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Adherence of enterohemorrhagic Escherichia coli (EHEC) to the intestinal epithelium is essential for
initiation of infection. Intimin is the only factor demonstrated to play a role in intestinal colonization by EHEC
0157:H7. Other attempts to identify additional adhesion factors in vitro have been unsuccessful, suggesting
that expression of these factors is under tight regulation. We sought to identify genes involved in the control
of adherence of EHEC O157:H7 to cultured epithelial cells. A total of 5,000 independent transposon insertion
mutants were screened for their ability to adhere to HeLa cells, and 7 mutants were isolated with a markedly
enhanced adherence. The mutants adhered at levels 113 to 170% that of the wild-type strain, and analysis of
the protein profiles of these mutants revealed several proteins differentially expressed under in vitro culture
conditions. We determined the sequence of the differentially expressed proteins and further investigated the
function of OmpA, whose expression was increased in a mutant with an insertionally inactivated fcd4 gene. An
isogenic ompA mutant showed reduced adherence compared to the parent strain. Disruption of the ompA gene
in the tdcA mutant strain abolished the hyperadherent phenotype, and anti-OmpA serum inhibited adhesion
of wild-type and tdcA mutant strains to HeLa cells. Enhanced adhesion mediated by OmpA was also observed
with Caco-2 cells, and anti-OmpA serum blocked adherence to HeLa cells of other EHEC O157:H7 strains. Our
results indicate that multiple elements control adherence and OmpA acts as an adhesin in EHEC O157:H7.

Shiga toxin-producing strains of enterohemorrhagic Esche-
richia coli (EHEC) are a class of pathogenic E. coli responsible
for numerous food- and water-borne outbreaks, causing a
range of illnesses from nonbloody diarrhea to hemorrhagic
colitis or hemolytic-uremic syndrome in humans (reviewed in
references 16 and 19). Strains of EHEC O157:H7, the most
common EHEC serotype in North America, colonize the in-
testine and produce multiple determinants, which cause the
pathology associated with the disease, with Shiga toxin being a
key feature of virulence. EHEC O157:H7 also harbor a large
pathogenicity island, termed the locus for enterocyte efface-
ment (LEE), which is associated with the intimate adherence
to epithelial cells, initiation of host signal transduction path-
ways, and the formation of attaching-and-effacing intestinal
lesions (reviewed in references 16 and 40).

The intestinal colonization process is incompletely under-
stood. The LEE-encoded intimin and Tir proteins have been
shown to be required for intimate adherence, with intimin
being the only O157:H7 virulence determinant demonstrated
to play a role in intestinal colonization in vivo (4, 14, 42). The
finding that intimin-negative strains are still associated with
bloody diarrhea or hemolytic-uremic syndrome (5) led several
research groups to seek additional adherence factors expressed
by Shiga toxin-producing E. coli strains. Several proteins have
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been proposed as novel adhesion factors, including Tha, impli-
cated in adherence to HeLa cells when expressed in E. coli
K-12 (35); Saa, an autoagglutinating adhesin produced by
LEE-negative strains (18); and Efa-1, an adhesin from non-
0157 Shiga toxin-producing E. coli serotypes necessary for in
vitro adhesion to CHO cells and for colonization of the bovine
intestine (17, 33). In the case of EHEC serotype O157:H7, very
little is known about potential additional factors associated
with adherence. Recent studies by Tatsuno et al. have identi-
fied transposon mutants of EHEC strain O157 Sakai with re-
duced adherence to Caco-2 cells. Such mutants mapped within
LEE genes and in open reading frames (ORFs) not directly
associated with adherence, which suggests that LEE genes are
playing major roles in in vitro adhesion (37, 38). We recently
characterized a fimbrial operon in EHEC O157:H7 that me-
diates adherence when introduced into a nonfimbriated E. coli
K-12 strain, but EHEC strains mutated in this operon were
only modestly reduced in adherence to HeLa cells (39). It is
challenging to determine why, from the multiple regions in the
EHEC O157:H7 chromosome with a putative role in adher-
ence, only a limited number of genes within the LEE and other
loci have been suggested to be involved in the adherence of
these organisms to host cells. These data and previous reports
led us to hypothesize that other unidentified factors are in-
volved in the adhesion to epithelial cells, and their functions
have been difficult to establish because their expression is
tightly regulated during conditions of in vitro adherence. To
address this hypothesis, we mutagenized the EHEC strain
86-24 and isolated hyperadherent mutants, which could repre-
sent relief from the putative repression of adhesion factors in
vitro. Seven mutants were identified that showed an enhance-
ment in adherence to HeLa cells, and sequence analysis of the
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)”

Reference or source

E. coli
86-24 EHEC O157:H7 strain 86-24; Sm" Nal" 36
EDL933 Prototype EHEC O157:H7 27
85-170 EHEC O157:H7 (stx) 43
E2348/69 Prototype EPEC O127:H6 9
SM10(Apir) thi thr leuB-tonA lacY supE recA::RP4-2-Tc::Mu-Km; Km* 30
AGT601 86-24, ompA::cat; Sm" Cm" This study
AGT602 PIC8F2; ompA::cat tdcA::Tnp; Sm" Cm" Km"® This study
Plasmids
pGEMT-Easy Cloning vector; Ap" Promega
ptdcA 2,802-bp PCR fragment containing the tdcA gene in pGEMT-Easy This study
pKM201 pMAKT700 derivative with red and gam expressed from Ptac; Ap" Kenan C. Murphy
pKD3 pNTS derivative containing a FRT-flanked cat gene; Ap* Cm" 3
pRS551 Protein fusion vector; Ap" Km" 31
pPOMPA pRS551 with EcoRI/BamHI 712-bp ompA promoter region This study

