caco-2 cell monolayers grown on coverslips in a 24-well
plastic plate. Bacteria and cells were incubated for 1.5 h, washed five times with
1 ml of sterile phosphate-buffered saline, and overlaid with 1 ml of fresh DMEM
containing 0.45% glycerol for an additional 2.5 h. The monolayers were fixed and
stained with Giemsa’s solution for microscopic evaluation. Bacterial clusters on
Caco-2 cells consisting of eight or more bacteria were considered MC. All MC
were counted by a technical assistant who did not know which strain was shown
on the slide. The numbers of MC that developed on Caco-2 cells monolayers
were adjusted by CFU measured by plating the inoculated bacteria on agar
plates.

Secretion and expression of type III secreted proteins. The secretion and
expression of EspA, EspB, and Tir were analyzed as described previously (32),
but in the case of O157Cu cells with pHis-ToxB(Sacl) derivatives, bacteria were
grown in DMEM-glycerol with 1.5 mM IPTG.

Fluorescence actin staining. The ability of O157Sakai derivatives to induce
intimate attachment was assessed by using the fluorescence actin staining test
(16).

Northern blotting. Cells harboring pIC37 were grown in 10 ml of DMEM
containing 0.45% glycerol at 37°C. At an optical density at 600 nm of 0.27, the
cells were harvested and total cellular RNA was prepared. The total RNA (5 or
15 pg) was resolved by 1.0% agarose-gel electrophoresis in the presence of
formamide and blotted onto a Hybond-N" membrane (Amersham) as previously
described (28). The 563-bp EcoRV-Sacll fragment containing the internal region
of the espB structural gene and the 395-bp SspI fragment containing the entire ler
structural gene were used as probes for the espB and ler mRNAs, respectively.
The membrane was hybridized to the DNA probe labeled with the BrightStar
Psoralen-Biotin Nonisotopic Labeling Kit (Ambion) and washed, and the signals
were visualized with a BrightStar BioDetect Nonisotopic Detection Kit (Am-
bion).

RESULTS

Construction of pO157-cured strains and the adherence
phenotype. To eliminate pO157 from O157Sakai, mini-R plas-
mid pKP2368 encoding chloramphenicol (CM) resistance,
which has the same incompatibility as pO157 (T. Miki et al.,
unpublished data), was introduced into O157Sakai by trans-
formation. Of 41 transformants that were taken from the same
electroporation and purified on LB agar containing CM at 25
pg/ml, 7 lost pO157, as confirmed by agarose gel electrophore-
sis. These seven Cm" transformants were then cured of
pKP2368 by subculturing in LB broth without CM, since
pKP2368 in E. coli K-12 had been shown to be less stable when
grown in Luria-Bertani (LB) broth without CM (Miki et al.,
unpublished data). Seven independent isolates that displayed
Cm® were confirmed to be cured of pKP2368, but not pOSAK,
which was the other small plasmid in O157Sakai (19), by aga-
rose gel electrophoresis, and the mutants were tested for the
capacity to adhere to Caco-2 cells. Caco-2 cells were infected
with each of the mutants for 1.5 h, the nonadherent bacteria
were washed out, and the infected cells were further incubated
in fresh DMEM for another 2.5 h to allow the adherent bac-
teria to develop MC visible by Giemsa staining. The MC were
then enumerated directly under a microscope, and the number
of MC per 20 microfields was corrected by the CFU measured
by placing bacteria on agar plates (see Materials and Meth-
ods). In the assay, the plasmid-cured strains developed MC on
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FIG. 1. Adherence phenotypes of a pO157-cured mutant (O157Cu)
and O157Cu/pIC37 (toxB gene). The representative slides were chosen
by the first author, who did not know the identity of the bacteria being
examined by the second. The other authors checked that the selection
of slides was reasonable. Bacteria grown in DMEM-glycerol for 2 h
were used to infect Caco-2 monolayers. Infected monolayers were
incubated for 1.5 h and washed five times with phosphate-buffered
saline. After another 2.5 h of incubation, the monolayers were again
washed three times and fixed with methanol and stained with Giemsa
solution to visualize the adherent bacterial colonies (A) or fixed with
1% paraformaldehyde and shown as fluorescent views after treatment
with anti-O157 lipopolysaccharide rabbit antibody, followed by anti-
rabbit goat antibody conjugated with fluorescein isothiocyanate (Bac-
teria), or as fluorescent views of actin stained by rhodamine-phalloidin
(Actin) (B). Strains are indicated at the right of the photos. WT, wild type.

