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F18 fimbrial Esherichia coli strains are associated with porcine postweaning diarrhea and pig edema disease.
Recently, the FedF subunit was identified as the adhesin of the F18 fimbriae. In this study, adhesion domains
of FedF were further studied by constructing deletions within the fedF gene and expressing FedF proteins with
deletions either together with the other F18 fimbrial subunits or as fusion proteins tagged with maltose binding
protein. The region essential for adhesion to porcine intestinal epithelial cells was mapped between amino acid
residues 60 and 109 of FedF. To map the binding domain even more closely, all eight charged amino acid
residues within this region were independently replaced by alanine. Three of these single point mutants
expressing F18 fimbriae exhibited significantly diminished capabilities to adhere to porcine epithelial cells in
vitro. In addition, a triple point mutation and a double point mutation completely abolished receptor adhe-
siveness. The result further confirmed that the region between amino acid residues 60 and 109 is essential for
the binding of F18 fimbriae to their receptor. In addition, the adhesion capability of the binding domain was
eliminated after treatment with iodoacetamide, suggesting the formation of a disulfide bridge between Cys-63
and Cys-83, whereas Cys-111 and Cys-116 could be deleted without affecting the binding ability of FedF.

Colonization by pathogenic Escherichia coli strains and
other pathogens is the first event in the infection process; it is
initiated by the adherence of bacteria to host cell surfaces,
which is mediated by adhesins (11, 22, 30). Many of the bac-
terial adhesins are associated with fimbriae and are responsible
for recognizing and binding to specific receptor moieties of the
host cells (23, 41, 43). F18 fimbrial Escherichia coli strains
adhere to the microvilli of small intestine epithelial cells in
piglets and are associated with porcine postweaning diarrhea
and pig edema disease, occurring after weaning or transfer to
fattening premises (3, 9, 14). There are two antigenic variants
of F18 fimbriae. The F18ab variant is often expressed by E. coli
0139 strains producing Shiga-like toxin and causing edema
disease (3, 17). The F18ac fimbrial E. coli strains often belong
to serogroup O141 or O157 and cause diarrhea by expressing
enterotoxins (STa or STb) either together with or without
Shiga-like toxin (34).

The protective function of antibodies raised against F18
fimbriae has been demonstrated (18, 50). Both passive and
active oral immunizations based on F18 fimbrial antigens have
been carried out to study the prevention of edema disease (4,
18, 50). Passive immunization of piglets with egg yolk antibod-
ies raised against F18ac (50) or F18ab (18) reduced excretion
of challenge bacteria and protected experimentally challenged
pigs from diarrhea and death. Chicken anti-F18ac antibodies
were shown to inhibit attachment of F18ab-positive E. coli
bacteria to the pig intestinal mucosa (18).

The genetic organization of the fed gene cluster, involved in
the biosynthesis of the F18 fimbriae, has been characterized
(20, 40). The fed gene cluster is composed of five genes. The
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gene encoding the major protein, FedA, and two genes encod-
ing the minor proteins, FedE and FedF, were first described by
Imberechts et al. (19, 20). The rest of the fed genes, i.e., fedB
and fedC, were recently characterized and found to encode the
putative usher protein (FedB) and chaperone (FedC) of F18
fimbriae (40). According to Imberechts et al. (20), either FedE
or FedF could mediate adhesion of F18 fimbriae to epithelial
cells. Smeds et al. (40) recently demonstrated that anti-FedF
antibodies, unlike anti-FedE serum, were able to inhibit E. coli
adhesion to porcine enterocytes. Specific adhesion to entero-
cytes was also shown with purified FedF-maltose binding pro-
tein (MBP). So far the role of FedE is unknown.

In this work, we have further analyzed the FedF protein in
order to characterize more closely the domains of FedF re-
sponsible for binding of F18-fimbriated E. coli to porcine in-
testinal epithelial cells. Deletions were constructed within the
fedF gene, and FedF derivatives possessing those deletions
were expressed either together with the other fimbrial subunits
or tagged with MBP. In addition, eight separate point muta-
tions within the putative binding domain of 50 amino acids
were constructed by PCR mutagenesis. Three of the amino
acid residues changed were shown to be essential for efficient
adhesion of F18 fimbriae to their receptor. The triple substi-
tution and one of the double substitutions completely elimi-
nated F18 receptor adhesiveness.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. E. coli strains and plas-
mids used in this study are listed in Table 1. Plasmid pMAL-p2 (New England
Biolabs [NEB]) was used for periplasmic expression of truncated FedF proteins
fused to MBP. Luria broth (Difco) supplemented with ampicillin (100 g/ml) was
used as the growth medium for recombinant bacteria containing the pMAL-p2
constructs. For adhesion tests, to ensure expression of F18 fimbriae by plasmid
pIH120 or its derivatives, E. coli strains were grown overnight in tryptic soy broth
medium (Difco) supplemented with ampicillin (100 pg/ml).