“ Sm’", streptomycin resistance; Cm", chloramphenicol resistance; Ap", ampicillin resistance; Nal", nalidixic acid resistance.

transposon insertions revealed mutated genes associated with
lipopolysaccharide (LPS) biosynthesis, amino acid metabolism,
fimbrial biogenesis, and a gene of unknown function. One
phenotype of a hyperadherent strain mutated in the regulatory
tdcA gene was increased expression of OmpA, and we present
data showing that this protein may contribute to adherence of
EHEC O157:H7.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in the present study are listed in Table 1. Strains were
routinely grown in Luria-Bertani (LB) broth or on L agar at 37°C (11). When
indicated, the bacterial strains were grown in Dulbecco minimal Eagle medium
(DMEM; Gibco/Invitrogen catalog no. 11885-084) at 37°C. Antibiotics were
added to media at the following concentrations: kanamycin, 50 wg/ml; ampicillin,
100 pg/ml; chloramphenicol, 30 pg/ml; and streptomycin, 100 pg/ml.

Transposon mutagenesis. Transposon mutants of EHEC strain 86-24 were
generated with the kanamycin resistance (Km")-encoding transposome EZ:: TN
<R6Kvyori/KAN-2> Tnp (Epicentre catalog no. TSMOSKR) by electroporation
according to the manufacturer’s procedures. Briefly, electrocompetent bacterial
cells were transformed with 1 pl of the Tnp transposome, 1 ml of SOC medium
was immediately added, and the cells were incubated at 37°C for 1 h. Transcon-
jugants were selected on L agar containing streptomycin and kanamycin. A total
of 5,000 independent transposon mutants were recovered, and groups of five
colonies were pooled together and maintained in 96-well plates (Corning) con-
taining LB broth plus 50% glycerol at —80°C.

Bacterial adhesion to epithelial cells. For both qualitative and quantitative
adhesion assays, E. coli O157:H7 and its transposon or isogenic mutant strains
were evaluated for their ability to adhere to HeLa cell monolayers by our
standard protocol as previously described (39). Briefly, the strains were grown in
LB broth overnight at 37°C and added to tissue culture cells replenished with
fresh DMEM at a concentration of 107 bacteria per well for 6 h at 37°C. For
adhesion studies with Caco-2 cells, monolayers were seeded with 2 X 10° cells/
well and incubated for 48 h; after the cell monolayers were washed twice with
phosphate-buffered saline (PBS, pH 7.4), the infection was carried out as de-
scribed above. After the incubation period, the monolayers were washed, fixed,
and stained with Giemsa solution for microscopic evaluation, or bacteria were
recovered with 0.1% Triton X-100 in PBS and plated on L agar plates containing
the proper antibiotic for quantification.

To screen the Tnp transposome mutant library for adherence ability, each pool
of five mutants was grown in LB broth overnight at 37°C. The next day, bacteria
and HelLa cells were incubated for 6 h in duplicate experiments. One set of
experiments was fixed and stained with Giemsa solution for microscopic evalu-
ation. In the other set, the adherent bacterial cells were recovered and reincu-
bated in DMEM plus antibiotics overnight at 37°C. Bacterial pools that were
more adherent than the wild-type strain after visual examination were further
analyzed. The following day, a new adhesion assay was performed, and the

bacterial cells still showing the hyperadherent phenotype were selected and
incubated overnight at 37°C for a third round of assays. After the third adhesion
assay, the bacterial cells were recovered and plated on L agar containing strep-
tomycin and kanamycin. Six independent colonies from each pool appearing to
be hyperadherent were selected, and their ability to adhere to HeLa cells was
reassessed. Colonies displaying the phenotype were kept at —80°C, and the
genomic location of the Tnp transposome was later determined as described
below. Adherence data are expressed as the percentage of the bacterial inoculum
recovered from triplicate wells and are the mean of the experiments. The sta-
tistical difference was expressed as the P value as determined by a Student ¢ test
analysis.

For inhibition of bacterial adhesion to HeLa cells experiments, bacteria were
grown overnight in LB medium at 37°C, and 107 CFU were mixed with a
preparation of anti-OmpA-specific antibodies (serum was diluted 1:10 or 1:100 in
DMEM; OmpA antiserum was kindly provided by N. V. Prasadarao). After
incubation for 30 min at 37°C, the mixture was added to HeLa cell monolayers,
and bacteria were allowed to adhere for 3 h at 37°C. Quantitative and qualitative
determinations were performed as described above.

Determining the transposon insertion sites in hyperadherent bacterial
strains. For each hyperadherent mutant, bacterial genomic DNA was isolated by
using the Easy DNA extraction kit (Invitrogen), and 1 g of the genomic DNA
was digested with EcoRV. The digested genomic DNA was self-ligated by the
addition of T4 DNA ligase and incubated overnight at 16°C. The ligated products
were electroporated into SM10(\pir) cells, and the rescued clones were isolated
on L agar plates containing kanamycin. The self-ligated clones were extracted by
using the Wizard Minipreps DNA purification system (Promega), and the DNA
sequence flanking the Tnp transposome was determined at the Biopolymer Core
at the University of Maryland with the <KAN-2 FP-1> forward or RO KAN-2
reverse primers included in the Tnp transposome Kkit.

