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SUMMARY

Building on previous studies, we defined the repertoire of proteins comprising the immuno-

proteome of E. coli 0157:H7 (0157) cultured in DMEM supplemented with norepinephrine (NE;
0157 immuno-proteome), a f-adrenergic hormone that regulates E. coli O157 gene expression in
the gastrointestinal tract, using a variation of a novel proteomics-based platform proteome mining
tool for antigen discovery, called Proteomics-based Expression Library Screening (PELS; Kudva
et al., 2006). The E. coli 0157 immuno-proteome (O157-1P) comprised 91 proteins, and included
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those identified previously using PELS, and also proteins comprising DMEM- and bovine rumen
fluid- proteomes. Outer membrane protein A (OmpA), a common component of the above
proteomes, and reportedly a contributor to E. coli 0157 adherence to cultured Hep-2 epithelial
cells, was interestingly found to be a modulator rather than a contributor to E. coli 0157
adherence to bovine recto-anal junction squamous epithelial (RSE) cells. Our results point to a
role for yet to be identified members of the O157-1P in E. coli 0157 adherence to RSE-cells, and
additionally implicate a possible role for the OmpA regulator, TdcA, in the expression of such
adhesins. Our observations have implications for development of efficacious vaccines for
preventing E. coli O157 colonization of the bovine gastrointestinal tract.
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INTRODUCTION

E. coli 0157 was first identified as a human enteric pathogen in 1982 and has since been
implicated in several outbreaks and sporadic infections [1, 2]. Currently this pathogen ranks
fourth after Campylobacter, Salmonella, and Shigella among the etiologic agents causing
diarrhea in North America [3, 4]. Cattle are the primary reservoirs for this human pathogen
and hence, food that is of bovine origin (beef, milk), or that is contaminated with manure
(water, produce), and undercooked can transmit infection to humans [1, 2].

Cattle demonstrate a characteristic seasonal pattern in E. coli 0157 shedding [5, 6, 7], with a
shedding rate that peaks in summer and early fall, and ranging from 0% to 61% during this
time [7, 8, 9]. The average duration an individual animal is culture-positive for E. coli 0157
is 30 days, but can range from a few days to 1 year [10, 11]. Although E. coli 0157
colonizes cattle, it does not naturally cause disease in this host. Several factors may restrict
the ability of this organism to cause disease in cattle such as, a complex interplay between
microbial factors uniquely expressed within the gastrointestinal tract (GIT) of cattle, host
responses against such factors, and differences between animal and human host
environments. At the same time, these factors may also contribute towards the persistence of
E. coli 0157 in these animals, especially at the recto-anal junction of their GIT [12, 13].

Several pre-harvest control measures are being evaluated in cattle to control or eliminate E.
coli 0157 from entering the food chain. Some of these measures include dietary changes,
biocontrol through niche engineering, competitive exclusion, use of bacteriophages or
colicins and administration of vaccines [14, 15, 16, 17, 18, 19]. Vaccines offer a more
targeted approach to the elimination of this human pathogen from the ruminant reservoirs;
however the commercially available type 111 secreted (TTSS) Tir and Esp proteins-based
cattle vaccine, as well as the E. coli O157 siderophore receptor and porin targeting vaccine,
appear to be limited in efficacy, causing log reductions in the number of colonizing E. coli
0157 with no effect on the duration of fecal shedding of this bacteria by the animal
following administration of 2 -3 doses of these vaccines (20-23). In addition, our studies
have shown that the TTSS proteins considered critical for E. coli 0157 adherence to the
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follicle-associated epithelium (FAE) at the recto-anal junction (RAJ) have no role in E. coli
0157 adherence to the squamous epithelial cells also constituting this site, [24-26]. This fact
renders it imperative that additional proteins playing a role in E. coli O157 colonization of
cattle be identified and included to increase vaccine efficacy.

Based on these observations, we previously evaluated the E. coli O157 proteome as
expressed in the minimal medium DMEM (0157 DMEM proteome), and bioinformatically
inferred a subset of proteins, different from those encoded on the Locus of Enterocyte
Effacement, as potential adhesins (25). In a subsequent study, we demonstrated that pooled
bovine hyperimmune sera either completely blocks or significantly reduces adherence of E.
coli 0157 cultured in DMEM to bovine rectoanal junction squamous epithelial (RSE) cells
(26 and unpublished data); however, we did not identify the repertoire of O157 protein
targets of polyclonal antibodies in the pooled hyperimmune sera in that study. The
identification of such immunogenic proteins and evaluation of the ability of salient proteins
to contribute to E. coli O157 adherence to RSE cells was the objective of this study.

