AEM

Journals.ASM.org

The Intimin-Like Protein FdeC Is Regulated by H-NS and
Temperature in Enterohemorrhagic Escherichia coli

Donna M. Easton,®P Luke P. Allsopp,® Minh-Duy Phan,? Danilo Gomes Moriel,? Guan Kai Goh,? Scott A. Beatson,?

Timothy J. Mahony,® Rowland N. Cobbold,? Mark A. Schembri®

Australian Infectious Disease Research Centre, School of Chemistry and Molecular Biosciences, The University of Queensland, St. Lucia, Queensland, Australia®; School of
Veterinary Science, The University of Queensland, Gatton, Queensland, Australia®; Queensland Alliance for Agriculture and Food Innovation, The University of

Queensland, St. Lucia, Queensland, Australia®

Enterohemorrhagic Escherichia coli (EHEC) is a Shiga-toxigenic pathogen capable of inducing severe forms of enteritis (e.g.,
hemorrhagic colitis) and extraintestinal sequelae (e.g., hemolytic-uremic syndrome). The molecular basis of colonization of hu-
man and animal hosts by EHEC is not yet completely understood, and an improved understanding of EHEC mucosal adherence
may lead to the development of interventions that could disrupt host colonization. FdeC, also referred to by its IHE3034 locus
tag ECOK1_0290, is an intimin-like protein that was recently shown to contribute to kidney colonization in a mouse urinary
tract infection model. The expression of FdeC is tightly regulated in vitro, and FdeC shows promise as a vaccine candidate
against extraintestinal E. coli strains. In this study, we characterized the prevalence, regulation, and function of fdeC in EHEC.
We showed that the fdeC gene is conserved in both 0157 and non-0O157 EHEC and encodes a protein that is expressed at the cell
surface and promotes biofilm formation under continuous-flow conditions in a recombinant E. coli strain background. We also
identified culture conditions under which FdeC is expressed and showed that minor alterations of these conditions, such as
changes in temperature, can significantly alter the level of FdeC expression. Additionally, we demonstrated that the transcription
of the fdeC gene is repressed by the global regulator H-NS. Taken together, our data suggest a role for FdeC in EHEC when it
grows at temperatures above 37°C, a condition relevant to its specialized niche at the rectoanal junctions of cattle.

E nterohemorrhagic Escherichia coli (EHEC) is a Shiga-toxigenic
pathogen capable of inducing severe forms of enteritis, such as
hemorrhagic colitis (HC), and extraintestinal sequelae, such as
hemolytic-uremic syndrome (1). Ruminant livestock are the prin-
cipal hosts of Shiga-toxigenic E. coli (STEC) (2, 3), including
EHEC, which is often carried at the herd and individual-animal
levels as commensal enteric flora (4). Food-borne transmission of
STEC through contamination of primary produce is a significant
factor in the epidemiology of EHEC infections, which are preva-
lent worldwide. E. coli of the O157 serotype is considered the ar-
chetypal EHEC, although a small number of non-O157 serotypes
are more commonly associated with severe disease than other
non-O157 serotypes. In the United States, the Food and Drug
Administration recently designated six non-O157 serotypes (026,
045, 0103, O111, O121, O145) as food adulterants, highlighting
these as having enhanced public health significance, and increas-
ing the stringency of STEC food safety assurance regulation and
testing requirements at a global level (5).

The molecular mechanisms associated with the colonization of
human and animal hosts by EHEC are not yet completely under-
stood. Colonization is generally considered to involve three steps:
(i) initial attachment, (ii) translocation of bacterial components
to mammalian cells via a type III secretion system (T3SS), and (iii)
intimate attachment, characterized by the formation of attaching
and effacing lesions and mediated by the bacterial effector intimin
(6). Research has focused on the locus of enterocyte effacement
(LEE), which encodes a T3SS produced by strains of EHEC and
closely related enteropathogenic E. coli (EPEC), as well as a range
of translocated effector molecules. It is likely that other mediators
of colonization are yet to be identified, particularly for non-O157
EHEC, and particularly with respect to the colonization of bovine
hosts. An improved understanding of EHEC mucosal adherence
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may lead to the development of interventions that could inhibit
host colonization. This could benefit public health either by dis-
rupting the colonization of humans to prevent the acquisition of
such strains leading to disease or by reducing the colonization of
livestock and thus decreasing the transmission of EHEC to hu-
mans via decreases in food contamination. An intimin-based vac-
cine is already available for the reduction of the frequency of col-
onization of cattle with O157 strains; however, no such control
measure is available for non-O157 EHEC (7).

A recently described E. coli adhesin, FdeC (GenBank accession
no. ADE88959), contributes to E. coli colonization of the upper
urinary tract in a mouse infection model (8). Immunization with
FdeC, also known by its IHE3034 locus tag ECOK1_0290, is also
protective in mouse models of urinary tract infection (UTI) and
sepsis (8, 9), demonstrating that FdeC represents a potential vac-
cine antigen against uropathogenic E. coli (UPEC)-mediated UTI.
While FdeC expression is undetectable under normal laboratory
growth conditions, the protein is expressed during coculture
with mammalian cells and in vivo (8). FdeC shares structural
similarity with intimin, containing an N-terminal 3-barrel and
a C-terminal extracellular domain, and belongs to the type Ve
group of autotransporter proteins (10). FdeC was identified in
genome sequences from a range of different E. coli pathotypes;

Received 27 June 2014 Accepted 15 September 2014

Published ahead of print 19 September 2014

Editor: G. T. Macfarlane

Address correspondence to Mark A. Schembri, m.schembri@ug.edu.au.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.02114-14

aem.asm.org 7337

Areigr puejsuaang) Jo Ausianiun Ag GTOZ ‘ZT JoqWBAON uo /Blowise wae//:dny woly papeojumod


http://www.ncbi.nlm.nih.gov/nuccore?term=ADE88959
http://dx.doi.org/10.1128/AEM.02114-14
http://aem.asm.org
http://aem.asm.org/

Easton et al.

to date, however, it has been studied only for its potential role in
uropathogenesis.

