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Abstract

Background: Enteropathogenic Escherichia coli (EPEC) is distinguished mainly by the presence of EPEC adherence
factor plasmid (pEAF) in typical EPEC (tEPEC) and its absence in atypical EPEC (aEPEC). The initial adherence to the
intestinal mucosa is complex and mediated by adhesins other than bundle-forming pilus, which is not produced by
aEPEC. Extracellular matrix (ECM) proteins of eukaryotic cells are commonly recognized by bacterial adhesins. Therefore,
binding to ECM proteins may facilitate colonization, invasion and/or signaling by intestinal pathogens. Previous studies
from our group demonstrated that aEPEC O26:H11 (strain BA2103) showed high binding activity to fibronectin, not
shared by its counterpart, aEPEC O26:HNM.

Results: In the present study, using mass spectrometry after fibronectin-associated immunoprecipitation, two proteins,
flagellin (50 kDa) and GroEL (52 kDa), were identified and BA2103 binding ability to fibronectin was inhibited in the
presence of anti-H11 and anti-GroEL sera, but not by either naïve rabbit or other unrelated sera. It was also observed
that the presence of purified flagellin inhibits adhesion of BA2103 to cellular fibronectin in a dose-dependent manner.
Additionally, BA2103 GroEL is similar to the same protein of uropathogenic E. coli.

Conclusions: Our results suggest that flagellin may play a role in the in vitro interaction of BA2103 with cellular
fibronectin, and GroEL can be an accessory protein in this process.
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Background
Adherence to intestinal cells is a critical step in entero-
pathogenic Escherichia coli (EPEC) pathogenesis. EPEC
expresses intimin adhesin, an adherence factor chromo-
somally encoded by the eae gene [1], which is involved
in the receptors recognition, located at the surface of
target cells (translocated intimin receptor – Tir, β1-
integrin and nucleolin) [2, 3]. The intimin-Tir inter-
action plays a role in attaching and effacement lesion
followed by intestinal colonization. Moreover, EPEC is
distinguished by the presence of EPEC adherence factor
plasmid (pEAF) in typical EPEC (tEPEC) and its absence

in atypical EPEC (aEPEC) [4]. Also, lack of bundle-form-
ing pilus (BFP) production [5, 6], presence of hemolysins
[7] and autotransporter proteins [8, 9] existing in other
diarrheagenic E. coli pathotypes characterize aEPEC [10,
11]. In tEPEC, the role of BFP either in initial contact or
in bacteria-bacteria interaction is well established [12, 13].
However, in aEPEC this adhesion has been attributed to
EspA and various accessory adhesins described in
other pathogenic E. coli strains [14].

The ability to adhere to extracellular matrix (ECM)
proteins has been shown to be essential for the virulence
of several pathogens [15]. The ECM proteins comprise a
diverse group that function as a barrier, support for epi-
thelial cells, and are responsible for development,
growth, and maintenance of mammalian tissues [16].
The composition of ECM differs in various organs, but

* Correspondence: roxane@butantan.gov.br
†Equal contributors
1Laboratório de Bacteriologia, Instituto Butantan, Av. Vital Brazil, 1500 -
05503-900 São Paulo, SP, Brazil
Full list of author information is available at the end of the article

© 2015 Moraes et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Moraes et al. BMC Microbiology  (2015) 15:278 
DOI 10.1186/s12866-015-0612-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-015-0612-4&domain=pdf
mailto:roxane@butantan.gov.br
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


fibronectin, collagen types I to XV, and laminin are com-
mon constituents [17]. ECM proteins are commonly rec-
ognized by bacterial adhesins and have been shown to
act as substrates for bacterial adherence to eukaryotic
cells [15, 18–22]. Enteric bacterial pathogens can inter-
act with ECM either during inflammation or in the tight
junctions opening [23]. Therefore, binding to ECM pro-
teins may facilitate colonization, invasion, and/or sig-
naling by intestinal pathogens [17]. Fibronectin is an
ECM molecule targeted by several pathogens and is
formed by dimers covalently linked by a pair of disul-
fide bonds near their carboxyl termini [24]. Fibronectin
is responsible for connecting the collagen scaffold and
other ECM components [22], and was the first eukaryotic
cell receptor described for bacteria [18].