To identify the panel of such proteins expressed in sufficient amounts within the bovine GIT
to be immunogenic, we employed a variation of a novel platform proteome mining tool for
protein antigen/biomarker discovery called Proteomics-based Expression Library Screening
(PELS; 27). PELS involves immuno-affinity capture of recombinant proteins encoded by
genes on inserts within clones constituting optimized expression libraries constructed using
genomic DNA of a pathogen of interest using immobilized “bait” antibodies from diverse
sources, including acute/convalescent sera of susceptible hosts, sera from reservoirs hosts or
sera generated in experimental hosts. SEQUEST searching of relevant databases with mass
spectral data following one dimensional SDS-PAGE and tandem mass spectrometry (Ge-
LC-MS/MS) of elutions of specifically immuno-captured proteins results in protein
identification [27]. A suite of bioinformatics is employed to assign putative functions to
hypothetical/unknown proteins, and then specialized bioinformatics-based algorithms are
applied when indicated to infer putative functions (e.g., identification of proteins with
adhesin potential) [27]. In this particular variation of PELS, native proteins expressed by a
wild type pathogen cultured in vitro under conditions that mimic the in vivo environment
(rather than recombinant proteins expressed from genomic DNA expression libraries) are
used as a substrate for immuno-affinity capture by “bait” antibodies. Such an approach was
anticipated to result in in vivo expressed immunogenic protein targets, including those
adhesins contributing towards E. coli 0157 adherence to bovine RSE cells, for development
of comprehensive E. coli O157-cattle colonization prevention modalities.

EXPERIMENTAL PROCEDURES

Bacterial strains, antibodies, and culture conditions

The E. coli 0157 strains and antibodies/antisera used in this study are listed in Table 1. The
wild-type E. coli 0157 strain EDL933, a sequenced human clinical isolate [28], was used as
the prototype in all immuno-proteomics assays. To determine the E. coli 0157 proteins
induced under select conditions mimicking the host in vivo environmental conditions that
are part of the E. coli 0157 immuno-proteome in cattle, bacteria were cultured in Dulbecco
modified Eagle medium-low glucose, (DMEM; Gibco/Invitrogen Corporation, Grand island,
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NY) supplemented with 500 uM NE (DMEM-NE) [25-27]. Specifically, an overnight
culture of the wild-type O157 strain in Luria-Bertani (LB) broth was pelleted and washed
with sterile phosphate buffered saline (PBS; pH 7.4), and inoculated at an initial ODggg of
0.05 into fresh DMEM-NE. After incubation at 37°C with shaking at 250 rpm to an ODgqg
of 1.0, cells were harvested by centrifugation at 7,000 rpm, 15 min at 4°C. Cells were
washed three times with an equal volume of sterile PBS (pH 7.4), and processed to obtain
cell lysate and pellet fractions for immuno-proteomics as described previously [27] and
below.

E. coli 0157 adherence inhibition assay

The adherence of E. coli 0157 to the bovine rectoanal junction squamous epithelial (RSE)
cells has been demonstrated and exploited for development of a standardized assay to study
adherence [24-26]. In this study, the ability of monoclonal antibodies against each of the
TTSS proteins, including EspA, EspB and Tir [2], pooled polyclonal antisera [26] elicited
against purified TTSS proteins, namely, EspA, EspB, Tir and Intimin, and the flagellar
antigen H7 [2], and bovine hyperimmune sera [26], to block adherence of E. coli O157 to
RSE cells (National Animal Disease Center [NADC] stocks) was evaluated (Tables 1-3). All
antibodies/antisera were tested at 1:5, 1:10, 1:50 and 1:100 dilutions, except for final assays
which were performed at 1:50/1:100 dilutions to conserve sera. Results were consistent
across dilutions. Specificity of the antisera was verified in western blots using E. coli 0157
cell lysates and individual recombinant proteins (data not shown). Normal rabbit sera
(Sigma) or cattle sera (NADC) from healthy, non-infected animals, at a 1:5, 1:50 or 1:100
dilutions, were used as controls.

The RSE adherence assay was conducted as described previously [24-26] with some
modifications. Specifically, RSE cells were washed and resuspended in 1 ml DMEM-No
Glucose, in 16 x 100mm glass tubes, to a final concentration of 10°cells/ml. Bacterial pellets
from overnight cultures in DMEM-Low Glucose, incubated at 37°C without aeration, were
resuspended in sterile saline with or without sera (control), and incubated at 37°C for 30
mins. The bacteria-antibody mix was then added to the RSE cell suspension to final
bacteria:cell ratio of 10:1, and the mixture incubated with aeration (37°C, 110 rpm, for 4 h).
At the end of 4 h, the mixture was pelleted and washed thoroughly, once with 14 ml
DMEM-NG and twice with 14 ml of sterile, distilled water (dH,QO) before reconstituting in
100l dH,0. Eight 2ul drops of this suspension were placed on Polysine (Thermo Scientific
Pierce) slides and dried overnight under direct light to quench non-specific fluorescence,
before fixing in cold 95% ethanol for 10 min. The slides were then stained with 1 %
toluidine blue, and fluorescence-tagged antibodies that target the O157-antigen and the RSE
cell cytokeratins as described previously [24-26].