In this study, we have described conditions under which FdeC
is expressed by EHEC and have demonstrated that the level of
FdeC expression can be manipulated by minor alteration of these
conditions. We have also shown that FdeC expression is repressed
by the global regulator H-NS (11) and that FdeC mediates biofilm
formation following overexpression in a recombinant strain un-
der continuous-flow conditions. Taken together, our data suggest
a potential role for FdeC in the colonization of the terminal rec-
tums of cattle.

MATERIALS AND METHODS

Strains and growth conditions. N39 (also known as EC673) is an eae- and
stx,-positive O26:H11 strain of E. coli originally isolated from the feces of
an Australian calf. EDL933 is a well-characterized O157:H7 EHEC out-
break isolate (12). E. coli MS427 (K-12 strain MG1655AfIu [i.e., lacking
antigen 43 {Ag43}]) and OS56 (green fluorescent protein [GFP]-tagged
MG1655Aflu) have been described previously (13-15). Plasmid pHNS
has been described previously (16). Cells were grown at 37°C on solid or in
liquid Luria-Bertani (LB) medium supplemented with the appropriate
antibiotics (100 pg/ml ampicillin, 50 pwg/ml kanamycin) unless otherwise
stated. Where necessary, gene expression was induced with 1 mM isopro-
pyl-B-p-thiogalactopyranoside (IPTG).

DNA manipulations and genetic techniques. Genomic DNA was ex-
tracted from overnight cultures by using the Wizard Genomic DNA pu-
rification kit (Promega, Madison, WI, USA) according to the manufac-
turer’s procedure for Gram-negative bacteria. Plasmid DNA was isolated
by using the QIAprep Spin Miniprep kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instructions. Restriction digestion,
ligation, and T4 polymerase treatment followed the manufacturer’s rec-
ommendations (New England BioLabs [NEB], Ipswich, MA, USA). PCRs
for which high fidelity was required were performed by using the Expand
High Fidelity polymerase system (Roche, Basel, Switzerland) according to
the manufacturer’s recommendations. Tag DNA polymerase (New Eng-
land BioLabs) was used for screening PCRs. DNA sequencing was per-
formed by the Australian Equine Genetics Research Centre.

Construction of plasmids. The fdeC gene was amplified by PCR from
N39 with primers designed using the available genome sequence of 026:
H11 strain 11368 (primers 3018 [5'-GGCGAGCTCCATCAGGAAATTA
TCTCAATGTCA] and 3019 [5'-GGCAAGCTTAAATTATTTCATCGC
CTCCTCGTC]). The PCR product was digested with Sacl (forward
primer) and HindIII (reverse primer) and was ligated to SacI-HindIII-
digested plasmid pSU2718 (17) to generate plasmid pFdeC. In this con-
struct, the transcription of fdeC was under the control of the IPTG-induc-
ible lac promoter.

Antiserum production and immunoblotting. A six-histidine-
tagged, 97-kDa truncated form of FdeC was constructed. Primers 2871
(5"-TACTTCCAATCCAATGCGCTTGACGGTCAGAGCCGTAT)
and 2830 (5'-TTATCCACTTCCAATGTTAGTTCATCGCCTCCTCG
CCCT) were used to amplify the portion of the gene coding for the
predicted extracellular component of the protein (amino acids 467 to
1417), which was then inserted into the pMCSG?7 vector by ligation-
independent cloning and was maintained in E. coli DH5a (18). This
plasmid was then transferred to E. coli BL21 for expression of the recom-
binant protein by induction with 1 mM IPTG and purification by Ni-
nitrilotriacetic acid (NTA) Superflow columns (Qiagen) under native
conditions (according to the manufacturer’s instructions). Protein purity
was assessed by SDS-PAGE analysis as described previously (19). A poly-
clonal anti-FdeC serum was raised in rabbits by the Institute of Medical
and Veterinary Sciences (South Australia). For immunoblotting, cell ly-
sates were subjected to SDS-PAGE and were transferred to polyvinylidene
difluoride (PVDF) microporous membrane filters as described previously
(19). Culture supernatants were prepared by filtering (pore size, 0.22 pm)
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to remove intact bacterial cells and concentrating 100X by size exclusion
centrifugal filtration. A serum raised against the extracellular portion of
FdeC was used as the primary serum, and the secondary antibody was
alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (Sigma,
Castle Hill, NSW, Australia). 5-Bromo-4-chloro-3-indolylphosphate
(BCIP)—-nitroblue tetrazolium (NBT) was used as the substrate in the
detection process (Sigma).

Construction of fdeC and hns mutants. The fdeC gene was deleted
from E. coli N39 by using a modification of the N Red recombinase gene
replacement system (20). The kanamycin resistance cassette was ampli-
fied from pKD4 using primers 747 (5'-GTGTAGGCTGGAGCTGCTTC)
and 748 (5'-CATATGAATATCCTCCTTAGTTC). Approximately 500-bp
regions flanking the fdeC gene were amplified using primers 2925 (5'-AGTG
TTGCGATGGGTAGTGC) and 2926 (5'-GAAGCAGCTCCAGCCTACAC
GCAGCGGGTCAGAACTGAAT) for the upstream region and primers 2927
(5'-GAACTAAGGAGGATATTCATATGTGACCTATGGCGGGTAC
GAA) and 2928 (5'-TTTGCCGGTACGGTATGCAA) for the downstream
region. The kanamycin resistance cassette was inserted between these flanking
sequences using three-way PCR, and the construct was amplified sufficiently
to allow the transformation of N39 with approximately 1 g of DNA. Mu-
tants were selected by growth on kanamycin and were confirmed by DNA
sequencing using primers 3025 (5'-CCAGCCAGTTCCTTTCGATGCCT)
and 3026 (5'-CCGTGTATACCGCCACCGTGA). The mutant strain was re-
ferred to as N39fdeC. A modification of the method described above was used
to inactivate the hns gene in N39, by amplifying the kanamycin resistance
cassette and 500-bp flanking regions directly from EDL933hns (strain
MS3832) (21) using primers 2361 (5'-TTGTATGAAGATTGCAAC) and
2364 (5'-TTTATCACAGGATAACCT). The replacement of the hns gene
with the kanamycin resistance cassette was confirmed by DNA sequencing
with primers 1935 (5'-TTGCCTGCTGTTCATGTTCC) and 2449 (5'-GCT
GGTTACTCACTCATC). This strain was referred to as N39hns. To construct
a mutant strain lacking both fdeC and hns, the kanamycin resistance cassette
was first removed from N39fdeC by using pCP20 as described previously (20),
and hns was inactivated in this strain by a method identical to that described
above.