TABLE 1. Plasmids and bacterial strains

Plasmid or strain

Relevant feature®

Source or reference

Plasmids
pIH120
pPMAL-p2
pKTH5068
pKTHS5069
pKTH5070
pKTH5071
pKTH5072
pKTH5073
pKTH5075
pKTH5076
pKTH5077
pKTHS5094
pKTH5104
pKTHS105
pKTH5106
pKTH5107
pKTH5108
pKTH5109
pKTH5110
pKTH5111
pKTH5124
pKTH5125
pKTH5126
pKTH5127
pKTH5128
pKTHS5129
pKTH5130
pKTHS5131
pKTH5132
pKTH5149
pKTH5150
pKTH5151
pKTH5152

E. coli strains
F107/86
DH5aF’

HB101

ERF2055
ERF2079
ERF2080
ERF2081
ERF2082
ERF2083
ERF2084
ERF2085
ERF2086
ERF2087
ERF2088
ERF2089
ERF2090
ERF2091
ERF2092
ERF2093
ERF2094
ERF2095
ERF2096
ERF2107
ERF2114
ERF2121
ERF2122
ERF2123
ERF2124
ERF2125
ERF2126
ERF2127
ERF2128
ERF2143
ERF2144
ERF2145
ERF2146

pUCIS carrying the entire F18 fimbria-encoding region
Ap"; E. coli expression vector

FedFA1-10-encoding region in pMAL-p2
FedFA1-37-encoding region in pMAL-p2
FedFA1-52-encoding region in pMAL-p2
FedFA70-77-encoding region in pMAL-p2
FedFA88-97-encoding region in pMAL-p2
FedFA110-117-encoding region in pMAL-p2
FedFA124-280-encoding region in pMAL-p2
FedFA192-280-encoding region in pMAL-p2
FedFA247-280-encoding region in pMAL-p2
FedF60-123-encoding region in pMAL-p2

FedF (Lys72—Ala) mutation in pIH120

FedF (Arg75—Ala) mutation in pIH120

FedF (Glu76—Ala) mutation in pIH120

FedF (Glu82—Ala) mutation in pIH120

FedF (Arg84—Ala) mutation in pIH120

FedF (His88—Ala) mutation in pIH120

FedF (His89—Ala) mutation in pIH120

FedF (Glu96—Ala) mutation in pIH120
pIH120/FedFA1-5

pIH120/FedFA1-34

pIH120/FedFA1-52

pIH120/FedFA70-77

pIH120/FedFA88-97

pIH120/FedFA110-117

pIH120/FedFA124-280

pIH120/FedFA192-280

pIH120/FedFA247-280

FedF (Lys72, His88, His§9—Ala) triple mutation in pIH120
FedF (Lys72, His88—Ala) double mutation in pIH120
FedF (Lys72, His89—Ala) double mutation in pIH120
FedF (His88, His89—Ala) double mutation in pIH120

Clinical isolate with F18 fimbriae

F’ endAl hsd17
U169 deoR [d cZ) M15]

Hsr™ Hsm™ RecA™ Gal™ Pro™ strir F~

HB101 with pIH120

HB101 with pKTH5124

HB101 with pKTH5125

HB101 with pKTH5126

HB101 with pKTH5127

HB101 with pKTH5128

HB101 with pKTH5129

HB101 with pKTH5130

HB101 with pKTH5131

HB101 with pKTH5132

DH5aF" with pKTH5068

DH5aF" with pKTH5069

DHS5aF’ with pKTH5070

DH5aF" with pKTH5071

DHS5aF’ with pKTH5072

DH5aF" with pKTH5073

DHS5aF’ with pKTH5075

DHS5aF’ with pKTH5076

DH5aF’ with pKTH5077

HB101 with pUC18

DH5aF" with pKTH5094

HB101 with pKTH5104

HB101 with pKTH5105

HB101 with pKTH5106

HB101 with pKTH5107

HB101 with pKTH5108

HB101 with pKTH5109

HB101 with pKTH5110

HB101 with pKTH5111

HB101 with pKTH5149

HB101 with pKTH5150

HB101 with pKTH5151

HB101 with pKTH5152

r, my ") supE44 thi-1 recAl gyrA (Nal") relA1A(laclZYA-argF
gd(d IackAgla g) grd (Nal) ( '2F)

20

12; NEB
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

19
49

5

40

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

“ Numbers following “FedFA” represent positions of amino acids deleted from the mature FedF protein.
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TABLE 2. Oligonucleotides used

Primer Nucleotide sequence (5'—3") Use*

508 CACACAGGAAACAGCTATGAC R-PCR for internal in-frame deletions of fedF
614 GTGGAATTCACAAACTCTACTACTGCAGTG R-PCR for internal in-frame deletions of fedF
615 GCAAGCTTATGTGGTCTACTTATTACGCG PCR

815 ATCTTGATCATTCCGITACTCTTG PCR

816 TCTATGATCACACAAGTCTGT TTCATACGACTGG PCR

817 GGAATGATCACACTACCCAAATGCCAGC PCR

818 CAATTGATCATTCATTCCTAGTTCATCAGG PCR

819 TACGAAGCTTGATCTCAAAACCAGTAAATCG PCR

820 CTGAAAGCTTATAATAAACAGGCGTAGCTTGG PCR

821 TCATAAGCTTGCTCTTAGACAAATCATACC PCR

861 GGAACTATTTTGCAATATGCGCTCGAGTGTCGTGTG R-PCR for internal in-frame deletions of fedF
862 GAGCGCATATTGCAAAATAGT TCCAGCCTGGCATG R-PCR for internal in-frame deletions of fedF
863 CGTGTGAGCATTCAGT GGGGGCAACAGT CACAAGTAGG R-PCR for internal in-frame deletions of fedF
864 TTGCCCCCACTGAATGCTCACACGACACTCGAGCG R-PCR for internal in-frame deletions of fedF
865 GGATTCGGTACATTTACTGGTTTTGAGATCTCTTTACG R-PCR for internal in-frame deletions of fedF
866 AAAACCAGTAAATGTACCGAATCCTACTTGTGACTG R-PCR for internal in-frame deletions of fedF
908 ATCTGGATCCTTCCGITACTC PCR