E. coli 0157 adherence patterns on RSE cells were qualitatively recorded as diffuse, or
aggregative (clumps) for all positive interactions that involved direct association of bacteria
with the cells , and well-dispersed RSE cells (15-20 per drop) were quantitatively analyzed
for number of adhering bacteria as previously described [24-26]. If more than 50% of RSE
cells had >10 bacteria attached, the adherence was recorded as strongly positive. If more
than 50% of RSE cells had 1-10 adherent bacteria, the adherence was recorded as
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moderately positive. For less than 50% RSE cells with 1-5 adherent bacteria, the adherence
was recorded as non-adherent.

For comparision, the adherence-inhibition assays were also performed with HEp-2 cells
(Human epidermoid carcinoma of the larynx cells with HeLa contamination; ATCC
CCL-23; American Type Culture Collection, Manassas, VA), along the lines of the protocol
used for RSE cells as described before [24-26]. Slides were stained with fluorescence-tagged
antibodies that target the O157-antigen and the HEp-2 cell actin filaments as described
previously [24-26] and qualitatively-quantitatively recorded as indicated above. In addition,
RSE/Hep2 adherence assays were performed with diverse wild type or mutant E. coli 0157
strains using the same protocol described above but without the addition of antisera/
antibodies.

Hyper-immune anti-E. coli O157 cattle sera

Hyper-immune bovine serum samples were generated as described previously [29]. Cattle
were experimentally inoculated with a mixture of E. coli O157 strains of cattle and human
origin, including strain EDL933, and serum samples collected from nine cattle that had
remained culture positive for up to two months (hyper-immune sera) [29]. The hyper-
immune sera possessed high titer antibodies against previously identified O157 proteins [25,
27]. Hyper-immune sera were pooled together to compensate for variations in individual
immune responses [25, 27], for subsequent use either in the RSE adherence assay or in
immuno-proteomics.

Analysis of the E. coli 0157 immuno-proteome (O157-IP): (i) Affinity-purification of
polyclonal antibodies (pAbs) from pooled hyper-immune cattle sera and coupling of pAbs
(“bait” pAbs) to HiTrap NHS-activated HP columns

Polyclonal antibodies (pAbs) from pooled, hyper-immune cattle sera were affinity-purified
using HiTrap Protein G HP (1 ml) columns (Amersham Biosciences, Piscataway, NJ), as
recommended by the manufacturer and described previously [27]. Briefly, 1 ml of pooled
hyper-immune cattle sera was diluted 1:4 in binding buffer (0.02 M Sodium phosphate
buffer, pH 7.0), and then loaded using a syringe onto the protein G column equilibrated with
ten volumes of binding buffer. Following a wash with ten volumes of binding buffer, bound
1gG pAbs (Protein G binds all 1gG subclasses but not other Ig isotypes) [30] were eluted
with 4 ml of elution buffer (0.1 M Glycine, pH 2.7), directly into five tubes each containing
200 pl of 1M Tris-HCI, pH 9.0. Following quantitation using a nomograph [31], affinity-
purified 1gG pAbs (“bait” pAbs) were cross-linked to HiTrap NHS-activated HP columns
(“charged”), as described previously [27].

(ii) Capture of NE-induced native E. coli O157 proteins by “bait” pAbs on “charged”

columns

The capture was performed in a manner similar to that described previously [27]. Charged
columns with cross-linked bait pAbs were equilibrated with ten column volumes of binding
buffer consisting of PBS (pH 7.4), 0.2% n-octyl-p-D-glucopyranoside (NOG). Cell lysate
and pellet fractions of wild type O157 cultured in DMEM supplemented with NE were
generated by three cycles of freeze-thaw, diluted with PBS-0.2% NOG containing 2x
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concentration of “Complete” protease inhibitor cocktail (Roche Diagnostics) in 20 ml, and
loaded on charged columns with a syringe at a flow rate of 1 ml/min. Loosely bound
proteins were removed by rinsing with 20 volumes of loading buffer. Captured NE-induced
native 0157 proteins were eluted with 10 ml of 1 M acetic acid directly into a 15 ml Falcon
tube containing 500 pl of ammonium hydroxide. Separate charged columns were used for
lysate and pellet fractions. Each charged column was reused four times, and eluted fractions
after each use pooled to maximize the amount of captured proteins. Elutions of cell lysate
and pellet fractions of wild type O157 cultured in DMEM supplemented with NE loaded on
columns with quenched active groups and without coupled bait PAbs (“uncharged”) served
as controls for assessing nonspecific adsorption to the column matrix. Following
confirmation of specificity of immuno-affinity capture as described previously [27], elutions
of cell lysates and the cognate pellet fractions from charged and uncharged columns were
subjected to 1D SDS-PAGE liquid chromatography tandem mass spectrometry
(GeLCMS/MS) as described below.