Construction of an fdeC::lacZ reporter in N39. The lacIZ genes were
replaced with the chloramphenicol resistance cassette from pKD3 in N39
by using the method described above, with primers 3286 (5'-TTTGCCC
GGAACAAGACCGC), 3287 (5'-GAAGCAGCTCCAGCCTACACTGCG
ACATCGTATAGCGTTACTGG), 3288 (5'-GAACTAAGGAGGATATT
CATATGTAACCGGGCAGGCCATGTCT), and 3289 (5'-ACAACGCC
CAGCCAACACAG). The deletion was confirmed by DNA sequencing
using primers 3314 (5'-GGCCTGCATCGCACCACTGT) and 3315 (5'-
CCCGCGTACCCTGTTCACCG). This strain was referred to as N39laclZ
and was used as a negative control in the 3-galactosidase assays. Similarly,
the fdeC gene was then replaced with the lacZ-zeo cassette amplified from
strain UGB1969 (a gift from J. M. Ghigo) with primers 3290 (5'-ATGAC
CATGATTACGGATTCACTG) and 3291 (5'-TCAGTCCTGCTCCTCG
GCCACGAA). Flanking regions were amplified using primers 3292 (5'-
TCGTTCATGAGAAGCATAACGTA), 3293 (5'-CAGTGAATCCGTAA
TCATGGTCATTGAGATAATTTCCTGATGAAC), 3294 (5'-TTCGTG
GCCGAGGAGCAGGACTGATTTTAAGAATATGAAAGTAACATT
CT), and 3295 (5'-AAGACGGATATCTATTTCGTCTC). The lacZ fu-
sion and correct replacement of the fdeC gene were confirmed by DNA
sequencing using the same primers that were used to confirm the fdeC
mutant in combination with lacZ-zeo cassette-specific screening prim-
ers 3312 (5'-TGGTGCCGGACAACACCCTG) and 3313 (5'-GCGGG
CCTCTTCGCTATTACGC). The chloramphenicol resistance cassette
was removed using pCP20 in order to facilitate further mutagenesis
using this antibiotic selection marker, and this reporter strain was
referred to as N39fdeC::lacZ.

Transposon mutagenesis. Random transposon mutants were gener-
ated in N39fdeC::lacZ using the chloramphenicol cassette from pKD3 (20)
with mini-Tn5 ends introduced by amplifying the cassette using primers
2279 (5'-CTGTCTCTTATACACATCTCACGTCTTGAGCGATTGTGT
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AGG) and 2280 (5'-CTGTCTCTTATACACATCTGACATGGGAATTA
GCCATGGTCC) from the Notl-digested plasmid. The mini-Tn5:Cm
PCR product was phosphorylated with T4 polynucleotide kinase (NEB)
for 90 min at 37°C, followed by inactivation for 20 min at 60°C. The
phosphorylated DNA was concentrated to at least 400 ng/pl, and trans-
posomes were assembled by incubation with transposase (Epicentre,
Madison, W1, USA) at 37°C for 1 h. Electrocompetent N39fdeC::lacZ was
transformed with the mini-Tn5::Cm transposomes, plated onto LB me-
dium containing chloramphenicol and 5-bromo-4-chloro-3-indoly--p-
galactopyranoside (X-gal), and incubated at 37°C overnight (16 to 18 h).
Blue colonies were selected for further analysis, and the plates were trans-
ferred to 43°C for a further overnight incubation. Those colonies that did
not develop a blue color upon incubation at the higher temperature were
also selected for further analysis. The locations of the transposon inser-
tions were determined using inverse PCR. Genomic DNA was digested
with Tagal and was religated with T4 DNA ligase (both from NEB), and
recircularized DNA containing the transposon sequence was amplified
using primers 2240 (5'-GCCGATCAACGTCTCATTTT) and 4027 (5'-A
ATAAGATCACTACCGGGCG). DNA sequencing using primer 2240 was
used to ascertain the sequence immediately flanking the insertion, and the
genomic location was determined by using a BLASTn search of the O26:
HI11 strain 11368 genome sequence.

B-Galactosidase assay. Reporter strain lacZ activity was assayed using
a 3-galactosidase assay with ortho-nitrophenyl-f-galactoside (ONPG) as
the substrate (22). The optical density of the bacterial cultures was mea-
sured by diluting 75 wl of culture into 900 .l of LB medium and reading at
600 nm in a 1-cm cuvette. A matching 75-pl aliquot of each culture was
also lysed with 50 pl chloroform, 25 w1 0.1% SDS, and 675 pl Z-buffer (60
mM Na,HPO,-2H,0, 40 mM NaH,PO,-2H,0, 50 mM (-mercaptoeth-
anol, 10 mM KCI, 1 mM MgSO,-7H,O [pH 7.0]). Lysed bacteria were
equilibrated to 28°C, and 150 pl of ONPG substrate (4 mg/ml) was added
to each sample. Reactions were stopped by the addition of 375 nl 1 M
Na,CO;, and the time (T) was recorded. Color development was mea-
sured by the optical density at 420 nm (OD,,,) in 1-cm cuvettes. Miller
units were calculated using the following formula: (750 X OD ,,)/(T X
V X ODg), where V'is the volume in milliliters (0.075).

Rapid amplification of 5' cDNA ends (5'-RACE). The transcription
start site of fdeC was determined by using the 5" RACE System for Rapid
Amplification of cDNA Ends, version 2.0 (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Two gene-spe-
cific primers were used for this assay: GSP1 (primer 4083 [5'-AGGAAAT
ACAGGAGTGGC]) and GSP2 (primer 4084 [5'-AACTTTATTACCGGA
ATGGCCAC])).