Caco-2 cells and induced actin condensation underneath the
MC (Fig. 1A and B); however, the number of MC was lower
than for the parental strain (Fig. 2). The results suggested that
the presence of pO157 in O157 affects the initial adherence but
not the intimate attachment involved in the later stage.

The toxB region in pO157 affects EHEC adherence to host
cells. We attempted to tag the large plasmid by inserting a
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FIG. 2. Adherence efficiency of pO157-cured mutants (O157Cu).
Seven clones of O157Cu were identified as 11, 12, 15, 18, 27, 28, and
35. The number of MC on Caco-2 cells infected by bacteria and
visualized as described in Fig. 1 was scored as the sum of 20 micro-
scopic fields. Independent experiments were done at least 33 times
with clone 11, 18 times with clone 12, 21 times with clone 15, 24 times
with clone 18, 27 times with clone 27, 30 times with clone 28, 27 times
with clone 35, and 18 times with clone 38. The data shown are the
means and standard deviations of three representative experiments.
The experiments were performed on separate days; therefore, each
value was normalized to that of the wild type (WT; 100%).

kanamycin resistance-encoding gene and reintroduce it into
the cured strain, but the insertion was not successful. We next
attempted direct cloning of the foxB gene by using a conven-
tional vector such as pWSK29 (a pSC101-derived low-copy-
number vector) (39) or pUCI119 (a pBR322-deroved high-
copy-number vector) (37) but were unsuccessful. We therefore
constructed a pO157-derived miniplasmid by ligating the 25-kb
BamHI segment with a Km" cassette since the 25-kb segment
contained the foxB gene and its replication origin (or7) (Fig. 3).
The resulting mini-pO157 plasmid, named pIC37, was then
introduced into one of the pO157-cured derivatives (O157Cu),
and O157Cu carrying pIC37 was investigated for the ability to
adhere to Caco-2 cells. As shown in Fig. 4, the adherence
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FIG. 3. Physical maps of pO157 derivatives. The names of the genes that have been implicated in EHEC pathogenesis and localized to the large
plasmid derived from other EHEC O157: H7 strains (19) are inside the circles. Black arrows and squares indicate the foxB gene. White squares
indicate the coding regions of the other genes, which are on the strands indicated by the arrows. Km, kanamycin resistance-encoding gene.

capacity of O157Cu carrying pIC37 was increased remarkably
(197%) compared to that of parental strain O157Sakai
(100%). In contrast, when a pIC37 derivative with foxB deleted
(pPMH900) was introduced into O157Cu, the bacteria showed a
low (56%) adherence capacity compared with that of the wild
type (100%) (Fig. 4). To further confirm the contribution of
toxB to bacterial adherence, we inserted the Km'-encoding
gene cassette into the gene on pO157 (pMH200). The resultant
mutant strain had a reduced adherence capacity compared to
that of parental wild-type strain O157Sakai (data not shown).
pMH200 was also introduced into O157Cu, and the adherence
capacity of that strain was decreased (32%) compared with

that of O157 (100%), indicating that the toxB gene is involved
in promoting bacterial adherence.

The toxB region of pO157 affects the production and secre-
tion of type III translocated proteins. Since the secretion of
EspA, EspB, and Tir from EHEC is crucial for the adherence
of EHEC to epithelial cells, the production and secretion of
the secreted proteins in O157 (wild type), O157Cu (pO157
free), O157Cu carrying pIC37 (toxB *), and O157Cu carrying
pMH200 (toxB ) were compared by immunoblotting with
anti-EspA, anti-EspB, and anti-Tir antibodies. The growth
rates of the strains were essentially the same, although O157Cu
carrying pIC37 grew slightly slower than O157Cu (data not
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FIG. 4. Complementation of the adherence deficiency of the
0157Cu mutant by the foxB gene. The number of MC on Caco-2 cells
infected by O157Cu clone 11 derivatives (Fig. 2) was scored as de-
scribed in the legend to Fig. 2. The data shown are the means and
standard deviations of three representative experiments. Adherence
assays of the wild type (WT), O157Cu, and O157Cu/pIC37 were re-
peated 24 times. Essentially the same results were obtained with
0157Cu clone 28.

shown). As shown in Fig. 5, production of EspA, EspB, and Tir
was lower in O157Cu or O157Cu carrying pMH200 than in
0157 or O157Cu carrying pIC37. Consistent with these results,
the level of EspA and EspB secreted into the medium by
O157Cu or O157Cu carrying pMH200 was lower than that
secreted by O157 or O157Cu carrying pIC37. The same was
also true of O157/pMH900, whose level of protein secretion
into the medium was lower than that of O157 or O157Cu
carrying pIC37 (data not shown). These results suggest that
toxB expression in O157 affects the production and secretion of
type III secreted proteins.