Construction of isogenic mutants. Disruption of the ompA gene was per-
formed in the chromosome of EHEC strains 86-24 and P9CSF2 (Tables 1 and 2)
by a marker exchange procedure described by Datsenko and Wanner (3). The
primer pair S\ROMPA (5'-CGGACAACGGCATGCTGAGCCTGGGTGTTT
CCTACCGTTTCGGTCCATATGAATATCCTCCTTAG-3') and 3\ROMPA
(5'-AGCTGATCCAGAGCAGCCTGACCTTCCGGTTTCAGGGTTGCTTT
GGTGTAGGCTGGAGCTGCTTCG-3") was used to amplify the cat cassette
from plasmid pKD3 and introduced 46 nucleotides in each side of the cassette
corresponding to the sequence of the ompA gene. The purified PCR product was
introduced by electroporation into strains 86-24(pKM201) and P9CSF2
(pKM201), and the transformed bacterial cells were plated on L agar contain-
ing streptomycin and chloramphenicol at 37°C. Colonies resistant to chlor-
amphenicol and streptomycin were tested for ampicillin sensitivity. The presence
of the disrupted ompA gene in strains AGT601 and AGT602 was confirmed by
PCR with the primers SRVOMPA (5'-CCGATATCGGTAGAGTTAATATTG
A-3") and 3XBOMPA (5'-CCTCTAGAAAGCGGTTGGAAATGGAAG-3").

Preparation of whole-cell lysates. Bacterial cultures were grown overnight at
37°C in LB medium or DMEM, divided into aliquots containing ca. 2.0 X 108
bacteria, harvested by centrifugation at 12,000 X g for 5 min at room tempera-
ture, washed in 1 ml of 1X PBS (pH 7.4), centrifuged again, resuspended in 200
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TABLE 2. Hyperadherent 86-24::Tnp isolates

Tnp insertion group disrcl;lg?:d Identified or proposed function
LPS biosynthesis waal LPS biosynthesis (O-island 154)
(P6C6E25)
Amino acid metabolism
PI9CSF2 tdcA Activator of the tdc operon:
degradation of L-threonine
PoC12D4 cadA LDCI
Fimbrial biogenesis
P9C8F1 75221 Putative minor fimbrial subunit
(IpfD2) (O-island 154)
P9C8B1 csgD Regulator of the csg genes:
curli production
Unknown function
P10C9E1 yidE Putative transport and
membrane protein
P10C4F1 yidE Putative transport and

membrane protein

wl of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
solubilization buffer, and lysed at 100°C for 10 min. Cell debris was removed by
centrifugation prior to separation of supernatant proteins by SDS-10% PAGE
minigels as described by Laemmli (8). Proteins were stained with Coomassie
brilliant blue.

Outer membrane preparations. Outer membranes were prepared by the pro-
cedure of Torres and Payne (41), with the following modifications. Bacterial cells
grown in DMEM were harvested in mid-log phase, pelleted by centrifugation,
and resuspended in 10 mM sodium phosphate buffer (pH 7.5) before they were
disrupted by using a French pressure cell at 18,000 Ib/in. The crude total
membranes were collected by centrifugation at 100,000 X g, and Sarkosyl (so-
dium N-lauroyl sarcosine; Sigma)-insoluble outer membranes were separated
from the crude total membranes by centrifugation at 100,000 X g. Outer mem-
branes were resuspended in Laemmli solution buffer (8), and the proteins were
separated by SDS-12% PAGE.

Western blot assay. Proteins separated by SDS-10% PAGE minigels were
transferred to Immobilon-P (polyvinylidene difluoride) membranes (Millipore)
by using a Trans-Blot SD transfer cell (Bio-Rad) at 15 V for 22 min. Transfer of
proteins was verified by staining the membrane with Ponceau S. The membrane
was blocked with a PBS (pH 7.4)-0.5% Triton X-100 solution containing 5%
nonfat milk. Incubations with primary (1:30,000) and secondary (1:30,000) anti-
bodies were carried out for 1 h at room temperature. The blot was developed
with enhanced chemiluminescence detection reagents (Amersham Pharmacia
Biotech). The OmpA antibodies used in the present study have been purified,
and their specificity was as previously reported (25).

Protein sequencing. The proteins of interest were excised from Coomassie
blue-stained SDS-polyacrylamide gels and subjected to in-gel proteolysis with
trypsin. The fragments were separated by high-pressure liquid chromatography
and subjected to matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass analysis at the Protein and Nucleic Acid Facility at Stan-
ford University. A mass spectroscopy fingerprinting profile from the mass frag-
ments generated in the MALDI-TOF analysis was obtained by using the Pro-
Found website (http://prowl.rockefeller.edu/cgi-bin/ProFound).

Construction of the ompA-lacZ promoter fusion. An operon fusion with lacZ
was constructed by amplifying the regulatory region of the ompA operon in strain
86-24 by PCR with Pfu polymerase (Gibco-BRL) by using the primer pair
SRIPOMPA (5'-CAGAATTCGCGCTGGCAACTCTGG-3') and 3BIPOMPA
(5'-TGGGATCCCGATAGCTGTCTTTTTCATTTTT-3"). The PCR product
was digested and cloned into the EcoRI and BamHI sites of plasmid pRS551,
which contains a promoterless lac operon (31), to create plasmid pPOMPA.

B-Galactosidase assay. The E. coli strains containing the ompA promoter-lacZ
fusion were grown with shaking at 37°C in LB broth, diluted 1:100 in fresh
DMEM or LB medium, and further grown at 37°C to mid-exponential phase
(i.e., an optical density at 600 nm of ca. 0.5 to 0.6). Cultures were diluted 1:10 in
Z buffer (0.06 M Na,HPO,, 0.04 M NaH,PO,, 0.01 M KCl, 0.001 M MgSO,, 0.05
M B-mercaptoethanol) and were assayed for B-galactosidase activity by using
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ONPG (o-nitrophenyl-B-p-galactopyranoside) as the substrate, as previously de-
scribed (15).