DNA curvature prediction and DNA PAGE analysis. The fdeC pro-
moter region was analyzed in silico using bend.it, a program that enables
the prediction of a curvature propensity plot calculated with DNase I-
based parameters (23). The curvature is calculated as a vector sum of
dinucleotide geometries (roll, tilt, and twist angles) and is expressed as
degrees per helical turn (10.5°helical turn = 1°/bp). Experimentally
tested curved motifs produce curvature values of 5 to 25° helical turn,
whereas straight motifs give values below 5°/helical turn. The 250-bp fdeC
promoter region was PCR amplified using primers 4062 (5'-AGGTATC
TATTTAATGACTTGCAC) and 4063 (5’ -TGAGATAATTTCCTGATCA
ACG), and its curvature was experimentally tested by comparing its elect
rophoretic mobility with that of a 100-bp DNA ladder (NEB) on a 0.5X
Tris-borate-EDTA (TBE)-7.5% PAGE gel at 4°C.

Electromobility shift assay. Electromobility shift assays were per-
formed essentially as described previously (24). H-NS protein was
prepared by amplifying hns from N39 using primers 4059 (5'-TACTT
CCAATCCAATGCAATGAGCGAAGCACTTAAAATTCTG) and 4060
(5'-TTATCCACTTCCAATGTTATTGCTTGATCAGGAAATCGTC),
cloned into the pMCSG7 vector using a ligation-independent method,
and maintained in E. coli DH5a. This plasmid was then transferred to E.
coli BL21 for expression of the recombinant protein by induction with 1
mM IPTG and purification by Ni-NTA Superflow columns (Qiagen) un-
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der native conditions (according to the manufacturer’s instructions). Pro-
tein purity was assessed by SDS-PAGE analysis as described previously
(19). The fdeC promoter region was amplified using primers 4062 (5'-A
GGTATCTATTTAATGACTTGCAC) and 4063 (5'-TGAGATAATTTCC
TGATGAACG). A DNA mixture comprising the PCR-amplified fdeC
promoter region and Taql-SspI-digested pBR322 at an equimolar ratio
was incubated at room temperature for 15 min with 4 wM native purified
H-NS protein in 30 pl of reaction mixture containing H-NS binding
buffer (40 mM HEPES [pH 8], 60 mM potassium glutamate, 8 mM mag-
nesium aspartate, 5 mM dithiothreitol, 10% glycerol, 0.1% octylphenoxy-
polyethoxyethanol, 0.1 mg/ml bovine serum albumin [BSA]). DNA frag-
ments and DNA-protein complexes were resolved by gel electrophoresis
(0.5 X TBE, 3% Resolution Plus Agarose [catalog no. 200-0040; Quantum
Scientific]; 50 V at 4°C) and were visualized after staining with ethidium
bromide.

Epithelial cell and ECM adherence assays. The ability of E. coli strains
to adhere to HeLa, HEp-2, or primary bovine rectal epithelial cells was
tested as described previously (25, 26). Briefly, confluent cell monolayers
were infected with E. coli strains at a multiplicity of infection (MOI) of
1:10 and were incubated for 1 h. Nonadherent bacteria were removed by 5
washes with phosphate-buffered saline (PBS), and cell lysates were serially
diluted and were plated onto LB agar plates for the enumeration of adher-
ent bacteria. Adherence to extracellular matrix (ECM) proteins was de-
termined as described previously (16, 21, 27).

Analysis of biofilm formation. Biofilm formation on polystyrene sur-
faces was assessed in 96-well microtiter plates (Iwaki) essentially as de-
scribed previously (13). Briefly, the pFdeC and pSU2718 plasmids were
transferred to the Ag43-negative strain MS427 to create MS427(pFdeC)
and MS427(pSU2718). These were grown for 24 h in M9 glucose minimal
medium (containing 1 mM IPTG for the induction of gene expression and
30 pg/ml chloramphenicol) at 28°C or 37°C, washed to remove unbound
cells, and stained with crystal violet. Quantification of bound cells was
assessed by adding acetone-ethanol (20:80) to dissolve the crystal violet,
and the optical density was measured at 595 nm. To analyze biofilm for-
mation under continuous-flow conditions, pFdeC or pSU2718 (vector
control) was transferred into E. coli OS56, which is identical to MS427
except that it constitutively expresses GFP to allow analysis by confocal
microscopy (12, 13). Flow cells were inoculated with cultures standard-
ized by the optical density at 600 nm after overnight growth in M9
glucose minimal medium. OS56(pFdeC) and OS56(pSU2718) bio-
films were grown in M9 minimal medium at 28°C on Rinzl plastic
coverslips (ProSciTech, Kirwan, QLD, Australia) in the presence of
chloramphenicol and IPTG for the maintenance of plasmids and the
induction of gene expression as described previously (16, 28, 29). Bio-
film development was monitored by confocal scanning laser micros-
copy at 24 h or 36 h after inoculation. For analysis of the flow cell
biofilms, 14 z-stacks were collected for each strain and were analyzed
using the COMSTAT software program (30). COMSTAT data were
analyzed using the nonparametric Kruskal-Wallis test within the
Minitab (version 14) software package. P values of <0.05 were consid-
ered significant.

Microscopy and image analysis. Polyclonal FdeC-specific rabbit an-
tiserum was used for immunofluorescence microscopy (100X objective)
essentially as described previously (28, 31). Immunofluorescence micros-
copy and image acquisition were performed on a scanning confocal laser
microscope (Axioplan 2; Zeiss) equipped with detectors and filters for
monitoring fluorescein isothiocyanate (FITC) fluorescence. Microscopic
observations of biofilms and image acquisition were performed on a scan-
ning confocal laser microscope (LSM 510 META; Zeiss, Jena, Thuringia,
Germany) equipped with detectors and filters for monitoring GFP. Ver-
tical cross sections through the biofilms were visualized using the Zeiss
LSM Image Examiner. Images were further processed for display by using
Photoshop software (Adobe, Mountain View, CA, USA).
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FIG 1 Genomic context of fdeC. The genomic context of fdeC (red) is shown in the 026:H11 STEC strains (N39 and 11368) and other pathogenic E. coli strains
(0157:H7 STEC strain EDL933 and UPEC strain CFT073). Variable regions (green) between fdeC and the mat (or ecp) operon (blue) are shown. The genomic
comparison was performed using Easyfig (54). Gray shading indicates high nucleotide identity between sequences (95 to 100%).