ToxB may affect the production of type III secreted proteins
at the posttranscriptional level. To further investigate the role
of toxB in the increase in the production and secretion of
EspA, EspB, and Tir in O157, the level of espB mRNA ex-
pressed in O157Cu with or without pIC37 was investigated by
Northern blotting with a DNA probe specific for espB. Figure
6 shows that the levels of espB mRNA in O157Cu carrying
pIC37 (toxB™) and O157Cu were similar. The same was true of
0157Cu carrying pMH900 (foxB ), in which the level of espB
mRNA was similar to that in O157 (data not shown). Since the
espADB operon and other operons encoding the type III se-
cretion system in LEE has been indicated to be positively
regulated at the transcriptional level by Ler (LEE-encoded
regulator) in EPEC and EHEC (8, 10, 21, 24), the level of ler
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FIG. 5. Levels of secretion and expression of EspA, EspB, and Tir
by O157Cu clone 11. Trichloroacetic acid-precipitated culture super-
natants (sup) and bacterial cell lysates (whole) derived from equal
amounts of wild-type (WT) O157Sakai (lane 1), O157Cu (lane 2),
0157Cu/pMH200 (lane 3), and O157/pIC37 (lane 4) were resolved by
sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and
stained with Coomassie brilliant blue (bottom photo) or transferred to
a nitrocellulose membrane and probed with a polyclonal rabbit anti-
serum specific to each protein (indicated at the left). Each antibody
was purified by using the peptide itself as an antigen, and no other
bands reacted with it, demonstrating antibody specificity. Furthermore,
no band reacted with each antibody in the culture supernatant of type
III-defective mutants (32). Essentially the same results were obtained
in O157Cu clone 28.

mRNA in O157Cu with or without pIC37 was examined by
Northern blotting with a DNA probe specific for ler. As shown
in Fig. 6, the levels of ler mRNA in the two strains were similar.

The N-terminal half of ToxB may be important for produc-
tion and secretion of type III secreted proteins. The deduced
ToxB sequence was predicted to be a slightly hydrophilic 362-
kDa protein and shared amino acid sequences with other pu-
tative adherence factors, such as Efa-1 of O111:H ™ (see intro-
duction). However, since the predicted 362-kDa protein
expressed by the toxB gene on pO157, including the cognate
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FIG. 6. Analysis of espB and ler mRNAs generated from O157Cu
with or without pIC37 by Northern blotting. Total RNA (5 or 15 pg)
prepared from each strain was subjected to Northern blot analysis.
Open arrowheads indicate the mRNA investigated.

genes in EPEC and other EHEC strains, has yet to be re-
ported, we undertook to detect ToxB protein by immunoblot-
ting. We prepared two synthetic peptides corresponding to the
23 amino acids starting from Val-74 in the N terminus and the
21 amino acids starting from Glu-3087 in the C terminus and
raised antibodies by injecting rabbits. Although both of the
antibodies reacted with their own synthetic peptides in immu-
noblots, neither reacted with a putative 362-kDa foxB product,
as examined by using a whole bacterial cell lysate of O157 or
O157Cu carrying pIC37. Therefore, the foxB gene and various
truncated toxB versions were constructed and tagged with six
histidines by cloning in pQE30, a histidine-tagged vector. The
resulting plasmids, each encoding a His-tagged ToxB deriva-
tive and referred to as pHis-ToxB(Sacl), pHis-ToxB(HindIII),
and pHis-ToxB(Sphl) (Fig. 7A), were examined for His-tagged
products by immunoblotting with an anti-His antibody in
JM109 or XL1-blue. As shown in Fig. 7B, pHis-ToxB(Sacl),
pHis-ToxB(HindIII), and pHis-ToxB(Sphl) produced the ex-
pected 339-kDa, 175-kDa, and 124-kDa proteins, respectively.
When pHis-ToxB(Sacl) was introduced into O157Cu, the level
of EspB production, including secretion into the medium, was
increased (Fig. 7C). When pHis-ToxB(HindIIl) was intro-
duced into O157Cu, the level of EspB production was in-
creased (Fig. 7C). The O157Cu/pHis-ToxB(Sphl) strain,
meanwhile, showed reduced growth and EspB production, in-
cluding secretion into the medium (data not shown). To nar-
row down further the ToxB region involved in the promotion
of EspB production, we constructed a C-terminally truncated
version of pHis-ToxB(HindIII); plasmid pHis-ToxB(EcoT14I)
encoded a His-ToxB(HindIII) version lacking 278 C-terminal
amino acids (Fig. 7A). However, when pHis-ToxB(EcoT14I)
was introduced into O157Cu, EspB production and secretion
were not increased, as examined by immunoblotting with the
anti-EspB antibody (Fig. 7C).