RESULTS

Isolation of E. coli O157:H7 mutant strains hyperadherent
to HeLa cells. To identify bacterial factors involved in the
control of adherence of EHEC O157:H7 to HelLa cells, we
randomly mutagenized strain 86-24 with the EZ:: TN <R6Kwori/
KAN-2> Tnp transposome and collected a total of 5,000 inde-
pendent insertion mutants. These Tnp mutants were used to
infect Hela cells for 3 h and, after the nonadherent bacteria
were removed, the infected HeLa cells were further incubated
for 3 h. The cells were either Giemsa stained for visual exam-
ination or the bacterial cells were recovered for quantification
and for further enrichment as described in Materials and
Methods. By this method, we were able to identity 20 Tnp
mutants that showed increased adherence to HeLa cells but,
after individual screening, only seven mutants reproducibly
showed the hyperadherent phenotype and were selected for
further characterization. When grown in DMEM these seven
mutants—P6C6E25, P9C8B1, POC8F1, P9CSF2, P9C12D4,
P10COEL, and P10C4F1—showed growth rates comparable to
those of the wild-type strain (data not shown) and, in contact
with HeLa cells, these Tnp mutant strains exhibited enhanced
adherence ranging from 113 to 170% of the wild-type level
(Fig. 1). Furthermore, adherence of the wild-type and the Tnp
mutant strains to the plastic surface (24-well plates) was de-
termined to rule out the possibility that hyperadherence is a
nonspecific phenotype associated with the binding of these
strains to epithelial cells. Our results indicate that the Tnp
mutant strains adhere as poorly as the wild-type strain to the
plastic support, and the bacteria recovered represented only 1
to 3% of the wild-type binding seen when HeLa cells are
included (data not shown).

Mapping the Tnp transposome insertions. To determine the
exact location of the Tnp transposome insertion, we performed
genomic DNA extraction from each of the mutant strains, and
the purified DNA was digested with EcoRV. Upon self-ligating
and transforming the DNA fragments into an E. coli K-12
strain as described in Materials and Methods, the resulting
Km" clones were subjected to DNA sequence analysis. The
specific site of the Tnp transposome insertion was determined
based on basic local alignment search tool (BLAST) analysis of
the flanking DNA and homologous sequences deposited in the
NCBI database of EHEC strains EDL933 and O157Sakai.
Based on this analysis, the mutants could be grouped into the
following four functional groups: one mutant involved in LPS
biosynthesis, two mutants implicated in amino acid metabo-
lism, two mutants associated with fimbrial biogenesis, and two
mutants disrupting a gene of unknown function (Table 2).

The Tnp transposome in P6CO6E25 was mapped as being
inserted in the waal gene (Tnp inserted after nucleotide 281 of
1,014), a putative LPS biosynthesis enzyme, located in the
chromosomal region designated O-island #145 by Perna et al.
(21). Two previous studies have shown that mutants deficient
in expression of the O157 polysaccharide exhibited increased
adherence to HEp-2 or HeLa cells in vitro (1, 2), supporting
our experimental approach to identify hyperadherent mutant
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FIG. 1. (A to D) Adhesion to HeLa cells of EHEC O157:H7 strain 86-24 (A) and its Tnp transposome mutants P10C4F1 (B), P6C6E25 (C),
and P9C12D4 (D) after 6 h of incubation. (E) Percentage of EHEC O157:H7 strain 86-24 and its corresponding Tnp transposome mutants
adhering to HeLa cells after 6 h of incubation. The error bars indicate the standard deviation.

strains. Due to the fact that similar mutants have been studied
before, we did not further characterize mutant P6C6E2S.
Two insertions were located in genes associated with amino
acid biosynthesis. Mutant P9C12D4 has an insertion in cadA
(Tnp inserted after nucleotide 1642 of 2,190), the structural
gene encoding the lysine decarboxylase (LDC) I enzyme. Com-
pared to the wild-type strain, POC12D4 was unable to catabo-
lize lysine due to a lack of LDC activity as determined by a

commercial assay for LDC activity (data not shown). The sec-
ond mutant of this group, POC8F2, had an insertion in tdcA
(Tnp inserted after nucleotide 466 of 938). This gene encodes
the transcriptional activator of the tdc operon, which encodes
a pathway for the transport and anaerobic degradation of L-
threonine.

Two more Tnp transposome insertions were found within
genes associated with fimbrial biogenesis. Mutant P9C8B1 was
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FIG. 2. Fractionation of whole-cell membrane lysates of EHEC O157:H7 strain 86-24 and its Tnp transposome mutants by using SDS-10%
acrylamide gels and staining with Coomassie brilliant blue. Lanes: 1, EHEC 86-24; 2, P9C12D4; 3, P9C8B1; 4, P9C8F1; 5, POC8F2; 6, P6CO6E25;
7, PI0C9EL; M, molecular mass markers. The proteins selected for MALDI-TOF mass spectroscopy fingerprint analyses are indicated by gray,
black, and white circles. The sizes of the molecular mass markers are indicated on the left of each panel.

mapped to the csgD locus (Tnp inserted after nucleotide 87 of
651), which encodes a transcriptional regulator of the csg
operon encoding curli. Curli fibers are thin aggregative fim-
briae involved in bacterial adhesion. A property associated
with the production of curli is binding to Congo red dye. When
grown in Congo red indicator plates, P9CS8B1 colonies re-
mained white, indicating the inability of the strain to bind
Congo red. In contrast, the wild-type strain produced red col-
onies (data not shown). Strain P9C8F1 had an insertion in a
gene located in O-island #154. This O-island contains five
OREFs putatively associated with the production of fimbriae
with homology to the long polar fimbriae of EHEC O157:H7
and Salmonella enterica serovar Typhimurium (39). The Tnp
transposome is located in the fourth ORF (Z5221) of this
putative operon, encoding a fimbrial minor subunit with ho-
mology to the IpfD gene of EHEC O157 and serovar Typhi-
murium. Based on the homology, we renamed this gene IpfD2
(Tnp inserted after nucleotide 685 of 1,070).