RESULTS

Genomic context of fdeC. The genomic context of the fdeC gene
in non-0O157:H7 and O157:H7 EHEC strains was examined using
complete and draft genome sequences available in the NCBI da-
tabase and our own collection. All non-O157:H7 EHEC strains
possessed a conserved fdeC sequence organization that is repre-
sented by the O26:H11 strains N39 and 11368 (Fig. 1). In contrast,
all O157 EHEC strains, as represented by the archetypal strain
EDL933, possess two additional DNA segments in the region up-
stream of the fdeC gene and downstream of the adjacent ecp locus.
The sequence between fdeC and the ecp locus in non-O157:H7 and
0157:H7 EHEC strains differs from that described previously for
the extraintestinal pathogenic E. coli (ExPEC) strains CFT073 and
THE3034 (8). Despite these differences, the 550-bp region up-
stream of the fdeC coding sequence was conserved in all strains,
even in E. coli K-12, where fdeC is truncated to 875 nucleotides
(GenBank accession no. U00096.3; range, nucleotides 314357 to
315232) (32). We hypothesized that this 550-bp region contained
the regulatory elements that control the transcription of fdeC, and
we demonstrated this in the series of experiments described
below.

The fdeC promoter is active at high temperatures. In order to
investigate the regulation of fdeC, a reporter strain was con-
structed using the O26:H11 strain N39. The lacIZ genes of N39
were initially inactivated to generate strain N39laclZ, and this
strain was subsequently modified by inserting the lacZ gene as a
chromosomally located transcriptional fusion to the fdeC pro-
moter to generate strain N39laclZ fdeC::lacZ-zeo. When grown on
X-gal plates, all N39laclZ fdeC::lacZ-zeo colonies were white (in-
dicating no transcription). No color heterogeneity was observed
among the N39laclZ fdeC::lacZ-zeo colonies at either 37°C or
43°C, indicating that the transcription of fdeC is not phase vari-
able. The N39laclZ fdeC::lacZ-zeo reporter strain was grown under
various laboratory culture conditions, including different NaCl
concentrations, pHs, and acetate concentrations, without any dif-
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ference in 3-galactosidase activity (data not shown). However,
when cells were grown at or above 39°C, the level of 3-galactosi-
dase activity increased significantly over that at 37°C and below
(Fig. 2A). This indicated that the fdeC promoter is active at tem-
peratures of =39°C but is repressed at lower temperatures.
FdeCis expressed by wild-type EHEC strains at high temper-
atures. Based on the transcriptional data presented above, we used
an FdeC-specific antibody to examine the expression of FdeC in
wild-type strains. Western blot analysis of whole-cell lysates pre-
pared from N39 revealed strong expression of FdeC at 43°C and a
lower level of expression at 39°C, but no expression at 28°C or
37°C (Fig. 2B). An fdeC mutant of N39 did not produce FdeC at
any of these temperatures, confirming the specificity of the anti-
body. The same experiment was also performed with the O157:H7
strain EDL933 and the UPEC strain CFT073, and the same tem-
perature-dependent expression of FdeC was observed (Fig. 2B and
data not shown). Taken together, the data demonstrate that FdeC
expression is temperature regulated and is stimulated at or above
39°C. Furthermore, the temperature regulation of fdeC in N39,
EDL933, and CFT073 is identical, suggesting that the genetic basis
of this transcriptional control lies within the conserved 550-bp
DNA region upstream of the fdeC open reading frame.
Promoter organization of fdeC. The transcription start site for
fdeC was determined using 5'-RACE; it was located at a position
184 bp upstream of the fdeC ATG translation start site (Fig. 3). The
transcription start site is preceded by a strong — 10 promoter con-
sensus sequence (5'-TATAAT-3"). A weak —35 promoter consen-
sus sequence (5'-CTAAAT-3") was identified with a 19-bp spacer
region. In line with the temperature regulation observed for fdeC
transcription, bioinformatic analysis revealed the presence of a
putative H-NS nucleation site (5'-TGGATATATT-3") (33, 34)
downstream of the fdeC —10 promoter sequence. The presence of
this nucleation site suggested that H-NS may be responsible for
the strong repression of fdeC at temperatures below 37°C. Indeed,
genes repressed by H-NS are often regulated in response to
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FIG 2 Temperature-dependent expression of FdeC. (A) B-Galactosidase activities (in Miller units) of N39/aclZ (control) and N39fdeC::laclZ grown at various
temperatures. The fdeC promoter was active only at 39°C and 43°C. (B) Western blot analysis of STEC strains N39, N39fdeC, and EDL933 grown at 28°C, 37°C,

39°C, and 43°C. As in the reporter assay, FdeC expression was detected only at

changes in temperature; thus, this prediction is consistent with
our data.