Recently, some conserved proteins, such as outer
membrane protein A (OmpA), flagellin (FliC) and E. coli
GroEL have been described as involved in adhesion,
colonization, invasion and dissemination or as major an-
tigens in many important pathogens [25–31]. FliC, the
subunit of flagellum structure, contains highly conserved
N- and C-termini, while its central region is significantly
variable and provides antigenic differences [32]. FliC is
involved in motility and pathogenesis [33–36], and also
can interact with cell surface polypeptide receptors on
monocytes and activate Toll-like receptors 5 (TLR-5)
[37]. GroEL is a multitask protein, which function as a
prototypical and indispensable molecular chaperone in
stress survival. In addition, this protein presents moon-
lighting activities acting as a cell surface receptor for
various pathogens ligands. Between 250–300 E. coli pro-
teins bind to GroEL, 85 of them are obligate client to
GroEL [38].

Previous results from our group demonstrated that a
subset of atypical EPEC presented ability to bind to
immobilized ECM proteins. Among them, the O26:H11
(BA2103) strain consistently presented the highest binding
ability to cellular fibronectin [7]. Taking these results in
consideration, we investigated in the current study puta-
tive candidates of this particular strain that might mediate
binding to cellular fibronectin. Our results indicate that
flagellin may play a role in the in vitro interaction with this
ECM component, and GroEL can be an accessory protein
in this process.

Methods
Bacterial strains
Atypical EPEC (aEPEC) strains BA2103 (serotype
O26:H11) and 2271-1/85 (serotype O26:HNM, where
NM indicates nonmotile) were previously characterized
by the eae+/EAF-/bfpA- genetic profile, lack of produc-
tion of BFP and production of the localized adherence-
like (LAL) pattern on HEp-2 cells [5, 6, 39]. Molecular
typing of fliC defined the H type of 2271-1/85 strain as

H11 [39]. Binding ability to ECM of supernatant pro-
teins from BA2103 was described elsewhere [7]. A non-
pathogenic K12 E. coli DH5α was included as a control
strain [40]. Also, twenty O26:H11 aEPEC strains were
employed in the fibronectin binding screening [5, 39].
This study does not involve humans, human data or
animals, since all strains employed herein belong to the
Bacteriology Laboratory bacterial collection of Butantan
Institute, São Paulo, SP, Brazil.

Binding of E. coli strains to fibronectin
In order to confirm the binding ability of BA2103 strain
to fibronectin and compare it to 2271-1/85 and DH5α
strains, 40 μL of bacteria culture growth (1.5 × 108) were
incubated in ELISA microplates previously coated with
1 μg of cellular fibronectin, or 1 μg of bovine serum al-
bumin (BSA) (Sigma Chemical Co.) at 37 °C for 4 h [41].
Also, 40 μL of serially diluted bacterial suspensions
(from 108 to 105) were tested. An additional assay was
done preincubating 107 bacterial cells with increasing con-
centrations of cellular fibronectin (from 0.2 to 25.6 μg)
followed by incubation in ELISA microplates previously
coated with 1 μg of cellular fibronectin. Quantification of
adhered bacteria was determined by removing the bacteria
adhered to fibronectin and BSA with PBS containing
0.05 % Triton X-100. Serial dilutions were plated onto
Luria Bertani (LB) agar plates and the number of bacteria
was determined by counting colony-forming units (CFU)
[20]. CFU values were obtained from triplicates of four
independent experiments.