The final insertion was mapped within the same gene in two
independent Tnp transposome mutants. Both strains PI0C9E1
and P10C4F1 contained insertions in the yidE gene (Tnp in-
serted after nucleotides 638 and 700 of 1,685) of unknown
function. Homology searches indicated that this gene encodes
a putative transport and membrane-associated protein, and
this gene is found in other Enterobacteriaceae, such as Shigella
flexneri, E. coli K-12, and S. enterica serovar Typhi.

Differential protein profiles of the different Tnp transpo-
some mutants. In order to start identifying those proteins that
are differentially expressed in mutants associated with the hy-
peradherence phenotype, bacterial whole-cell lysates of the
wild type and Tnp mutants were fractionated in SDS-PAGE
and visualized by Coomassie brilliant blue staining. As shown

in Fig. 2, whole-cell lysates obtained from bacterial strains
grown in LB broth did not show any obvious difference in the
protein profile when the Tnp mutants were compared to the
wild-type strain. Nevertheless, when the lysates obtained from
DMEM were fractionated, at least seven proteins in the Tnp
mutants were differentially expressed or showed a different
electrophoretic mobility compared to the wild-type strain (Fig.
2). These proteins were excised from the acrylamide gel, and
their identities were revealed by MALDI-TOF MS fingerprint
analysis. The results indicated that the formate acetyltrans-
ferase I enzyme was differentially expressed in the P9C12D4,
PO9C8F2, and P6COE25 (cadA, tdcA, and waal, respectively)
Tnp mutants (Fig. 2; protein is identified in lanes 2, 5, and 6 by
a gray circle). In addition, the tdcA and waal Tnp mutants
showed two proteins that migrated faster in the acrylamide gel
compared to the wild-type strain. MALDI-TOF mass analysis
revealed that the proteins were GroEL and the glutamate
decarboxylase enzyme (Fig. 2; proteins are identified by black
and white circles, respectively). Besides these differences, we
were unable to detect other proteins whose expression was
affected in DMEM in the different Tnp mutants. These data
indicate that the expression of some proteins is altered upon
insertion of the Tnp transposome, but it is not simple to cor-
relate the differential protein expression in whole-cell lysates in
the mutants and the hyperadherence phenotype. Therefore, we
decided to further fractionate the bacterial lysates and concen-
trate our analysis on disrupted genes with a confirmed role as
regulatory proteins.

Mutant P9CS8F2 differentially expresses an outer membrane
protein. Bacterial extracts of mutants POCS8F2, P9C12D4, and
P9C8B, with Tnp insertions in the tdcA, cadA, and csgD genes,
respectively, were further fractionated, and their proteins were
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FIG. 3. Outer membrane protein profiles and Western blotting
with anti-OmpA serum of samples grown in DMEM and fractionated
by SDS-12% PAGE. (Left) Outer membrane protein profiles. Lanes:
1, EHEC O157:H7 strain 86-24; 2, P9C12D4; 3, P9C8BI1; 4, P9CSF2.
(Right) Western blot analysis. Lanes: 1, EHEC 86-24; 2, P9C8F2.
Lanes M, molecular mass markers in kilodaltons. The proteins selected
for MALDI-TOF mass spectroscopy fingerprint analyses are indicated
by black and white circles, and the OmpA protein is identified with
black arrows.

separated by SDS-PAGE. The protein profiles of the inner
membrane fractions of the three Tnp mutants did not show any
difference compared to the wild-type strain (data not shown).
In comparison, the outer membrane protein profiles of these
three Tnp mutants revealed at least two proteins differentially
expressed in strain PO9C8F2 (Fig. 3). The first protein (Fig. 3,
black circle) showed a modified electrophoretic mobility, and
MALDI-TOF analysis indicated that this outer membrane pro-
tein is associated with the transport of long fatty acids. The
expression of the second protein was enhanced in mutant
PICSF2 compared to the wild-type outer membrane prepara-
tion (Fig. 3, white circle). Mass spectroscopy fingerprinting
analysis indicated that the protein corresponded to the outer
membrane porin OmpA. In order to confirm that this protein
was OmpA, the outer membrane proteins of the wild type and
P9C8F2 mutant were transferred to a membrane, and a West-
ern blot was performed with anti-OmpA antisera (kindly pro-
vided by N.V. Prasadarao). As shown in Fig. 3, the antisera
specifically recognized the OmpA, thus confirming that the
protein differentially expressed in P9C8F2 corresponded to
OmpA. The OmpA protein appears as a doublet in the
PI9C8F2 mutant strain, but further analysis and construction of
isogenic ompA mutants confirmed that the proteins corre-
sponded to only one OmpA protein (see below). Furthermore,
antisera raised against the OmpU protein of Vibrio cholerae
and previously shown to cross-react in Western blot experi-
ments with the OmpA protein of E. coli (32) also cross-reacted
with OmpA of strains 86-24 and P9CSF2 (data not shown).
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These data indicated that the Tnp mutant with a disruption in
the tdcA gene differentially expressed at least two proteins in
its outer membrane, one of them being OmpA. Due to previ-
ous data indicating that OmpA participates in the E. coli K-1
invasive capability of brain microvascular endothelial cells (25)
and that OmpU, an OmpA homologue in V. cholerae, has
adhesive properties (32), we decided to further investigate
whether OmpA was participating in the adherence of EHEC
strain 86-24 to HeLa cells.