Transcription from the fdeC promoter is repressed by H-NS.
To test if the transcription of fdeC is repressed by H-NS, we mu-
tated the hns gene in the N39laclZ fdeC::lacZ-zeo reporter strain.
The B-galactosidase activity of the N39laclZ fdeC::lacZ-zeo hns
mutant was significantly higher than that of the parent strain
N39laclZ fdeC::lacZ-zeo following growth at 37°C (Fig. 4A). Com-
plementation of the N39laclZ fdeC::lacZ-zeo hns mutant with an
hns-containing plasmid (pHNS) restored repression, while a vec-
tor control strain possessed [B-galactosidase activity at a level sim-
ilar to that of strain N39laclZ fdeC::lacZ-zeo hns (Fig. 4A). An
independent transposon mutagenesis approach was also utilized
to identify regulatory genes that alter (3-galactosidase activity in
N39fdeC::lacZ when grown at 37°C. A library of approximately
20,000 mutants was constructed and screened by color develop-
ment on agar containing X-gal. The transposon insertion site of

.35 -10
aggtatctatttaatgacttgcacaaaaagctaaattttcccccataaataaaaatataatcccgegece
Primer 4062

H-NS nucleation site
aaccacctgatgagtggctacaggcactggatatattaggtggcggtgcactttcttacataaaggtatt

tccttttctgecggaaaaggaaatcgggaaatccceggtttttctgacaagcagacgeccattatttgtgte

RBS fdeC,
tgcctatgttcgttaattqgttcatcaggaaattatctcaATGtcacattataaaacaggtcataaacaa
‘ Primer 4063

FIG 3 Promoter organization of the fdeC gene. Shown is the structural orga-
nization of the fdeC promoter, indicating the —10 and —35 elements, tran-
scription start site (arrowhead), ribosome binding site (RBS), and ATG start
codon (boldface). Also indicated is a putative H-NS nucleation site (boldface).
The primer binding sites for the region amplified for use in the electromobility
shift assay are indicated by arrows below the sequence.
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or above 39°C.
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FIG 4 Repression of fdeC transcription by H-NS. (A) B-Galactosidase activi-
ties (in Miller units) of N39lacIZ (control), N39fdeC::laclZ, N39fdeC::laclZ
hns, N39fdeC::laclZ hns(pHNS), and N39fdeC::lacZ hns(pBR322). Mutation
of the hns gene (N39fdeC::lacIZ hns) resulted in an increase in (3-galactosidase
activity, which could be reduced by complementation with hns on a plasmid
[N39fdeC::laclZ hns(pHNS)]. (B) Western blot analysis of FdeC performed
using whole-cell lysates prepared from wild-type (WT) N39, N39fdeC,
N39hns, N39fdeC hns, WT EDL933, and EDL933hns. The band representing
the predicted FdeC extracellular domain (~100 kDa) is indicated. The higher-
molecular-weight cross-reacting band likely represents the full-length FdeC
protein.
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FIG 5 H-NS binds to the promoter region of fdeC. (A) In silico curvature propensity plot showing predicted regions of curved DNA in the 250-bp PCR fragment
containing the fdeC promoter. (B) Electrophoretic mobility of the 250-bp PCR fragment containing the fdeC promoter. The migration of this band is slightly
retarded in the gel, suggesting that the DNA is curved. (C) Electrophoretic band shift of the 250-bp PCR fragment containing the fdeC promoter and the bla

promoter from Taql-SspI-digested pBR322 DNA in the absence or presence of 4

M H-NS. The migration of pPBR322 fragments not containing the bla promoter

was not altered by H-NS. The image depicts a gel representative of three independent experiments.

those colonies that differed from the parent strain in blue color
development was determined by inverse PCR. In this experiment,
only the hns gene was identified, further supporting the observa-
tion that fdeC is repressed by H-NS at 37°C.

FdeC expression is regulated by H-NS. To directly examine
the effect of H-NS on FdeC expression, the hns gene was mutated
in N39 and EDL933 to generate strains N39hns and EDL933hns.
Western blot analysis of whole-cell lysates prepared from N39hns
and EDL933hns grown at 37°C revealed strong expression of
FdeC. In contrast, no expression of FdeC was observed in either
parent strain (Fig. 4B). These results demonstrate that fdeC is re-
pressed by H-NS in EHEC at 37°C during growth in LB broth.

H-NS binds to the promoter region of fdeC. H-NS binds to
intrinsically curved regions of DNA. An in silico-generated curva-
ture propensity plot calculated with DNase I-based parameters
suggested that the promoter region of fdeC may assume a curved
conformation (Fig. 5A). To test this curvature, we amplified the
250-bp PCR product containing the predicted fdeC promoter re-
gion and examined it by polyacrylamide gel electrophoresis at 4°C
as described previously (35, 36). In line with our prediction, the
250-bp fdeC promoter region displayed retarded gel electropho-
retic mobility relative to that of noncurved DNA standards (Fig.
5B). In order to investigate whether H-NS influences fdeC tran-
scription by direct binding to the fdeC promoter, we performed
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electrophoretic mobility shift assays as described previously (24,
27). A 250-bp PCR product containing the fdeC promoter region
was generated and was mixed with TaqI-SspI-digested pBR322
DNA (which contains the bla promoter, which has been shown
previously to be bound by H-NS [37]). The DNA was incubated
with or without purified H-NS protein and was subsequently vi-
sualized by gel electrophoresis. The 250-bp fdeC promoter region
and the fragment containing the bla promoter were both retarded
in mobility by the addition of 4 uM H-NS (Fig. 5C). In contrast,
the pBR322 fragments not containing the bla promoter did not
bind H-NS at this concentration.

fdeC gene expression is suppressed by acetate and low pH.
The fdeC gene is located proximally to the mat (or ecp) fimbria-
encoding genes, which in addition to regulation by temperature
and H-NS, are also regulated by pH and acetate (38). To examine
if these factors also influence fdeC transcription, we examined the
reporter activity of N39fdeC::lacZ in response to altered pHs and
acetate concentrations when grown at the permissible tempera-
ture of 43°C. Reporter activity was decreased at lower pHs and
increased at higher pHs, while increasing the acetate concentra-
tion decreased reporter activity (Fig. 6). No difference in the
growth rate was observed under these conditions (data not
shown). Taken together, our data suggest that FdeC is expressed
optimally at pH 8.0 and at low acetate concentrations.
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FIG 6 Influence of pH and acetate on fdeC promoter activity. Shown are the

{3-galactosidase activities (in Miller units) of N39fdeC::lacl.Z grown in the pres-

ence of increasing concentrations of acetate (A) or at increasing pHs (B). The

fdeC promoter was most active in the absence of acetate and at pH 8.0.