(iif) 1D SDS-PAGE liquid chromatography tandem mass spectrometry (GeLC-MS/MS)

Protein samples prepared using immuno-proteomics were analyzed at the Harvard Partners
Center for Genetics and Genomics, Cambridge, Massachusetts [25, 27]. Eluted native E. coli
0157 proteins from the previous steps were concentrated using spin filters (MW cutoff 5000
Daltons; Vivascience Inc., Englewood, NY), fractionated on 1D SDS-PAGE, and digested
in-gel with trypsin prior to tandem MS/MS as described earlier [27]. The rationale for
incorporating a 1D SDS-PAGE fractionation step is that this modification reduces
complexity of protein mixtures, permits a larger dynamic range of protein identification, and
allows for significantly better reproducibility [32].

For MS, samples were subjected to three different runs on an LCQ DECA XP plus Proteome
X workstation from Thermo Finnigan as described earlier [32]. For each run, 10 pL of each
reconstituted sample was injected with a Famos Autosampler, and the separation was done
on a 75 um (inner diameter) x 20 cm column packed Cqg media running at a flow rate of
0.25 pl/min provided from a Surveyor MS pump with a flow splitter with a gradient of
water, 0.1% formic acid and then 5% acetonitrile, 0.1% formic acid (5%-72%) over the
course of 480 min (8.0 hour run). Between each set of samples, a standard of a 5
Angiotensin mix of peptides (Michrom BioResources) was run to ascertain column
performance, and observe any potential carryover that might have occurred. The LCQ was
run in a top five configurations, with one MS scan and five MS/MS scans. Dynamic
exclusion was set to 1 with a limit of 30 seconds.

Peptide identifications were made using SEQUEST (Thermo Finnigan) through the
Bioworks Browser 3.2, as described previously [27]. Sequential database searches were
performed using the 0157 strains EDL933 and Sakai FASTA database from European
Bioinformatics institute http://www.ebi.ac.uk/newt/display using static carbamidomethyl-
modified cysteines and differential oxidized methionines. A reverse 0157 strain EDL933
FASTA database was spiked in to provide noise and determine validity of the peptide hits,
so that known and theoretical protein hits can be determined without compromising the
statistical relevance of all the data [32]. LCQ data were searched with a 2-Dalton window on
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the MS precursor with a 0.8 Dalton on the fragment ions. Peptide score cutoff values were
chosen at cross-correlation values (Xcorr) of 1.8 for singly charged ions, 2.5 for doubly
charged ions, and 3.0 for triply charged ions, along with delta rank scoring preliminary
cutoff (deltaCN) values of 0.1, and cross-correlation normalized values (RSp) of 1. The
cross-correlation values chosen for each peptide assured a high confidence match for the
different charge states, while the (deltaCN) ensured the uniqueness of the peptide hit. The
RSp value of 1 ensured that the peptide matched the top hit in the preliminary scoring. At
these peptide filter values, very few reverse database hits were observed, which permitted a
higher confidence on the few single peptide protein identifications. Furthermore, single hit
proteins were also manually validated to ensure relevance.

Bioinformatics

NE-induced immunogenic native O157 proteins that were designated as unknown/
hypothetical upon querying the 0157 strain EDL933 FASTA database at European
Bioinformatics Institute were analyzed via bioinformatics. To ascribe a cellular location,
amino acid sequences of cognate proteins were obtained from the O157 strain EDL 933
database at http://www.tigr.org, and used to first identify extracytoplasmic proteins
containing signal sequences using the program SignalP 3.0 at http://www.cbs.dtu.dk/
services/SignalP. Next, extracytoplasmic proteins secreted by pathways not involving a
signal peptide (non-classical protein secretion) were screened for using programs
SecretomeP 2.0 at http://www.cbs.dtu.dk/services/SecretomeP/ and TatP 1.0 at http://
www.chs.dtu.dk/services/TatP/. Then, subcellular protein localization of extracytoplasmic
proteins was predicted using the PSORT/PSORT-B program (http://psort.nibb.ac.jp/).
Putative functions were determined by querying the Conserved Domain Database (CDD) at
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

RESULTS AND DISCUSSION

Polyclonal and monoclonal antibodies targeting the TTSS proteins do not block or
decrease E. coli 0157 adherence to RSE cells