Transcription of ompA is slightly stimulated in the P9C8F2
mutant strain. In order to determine whether the mutation of
the tdcA gene in strain POC8F2 is responsible for an increase in
the expression of the OmpA protein, we generated a fusion of
the ompA promoter with a reporter lacZ gene (plasmid
pPOMPA) and examined the expression of this fusion during
exponential growth of strains 86-24 and P9C8F2 under differ-
ent medium conditions. As a control in our experiments, we
used pRS551, the parent plasmid containing the promoterless
lacZ gene. As shown in Fig. 4, the expression of B-galactosi-
dase in LB broth was increased 1.5-fold in strain P9C8F2
(pPOMPA) compared to 86-24(pPOMPA). To determine the
effect of the medium on ompAp::lacZ expression, cultures of
86-24 and P9C8F2 containing pRS551 and pPOMPA were
grown in DMEM. During exponential growth phase, 3-galac-
tosidase expression was induced only 1.3-fold in strain P9C8F2
(pPOMPA) compared to 86-24(pPOMPA). These data indi-
cate that transcription of the ompA gene was induced during
these in vitro conditions and is slightly increased in the Tnp
mutant.

OmpA protein participates in the hyperadherence pheno-
type. We then sought to investigate whether the hyperadher-
ence phenotype observed in strain POC8F2 was associated with
the expression of the OmpA protein. To answer this question,
we created a series of isogenic ompA mutants of strains 86-24
and PI9C8F2, performed quantitative and qualitative adhesion
assays, and monitored expression of the OmpA protein by
Western blots with anti-OmpA antisera. We first confirmed
that the mutant strain was still hyperadherent to HeLa cells
and attempted to complement the mutation with the wild-type
tdcA gene on a plasmid. As shown in Fig. 5, strain P9CSF2
showed the hyperadherent phenotype compared to the wild-
type strain. However, the phenotype did not revert to wild-type
levels upon introduction of tdcA gene on a plasmid, suggesting
that the Tnp transposome is having a polar effect on genes
found downstream of tdcA. We then tested whether the mu-
tation in the ompA gene abolishes the hyperadherent pheno-
type. When visualized under the microscope, strain AGT602
(ompA::cat tdcA::Tnp) adhered as well as the wild-type 86-24
and did not display hyperadherence (Fig. 5). Quantification of
the adherent bacteria indicated that AGT602 adhered almost
as well as strain 86-24 (86.5% bacteria recovered, a 13.5%
decrease compared to the wild-type strain). Furthermore,
whole-cell extracts of the mutant strain did not react with the
anti-OmpA sera in Western blot assays, confirming that strain
AGT602 did not express the OmpA protein, a finding consis-
tent with expression of this protein being necessary for hyper-
adherence. To further investigate the role of OmpA in EHEC
adherence to HeLa cells, strain AGT601 (ompA::cat) was gen-
erated and tested in a similar tissue culture cell adherence
assay. As shown in Fig. 5, strain AGT601 was able to adhere to
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FIG. 4. B-Galactosidase assays of EHEC strains 86-24 and P9CS8F2 carrying plasmids pRS551 (vector control) and pPOMPA (ompAp::lacZ)
in LB medium and DMEM during exponential growth phase. The error bars indicate the standard deviations.

HeLa cells but to a lower extent than wild-type strain (81.9%
compared to 100% bacteria recovered in strain 86-24, an
18.1% reduction). Similar to AGT602, strain AGT601 did not
express the OmpA protein.

We then investigated whether the antiserum raised against
the OmpA protein was able to block adherence of strains 86-24
and P9C8F2 to Hel a cells. For both strains tested, adherence
to HeLa cells was greatly reduced at higher concentrations of
anti-OmpA serum (1:10 dilution) (P < 0.05) and was almost
restored to normal levels as the serum was diluted 10-fold
(1:100 dilution) (Table 3, experiment 1). It is important that
the antiserum effect was more pronounced in strain P9C8F2
than in strain 86-24. Even at a 1:100 dilution of the antiserum,
the mutant strain was unable to display the hyperadherence
phenotype (P < 0.05). To confirm that the blocking of adher-
ence was a specific effect due to the anti-OmpA antibodies and
not to the rabbit serum, an additional experiment was per-
formed to determine whether the sera alone were able to
inhibit adherence of the two strains. As indicated in Table 3,
experiment 2, rabbit serum had a slight effect in blocking the
adherence of both strains at the higher concentration (1:10)
that was not statistically significant (P > 0.05). At a 1:100
dilution, strains 86-24 and P9C8F2 adhere to HeLa cells as well
as do strains incubated in the absence of any sera. Together,
these data suggest that OmpA protein is playing a role in the
adhesive properties of EHEC strain 86-24 and in P9CSF2 is
responsible for hyperadherence to HeLa cells.

OmpA displays adhesive properties in other EHEC
0157:H7 strains and participates in the binding to intestinal
epithelial cells. To determine whether the association of the

OmpA protein with adherence was not just a phenotype asso-
ciated with EHEC strain 86-24 used in the present study, we
repeated the adherence experiments in the presence or ab-
sence of the anti-OmpA antiserum with different EHEC and
EPEC strains (Table 4). The strains tested were different clin-
ical isolates of EHEC O157:H7 strains EDL.933 and 85-170,
and the prototype EPEC strain E2348/69. Our results indicate
that in both EHEC strains, adherence to HeLa cells was re-
duced when the anti-OmpA serum was present (Table 4, an
approximately 25% reduction when the antiserum is present),
where adhesion of the EPEC strain was not affected. The
cumulative data strongly suggest that OmpA is a potential
EHEC adherence factor, and the phenotype upon expression
of this protein could be associated with this particular class of
pathogenic E. coli strains.