909 TGTCAAGCTTTATGATCAACGCAAACACAGACAAAGAAATC PCR

910 ACTCTGATCATAGACAAGTCTGTTTCATACGACTGG PCR

911 GGGATGATCAACACTACCCAAATGCCAGC PCR

912 TACATGATCAATTTCATTCCTAGT TCATCAGG PCR

974 TGTGGAATTCTCTACTCTACAAGTAGACAAG PCR

975 CCTGTCTAGATATGTGGTCTACTTATTACGCG PCR

976 GTCTGAATTCTACGACTGGATCAATTCTAGTGCG PCR

977 CACTGAATTCATGCCAGCTCTGTATACGTGG PCR

978 CAATGAATTCTTCATTCCTAGITCATCAGG PCR

985 GAATTCTAGATTAGATCTCAAAACCAGTAAATCG PCR

986 GTGCTCTAGATTAATAATAAACAGGCGTAGCTTGG PCR

987 CTGTTCTAGATTAGCTCTTAGACAAATCATACC PCR

1108 TTCAGAATTCACTTTGACATGCCAGGCTGG PCR

1109 GAATTCTAGATTAGATCTCAAAACCAGTAAATCG PCR

1110 TTTGGTATGGGCAAATGGEEC R-PCR, mutation K72A

1111 GCCCATTTGCCCATACCAAA R-PCR, mutation K72A

1112 AAATGGGGCCGAAACCCAATATG R-PCR, mutation R75A

1113 CATATTGGGT TTCGGCCCCATTT R-PCR, mutation R75A

1114 ATGGGCGCGCAACCCAATATG R-PCR, mutation E76A

1115 CATATTGGGT TGCGCGCCCAT R-PCR, mutation E76A

1116 ATATGCGCTCGCGTGTCGTGTGAG R-PCR, mutation E82A

1117 CTCACACGACACGCGAGCGCATAT R-PCR, mutation E82A

1118 GCTCGAGTGTGCTGTGAGCATTCA R-PCR, mutation R84A

1119 TGAATGCTCACAGCACACTCGAGC R-PCR, mutation R84A

1120 GTGTGAGCATTGCCCATAGITCTGG R-PCR, mutation H88A

1121 CCAGAACTATGGCCAATGCTCACAC R-PCR, mutation H88A

1122 GAGCATTCACGCTAGITCTGGCTC R-PCR, mutation H89A

1123 GAGCCAGAACTAGCGTGAATGCTC R-PCR, mutation H89A

1124 GCTCCATTAATGCATCTCAGT GGG R-PCR, mutation E96A

1125 CCCACTGAGATGCATTAATGGAGC R-PCR, mutation E96A

1135 GTGGAAGCTTCATAGACAACCCTTCGATGC R-PCR

1325 GTGTGAGCATTGCCGCTAGI TCTGG R-PCR, double mutation H(88, 89)A

1326 CCAGAACTAGCGGCAATGCTCACAC R-PCR, double mutation H(88, 89)A

“ R-PCR, recombinant PCR.

DNA isolation and cloning methods. Plasmid DNA of E. coli clones was
isolated by alkaline lysis by use of the Wizard Minipreps kit (Promega). PCR
products were purified with the QIAquick PCR Purification kit (Qiagen). Re-
striction enzymes (Promega) and T4 DNA ligase (Roche) were used according to
the manufacturers’ instructions. PCR was performed under the reaction condi-
tions recommended by the manufacturer of Dynazyme DNA polymerase
(Finnzymes) or ThermalAce DNA polymerase (Invitrogen). Other standard
DNA procedures were performed according to the work of Sambrook et al. (37).
Oligonucleotides were ordered from MedProbe (http://www.medprobe.com or
http://www.mwg-biotech.com) and are listed in Table 2.

DNA seq ing and e analysis. DNA sequencing was performed with
an ABI 310 Sequencer by using the ABI PRISM BigDye Terminator Cycle
Sequencing kit according to the manufacturer’s instructions (Perkin-Elmer Ap-
plied Biosystems). Sequence analyses were carried out with the Sequencher 3.0
program (Gene Codes Corporation) and ClustalW.

Deletions in pIH120. Targeted deletions at the 5’ end of fedF were made by
cleaving pIH120 with Bcll and HindIII. Because the Bcll site is located within the
signal sequence of fedF, the missing part of the signal sequence was inserted as
a BamHI-HindIIl fragment, amplified with primer pair 908-909 from chromo-
somal E. coli 107/86 DNA, thereby mutating the signal sequence at position 8
(Ile-8—Leu). PCR products amplified with primer pair 816-615, 817-615, or
818-615 by using chromosomal E. coli 107/86 DNA as a template were cloned to
the adjacent Bcll and HindIIl sites designed within primer 909, producing
pKTHS5124, pKTHS5125, and pKTHS5126, respectively. Deletions at the 3" end of
fedF were constructed by cloning the PCR products, after amplification by primer
pair 815-819, 815-820, or 815-821, into the Bcll and HindIII sites of pIH120,
producing pKTH5130, pKTHS5131, and pKTHS5132, respectively. In-frame dele-
tions within fedF in pIH120 were constructed by using the recombinant PCR
technique as described previously (16, 25). Briefly, by using E. coli F107/86
chromosomal DNA as a template, a 1.0-kb fragment was amplified with primers
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614 and 862 and hybridized to a 0.7-kb fragment amplified with primer pair
861-615. The hybrid was extended by DNA polymerase in a PCR without primers
under conditions described by Kyld-Nikkild et al. (25). The double-stranded
recombinant molecules formed were purified, amplified by PCR with primer pair
614-615, and finally cloned into the Bcl/I-HindIII-cut pIH120, producing
pKTHS5127. Accordingly, plasmid pKTHS5128 was constructed by cloning the
fragment amplified with primer pair 614-615 into the Bc/lI-HindIII-cut pIH120,
by using the hybrid of two annealed PCR products, amplified with primer pairs
614-864 and 863-615, as a template. When pKTH2129 was constructed, the
hybrid of the annealed PCR fragments, amplified with primer pairs 614-866 and
865-615, was used as the template in a PCR with primer pair 614-615. Recom-
binant E. coli strains harboring the vector constructs are listed in Table 1. To
confirm the correctness of the constructs, the plasmid DNA of each recombinant
strain was isolated and sequenced.