Additionally, the binding ability to cellular fibronectin
of 20 strains belonging to the O26:H11 serotype was
accessed employing the crystal violet staining measure-
ment as described elsewhere [42]. Experiments were per-
formed in duplicate of two independent experiments
and the average values were calculated.

Protein identification
Supernatant proteins were obtained by growing BA2103
in 50 mL of TSB at 37 °C for 18 h (150 rpm), followed
by centrifugation at 10,000 g for 15 min. This super-
natant was filtered through a 0.22 μm membrane and
protein concentration was determined by a Bradford
assay. Protein identification was achieved by matrix-
assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF) analyses. Prior to MALDI-
TOF analyses, 100 μg of supernatant proteins from
BA2103 were incubated with 25 μg/mL of fibronectin at
25 °C for 90 min. Fibronectin-associated proteins were ob-
tained by immunoprecipitation analysis using A/G agarose
columns (Pierce) conjugated with anti-fibronectin anti-
bodies (Sigma). Proteins recovered from the column were
visualized by silver-stained SDS-PAGE, and protein
bands were excised from SDS gel for MALDI-TOF
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analyses (Mass Spectrometry Core Laboratory, University
of Texas Medical Branch).

Sequence alignments of flagellin and GroEL from
Escherichia coli O26:H11 strains
Amino acid sequences of flagellin (gi|260855903) and
GroEL (gi|18028158) obtained by MALDI-TOF analyses
were compared to other related sequences available in
GenBank database. All sequence alignments and ana-
lyses were performed with Basic Local Alignment Search
Tool (BLAST) program (http://blast.ncbi.nlm.nih.gov/
BlastAlign.cgi), MUSCLE [43] and BioEdit Sequence
Alignment Editor vs 7.2.5.0.

The fliC gene of BA2103 was amplified by PCR and
sequenced using primers described elsewhere [44] in
order to investigate minor nucleotide alterations. Three
additional internal primers (sequence 1 fliC (R): GCC
TGACCTGCTGCG; sequence 2 fliC (R): CACTGACTT
ACCATC; sequence 3 fliC (F): CATGTCTCGTGCG)
were designed to obtain full-length fliC sequence.

H11 flagellin purification
Flagellin produced by BA2103 (O26:H11) was extracted
from 50 mL cultures as described elsewhere with some
modifications [45]. Briefly, bacterial cells were collected
by centrifugation, suspended in 2 mL of phosphate-
buffered saline (pH 7.4) and sheared for 2 min in bench
mixer (Genie 2) at maximal speed. Cells were kept on
ice bath for 1 min and the procedure was repeated three
times. The cell suspension was then centrifuged at
10,000 X g for 10 min to remove the bacterial cells.
Culture supernatants containing the sheared flagellin
were precipitated with acetone. The resulting pellet was
suspended in PBS and, finally, submitted to heat treat-
ment (65 °C for 30 min) to depolymerize filaments into
flagellin monomers. Protein concentration was deter-
mined using BCA assay (Pierce) and purity was checked
by SDS-PAGE and immunoblotting using anti-H11
serum. Also an ELISA was employed in order to check
anti-H11 reactivity to purified flagellin.

Detection of flagellin and GroEL in E. coli strains by
immunofluorescence
The presence of flagellin and GroEL was evaluated in
three bacterial strains (BA2103, 2271-1/85 and E. coli
DH5α) by immunofluorescence employing anti-H11 and
anti-GroEL sera. E. coli strains were cultivated at 37 °C
in LB broth for 16–18 h, and a smear from the bacterial
pellets was fixed with 4 % paraformaldehyde. Slide
glasses with fixed bacteria were washed with phosphate-
buffered saline (PBS 0.01 M, pH 7.4) and blocked with
10 % goat serum in PBS (PBS-GS) at 25 °C for 1 h,
followed by incubation at 25 °C for 2 h with rabbit anti-
GroEL (1:500) or rabbit anti-H11 (1:200) antibodies

diluted in PBS-GS and goat anti-rabbit IgG conjugated
with FITC diluted 1:250 or 1:100, respectively at 25 °C
for 1 h. Between incubations the reactions were washed
twice with PBS, and then slide glasses were mounted
with glass coverslips. Bacteria were visualized on Axioskop
fluorescence microscope (Zeiss, Germany), with a 400X
magnification.