FdeC is located at the cell surface. To examine the cellular
location of FdeC, the full-length fdeC gene from STEC strain N39
was cloned into the pSU2718 expression vector to generate plas-
mid pFdeC, allowing inducible expression of the recombinant
FdeC from the lac promoter (17). This plasmid was transferred to
the E. coli K-12 flu deletion strain MS427. This strain does not
contain an intact fdeC gene and is unable to mediate the classical
cell aggregation and biofilm phenotypes associated with Ag43 ex-
pression (15). FdeC protein expression in MS427(pFdeC) was
confirmed by Western blotting (data not shown), and surface ex-
posure of FdeC was confirmed by immunofluorescence micros-
copy (Fig. 7). Thus, the EHEC fdeC gene is functional and encodes
a protein located at the cell surface.

FdeC mediates biofilm formation. To assess the functional
properties of FdeC, we tested its ability to mediate binding to the
extracellular matrix (ECM) protein collagen and to epithelial cells.
In our assays, MS427(pFdeC) did not promote significant adher-
ence to collagen or to HeLa, HEp-2, or primary bovine rectal
epithelial cells (data not shown). Next, we assessed the ability of
MS427(pFdeC) to form a biofilm in a static nontreated polysty-
rene microtiter plate model. MS427(pFdeC) was able to form a
strong biofilm at both 28°C and 37°C, in contrast to the vector
control strain (Fig. 8A). Finally, biofilm formation mediated by
FdeC was assessed under dynamic conditions using the continu-
ous-flow chamber model (13, 31). In this assay, OS56(pFdeC)
produced significantly more biofilm growth at both 24 h and 36 h
than the negative control, OS56(pSU2718), after induction with
IPTG (Fig. 8B). Comparative analysis of the biofilms formed by
these two strains after 36 h revealed significant differences in the
level of biovolume (P < 0.001), substratum coverage (P < 0.001),
surface area-to-biovolume ratio (P < 0.001), mean thickness (P =
0.001), and biofilm roughness (P = 0.001). These results demon-
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(b) MS427[pFdeC]

FIG 7 FdeC is localized at the cell surface. Cells of the E. coli vector control
strain MS427(pSU2718) (a) and the complemented strain MS427(pFdeC) (b)
were observed by phase-contrast (top) or immunofluorescence (bottom) mi-
croscopy using an FdeC-specific antiserum. Strains were grown in the presence
of I mM IPTG, fixed, and incubated with anti-FdeC serum, followed by incu-
bation with goat anti-rabbit IgG coupled to Alexa Fluor 488. A positive reac-
tion indicating surface localization of FdeC was detected for MS427(pFdeC).

strate that FdeC promotes biofilm formation under continuous-
flow growth conditions in an overexpressing strain.

DISCUSSION

Bacterial adherence to mammalian cells is a complex process in-
volving a wide range of different adhesins, with the complement of
surface proteins and their regulation dramatically influencing the
outcome of infection. The adherence of EHEC is attributed
mainly to the intimin/Tir system and other LEE-associated ad-
hesins; however, some non-O157 EHEC strains are able to cause
disease although they lack the LEE (39). This suggests that other
adhesins are able to compensate for the lack of intimin (for exam-
ple, the long polar fimbriae [40]), although no proteins character-
ized to date appear to completely explain this phenomenon. The
majority of E. coli genomes include a gene annotated as eaeH,
which was first described in a comparison of an enterotoxigenic E.
coli (ETEC) genome (strain H10407) with a K-12 laboratory strain
(41). This gene is truncated in K-12 strains and was computation-
ally predicted to encode an adhesin/invasin in genome-wide stud-
ies, based on its predicted structural similarity with intimin and
the Yersinia invasin. This gene is highly prevalent and well con-
served across all pathotypes, and the protein encoded has a struc-
ture similar to that of intimin, with an N-terminal B-barrel do-
main and a C-terminal extracellular domain. This family of
proteins with an inverted autotransporter structure has recently
been designated type Ve and has been shown to be secreted in a
manner similar to that of traditional autotransporters (10). This
intimin-like protein was recently characterized in UPEC and was
named FdeC (8). FdeC was shown to influence the adherence of
UPEC to bladder epithelial cells and collagen I, 111, V, and VI and
to enhance virulence in a mouse model of UTI. Here we have
examined the regulation and function of fdeC in EHEC.

The previous study with UPEC reported that FdeC is not ex-
pressed under laboratory conditions but is induced when UPEC
comes into contact with mammalian cells and that it can influence
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FIG 8 FdeC mediates biofilm formation. (A) Biofilm formation in polystyrene microtiter plates by the vector control strain MS427(pSU2718) and the
complemented strain MS427(pFdeC) at 28°C and 37°C. Results are averages of OD 5 readings from at least 4 independent experiments = standard errors of the
means. The expression of FdeC resulted in strong biofilm formation at both temperatures. (B) Dynamic flow chamber assay examining biofilm formation by E.
coli OS56 containing pFdeC (left) or the control plasmid pSU2718 (right). Biofilm development was monitored by confocal scanning laser microscopy after 36
h. The images are representative horizontal sections collected within each biofilm and vertical sections (on the right and above each larger panel, representing the
yz and xz planes, respectively). FdeC expression resulted in strong biofilm formation.

the progression of infection in a mouse UTI model (8). Our initial
aim was therefore to investigate the mechanism of repression of
fdeC and to determine the conditions under which this protein is
produced by EHEC. We therefore constructed a lacZ reporter
strain that could be used to analyze fdeC promoter activity. After
testing various in vitro growth conditions, we detected a striking
increase in promoter activity during growth at or above 39°C over
that at 37°C, and we confirmed that FdeC was expressed by EHEC
following growth at =39°C.

EHEC strains are zoonotic pathogens that colonize the termi-
nal rectums of cattle and other ruminants, where the normal tem-
perature is approximately 39°C (42). It has also been demon-
strated that the rectal temperature of cattle can rise to around 41°C
when cattle are exposed to high ambient temperatures (43). This
suggests that EHEC may possess specific adaptations to growth at
temperatures greater than 37°C. Indeed, heat treatment of O157
EHEC at 48°C has been shown to increase the expression of the
virulence-associated genes eae, hcpA, iha, IpfA, and toxB (44). In-
terestingly, we could replicate the same pattern of thermoregula-
tion not only in the O157:H7 strain but also in the UPEC strain
CFT073, indicating that the mechanism of regulation is likely con-
served.