Cloning and expression of truncated fedF. Six different PCR products gener-
ated with primer pairs 975-976, 975-977, 975-978, 974-985, 974-986, and 974-987,
by using chromosomal DNA of E. coli 107/86 as a template, were separately
cloned as EcoRI-Xbal fragments into pMAL-p2, producing vector constructs
pKTH5068, pKTH5069, pKTH5070, pKTHS5075, pKTH5076, and pKTHS5077,
respectively. Plasmids pKTHS5127, pKTH5128, and pKTHS5129 were used as
templates in PCRs with primers 974 and 986. The PCR products synthesized
were cloned as EcoRI-Xbal fragments into pMAL-p2 and designated
pKTHS5071, pKTHS5072, and pKTH5073, respectively. The resulting recombinant
strains were designated ERF2088 to -2096 (Table 1). A DNA fragment encoding
an internal peptide of 64 amino acid residues within FedF (amino acids 60 to 123
of the mature FedF) was also cloned into EcoRI-Xbal-digested pMAL-p2, pro-
ducing pKTH5094 and E. coli strain ERF2114. All inserts cloned into pMAL-p2
were in frame with malE and expressed truncated forms of FedF as fusion
proteins with MBP. For overexpression of all 10 MBP-FedFA constructs, E. coli
strains  ERF2088, ERF2089, ERF2090, ERF2091, ERF2092, ERF2093,
ERF2094, ERF2095, ERF2096, and ERF2114 were grown to the exponential
phase (optical density at 600 nm [ODgq], 0.5), followed by induction in the
presence of 0.3 mM isopropylthiogalactoside (IPTG) and propagation for 3
additional hours. Induced fusion proteins were purified from sonicated crude
extracts by affinity chromatography as recommended by the manufacturer of the
Protein Fusion and Purification system (NEB). A protease inhibitor mix (Com-
plete; Boehringer Mannheim) was used throughout the purification procedure.
The amount and purity of the fusion proteins were estimated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), by using Coomassie
R-250 as a dye and increasing amounts of MBP (NEB) as a standard.

Immunoblotting. Western blotting was carried out by the technique described
by Towbin et al. (46). Briefly, truncated FedF proteins fused to MBP were
separated by SDS-PAGE and blotted onto a nitrocellulose membrane. After
being blocked with 3% blocking reagent (Roche) for 1 h at room temperature
(RT), the membrane was incubated with rabbit anti-MBP antibodies (NEB)
(diluted 1:50,000 in 3% blocking reagent) at 4°C for 16 h. The membrane was
washed with 0.05% Tween 20 in phosphate-buffered saline (PBS) and then
incubated with a horseradish peroxidase-conjugated secondary antibody (diluted
1:100,000 in 3% blocking reagent) for 1 h at RT. After a wash with 0.05% Tween
20 in PBS, the membrane was incubated for 5 min with SuperSignal West Dura
Extended Duration substrate (Pierce), and the chemiluminescence formed was
detected with a molecular imager (GS-525; Bio-Rad).

Directed point mutations of charged amino acid residues in pIH120. Point
mutations directed at the eight charged amino acid residues within the region
covering amino acid residues 60 to 109 of FedF were performed by the recom-
binant PCR technique as described previously (16, 25), by using oligonucleotides
possessing the specific mutation(s). The primers used in the primer-directed
mutagenesis (1110 to 1125, 1325, and 1326) are specified in Table 2. Recombi-
nant molecules arising from the recombinant PCR step were then amplified with
primers 614 and 1135 and cloned into pIH120 digested with Nhel and HindIII,
producing pKTH5104, pKTHS5105, pKTHS5106, pKTHS5107, pKTHS5108,
pKTH5109, pKTH5110, pKTHS5111, pKTH5149, pKTH5150, pKTH5151, and
pKTHS5152 (Table 1). The corresponding E. coli strains were designated
ERF2121 to -2128 and ERF2143 to -2146, respectively (Table 1). The correct-
ness of the point mutation constructs was verified by DNA sequencing.

In vitro adhesion to porcine epithelial cells. Porcine small intestine epithelial
cells were isolated and prepared as described previously (2, 40). Microscopic
examination of the adherence of F18 fimbrial E. coli to jejunal epithelial cells was
performed essentially as described by Alwan et al. (2). In order to obtain a
semiquantitative estimation of the adhesiveness of E. coli cells, the number of
bacteria adhering to 50 randomly chosen epithelial cells was counted after dif-
ferent incubation times (10, 30, and 60 min). Typically, at least two adhesion
assays were independently performed with each bacterial strain.