Binding inhibition to fibronectin
In order to validate the interaction of flagella and GroEL
with cellular fibronectin, an in vitro inhibition assay
was performed. BA2103 was cultivated in LB broth and
1.5 x 107 of bacteria suspension was preincubated with
serial dilutions of rabbit anti-H11 or rabbit anti-GroEL
(1:500 to 1:8,000) (Sigma-Aldrich) antibodies at 37 °C
for 2 h, at 50 rpm in a platform shaker. Bacteria were
then incubated at 37 °C for 4 h in ELISA microplate
wells previously coated with 1 μg of cellular fibronectin.
Serial dilutions (1:500 to 1:8,000) of naïve rabbit serum,
rabbit anti-H9, anti-human vitronectin (Sigma-Aldrich),
anti-human C1q and anti-human C3 were employed as
negative controls of binding inhibition assay. An additional
assay was done by incubating increasing concentrations of
purified flagellin (7.8 to 500 μg) in ELISA microplate wells
previously coated with 1 μg of cellular fibronectin, followed
by an incubation of bacteria culture growth (1.5 x 107).
Quantification of adhered bacteria was achieved by remov-
ing them from microplate wells with PBS containing
0.05 % Triton X-100. Serial dilutions were plated onto LB
agar plates and CFU was determined as described else-
where [20]. CFU values were obtained from triplicates of
four independent experiments in the presence or ab-
sence of antisera or in the presence or absence of puri-
fied flagellin.

Statistical analyses
The colony-forming units (CFU) and absorbance values
were analyzed by Graph Prism® 5.01, using unpaired
Student’s t-test. The differences were considered statisti-
cally significant when p ≤ 0.05.

Results
Binding of E. coli strains to cellular fibronectin
The binding ability of BA2103 to cellular fibronectin
was compared to another aEPEC strain, a nonmotile
O26 (2271-1/85) and a nonmotile K12 E. coli strain. The
2271-1/85 strain differs from BA2103 in terms of lack of
motility and flagellin production. The binding of BA2103 to
fibronectin was much more pronounced and this difference
was statistically significant compared to the binding of
the other two strains to this particular ECM component
(Fig. 1a). BA2103 bound to cellular fibronectin in a
dose-dependent manner and this interaction was spe-
cific, since no adhesion to BSA was observed in any
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dilutions of bacterial suspensions (Fig. 1b). Also a com-
petitive dose-dependent and saturable inhibition was
observed in preincubation of BA2103 bacterial cells
with cellular fibronectin prior to binding to immobi-
lized fibronectin (Fig. 1c).

Furthermore, twenty aEPEC O26:H11 strains were
screened by their binding ability to cellular fibronectin
by crystal violet staining. Employing this method we
were able to arbitrary separate three groups according to
their ability to bind to cellular fibronectin: high-binding
strains, including BA2103 and BA2459, and low-binding
strains, including non-motile 2271-1/85. The statistical
analyses showed that the absorbance’s means between
both groups were statistically significant (p < 0.0001, R2

0.9025) and also the variances between both groups were
significant (p < 0.0001). The third group presenting inter-
mediate binding ability, comprised by three strains
(0791-1/85; 4851-3/86 and IC50) (Fig. 1d).

Identification of proteins involved in the recognition of
cellular fibronectin by BA2103
Employing fibronectin-associated immunoprecipitation,
four proteins were identified by mass spectrometry (Fig. 2,
Table 1). Two of them, flagellin (giI260855903 – 50 kDa)
and GroEL (giI18028158 – 52 kDa) with 2.51E-43 and
1.26E-22 of expectation score, respectively, could be con-
sidered as putative adhesins for bacterial cell interaction.