The adherence studies described above were performed on
HeLa cells, an epithelial cell line obtained from cervix adeno-
carcinoma that has been used extensively in the study of ad-
herence patterns of E. coli strains, but since EHEC O157:H7 is
an intestinal pathogen, our interest was to determine whether
this factor is also associated with adherence to intestinal epi-
thelial cells. Therefore, we repeated the adherence experi-
ments with Caco-2 cells, a colorectal adenocarcinomic cell line.
We found that the percentages of bacteria recovered * the
standard deviations were as follows: 86-24, 100% =+ 9.72%;
POC8F2, 121.3% = 9.2%; AGT601, 86.5% =+ 15.9%; and
AGT602, 82.7% + 16.2%. An 21.3% increase in adherence
was observed with the EHEC tdcA::Tnp mutant strain com-
pared to the wild-type strain, and a reduction in adherence was
observed with the ompA mutants (the adherence of AGT601
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Bacterial strains

FIG. 5. (A to E) Adhesion to HeLa cells after 6 h of incubation of EHEC strains 86-24 (A), P9CSF2 (B), P9C8F2(ptdcA) (C), AGT601 (D),
and AGT602 (E). (F) Western blot with anti-OmpA serum of samples grown in DMEM and fractionated by SDS-12% PAGE. Lanes: 1, EHEC
0157:H7 strain 86-24; 2, P9C8F2; 3, POCSF2(ptdcA); 4, AGT601; 5, AGT602; M, molecular mass markers. The OmpA protein is identified with
black arrows on the right. (G) Percentage of EHEC O157:H7 strain 86-24 and its corresponding Tnp transposome or isogenic mutants adherent
to HeLa cells after 6 h of incubation.
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TABLE 3. Adherence of EHEC strains 86-24 and P9C8F2 to HeLa cells in the presence of anti-OmpA sera

Expt and antiserum

% Bacteria = SD (P)* recovered after HeLa infection with strain:

(dilution)

86-24 PICSF2

Expt 1
No antiserum
Anti-OmpA (1:10)
Anti-OmpA (1:100)

Expt 2°
No antiserum
Rabbit serum (1:10)
Rabbit serum (1:100)

100 = 5.6
73.1 + 16.1 (0.05)
98.6 = 6.85 (>0.05)

100 = 7.03
88.8 = 7.36 (>0.05)
95.8 + 7.66 (>0.05)

1317 * 1.7
34.0 = 14.3 (<0.001)
92.6 =+ 8.43 (<0.05)

1272 + 10.02
113.8 * 6.87 (>0.05)
128.4 + 10.42 (>0.05)

“The P value was obtained by comparing the infection with no antiserum to those containing different dilutions of the antisera.

b Rabbit sera were used as the control sera.

and AGT602 was reduced 13 to 17% compared to the wild-
type strain, but the adherence of AGT602 was reduced 38.6%
compared to the tdcA::Tnp mutant strain). These results were
comparable to the data obtained with HeLa cells, even though
the differences in adhesion were not as significant as previously
observed. Overall, our data indicate that OmpA is acting as an
EHEC adherence factor mediating binding to different tissue
culture cell lines.

DISCUSSION

Adhesion of pathogenic organisms, such as E. coli O157:H7,
to host tissues is the first stage in the infectious disease process.
To understand how this organism interacts with host cells may
help to identify new targets for therapy or to establish the
effects that adhesion has on the cell and/or tissue to which it
adheres. Although a substantial amount of data has been gen-
erated in recent years regarding the interaction of E. coli
O157:H7 with host cells and the role of intimin has been
clearly associated with adherence in later stages during infec-
tion (4, 14, 42), it is unclear which factor(s) is involved in the
initial stage of adhesion. Based on this premise, we began an
investigation of additional factors potentially involved in the
adhesion of E. coli O157:H7 to cultured epithelial cells. Our
approach involved the isolation of hyperadherent mutants
which represent relief from putative repression of adhesion
factors in vitro. This “gain-of-function” phenotype is beneficial
because it could lead to the identification of putative regulators
and the conditions that induce their expression. Similar ap-
proaches have been used for successful identification of ClpP,
a protease subunit that modulates gene expression of ail, a
gene encoding the Ail adhesin of Yersinia enterocolitica (20,

TABLE 4. Adherence of EHEC and EPEC strains to HeLa cells in
the presence of anti-OmpA sera

% Bacteria = SD recovered after HeLa infection

with strain:
Antiserum (dilution)
EHEC EDL933 EHEC 85-170  EPEC E2348/69
(P = 0.05) (P = 0.05) (P > 0.05)
None 100 = 11.47 100 = 14.58 100 = 25.12
Anti-OmpA (1:10) 76.8 = 16.91 75.6 = 22.62 92.7 =29.28

“The P values were obtained by comparing the infections with or without
antiserum for each strain.

22), and of CsrA, a regulator that affects glycogen biosynthesis
(28). Using a similar rationale, we have found that adherence
of E. coli O157:H7 to HeLa cells is affected directly or indi-
rectly by multiple factors, such as those involved in LPS bio-
synthesis, amino acid metabolism, or fimbrial biogenesis. We
also present evidence that OmpA has adhesive properties and
is required for E. coli O157:H7 to display the hyperadherent
phenotype upon contact with HeLa cells.