E. coli 0157 strain EDL 933 (Table 1) pre-incubated with normal rabbit/bovine sera, at 1:5
dilution in sterile saline, showed the same RSE cell-adherence pattern (aggregative,
moderately positive) as observed for this bacterial strain in the absence of any sera (Figure
1, panel A) [24-27]. Likewise, bacteria pre-incubated with pooled, polyclonal antisera
generated against the TTSS proteins (Intimin, Tir, EspA and EspB), and flagellar H7 antigen
(Table 2), as well as mouse monoclonal antibodies specifically generated against individual
TTSS proteins (EspA, EspB, Tir; Figure 1, panel A; Table 2), did not show any changes in
the RSE cell-adherence patterns/numbers, confirming our previous observations that none of
these proteins influenced 0157 adherence to RSE cells [26, 27]. Similar results were
obtained with E. coli 0157 strains 86-24SmR and RM 6049, associated with different
outbreaks (Tables 1 & 3) [2, 33, 34, 35]. The pooled polyclonal antisera and monoclonal
antibodies were only effective in blocking adherence of all the E. coli O157 strains tested to
HEp-2 cells (Tables 2-3). These results clearly support alternate mechanisms of adherence
being used by E. coli 0157 to bind RSE cells at the bovine RAJ.
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Bovine hyperimmune sera abrogates/decreases E. coli 0157 adherence to RSE cells

Compared to the pooled polyclonal and monoclonal antibodies tested, only the pooled
bovine hyperimmune sera effectively blocked/decreased E. coli 0157 adherence to both the
RSE and HEp-2 cells. The ability of the hyperimmune sera to negatively impact adherence
was also observed with diverse E. coli 0157 strains (Tables 1 & 3; Figure 1, panel B) further
confirming our previous observations that this pooled serum contained antibodies to
bacterial proteins other than the TTSS proteins [25, 27].

The NE-induced E. coli 0157 protein repertoire includes targets of polyclonal antibodies in
pooled cattle hyper immune sera (the E. coli 0157 bovine immuno-proteome or O157-IP)

To rapidly determine the E. coli 0157 bovine immuno-proteome (O157-1P), we utilized a
modification of the platform proteome mining tool for protein antigen/biomarker discovery
called Proteomics-based Expression Library Screening (27). In this particular variation of
PELS (Figure 2), native O157 proteins (rather than recombinant proteins) served as the
substrate for immuno-affinity capture by “bait” polyclonal antibodies. These substrate
proteins were generated by culturing O157 in vitro under conditions that approximated the
in vivo host environment. In particular, the growth medium was supplemented with the -
adrenergic hormone, NE, which provided the in vivo environmental cues. NE, an enteric
neurotransmitter, is present in the lumen of the gastrointestinal tract due to neuronal release
following stress and trauma, and is a mimic of autoinducer 3 (Al-3), a cell-to-cell signaling
molecule produced by resident enteric microflora [36-38]. Al-3 is used as a signal by 0157
to determine arrival at its intestinal niche, and also as a signal to commence expression of a
variety of genes, including those related to virulence, via quorum sensing [36-38].
Furthermore, NE reportedly augments adherence of 0157 to ligated bovine ileal loops [39],
and to diverse mucosal epithelial cells [40, 41].

To define the E. coli 0157 -PA in cattle, we harvested and lysed cells cultured in DMEM-
NE, and captured immunogenic native proteins by passing pellet and lysate fractions
through Hi Trap NHS-activated columns coupled to polyclonal antibodies affinity purified
from previously generated hyperimmune sera of cattle colonized with a diverse collection of
0157 strains [27; Figure 2]. GeLC-MS/MS followed by SEQUEST database searching was
then used to identify specifically captured native O157 proteins contained in pooled elution
fractions (Figure 2). Sequential database searches performed using the O157 strains EDL933
and Sakai FASTA database from European Bioinformatics institute yielded minimal false-
positive rates for the proteins identified in the three separate GeLC-MS/MS runs used for
this study and were: 2.8% for Run I, 7.1% for Run |1, and 12.6% for Run Il (See
Supplemental Data Sheet 1 and Single peptide spectra).

The O157-1P in cattle included 91 proteins (1.7% of the proteome of the sequenced 0157
strain EDL 933) [28; Supplemental data-Table 1]. The O157-IP included proteins of
unknown function, as well as those diverse functions that localized to all compartments of
the bacterial cell, and encoded by genes situated on the backbone (genomic sequences
common to both the non-pathogenic E. coli K12 and 0157), O-islands (genomic sequences
unique to 0157), and pO157 (the virulence plasmid present in all 0157 strains) [28]. Given
that O157 only colonizes the gastrointestinal tract of cattle but causes neither the symptoms
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nor the extraintestinal sequelae seen in humans, we anticipated the identification of several
previously defined adhesins for colonization of 0157 and related pathogens. In accordance,
we identified Iha, an iron-regulated, outer membrane ferric siderophore receptor that
reportedly contributes to the adherence of E. coli 0157 and other pathogens to cultured
intestinal epithelial cells [42, 43]. Interestingly, Iha has been recently reported to be
expressed at higher levels in bovine reservoirs than in humans [44]. Another immunogenic
protein identified in this study was OmpA, an outer membrane porin implicated in the
adherence of E. coli 0157 to cultured intestinal epithelial cells [45-47]. Both Iha and OmpA
were also identified by PELS [27], which presents a strong rationale for further evaluation of
the role of these proteins in 0157 colonization of the bovine gastrointestinal tract.