In silico analysis were performed in order to investi-
gate which features of BA2103 flagellin or GroEL would
confer their binding activities to cellular fibronectin.
Multiple alignments of flagellin sequences from O26:H11
strains showed that these proteins are highly conserved,
and no sequence unique to aEPEC BA2103 flagellin
(FliCBA2103) was observed (Additional file 1: Figure S1).
Considering that hypervariable domains of flagellin are in-
volved in bacterial adhesion [46], we hypothesize that
fibronectin-binding sites could be located on this region

Fig. 1 Binding assay: a Binding to fibronectin of 40 μL of bacteria culture growth of BA2103, 2271-1/85 and DH5α strains incubated in ELISA
microplates previously coated with cellular fibronectin, or BSA. b Serial dilutions of BA2103 incubated in ELISA microplates previously coated
with cellular fibronectin (hatched bars) or BSA (white bars). c BA2103 preincubated with increasing concentrations of cellular fibronectin prior
to incubation in ELISA microplates previously coated with cellular fibronectin. Adhered bacteria were recovered with 0.05 % triton-X100 in PBS
and plated on LB agar in serial dilutions and then the colony-forming units were counted. Differences were statistically significant comparing
the binding to fibronectin of BA2103 and the other two strains (p < 0.0001) and comparing the binding of BA2103 to fibronectin or to BSA
independent of bacteria concentration (p < 0.004). It was also statistically significant compared the preincubation in absence of fibronectin or
in presence of dose-dependent of fibronectin (from p < 0.03 to 0.0005). d O26:H11 strains screened by binding ability to cellular fibronectin employ-
ing the crystal violet staining measurement. Absorbance’s means between high and low binding groups were statistically significant (p < 0.0001, R2

0.9025) also means difference between high and intermediate were statistically significant (p = 0.0310)
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of the FliCBA2103. To test this, we performed an alignment
by BLASTp of this region (residues 177 to 394) and
fibronectin-binding domain of the Staphylococcus aureus
FnBPA, a well-characterized fibronectin-binding protein
[47]. We found a 14-amino acid sequence (YDVGG-
DAYTVNVDS) showing 64 % similarity to two motifs of
FnBPA, which could be a putative Fn-binding site within
FliCBA2103 (Additional file 2: Figure S2).

As demonstrated by MALDI-TOF, GroEL of BA2103
is similar to GroEL of E. coli J96 sequence. The results
from GroEL alignment sequence showed 65 amino acids
variation at equatorial domain 1 between J96 and 11368
O26:H11 strain (Additional file 3: Figure S3). We pre-
sented the alignment comparison with only one of E.
coli O26:H11 (strain 11368), since previous analysis
comparing more than 50 sequences, including different
E. coli serotypes of H11, H7 and H6, showed 100 % of
identity (data not shown). Although the sizes of compared
proteins were different, hydrophobic domain at apical do-
main (amino acids 191–203) is conserved among all ana-
lyzed sequences (Additional file 3: Figure S3). Another
important feature is that GroEL of J96 is more similar to

the sequence found in Shigella sonnei (90,8 %) than most
of E. coli GroEL (88.3 %) (Table 2).

We also performed an immunofluorescence assay in
order to assess surface localization of the two above-
mentioned proteins. Employing the rabbit anti-H11
serum, flagellin was detected only in BA2103. As ex-
pected anti-H11 did not react with non-motile aEPEC
(2271-1/85) and non-motile K12 DH5α (Fig. 3a, b and c).
On the other hand, as GroEL is a highly conserved pro-
tein, it was detected in intact and non-permeabilized E.
coli strains, i.e., BA2103, 2271-1/85 and DH5α (Fig. 3d,
e and f ).