INFECT. IMMUN.

Alkylation of cysteines. Two hundred microliters (0.5 mg/ml) of
MBP-FedFt4 1,3 protein (amino acids residues 60 to 123 of mature FedF)
expressed from pKTH5094 was incubated with an equal volume of a solution
containing 0.2 M ammonium carbonate and 20 mM dithiotreitol at 56°C for 30
min. Iodoacetamide was added to a final concentration of 55 mM, followed by
incubation for 15 min (at RT) in the dark. The solution was desalted with
Ultrafree-15 columns (Millipore) before the adhesion tests.

Indirect immunofluorescence microscopy. Thawed and washed porcine small
intestine epithelial cells (10%ml) were pelleted, resuspended in 250 ul of PBST
(PBS containing 1% bovine serum albumin and 0.01% Tween 20), and incubated
with an equal volume of proteins (0.1 mg/ml) for 1 h at 37°C. Unattached
proteins were removed from the epithelial cells by three washes with PBST, and
the cells were resuspended in 250 wl of PBST. The fusion proteins were then
incubated with 250 wl of rabbit anti-MBP (NEB), diluted 1:50 in PBST for 1 h
at RT, washed twice (with PBST), and resuspended in 250 .l of PBST. A 250-ul
volume of fluorescein isothiocyanate-labeled anti-rabbit antibodies (Sigma) was
added to the resuspension and incubated for 1 h at RT. After two washing steps,
the epithelial cells were resuspended in 60 pl of PBS and air dried on microscopy
slides. Adhesion was evaluated by immunofluorescence microscopy using Fluo-
prep (BioMérieux) as the mounting medium. For inhibition studies, the epithe-
lial cells were preincubated with E. coli ERF2055 cells in PBS (ODgj, 0.5) prior
to incubation with proteins.

RESULTS

Adhesion capabilities of E. coli strains with mutated FedF.
The FedF protein has recently been identified as the adhesin of
F18 fimbriae of E. coli (40). To characterize more closely the
region in FedF involved in adhesion to the microvilli of porcine
intestinal epithelial cells, a total of nine FedF deletion con-
structs were generated in plasmid pIH120, expressing the fed
gene cluster for the F18 fimbriae in E. coli. Deletions were
made at three different sites in the 5" end of fedF and at three
different sites in the 3’ end, and three deletions were targeted
within fedF on the sites of four cysteine codons (Table 1).
Adhesion tests performed with isolated porcine jejunal epithe-
lial cells showed that all nine recombinant E. coli strains car-
rying deletions in pIH120 (ERF2079, ERF2080, ERF2081,
ERF2082, ERF2083, ERF2084, ERF2085, ERF2086, and
ERF2087) had lost their adhesion capabilities (data not
shown). A whole-cell enzyme-linked immunosorbent assay
(ELISA) with antisera raised against F18 fimbriae (19) re-
vealed that all the recombinant strains expressed amounts of
F18 fimbriae on the cell surface similar to that expressed by the
E. coli control strain ERF2055. However, in whole-cell ELISA
experiments with an anti-MBP-FedF antiserum (40), only one-
fifth of the amount of FedF detected for ERF2055 could be
detected for the recombinant strains (ERF2079 to ERF2087)
(data not shown), suggesting either inefficient assembly or de-
creased stability of the truncated FedF subunits.

Adhesion of purified truncated FedF proteins expressed as
MBP fusions. Since the deletions made in pIH120 seemed to
affect the interaction of FedF with the F18 fimbrial structure
rather than receptor recognition, the fedF deletion derivatives
were cloned into vector pMAL-p2 and expressed as fusion
proteins with MBP in E. coli (Fig. 1). The fusion proteins were
purified directly from the crude extracts by affinity chromatogra-
phy. E. coli strains ERF2088 (FedFA1-10), ERF2090 (FedFAl-
52), ERF2093 (FedFA110-117), ERF2094 (FedFA124-280),
ERF2095 (FedFA192-280), ERF2096 (FedFA247-280), and
ERF2114 (FedFA1-59, 124-280) produced MBP-FedF chimeras
of predicted sizes, although degradation products were also
detected in addition to the full-length proteins (Fig. 2A). Im-
munoblotting with anti-MBP antibodies confirmed that all
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FIG. 1. MBP-FedF deletion constructs and their adhesion capabilities. Deleted regions of FedF are shown as solid bars with flanking numbers,
which refer to amino acid residues of the mature FedF. The pKTH plasmids expressing truncated MBP-FedF fusions are listed, and the stability
of each fusion protein is indicated. Adhesiveness refers to the ability of a fusion protein to adhere to porcine small intestine epithelial cells.

bands detected by Coomassie blue staining were MBP deriva-
tives (Fig. 2B). The fusion proteins produced by E. coli strains
ERF2089 (FedFA1-37), ERF2091 (FedFA70-77), and
ERF2092 (FedFA88-97) were all very unstable and appeared
to be almost completely degraded at the end of the purification
(Fig. 2A, lanes 2, 4, and 5).