This methodology further identified Stx1, a bacteriophage-encoded toxin implicated in the
pathogenesis of complicated E. coli 0157 disease in humans. This toxin was recently
reported to contribute to E. coli 0157 adherence to intestinal epithelial cells by increasing
surface expression of nucleolin on host epithelial cells, thereby augmenting intimin-y (see
below)-mediated adherence [48]. Interestingly, the O157-1P did not include intimin-y, the
primary E. coli 0157 adhesin that is encoded by a gene on a pathogenicity island called the
locus of enterocyte effacement (LEE) [49], despite the fact that this protein was part of the
NE-induced E. coli 0157 proteome (data not shown). Intimin-y was not part of the PELS-
defined E. coli 0157 IP in cattle as well [27]. The reasons for this are unclear; perhaps the
humoral adaptive immune response to this adhesin in cattle is suboptimal following
colonization after experimental oral inoculation and/or the protein is expressed at low levels,
in a site-specific manner.

EspP, a component of the PELS-identified IP was also identified in this study [27]. An
immune response to this secreted plasmid (pO157)-encoded protein decreases fecal
shedding of 0157 following oral challenge when it is optimally administered as a
constituent of an experimental, parenteral multi-component vaccine formulated with an
adjuvant to cattle [50]. However, none of the LEE-encoded secreted proteins such as EspA,
EspB, and Tir, shown to be targeted by immune responses of cattle and administered as part
of a bovine vaccine [50] were identified in this study. This was unexpected since one of
these vaccine components, namely EspB, was part of the NE-defined E. coli O157 proteome
(data not shown), and also identified by PELS in an earlier study [27]. The reason for this
observation is unclear; a plausible explanation is that these proteins, under conditions of in
vitro culture of wild type E. coli 0157 adopted in this study, are expressed below the
threshold for efficient immuno-affinity capture. Yet another immunogenic protein identified
in this study that merits evaluation for development of novel strategies for preventing E. coli
0157 colonization of the bovine gastrointestinal tract is the outer membrane enterobactin
receptor, FepA. Studies evaluating the use of FepA vaccines against coliforms causing
bovine mastitis have shown that bovine anti-FepA 1gG inhibited growth of coliforms by
interfering with the binding of the ferric enterobactin complex to this receptor [51].

Also part of the O157-1P were proteins previously reported to be part of the quorum sensing
regulatory network (Supplemental data-Table 1) in E. coli or other pathogens. One of these
was ArcB, an inner membrane sensor-kinase with global regulatory function under
microaerobic and anaerobic conditions, which has demonstrated homology to LuxQ of the
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Al-2 pathway and acts in concert with LuxS to enable the growth of Actinobacillus
actinomycetemcomitans under iron-limiting conditions [52, 53]. ArcB is also responsible for
transducing stress signals to the phage shock protein PspF regulon in E. coli [54]. Another
protein, PSpA, is a part of the PspF regulon, and regulates energy usage in the cell by
promoting anaerobic growth and reducing motility. Also identified was MopA (GroEL), a
heat shock chaperone protein that has a role in the synthesis of N-acyl homoserine lactone
used in quorum sensing by Sinorhizobium meliloti strain AK631 [55]. This protein also
regulates the Vibrio fischeri lux operon in E. coli cells via the folding of the transcriptional
regulator of the operon, LuxR [56]. This proteome mining tool further identified Dps, a
DNA binding protein involved in DNA protection during starvation and oxidative stress,
shown to be regulated by quorum sensing in Burkholderia pseudomallel [57], besides the
outer membrane protein Lpp, a murein lipoprotein, which along with OmpA, is induced by
Al-2 in E. coli [58]. Also identified as part of the O157-IP were OmpC, an outer membrane
protein that plays a role in bacterial adaptation to hyperosmotic environments, and
reportedly is induced by autoclaved stationary phase culture supernatant of E. coli via a
quorum sensing pathway different from that of Al-2 [59], and an inner membrane catalase
KatG. The regulation of catalase expression via quorum sensing has been demonstrated
previously in Pseudomonas aeruginosa [60]. These results were predicted since NE is a
mimic of Al-3, the cell-to-cell signaling molecule used by E. coli 0157 [40-42], and other
pathogens [61] to signal arrival at a specific niche within the host and regulate expression of
genes encoding diverse functions, including virulence.