DISCUSSION

In this study, we investigated the significance of pO157 for
the pathogenicity of EHEC and found that the toxB gene on
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pO157 is important for full expression of adherence in that it
affects the production and secretion of EspA, EspB, and Tir,
which are required for bacterial attachment. Our conclusion
was based on the following results: (i) removal of pO157 from
O157Sakai reduced adherence capacity; (ii) introduction of
mini-pO157 (pIC37) encoding the foxB region into O157Cu
(0157 cured of pO157), but not pO157 derivatives lacking
toxB, such as pMH200 (pO157 toxB::Km) or pMH900 (a pIC37
derivative without the foxB region), increased adherence ca-
pacity; and (iii) O157Cu carrying pIC37, but not pMH200,
stimulated the production and/or secretion of EspA, EspB, and
Tir.

We have recently proposed that O157Sakai may adhere to
epithelial cells through a two-step process; the first step is
diffuse adherence, and the second is a more intimate attach-
ment and the development of MC on epithelial cells (32). We
also indicated that type III secreted proteins, such as EspA, or
additional putative adherence factors are involved in the initial
adherence and that the intimin-Tir interaction is required for
subsequent development of MC but that the development rate
appears to depend on the bacterial growth rate rather than on
the level of intimin and/or Tir expression (32). This idea was
agreed with by Ebel et al., who suggested that EspA is required
at the initial stage of bacterial adherence to the host cells in
026 Shiga toxin-producing E. coli (7). According to the model,
the loss of pO157 from O157 mostly affects the initial adher-
ence stage, since O157Cu (pO157-cured derivative) could de-
velop MC on Caco-2 cells, with actin condensation occurring
beneath the attached bacteria. The apparent size of O157Cu
MC, including the accumulation of F-actin, as observed by
Giemsa staining of infected Caco-2 cells at 4 h postinfection,
was similar to that of the wild type MC (Fig. 1). Nevertheless,
as shown in Fig. 5, the level of Tir secretion into the culture
medium by O157Cu was less than that by the wild type, imply-
ing that ToxB also, if only in part, involves the later stage of
bacterial adherence. Although the exact reason why O157Cu
can still form MC remains to be elucidated, there is a possible
explanation. For example, the smaller amount of Tir secreted
may still be sufficient for bacteria to allow a specific interaction
with intimin during bacterial infection of Caco-2 cell monolay-
ers. This idea is supported by previous findings obtained with
a less adherent O157 mutant isolated by random mini-Tn5Km?2
insertion mutagenesis (32). In that study, the mutant named
H7-C4 was still able to form MC sufficiently on Caco-2 cells at
4 h after infection, even though the levels of Tir secreted into
the medium were low compared with those secreted by the wild
type.

Interestingly, the capacity of O157Cu carrying pIC37
(toxB™) to adhere to Caco-2 cells was remarkably high com-
pared with that of the wild type. This increase caused by pIC37
did not appear to be due to an increase in the plasmid copy
number, since the copy number of pIC37 in O157Cu was sim-
ilar to that of pO157 in O157Sakali, as estimated by agarose gel
electrophoresis (data not shown). Thus, although no direct
evidence has been obtained, toxB expression from pIC37 may
be increased in O157Cu.