The adhesion capabilities of the fusion proteins purified
from ERF2088, ERF2090, ERF2093, ERF2094, ERF2095,
ERF2096, and ERF2114 were tested with isolated porcine
jejunal epithelial cells. The adhesion of each fusion protein was
viewed by fluorescence microscopy, and under the conditions
used, all the fusion proteins exhibited bright fluorescence, dis-
tinct from that with MBP. Representative images are shown
from adhesion analyses with the fusion proteins expressed
from pKTH5070 (the longest 5’ deletion of fedF), pKTH5073
(a deletion within fedF), and pKTHS5075 (the longest 3" dele-
tion of fedF) (Fig. 3A, C, and E). MBP was used as a negative
control in the adhesion experiments (Fig. 3G). The longest 5’
and 3’ deletions suggested that the N and C termini are not
significantly involved in the binding of FedF to its receptor. To
confirm this, an MBP fusion construct (pKTH5094) that car-
ried only the FedF internal peptide with amino acid residues

60 to 123 was created. Indeed, immunofluorescence micros-
copy revealed that MBP-FedFt, ,,; bound efficiently to por-
cine jejunal cells (Fig. 4A). To examine the specificity of the
FedFt,_,,5 adhesion, the ability of MBP-FedFtg,_;,; to adhere
to porcine jejunal epithelial cells, preincubated with ERF2055
bacteria, was evaluated. ERF2055 cells (ODyg, in PBS, 0.5)
efficiently hindered the attachment of MBP-FedFt,, ,,5 (Fig.
4C).

Since the short internal deletion construct consisting of
amino acid residues 110 to 117, including two of the four
cysteine residues of FedF, also did not abolish FedF adhesion,
the role of the putative disulfide bridges was investigated more
closely. When MBP-FedFt,, ,,; was alkylated with iodoacet-
amide to prevent it from forming disulfide bridges, the adhe-
sion capability of FedFt ,,; was eliminated (Fig. 4E). This
suggests that formation of a disulfide bridge between residues
Cys-63 and Cys-83 is essential for the adhesiveness of FedF.

Point mutations at the putative binding region of FedF.
Since the MBP-FedFt,,_,; and MBP-FedFA110-117 proteins
expressed from pKTHS5094 and pKTHS5073, respectively, me-
diated adhesion to porcine jejunal epithelial cells in vitro, the
region spanning amino acid residues 60 to 109 of the mature
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FIG. 2. SDS-PAGE and Western blot analyses of purified truncated MBP-FedF proteins. Fusion proteins were isolated from E. coli strains
carrying pKTH5068, pKTH5069, pKTH5070, pKTH5071, pKTHS5072, pKTH5073, pKTHS5075, pKTH5076, pKTHS5077, or pKTHS5094 (lanes 1 to
10, respectively). MBP was used as a control (lane 11). (A) Proteins were run on an SDS-polyacrylamide gel and stained with Coomassie dye.
(B) Immunoblots with the corresponding samples using an MBP antiserum.
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FIG. 3. Indirect immunofluorescence of porcine jejunal epithelial cells after incubation with purified fusion proteins expressed from pKTHS5070
(A and B), pKTH5073 (C and D), or pKTH5075 (E and F) or with MBP alone (G and H). (A, C, E, and G) Adhesion viewed by fluorescence
microscopy; (B, D, F, and H) corresponding fields viewed by phase-contrast microscopy.

FedF was further studied. All the charged amino acids within
this region were separately mutated by alanine substitution
(Fig. 5). The adhesion capabilities of the resulting E. coli re-
combinant strains, with F18 fimbriae possessing a single, dou-
ble, or triple amino acid residue substitution in FedF, are
presented (Fig. 6). The abilities of recombinant strains
ERF2121 (Lys-72—Ala), ERF2126 (His-88—Ala), ERF2127
(His-89—Ala) (Fig. 6A), ERF2145 (Lys-72 and His-89—Ala),
and ERF2146 (His-88 and His-89—Ala) (Fig. 6B) to adhere to
isolated porcine jejunal epithelial cells decreased substantially,
whereas the triple mutation of ERF2143 (Lys-72, His-88, and
His-89—Ala) and the double mutation of ERF2144 (Lys-72
and His-88—Ala) completely abolished adhesion to porcine
enterocytes (Fig. 6B). With the other point mutations, the

FIG. 4. Indirect immunofluorescence of porcine jejunal epithelial
cells after incubation with purified fusion proteins expressed from
pKTHS5094. (A and B) No pretreatment. (C and D) The porcine
jejunal epithelial cells were preincubated with E. coli ERF2055 cells.
(E and F) Fusion proteins were alkylated. (A, C, and E) Adhesion
viewed by fluorescence microscopy; (B, D, and F) corresponding fields
viewed by phase-contrast microscopy.

adhesion capability remained unaffected (Fig. 6A). The expres-
sion of F18 fimbriae and the amount of FedF in the F18
fimbrial filament for all the recombinant strains possessing the
single, double, or triple point mutation in fedF were deter-
mined by whole-cell ELISA with anti-F18 fimbriae and anti-
MBP-FedF sera. No significant differences in the FedF and
F18 fimbrial signals were observed for any of the strains (data
not shown), indicating that the point mutation constructs did
not interfere with the synthesis of FedF or its attachment to the
other F18 fimbrial molecules. By sequencing all the inserts
harboring the point mutation, it was further confirmed that the
recombinant strains with altered adhesion capability carried
only the intended single, double, or triple mutation.