Interestingly, the O157-IP included twenty-five proteins that had been previously identified
as being part of the bovine rumen fluid-proteome [62; Supplemental data-Table 1]. These 25
proteins could be associated either (i) with a role in transport, metabolism and anaerobic
respiration or, (ii) with a role in bacterial adaptation to stress and adherence or, (iii) were
encoded within genomes of bacteriophages. These results were anticipated since they are
consistent with the requirements for adaptation to, propagation and survival within the
hostile host environment; such proteins were also part of the PELS-defined E. coli 0157
immuno-proteome in cattle (27) (Supplemental data-Table 1)

A point that needs emphasis is that since this technology operates on the principle of
immuno-proteomics, not all proteins encoded by genes within a multigene family will be
identified despite induction of such proteins following growth of the pathogen under
conditions that reflect the in vivo environment. Hence, the O157-1P reported in this study
only included those E. coli O157 proteins that were both induced during growth of this
pathogen in the presence of NE and immunogenic in cattle. In accordance, our results reveal
that the technology identified only immunogenic but not the non-immunogenic E. coli 0157
proteins encoded by multigene families that were either functionally or genetically linked.
This is exemplified by the inclusion of RhIB, the DEAD-box RNA helicase and Eno, an
enolase, and exclusion of PNPase, a polynucleotide phosphorylase (all of which belong to a
multi-protein family involved in the degradation of RNA [63], from the O157-IP.
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TdcA, a plausible regulator of effectors of RSE cell adherence

Considering that the outer membrane protein, OmpA, was a target both in this and other
studies (27), and also identified in vitro in the DMEM/DMEM-NE- and the rumen fluid-
associated E. coli 0157 proteomes [25, 62], we evaluated the role of this protein in RSE cell
adherence. OmpA has also been shown to enable E. coli 0157 adherence to human
epithelial cells [45-47]. We analyzed previously characterized isogenic mutants of E. coli
0157 strain 86-24 SmR, NalR (Table 1) with either an insertional (AGT601) or deletion
(AGT601S) event interrupting ompA expression and compared their adherence to the parent
and ompA complemented (AGT601S (pOmpA)) strains in both RSE and HEp-2 cell
adherence assays (Tables 1 & 5) [45-47]. Likewise, we also evaluated a transposon
insertional mutant causing the inactivation of tdcA associated primarily with the degradation
of threonine and causing OmpA over expression (P9C8F2) by itself or, with an additional
isogenic mutation in ompA (AGT602) (Table 1), in the same parent strain [45-47]. Although
all the strains adhered to HeLa cells in the other studies, quantitative differences were
observed among strains in the percent of adhering bacteria: the TdcA mutant was
hyperadherent, whereas all OmpA mutants demonstrated slightly decreased adherence
compared to the parent strain; pattern of adherence of the complemented strain was similar
to that of the parent strain [45-47].

Results of HEp-2 adherence assays were concordant with those observed with HelL a cells
(Table 4); under our assay conditions the complemented strain AGT601Sp(OmpA) and the
parent strain exhibited similar patterns of adherence. A higher percentage of HEp-2 cells
with adhering TdcA mutant (P9C8F2) strain, and a slightly lower percentage of HEp-2 cells
with adhering OmpA mutants, AGT601 and AGT602, were observed when compared to the
parent and complemented strains. Adherence of the OmpA-deletion mutant AGT601S was
low enough to be categorized as non-adherent to HEp-2 cells (Table 4).

In contrast, the results were considerably different in the RSE cell adherence assays (Table
4, Figure 3). The AGT601 and AGT601S strains demonstrated an aggregative, strong
adherence phenotype compared to the parent and OmpA complemented strains that were
diffuse, strong in their adherence (Table 4). On the other hand, the P9C8F2 and AGT602
strains adhered in a diffuse, moderate manner and in much lower numbers (1-5 bacteria per
RSE cell) than the other strains (Tables 1 & 4). This suggests that (i) OmpA, although not
central to the RSE-O157 interaction, modulates E. coli 0157 adherence to RSE cells, and its
absence allows other unidentified adhesins to exert stronger (aggregative) bacterial
interactions with the RSE cells, while its over expression interferes with this interaction; and
(if) TdcA may have a regulatory effect on an hitherto unidentified adhesin, the decreased
expression of which in a tdcA mutant (P9C8F2) is the likely cause for its decreased
adherence to RSE cells. Neither the over expression of OmpA in this mutant (P9C8F2), nor
the isogenic insertional mutation of OmpA in the same (AGT602) changed its RSE cell-
adherence phenotype (Table 4; Figure 3). These observations strongly support a modulating
role for OmpA and the involvement of other adhesins in the adherence of 0157 to bovine
RSE cells. While the exact mechanism of modulation is unclear, a likely role for alterations
in membrane architecture is an interesting possibility. This is a hypothesis we plan to test in
future experiments.
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Studies with the antisera, antibodies and these mutants clearly show that with RSE cell
adherence, factors of no relevance (eg EspA, EspB) cause no change in the adherence
patterns while factors that possibly modulate (eg. OmpA) cause quantitative/qualitative
increases in adherence in their absence; the absence of factors (eg. in the tdcA mutant) that
may have a key role in adherence results in decreased or abrogated adherence. Inferences
gleaned from these interesting observations mandate further analysis of tdcA mutants for
identification of adhesins other than OmpA that facilitate O157 interactions with RSE cells.