Previous work by Bilge et al. (1) and Cockerill et al. (2)
demonstrated that E. coli O157:H7 deficient in the production
of O157 LPS side chains displayed an increased binding to
tissue culture cells similar to the results that we obtained in our
study. Those authors concluded that the presence of the O157
polysaccharide interferes with the adherence of E. coli
O157:H7 and is not required to produce the attaching-and-
effacing lesion. Our Tnp transposome mutagenesis analysis
confirms these studies and, in addition, we identified other
mutated genes that produce a hyperadherent phenotype, which
suggests a direct or indirect role of these genes in adherence.
Three of these mutations resided within genes encoding tran-
scriptional regulators or otherwise associated with the control
of virulence. The mutation in the cadA4 gene is of particular
interest because, in addition to encoding the LDC enzyme
responsible for metabolizing lysine, cadA has been proposed as
an antivirulence gene in enteroinvasive E. coli and Shigella spp.
(12). The authors of that earlier study found that introduction
of cadA in S. flexneri affects the activity of two enterotoxins
produced by this organism and that the presence of the by-
product cadaverine, generated from the decarboxylation of
lysine, caused attenuation in S. flexneri virulence (13). It is
interesting to speculate that the cadA gene in E. coli O157:H7
serves to fine-tune the virulence of this organism by controlling
the expression of putative adhesion molecules only under spe-
cific environmental circumstances.

Another gene disrupted in our analysis was csgD, whose
product regulates the expression of curli. The curli are highly
aggregated, extracellular fibers expressed by E. coli and Sal-
monella spp. that are involved in bacterial adhesion to host
proteins and in biofilm formation (34, 46). In strains of Shigella
and enteroinvasive E. coli, the csg locus has been shown to
carry insertions, deletions, or mutations, suggesting that inter-
ruption of this gene is necessary for virulence (29). In the case
of E. coli O157:H7, the csgD gene product may be controlling
the expression of an adhesive factor required for binding to
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HeLa cells but not necessary for biofilm formation, since the
mutant strain containing the transposon within the csgD gene
was unable to form biofilms on polyvinyl chloride plastic plates
(data not shown). Moreover, it has been reported that curli
fibers are infrequently expressed during in vitro growth of E.
coli O157:H7 (44) and that strains containing variations at the
¢sgD promoter region, which induced expression of curli, are
associated with increased virulence in mice and increased in-
vasion of HEp-2 cells (45). Even though EHEC is not an
invasive organism, we tested EHEC strain 86-24 and Tnp
transposome mutants for their ability to invade HeLa cells and
did not observe any increase in the invasion ability of the
mutants compared to the wild type (data not shown).

A second gene encoding a regulator identified in our study is
tdcA. This activator of the tdc operon has only been implicated
in the control of genes responsible for transport and anaerobic
degradation of L-threonine and has not heretofore been asso-
ciated with any aspect of adherence. Using this Tnp transpo-
some mutant, we were able to identify the differentially ex-
pressed outer membrane protein A. OmpA is a heat-modifiable
class of protein highly conserved among the Enterobacteri-
aceae, and multiple functions have been attributed to it, in-
cluding serving as a mediator in F-factor-dependent conjuga-
tion, acting as a phage and colicin receptor, acting as a porin
and, in combination with lipoprotein, being required for the
structural integrity of the membrane and the generation of a
normal cell shape (7).

The role of OmpA in bacterial virulence has been exten-
sively studied in E. coli K-1. OmpA was originally reported as
a contributor to pathogenicity and serum resistance of E. coli
K-1 both in vivo and in vitro (47) and was later demonstrated
to mediate E. coli invasion of brain microvascular endothelial
cells (25). OmpA was first identified as a contributor to trans-
verse the brain-blood barrier on the basis of its structural
homology with Neisseria Opa proteins (25), which are involved
in invasion of eukaryotic cells. Subsequent work identified a
human brain microvascular endothelial cell glycoprotein
(gp96) as the specific OmpA receptor and confirmed the key
role of E. coli OmpA in the initial steps of the invasion process
(23, 24). Although invasion is not a property of EHEC strains,
it will be interesting to investigate whether the contribution to
adherence of E. coli O157:H7 OmpA to the human intestinal
epithelia requires a specific cell receptor and whether this
ligand-receptor interaction contributes to cell signaling associ-
ated with cytoskeletal rearrangement.

Even more intriguing is the recent finding that antigen-
presenting cells recognize and are activated by Klebsiella pneu-
moniae OmpA, triggering cytokine production by macrophages
and dendritic cells and the subsequent maturation of dendritic
cells and signals via Toll-like receptor 2 (6). The role of E. coli
O157:H7 OmpA or other E. coli OmpA proteins in the acti-
vation of antigen-presenting cells is unknown at present, but
the data obtained with K. pneumoniae OmpA suggest that the
immune system has acquired the ability to recognize this new
type of pathogen-associated molecular pattern (highly con-
served structures on microorganisms recognized by innate im-
mune cells).

The role of an OmpA homologue in adhesion has been
suggested for V. cholerae, where OmpU has adhesive proper-
ties in vitro (32), and this is regulated by ToxR at the tran-
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scriptional level. This global regulator also modulates the ex-
pression of another outer membrane porin by inducing OmpU
and repressing OmpT (10). ToxR-dependent modulation of
OmpU and OmpT seems to be critical for V. cholerae bile
resistance, virulence factor expression, and intestinal coloniza-
tion, suggesting a relationship between porin and pathogenesis
(26). Our in vitro data support the role of the E. coli O157:H7
OmpA protein as a factor that seems to be important for
adherence of different EHEC O157:H7 strains to HeLa cells
and which also mediates binding to Caco-2 cells. We are in-
trigued by these findings and are now investigating the role of
this protein in intestinal colonization, as well as attempting to
identify the host cell receptor interacting with this porin.

In summary, we have identified several Tnp transposome
mutants within genes associated with hyperadherence to HeLa
and Caco-2 cells and determined that OmpA, an outer mem-
brane porin, has adhesive properties and is associated with the
hyperadherent phenotype in one of the Tnp mutants and with
the binding of EHEC O157:H7 strains to HeLa cells.
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