The role of flagellin and GroEL in the in vitro interaction
of BA2103 to cellular fibronectin
To further demonstrate the role of both proteins in the
interaction of BA2103 to cellular fibronectin, we per-
formed a fibronectin binding inhibition assay using spe-
cific antibodies against H11 and GroEL proteins. Both
antisera were able to strongly inhibit the binding of
BA2103 to fibronectin in vitro independent of sera dilu-
tion. These inhibitions either with rabbit anti-H11 or
anti-GroEL sera (p = 0.0008) were statistically significant
when compared to the binding of BA2103 to fibronectin
in sera absence and also when we employed naïve rabbit
serum which showed no binding inhibition (Fig. 4a). Also,
no binding inhibition was observed when we employed
rabbit anti-H9 serum or a set of unrelated sera, such as
anti-human vitronectin, anti-human C1q and anti-human
C3 (data not shown).

A competitive inhibition assay between BA2103 and
flagellin was done by incubating a fixed concentration of
cellular fibronectin with increasing concentrations of
purified flagellin (Additional file 4: Figure S4) followed
by incubation with BA2103 bacterial cells. These results
corroborate that flagellin may mediate in vitro binding
of BA2103 to cellular fibronectin; since flagellin was able
to block in a dose-dependent manner the subsequent
interaction of BA2103 bacterial cells to cellular fibro-
nectin (Fig. 4b).

Discussion
Bacteria can produce proteins that interact with ECM
components. These proteins are qualified as MSCRAMMs

Fig. 2 Co-immunoprecipitation of fibronectin-bound proteins. 100 μg of
supernatant proteins (SP) were incubated with 25 μg/mL of Fn (Sp + Fn)
or PBS (SP + PBS) and the mixture was added to a column with anti-Fn
antibodies for co-immunoprecipitation analysis. Immunoprecipitated
proteins were visualized by silver stained SDS-PAGE and protein bands
(B1, B2, B3 and B4) were excised for MALDI-TOF analyses

Table 1 Identification of fibronectin-associated proteins by MALDI-TOF analyses (**p value = 0,05 and Protein Significance Score = 71)

Protein Accession Average Mass (kDa) aAAs E-values

flagellin (Escherichia coli O26:H11 str.11368) gi|260855903 50.9 484 2.51E-43

GroEL (Escherichia coli) gi|18028158 52.0 277 1.26E-22

lysine-tRNA ligase (Escherichia coli) gi|486212064 57.7 337 1.26E-28

protein S1 gi|223404 61.1 158 9.98E-11
aAvailability of aminoacids
**Protein score is -10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 62 are significant (p<0.05). Protein
scores are derived from ions scores as a non-probabilistic basis for ranking protein hits
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(microbial surface components recognizing adhesive
matrix molecules) [22]. Thus, ECM proteins can play a
bridging role between bacteria and host cells, contributing
to activation of signal transduction pathways and control
of later steps of pathogenesis [20]. In addition, bacterial
colonization and invasion is related to laminin and fibro-
nectin adherence in epithelial cells [17].

The high adhesiveness ability of the O26:H11 strain to
ECM components, mainly fibronectin and laminin [7],
prompted us to characterize in vitro binding ability of
BA2103 to fibronectin with the aim of characterizing pu-
tative bacterial proteins involved in this interaction. Our
results confirmed the binding of BA2103 bacterial cells to
fibronectin. This kind of interaction has been described
for enteroaggregative and enterohemorrhagic E. coli fim-
brial adhesins [20, 21]. In order to identify which proteins
could be involved in this process, fibronectin-associated
immunoprecipitation was performed.