Sequencing of the fedF gene from clinical isolates. To study
the genetic variation in fedF, we also sequenced the fedF gene
from 15 independent Finnish clinical E. coli isolates carrying
either F18ab or Fl18ac fimbriae. Alignment of the deduced
FedF amino acid sequences from the isolates revealed the
highly conserved nature of FedF. All 15 FedF sequences were
at least 97% identical with the sequence of the E. coli strain
used in this work, F107/86 (data not shown). Table 3 shows the
differences found in the predicted amino acid sequences of
these FedF proteins. None of these amino acid differences in
the FedF proteins affected the ability of the corresponding E.
coli isolate to adhere to porcine jejunal epithelial cells (data
not shown). Eight of the E. coli isolates carried a mutation at
position Asn-73, which is located within the proposed binding
domain of FedF (Table 3).

DISCUSSION

The genetic organization of the subunits involved in the
biosynthesis of F18 fimbriae and the role of FedF as the ad-
hesin of F18 fimbriae have been reported recently (40). In this
study, the region (amino acid residues 60 to 109 of FedF)
responsible for in vitro binding of F18 fimbriae to porcine
small intestine epithelial cells was localized. In addition, three
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FIG. 5. Point mutations of charged amino acid residues within the region spanning positions 60 to 109 of the mature FedF. Amino acid residues
replaced with alanine are shaded, and amino acid residues affecting the ability of F18 fimbriae to adhere to porcine jejunal epithelial cells are

indicated by arrows.

amino acid residues (Lys-72, His-88, and His-89) important for
receptor binding were found within this region.

None of the recombinant strains harboring in-frame dele-
tions of fedF within the F18 fimbria-expressing plasmid pIH120
were adhesive under the test conditions used, although the
amount of F18-cross-reacting materials remained unchanged
on the cell surface. Two C-terminal deletions of FedF have
been constructed previously by Imberechts et al. (20). Trunca-
tion of FedF from amino acid residue 125 eliminated the
adhesion of E. coli mutant strains to isolated porcine villi, even
though F18 fimbriae were visible with an electron microscope.
On the other hand, FedF with a C-terminal deletion from
amino acid residue 204 was still able to mediate adhesion to
porcine villi in vitro, suggesting a nonessential function of the
C terminus for receptor recognition and binding (20). This
result was not supported by the present work, as FedF (ex-
pressed from pKTHS5132) truncated from amino acid residue
247 had lost its adhesiveness for isolated porcine small intes-
tine cells. Whole-cell ELISA experiments with an MBP-FedF
antiserum suggest that the lack of adhesiveness of the F18
fimbriae expressed by these recombinant strains is associated
with the assembly or stability of fimbrial subunits rather than
with changes directly affecting receptor recognition. The C-
terminal motif of the E. coli type 1 and P fimbrial subunits,
essential for subunit-subunit interactions, typically includes a
series of alternating hydrophobic amino acid residues, which
are flanked by a glycine, located 14 residues upstream of the C
terminus, and a penultimate tyrosine (42). The F18 fimbrial
subunits also have a highly hydrophobic C-terminal region
including the features described for a putative binding region
for fimbrial chaperones. The only noticeable exception is that
FedF has an isoleucine residue instead of the penultimate
tyrosine. The penultimate tyrosine is also absent in the P-type
adhesin (PapG), which possesses another amino acid residue
with an aromatic side chain (phenylalanine) at that position
(42).

Since the FedF-MBP fusion protein unexpectedly adhered
to isolated porcine epithelial cells without the involvement of
the F18 fimbrial chaperone, FedC (40), adhesion tests were
carried out with truncated MBP-FedF proteins in order to
assay the adherence more directly. A fragment encoding a
64-amino-acid peptide of FedF tagged with MBP (MBP-
FedFtg,_1,5) still adhered to isolated jejunal epithelial cells. In
fact, all the stable truncated fusion proteins exhibited fluores-
cence intensities close to that of full-length FedF tagged with

MBP in adhesion tests. Although we strove for a semiquanti-
tative estimate of the number of fusion proteins attached to the
porcine epithelial cells, we cannot exclude the possibility that
all (or some) of the deletions in fedF affected the adhesion
capability to some extent, since minor changes in the intensity
of the fluorescence were undetectable. Characterization of the
binding constants would be more informative, but that is not
feasible until the receptor structure is determined. The recep-
tor for F18 fimbriae is thus far unknown, but the activity of
a(1,2)-fucosyltransferase (FUT1) in the epithelia of piglets has
been reported to be essential for adhesion of F18 fimbrial
bacteria to small intestine mucosa (29).

Because the truncated fusion proteins expressed from both
pKTH5073 and pKTHS5094 were able to attach to porcine
intestinal epithelial cells, the remaining region (amino acid
residues 60 to 109 of FedF) was investigated more closely by
site-directed point mutations. Three amino acid residues es-
sential for efficient receptor binding were found (Lys-72, His-
88, and His-89). It has previously been demonstrated that a
single amino acid substitution associated with receptor binding
can be crucial for adhesion capability (23, 35, 39). Replace-
ment of a lysine residue with alanine inhibited attachment of
987P fimbriae to glycolipid receptors on the brush borders of
piglet enterocytes (7), and the involvement of histidine resi-
dues in the binding of alpha-bungarotoxin to the Torpedo cali-
fornica or the Homo sapiens receptor has been described (47).