The proteomics-based tool described in this study presents a convenient strategy for rapidly
defining native immuno-proteomes of diverse microorganisms cultured in vitro by provision
of cues the microorganism is likely to encounter within the in vivo host environment. To
corroborate the methodology, we compared the O157-1P determined in this study with the
recently described PELS-defined E. coli O157 IP. Although the O157 IP expectedly was
narrower than the PELS-defined E. coli O157 IP, given the source of the substrate for
immuno-affinity capture, 51 (56%) immunogenic proteins were identified by both
methodologies, whereas 40/91 (44%) were uniquely identified in this study (Figure 4). The
51 core proteins likely represent those that play an important role in E. coli 0157
colonization of cattle, and hence are currently under further evaluation.

A limitation of this technique is the requirement for handling wild type pathogens,
especially those categorized under Category “A” by the Centers for Disease Control and
Prevention, which necessitates appropriately trained personnel and biocontainment facilities.
Another limitation is that a prior knowledge of relevant in vivo environmental conditions/
cues that induce virulence gene expression and the respective surrogates for supplementing
in vitro cultures of the cognate pathogen is required; however, such conditions/surrogates of
in vivo signals may be defined empirically based on those for related pathogens occupying
similar anatomical niches. For example, in addition to a role in regulation of virulence gene
expression in E. coli 0157, NE has been recently reported to augment virulence properties
of Campylobacter jejuni, following supplementation of an in vitro culture of this
gastrointestinal pathogen in iron-limited medium [61].

In conclusion, this study corroborates the observations made by us and other researchers that
proteins besides the TTSS proteins play a significant role in E. coli O157 colonization of
cattle. We are presently evaluating the protective role of the E. coli 0157 immuno-proteome
in both the mouse and cattle models of colonization, while evaluating E. coli 0157 mutants,
especially the tdcA mutant, for adhesins of relevance to bovine rectal cell adherence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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No Sera Normal Rabbit Sera: 1:5 dilution

Anti-EspB Anti-Tir

Anti-EspA

Figure 1.
Adherence patterns of E. coli 0157 strains EDL 933 on RSE cells, in the absence and

presence of antisera. Panel A, in the absence of sera and presence of normal rabbit serum
(NRS; 1:5 dilution), and different monoclonal antibodies. Panel B, in the presence of pooled

polyclonal antisera against TTSS proteins and the H7 flagellar antigen, and the pooled
bovine hyperimmune sera. The monoclonal and polyclonal antisera were used at 1:50
dilution in these adherence-inhibition assays. The immunofluorescence stained slides are
shown at 40x magnification. Bacteria (O, O157) have green fluorescence, and RSE cells’
(R) cytokeratins have orange-red fluorescence and their nuclei have blue fluorescence.
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A. Grow pathogen of interest in media B. Affinity-purify polyclonal antibodies (PAbs)
mimicking in vivo conditions From sera of infected (acute/convalescent )
or reservoir hosts (“bait” PAbs)
Example:
E. coli 0157 in DMEM + Norepinephrine Couple bait PAbs to
E activated columns
Immunoaffinity o
l capture Elute specifically

bo N -V

Harvest norepinephrine induced proteins

%

LA

“Charged” columns Immunoaffinity capture

of proteins R }_<_ captured proteins

1D - SDS
PAGE,

r in-gel trypsin
digestion

Thromatography . - MS .

LC- MS/MS

l

MSMS

Lulull,

SEQUEST database searching,

protein identification

Figure 2.

Principle of technology used to identify the E. coli O157-IP.
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86-24 SmRNalR AGT601 AGT601S

AGT601S(pOmpA) P9CSF2 AGT602

Figure 3.
Adherence patterns of E. coli 0157 strains 86-24 SmR: NalR, its isogenic ompA (AGT601,

AGT601S) and/or tdcA (P9C8F2, AGT602) mutants, and OmpA complemented (AGT 601S
(pOmpA)) strains on RSE cells. The immunofluorescence stained slides are shown at 40x
magnification. Bacteria (O, O157) have green fluorescence, and RSE cells’ (R) cytokeratins
have orange-red fluorescence and their nuclei have blue fluorescence.
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E. coli O157-1P PELS Defined E. coli 0157 IP
(Total proteins = 91) (Total proteins = 207)
Figure 4.

The E. coli O157-IP complements PELS defined-E. coli O157-IP.
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