Our initial thought was that hemolysins could be par-
tially involved in these interactions, since high levels of
binding were observed with bacterial supernatant from
the strains harboring ehly, ehx and sheA genes [7]. There-
fore, we employed bacterial supernatants for fibronectin-
immunoprecipitation in the present study. Surprisingly,
no hemolysins were identified; on the other hand, after
MALDI-TOF analyses four proteins were identified, three
of them (lysine tRNA ligase, GroEL and H11 flagellin)
present in E. coli. Despite the fact that, one cannot exclude
the functions of tRNA ligase as a moonlighting protein as
previously showed for glycil-tRNA [48]. It is worth to
mention that flagellin is abundant in E. coli and is cer-
tainly present both in the bacterial membrane and in the
supernatant due to physical rupture during cultivation.
The same can be applicable for GroEL, considered a
moonlighting protein and present not only in the cyto-
plasm but also on the bacterial membrane and extracel-
lularly [38]. Thus, we decided to focus on the role of
flagellin and GroEL.

It has been described that flagella not only contribute
to bacterial motility but are also involved in biofilm for-
mation, binding to host proteins, adherence, invasion,
and colonization of host cells [25, 33, 36, 49–51]. Con-
cerning EPEC, the detected binding of H6 flagella, purified
from the prototype tEPEC E2348/69, to ECM components
was in a dose-dependent manner to collagen and with less

Table 2 GroEL Sequence Identity Matrix values generated after
alignment by ClustalW among E. coli J96 O4:K6, Shigella sonnei
3233-85 and E. coli 11368 O26:H11

Isolate J96 3233-85 11368

J96 ID 0.908 0.883

3233-85 0.908 ID 0.972

11368 0.883 0.972 ID

Fig. 3 Immunofluorescence assay. Bacterial pellets from aEPEC BA2103 (panels a and d), aEPEC 2271-1/85 (panels b and e) and K12 DH5α
(panels c and f) were fixed with 4 % paraformaldehyde on slide glasses and incubated with rabbit anti-H11 (panels a to c) or with rabbit
anti-GroEL (panels d to f) followed by an incubation with goat anti-rabbit IgG conjugated to FITC. The immunoassay with intact, non-permeabilized
bacteria was visualized on Axioskop fluorescence microscope with a 400X magnification
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affinity to laminin and fibronectin, but not to vitronectin.
Furthermore, the prototype tEPEC E2348/69, but not fliC
mutant bound to ECM proteins [35]. Also, FliC in aEPEC
serotype O51:H40 plays a role in adhesion, invasion and
IL-8 production [36].

In our study, both aEPEC strains belong to the serotype
O26:H11 but only the motile BA2103 produce flagellin
and interact with fibronectin, leading us to attribute a role
for the H11 flagellin in mediating bacterial binding to
fibronectin. Thus, the interaction between flagellin and
fibronectin may contribute to aEPEC BA2103 efficiency in
tissue colonization, indirectly demonstrated herein by a
significant inhibition of the binding of aEPEC binding to

fibronectin in presence of different dilutions of rabbit
anti-H11 serum, but not to naïve rabbit serum. Further-
more, purified flagellin (H11) was able to block in a dose-
dependent manner the subsequent interaction of BA2103
bacterial cells to cellular fibronectin.

In an attempt to characterize BA2103 flagellin features
that confer its binding to cellular fibronectin, in silico
analysis was performed. No fibronectin-binding domain
has been described in flagellin so far. Despite that, our
data demonstrate a specific interaction between FliCBA2103

and fibronectin, suggesting the presence of binding sites
for this ECM molecule. As hypervariable domains of
flagellin bear adhesive properties [46], we selected this
specific region of FliCBA2103 to search for Fn-binding sites,
identifying a 14-amino acid residue similar to two motifs
of S. aureus FnBPA involved in interactions with fibro-
nectin [47]. The YDVGGDAYTVNVDS identified se-
quence could be a putative Fn-binding site, although
specific experiments such as peptide array and site-directed
mutagenesis need to be performed for mapping the Fn-
binding sites within FliCBA2103.