Analysis of the genomic context of fdeC in a range of E. coli
pathotypes indicated that there is a conserved 550-bp region im-
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mediately upstream of fdeC that we hypothesized to be involved in
its regulation. The transcription start site of fdeC was determined
by 5'-RACE to be 184 bp upstream of the predicted ATG start
codon, and we therefore chose to analyze this sequence in more
detail. Bioinformatic analysis detected a putative H-NS nucleation
site (33, 34). Additionally, analysis of a random transposon mu-
tant library revealed that a mutation in the hns gene led to upregu-
lation of fdeC expression.

H-NS is a global regulator involved in the silencing of a num-
ber of E. coli genes (45, 46). Many E. coli H-NS-regulated genes are
also thermoregulated; these include the enteroinvasive E. coli
(EIEC) gene virF (47), the ETEC gene encoding heat-labile entero-
toxin (LT) (48), the O157:H7 ehx operon (49), and the EPEC
AIDA-I gene and its associated glycosyltransferase (50). We there-
fore sought to determine whether fdeC is repressed by H-NS. Tar-
geted deletion of hns in the reporter strain, along with comple-
mentation with plasmid-encoded H-NS (pHNS), allowed us to
confirm that repression of fdeC promoter activity at 37°C is re-
lieved in the absence of H-NS. The construction of hns mutants in
the EHEC strains N39 and EDL933 allowed us to confirm this
result at the protein level by Western blotting. Analysis of a
CFTO073hns mutant also revealed conservation of this regulation
in UPEC. A gel shift assay was used to demonstrate direct binding
of H-NS proximally to the fdeC promoter. Together, these find-
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ings strongly suggest that fdeC is directly repressed by H-NS, most
likely via its binding to the predicted H-NS nucleation site. How-
ever, this alone does not entirely explain the mechanism of fdeC
regulation.

A predicted RNA thermometer was identified in the 5" un-
translated region (5’ UTR) of the fdeC transcript. RNA thermom-
eters are regulatory elements that form secondary structures at
normal (or lower) temperatures that occlude the ribosome bind-
ing site and thereby prevent translation. A rise in temperature
destabilizes the RNA secondary structure and allows translation to
proceed (51, 52). It would seem likely that in addition to the re-
pression of fdeC transcription by H-NS, the translation of fdeC is
also directly regulated by temperature via an RNA thermometer.
We hypothesize that in the presence of H-NS, low-level transcrip-
tion may be possible; however, at low temperatures, translation is
prevented by the RNA secondary structure. If the temperature
increases, then translation is allowed to occur, and a low level of
protein production is possible. The absence of H-NS results in
much higher levels of transcription; however, a temperature effect
on translation should still occur. Although such a temperature
effect was not clear by Western blotting due to the very high con-
centration of protein, it was evident in our (3-galactosidase assays
using the reporter strains (data not shown). In the absence of
H-NS, FdeC can be produced at a lower temperature, indicating
that repression of translation by the RNA thermometer is not
absolute and that very high levels of transcript can overcome this
regulatory element.

In the EXPEC strain IHE3034, MatA regulates the mat (ecp)
operon by forming a feedback loop that destabilizes H-NS bind-
ing, allowing expression at low temperatures, acidic pHs, and high
acetate concentrations (53). Since the very highly conserved mat
(or ecp) operon islocated near fdeC (Fig. 1) and is also regulated by
H-NS and temperature, we sought to determine whether pH and
acetate concentration would also influence fdeC regulation. Anal-
ysis of fdeC promoter activity under various growth conditions
indicated that fdeC expression is influenced by pH and acetate
concentration inversely to their influence on the mat (or ecp)
operon, just as with altered temperature. That is, assuming that
the mat (or ecp) operon is regulated similarly in EHEC and in
ExPEC, while mat (or ecp) is upregulated by low temperatures,
low pHs, and high acetate concentrations, fdeC is upregulated by
high temperatures, high pHs, and the absence of acetate. Whether
or not this apparent inverse relationship is indicative of a linked
regulatory mechanism remains to be determined.

FdeC functions as an adhesin in E. coli IHE3034 through its
ability to mediate adherence to bladder epithelial cells and colla-
gen (8). We were unable to replicate these results using FdeC
cloned from our O26:H11 EHEC strain; our recombinant E. coli
MS427(pFdeC) strain failed to adhere to HeLa, Hep2, or primary
bovine rectal epithelial cells, and to a range of ECM proteins,
including collagen. While this may suggest that the cellular adher-
ence function of FdeC is specific to uroepithelial cells, Nesta et al.
(8) used a truncated recombinant protein for investigating adher-
ence to ECM proteins, while we employed an FdeC overexpres-
sion strain, which may account for the discrepancy between the
two studies. It is possible that in our system the predicted extra-
cellular domain of FdeC that was demonstrated by Nesta et al. to
mediate attachment (8) either is cleaved from the surface of the
recombinant strain, is not folded correctly when overexpressed, or
is occluded by other surface proteins. Further study of the func-
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tion of FdeC in different pathotypes is therefore required. The
previous study also demonstrated a role for FdeC in cell aggrega-
tion and adherence to glass (8). In this study, we examined the role
of FdeC in biofilm formation and demonstrated that its expres-
sion in a recombinant K-12 background led to greatly enhanced
biofilm formation both in a static plate-based assay and in a con-
tinuous-flow model.

In summary, we have characterized the regulation of the in-
timin-like protein FdeC in EHEC and have identified H-NS as a
repressor of fdeC transcription. We also show that the expression
of FdeC is exquisitely controlled by temperature. FdeC mediates
biofilm formation following overexpression in a recombinant
strain background, and its expression at =39°C suggests that it
may have a role in EHEC when the organism resides in the termi-
nal rectums of cattle, where such temperatures are not abnormal.
Future studies will seek to test this hypothesis.
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