Lysine and arginine residues are essential for the binding of
K99 pili and S fimbriae to their receptors, which contain neg-
atively charged sialic acid (21, 33). However, no stretches of
positively charged amino acid residues similar to those in the
K99 fibrillar adhesin or SfaS that have been found to mediate
binding are present in the binding domain of FedF, suggesting
a different receptor structure. Furthermore, the possibility that
the decreased adhesion capability caused by three substitutions
of the amino acid residues in FedF is related to changes in the
tertiary structure of the binding domain, rather than to direct
interaction between the receptor and these residues, cannot be
excluded. The binding domain of FedF is located at the amino-
terminal half of the protein, as in many other bacterial ad-
hesins (8, 15, 24, 36, 38, 44, 45). In many cases, adhesins are
folded into two domains, an N-terminal receptor binding do-
main and a C-terminal chaperone binding domain, involved in
pilus assembly (8, 15, 44).

The binding domain of FedF contains two cysteine residues,
as do those of the PapG, FimH, DraE, and GafD adhesins.
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FIG. 6. Numbers of E. coli bacteria adhering to porcine jejunal epithelial cells after 10, 30, and 60 min of incubation. (A) E. coli strains
ERF2121 (open triangles), ERF2122 (solid triangles), ERF2123 (open diamonds), ERF2124 (plus signs), ERF2125 (stars), ERF2126 (horizontal
lines), ERF2127 (open squares), and ERF2128 (open circles) each carry a single point mutation in FedF. (B) ERF2143 (multiplication signs)
harbors a triple point mutation, and ERF2144 (multiplication signs), -2145 (solid squares), and -2146 (solid diamonds) each harbor a double
mutation in FedF. E. coli ERF2055 (solid circles) and the nonfimbriated strain ERF2107 (multiplication signs) were used as positive and negative
adhesion controls, respectively. For clarity, the same symbol (multiplication sign) was used for the mutant strains ERF2143 and ERF2144 and the
negative-control strain ERF2107, because all these strains were nonadhesive. Results are shown as group means with 95% confidence intervals.

Nuclear magnetic resonance studies of the binding domain of
PapGIlI revealed that the cysteines form a disulfide bridge (44).
To evaluate whether the cysteines (Cys-63 and Cys-83) found
in the binding domain of FedF form a disulfide bridge essential
for adhesion, they were alkylated with iodoacetamide prior to
adhesion analysis. Not surprisingly, alkylation eliminated the
adhesion capability of the binding domain, indicating the sig-
nificance of a putative disulfide structure. Similar results have
been obtained with DraE, where formation of a disulfide bond
was reported to be essential for adhesion of the Dr fimbriae to
their receptor (6). Formation of a second disulfide bridge be-
tween the two remaining cysteines in FedF (at positions 111
and 116) appeared not to be essential for adhesiveness, since
they could be deleted without affecting the adhesion capability
of FedF.

We were unable to inhibit in vitro adhesion of the MBP-
FedFt,,_;,; fusion protein to porcine epithelial cells by use of

a 1:10-diluted anti-MBP-FedF antiserum (40) (data not
shown). Possibly this small region (amino acid residues 64 to
123) of FedF was not accessible for efficient antibody recogni-
tion or the titer of specific antibodies in the MBP-FedF serum
was too low. ERF2055 cells, in contrast, efficiently inhibited the
attachment of MBP-FedFt64-123 fusion proteins to porcine
epithelial cells, indicating the same binding specificity. How-
ever, the MBP-FedFt,_,,; fusion protein was unable to inhibit
the attachment of ERF2055 bacteria to isolated porcine epi-
thelial cells (data not shown), thus suggesting a stronger affinity
of native FedF than of MBP-FedFt,,_,,; for the host receptor.

F18 E. coli infections of weaned porcines on farms are usu-
ally fatal and cause great economic losses (3, 14). Since there
are no commercial vaccines available (32), FedF, or rather the
binding domain of FedF, could be an attractive vaccine candi-
date. The ability of adhesins such as FimH (26, 27, 28) and Sfbl
(13) to prevent the establishment of bacterial infection has
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TABLE 3. Amino acid differences between the F18 FedF proteins of Finnish clinical E. coli isolates and that of E. coli 107/86
E. coli isolate (serotype) Amino acid difference(s)
ERF2056 (0139).. .None
ERF2057 (0139).. E151-Q
ERF2058 (0139) ....None
ERF2059 (0139) ...E122—K, T219—A
ERF2060 (0139) ....E122—K
ERF2061 (0139) ...N73—D, M211-T
ERF2062 (0139) ....520—N, N73—D, A110—T
ERF2063 (0139) ...N73—=D
ERF2064 (0139).. N73—D
ERF2065 (0141).. N73—D, E122—G, S144—R
ERF2066 (0141).. .Q47—K, N73—-G, N153—K
ERF2067 (0141) ....Q47—=K, N73—G, N153—K, T237—R
ERF2068 (0141) ..T14—V, Q47—K, N73—G, N153—K
ERF2069 (0138) ....Q47—K, T69—M, A110—G, D170—H, D235—N
ERF2070 (O157)ceeecueiriicieinieieieeeeieiseeeesesneesessesesesesseesesessescsenns D6—G, Q47—K, V105—A, A110—G, T133—I, K142—I, D170—H, T201—S

been demonstrated. Polymorphism in major antigen compo-
nents is thought to reduce the efficiency of vaccines against
respiratory pathogens (31); therefore, presenting a minimal
binding domain to the immune system may be advantageous.
Adhesins recognize invariant host receptors and are therefore
highly conserved proteins (1, 10, 48). This was also supported
by our study. Alignment of the deduced amino acid sequences
of the fedF genes sequenced from 15 clinical isolates also
revealed that FedF is highly conserved among F18 fimbrial E.
coli strains.
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