GroEL was described as a conserved and immunodo-
minant protein in Brucella and avian pathogenic E. coli
[52, 53]. Besides its classical function as a chaperone, a
role as adhesin- or invasin-mediating factor has been
described for different pathogens such as Mollicutes,
Salmonella Typhimurium, Mycobacterium bovis and E.
coli [54–56]. Moreover, it has been shown that GroEL
homolog of E. coli, the 60-kDa-heat shock protein, is not
only intracellularly located but also associated with cell
surface [57]. Our immunofluorescence data indicate that
GroEL was also found to be associated with cell surface
in all three tested strains. In aEPEC BA2103 anti-GroEL
serum significantly reduced its binding capacity to fibro-
nectin, which further supports a function for this protein
as one adhesin, since no reduction was observed when
unrelated sera were employed. The folding activity of
GroEL on substrate proteins is dependent of its ATP
induced conformational change [58]. There are three im-
portant domains described for this protein: apical, inter-
mediate and equatorial 1 and 2 [30]. The hydrophobic
binding is found on apical domain [59] and the flexibility
of this site of protein facilities the binding with sub-
strates, GroES (co-chaperonin) and non-natives polypep-
tides [30]. In our results, the MALD-TOF analysis
identified a GroEL of BA2103 O26:H11 similar to GroEL
to uropathogenic E. coli J96 [60]. When compared to the
majority of the H11 FliC E. coli subtype sequences in
GenBank, a difference of 65 amino acids was verify between
them at Equatorial domain 1. Although no changing has
been observed at the conserved binding site, a significant
size alteration can affect conformation of GroEL. As
the function of GroEL is folding related, conformational
changes could improve exposition of binding site and

Fig. 4 Inhibition of binding to fibronectin in the presence or absence
of sera or competition with purified flagellin. a Naïve (•), anti-H11 (◆) or
anti-GroEL ( ) rabbit sera were serially diluted and preincubated with
BA2103 and then incubated in the presence of fibronectin. b Different
concentrations of purified flagellin were incubated in ELISA microplates
previously coated with cellular fibronectin, followed by incubation with
BA2103. Adhered bacteria were recovered with 0.05 % triton-X100
in PBS and then plated on LB agar in serial dilutions and then the
colony-forming units were counted. Differences were statistically
significant compared to the binding of BA2103 to fibronectin, in
presence of naïve rabbit or anti-H11 serum (p = 0.0008) or anti-GroEL
(p = 0.0008). Also significant differences were observed in presence
purified flagellin (from p = 0.0010 to 0.0005)
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higher the binding to fibronectin, consequently. This
interaction would facilitate the interaction between this
ECM and others E. coli proteins [38]. Nevertheless, struc-
tural analyses are necessary to elucidate this mechanism.

The role of flagellin and GroEL in the in vitro inter-
action of aEPEC BA2103 to cellular fibronectin herein
demonstrate cannot be extended to all O26:H11 aEPEC
strains. In fact, among the collection of twenty O26:H11
strains tested in this study, only BA2459 presented the
same binding ability, as previously described [7]. The non-
motile strains were classified in the low-binding group
and it is worth to mention that among these strains,
three harbor the ehxA gene (O26 TR EPM; 3451-3/86
and 2012–1) [39].

A frequent attribute among aEPEC strains is the finding
of specific phenotypes or putative virulence factors pro-
duced by subgroups, sometimes one strain belonging to
the same serotype [9, 36, 61, 62]. Adhesion, invasion, and
IL-8 production in cultured intestinal epithelial cells medi-
ated by flagella [36], induction of mucus production [62],
production of hemolysis and binding to ECM molecules
[7], as well as toxin production [9] are examples of such
characteristic of aEPEC.

Conclusions
Taken together our results suggest that flagellin may play
a role in the in vitro interaction of BA2103 with cellular
fibronectin, and GroEL can be an accessory protein, in
this process as an additional strategy acquired by this
strain. Besides, considering ours and previous data, it is
clear that these data cannot be extended to all O26:H11
aEPEC strains. The significance of these proteins in host
cell interaction of other aEPEC serotypes is under inves-
tigation by our group.
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