To account for the positive effect of the presence of ToxB in
EHEC on the production and secretion of secreted proteins,
the levels of ler mRNA and espB mRNA in O157Cu in the
presence or absence of pIC37 were investigated by using
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FIG. 7. (A) Schematic maps of the truncated ToxB versions tagged with six histidines. The names of the products are indicated on the left of
the maps. The numbers correspond to the positions of the amino acids (aa) in wild-type ToxB, and the predicted molecular masses are indicated
on the right of the maps. The insertion site of the kanamycin resistance-encoding gene in pMH200 is indicated above the maps. (B) Expression
of truncated ToxB tagged with six histidines. Trichloroacetic acid-precipitated cultures derived from equal amounts of JM109/pQE30, IM109/
pHis-toxB(Sacl), XL1-blue/pHis-toxB(HindIII), and XL1-blue/pHis-toxB(Sphl) (upper photo) and JM109/pHis-toxB(EcoT14I) (lower photo)
were resolved by sodium dodecyl sulfate (SDS)-6% (indicated on the right of the upper photo) and —7.5% (indicated on the right of the lower
photo) polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and probed with anti-RGSHHHH mouse immunoglobulin
G antibody. Nonsp., a band cross-reacting nonspecifically with the serum. (C) Levels of secretion and expression of EspB and Tir by O157Cu cells
with pHis-toxB(Sacl), pHis-toxB(HindIII), and pHis-toxB(EcoT14I). Trichloroacetic acid-precipitated culture supernatants (sup) and bacterial cell
lysates (whole) derived from the same amount of O157Cu with either pHis-toxB(SacI) derivatives or pQE30 (used as a control) were resolved by
sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue (bottom photo) or transferred to a
nitrocellulose membrane and probed with polyclonal rabbit antiserum specific to each protein indicated at the right.

Northern blotting with a DNA probe specific for the ler gene or structed and introduced into O157Cu with or without pIC37 to
espB mRNA. The results indicated that pO157 in O157Sakai monitor the effect of the plasmid on promoter activity. The
had no appreciable effect on the level of ler mRNA or espB chloramphenicol acetyltransferase activities in O157Cu carry-
mRNA. To confirm this, a pler::cat fusion plasmid was con- ing pIC37/pler::cat and in O157Cu/pler::cat were similar (H. Abe
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adherence factor
(Chlamydia muridarum) (25%)

Orf35, Orf36
(EAF plasmid of 0111 EPEC)

Efa-0157a, Efa-O157b
(chromosome of 0157:H7 EHEC)

Toxin B
(Clostridium difficile) (24%)
Toxin A
(Clostridium difficile) (23%)

S
(30%) (43%)

(96%)  (97%)

FIG. 8. Schematic analysis of the amino acid (aa) sequence deduced from toxB. Regional amino acid similarity was based on high BLAST
search scores and is shown in parentheses under each solid bar. Product names (and the names of the organisms containing the genes) are indicated

on the left of the bars. A scale bar is in the upper left corner.

et al., unpublished data). On the basis of the results described
above, we assume that ToxB somehow affects the production
of type I1I secreted proteins at the posttranscriptional level and
that the increased level of EspB secretion in O157Cu/pIC37,
meanwhile, may depend on the production level rather than
the activity of the type III secretion system itself, which is
regulated by Ler.

Although the mechanism by which ToxB enhances the pro-
duction of EspA, EspB, and Tir is still vague, certain charac-
teristics of the protein in bacteria could be predicted from the
deduced foxB sequence. For example, ToxB has no typical
signal sequence at the N terminus for secretion from the bac-
terial cytoplasm. Based on the methods of Kyte and Doolittle
(18), ToxB is predicted to be slightly hydrophilic throughout
the length of its polypeptide, suggesting that ToxB is a cyto-
plasmic protein and serves to promote the production of type
IIT translocated proteins. In this regard, recent studies have
indicated that type III translocated proteins in bacteria such as
Yersinia, Shigella, and Salmonella spp. and EPEC require chap-
erons for stability in the cytoplasm or targeting to the type III
secretion machinery (1, 4). The possibility that ToxB itself
serves as a chaperon is less likely, since the size of ToxB (362
kDa) seems to be extraordinarily large compared with those of
known chaperons. We have therefore checked the possibility
that another ORF is present in the ToxB region of O157 by
searching DNA fragments of 1,000 bp by BLASTX (42; http:
/www .blast.genome.ad.jp/), but there is no potential ORF en-
coding a protein homologous to a known chaperon in the

frame other than the foxB gene or in the complementary strand
of the DNA. Although the foxB gene is predicated to encode
ToxB, some other internal translated proteins or processing
versions smaller than the full length of the ToxB protein might
be expressed and the small ToxB version(s) might have some
ability to enhance the production of EspA, EspB, and Tir. As
another example, it is still possible that ToxB exists in associ-
ation with the inner membrane in EHEC, since the ToxB
sequence possesses a putative transmembrane region located
at positions 1961 to 1980, as shown by a previous study (3). If
that is the case, it might be possible that ToxB somehow affects
type III secretion activity by being involved in the sensing of
some extracellular signals required for the stimulation of se-
cretion, as suggested previously (38, 41). This idea might be
supported by the finding that His-ToxB(Sacl), but not
His-ToxB(HindIIl) without the transmembrane region, in-
duces the secretion of EspB (Fig. 7). Alternatively, ToxB ex-
pression may also influence gross surface properties, although
there was no alteration in the lipopolysaccharide properties of
O157Sakai derivatives, as examined by an agglutination assay
with antiserum specific for O157. In addition, no surface ap-
pendixes on O157Sakai, O157Cu, and O157Cu carrying pIC37
were observed by electron microscopy of parental O157Sakai,
0157Cu, and O157Cu carrying pIC37. In any case, it is impor-
tant to elucidate the mechanisms underlying the enhancement
of the production and/or secretion of type III secreted proteins
by the foxB product(s).

The deduced ToxB sequence shares amino acid similarity
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with a variety of proteins, including some putative adherence
factors, although the extent of the similarity or the size of the
corresponding ToxB sequence varies, depending on the coun-
terpart proteins (Fig. 8). For example, efa-1, which is associ-
ated with the ability to adhere to Chinese hamster ovary cells,
was found on the chromosome of a clinical isolate of O111:H™
EHEC strain E45035 (23) and the predicted 365-kDa Efa-1
protein showed 29% identity to ToxB. It has recently been
suggested that the /if4 gene in EPEC encodes a factor that is
99% identical to Efa-1 and inhibits lymphocyte functions such
as interleukins 2 and 4 and gamma interferon (15). Genome
sequences of a Chlamydia muridarum strain (synonym: Chla-
mydia trachomatis MoPn) revealed that the strain contained
three copies of a novel gene homologous to foxB from
O157:H7 (26). The orf35 and orf36 genes were recently iden-
tified on an adherence factor plasmid of EPEC strain O111
(35). The C termini of ToxB contained two contiguous se-
quences that shared 96 and 97% identity with the amino acids
of Orf35 and Orf36, respectively. We recently identified a
putative adherence-associated gene, named efa-/ (renamed
efa-O157a in this study), in O157Sakai chromosomal DNA by
random insertion mutagenesis using mini-Tn5SKm?2 (13, 25, 32).
The downstream DNA sequence possessed another cognate
gene, named efa-O157b. The deduced efa-O157a and efa-
0O157b products were 433- and 275-amino-acid peptides, re-
spectively, that shared 30 and 43% identity with the two N-
terminal sequences in ToxB, respectively. Surprisingly, the
Efa-O157a and Efa-O157b sequences shared complete identity
with the two N-terminal contiguous sequences in Efa-1 of
O111:H . The N termini of ToxB in O157Sakai were found to
contain 707 and 708 amino acids and exhibit up to 23 and 24%
identity to Clostridium difficile toxins A and B, respectively,
when analyzed by BLAST (42; http://www.blast.genome.ad
.jp/). Therefore, these data led us to speculate that ToxB pos-
sesses several distinctive, if not separable, domains each asso-
ciated with either full production of type III secreted proteins
(this study), adherence to epithelial cells (23), or inhibition of
lymphocyte activation (15).

Under the circumstances, we investigated the region of
ToxB essential for the full production of type III secreted
proteins in O157Sakai by constructing various histidine-tagged
ToxB derivatives. In the construction, His was tagged at amino
acid 200 from the N terminus of the ToxB peptide by using
pQE30 due to the feasibility of this construction. Estimation of
EspB production and secretion in O157Cu expressing the his-
tidine-tagged ToxB derivatives suggested that the N-terminal
ToxB sequence encompassing amino acids 200 through to 1715
would be important in affecting EspB production (Fig. 7).
Importantly, the region indicated was consistent with the re-
sults obtained with pMH200, which failed to fully produce
EspB in O157Cu, since the Km" cassette was placed in the
middle of foxB, at a position corresponding to residue 1317 in
ToxB peptides (Fig. 3 and 7). This finding further supports the
idea that ToxB is required for the full production and/or se-
cretion of type III secreted proteins by O157.

In summary, our results provide evidence supporting the
notion that pO157, conserved in EHEC strain O157:H7, is
important for the expression of full pathogenicity since ToxB
encoded by pO157 can contribute to full expression of the type

INFECT. IMMUN.

III secreted proteins required for bacterial adherence to host
cells.
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