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Previous research has suggested that the adhesin encoded by the F18 fimbrial operon in Escherichia coli is
either the FedE or FedF protein. In this work, we show that anti-FedF antibodies, unlike anti-FedE serum, were
able to inhibit E. coli adhesion to porcine enterocytes. Moreover, specific adhesion to enterocytes was shown
with purified FedF-maltose binding protein.

The operons of many fimbrial adhesins of Escherichia coli
are well characterized (4). They contain genes coding for the
major subunit protein, molecular chaperone and usher pro-
teins, minor subunits, adhesin, and proteins of unknown func-
tion (4, 11, 12). The genes involved in the biosynthesis of F18
fimbria have been only partially described (5, 6). The major
protein of the F18 fimbria, FedA, is not sufficient for recog-
nizing the F18 receptor (5). Two additional genes from the fed
gene cluster, fedE and fedF, have been described as essential
for fimbrial adhesion and fimbrial length (6). However, so far
it has not been possible to assess F18 adhesion function with
regard to either of the two gene products.

In this study, we sequenced the unknown region of the E.
coli fed gene cluster and produced and purified FedF and FedE
as fusion proteins with maltose binding protein (MBP) for
raising antisera for adhesion studies. Furthermore, using indi-
rect immunofluorescence microscopy and adhesion inhibition
tests, we have characterized the FedF proteins as the adhesin
of F18 fimbriae.

Sequencing of the plasmid pIH120. The entire gene cluster
encoding E. coli F18 fimbria was sequenced from the plasmid
pIH120 (6) with an ABI 310 sequencer according to the man-
ual of the manufacturer (PE Applied Biosystems). pIH120 was
transferred into an E. coli HB101 host, resulting in strain
ERF2055. Sequence analyses revealed that the fed gene cluster
is composed of five genes. The gene coding for the major
protein of F18 fimbria (fedA) and the genes encoding two
minor proteins (fedE and fedF) were described earlier (5, 6).
Two additional open reading frames were found between fedA
and fedE and were designated fedB and fedC. FedB showed the
highest similarity (83% identity) to the AfrB protein (AAC28316)
from E. coli RDEC-1 (Fig. 1) and significant homology to
other usher proteins involved in the biosynthesis of microbial
pili (3). The second open reading frame (fedC) overlapped the
3� end of fedB, and its product had high identity (82%) with the
periplasmic chaperone AfrC (AAC228317) from E. coli
RDEC-1. Both FedB and FedC possess a predicted signal
peptide for transmembrane secretion with a putative cleavage

site for a signal peptidase between amino acids 23 and 24. The
calculated molecular masses of the mature FedB and FedC are
86,001 and 23,418 Da, respectively. The fedF gene was also
PCR cloned and sequenced from a Finnish E. coli O141 isolate
(data not shown) and found to have 99.6% identity with the
fedF derived from pIH120. In addition to the previously re-
ported transcription terminator, located downstream of fedA
(5), an inverted repeat (�G of �17.3 kcal mol�1) for the
putative transcription terminator of the fed gene cluster was
found from 11 to 94 nucleotides downstream of the stop codon
of fedF.

Production of fusion proteins. The genes encoding FedC,
FedE, and FedF were cloned into E. coli with pMAL-p2 (New
England Biolabs) and sequenced. The resulting recombinant
strains were designated ERF2021 (for fedE), ERF2022 (for
fedF), and ERF2048 (for fedC). All strains were shown to
produce derivatives of MBP with predicted sizes of the corre-
sponding full-length fusion protein (Fig. 2A). However, trun-
cated MBP-FedF was seen in addition to the full-length prod-
uct. The fusion proteins were purified from sonicated crude
cell extracts by affinity chromatography according to the man-
ual of the pMAL protein and purification system (New En-
gland Biolabs) and used for antibody production in rabbits
(Fig. 2A, lanes 1 to 3). In immunoblots, both MBP-FedF and
MBP antisera detected the corresponding full-length proteins
and the truncated forms of MBP-FedF. The same bands were
also seen after staining with Coomassie R-250 dye (Fig. 2B).
To obtain antiserum against the pure full-length MBP-FedF
protein, its band was excised from sodium dodecyl sulfate
(SDS)-polyacrylamide gels, followed by electroelution (Fig.
2A, lane 4) and immunization of mice. Before immunization,
the identity and purity of MBP-FedF, excised and eluted from
an SDS–9% polyacrylamide gel, were confirmed by peptide
mass mapping analysis (9). Ten peptides were analyzed, and all
of them could be localized to the amino acid sequences of
either MBP or FedF.

In vitro adhesion analyses. Epithelial cells were isolated
from the small intestine (segments of ileum and jejunum) of an
8-week-old pig, and phase-contrast microscopic examination of
the adherence of F18 fimbrial E. coli to epithelial cells was
performed essentially as described by Alwan et al. (1). To
obtain a semiquantitative estimation of the level of adhesion,
the number of bacteria adhering to 15 randomly chosen epi-
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thelial cells was counted. The average numbers of ERF2055
bacteria adhering per ileal or jejunal cell when the bacteria
were preincubated with different antisera, which had been
raised in rabbits or mice and diluted in phosphate-buffered
saline (PBS), are listed in Table 1. Representative pictures are
also shown for each adhesion analysis (Fig. 3 and 4). Abolish-
ment of the adhesion capability of ERF2055 cells was observed
after preincubation (at 25°C for 2 h) of ERF2055 cells with
MBP-FedF-specific antibodies or antibodies directed against
the entire F18 fimbria. In contrast, antibodies to MBP-FedE or

MBP-FedC were not able to inhibit the adhesion of the
ERF2055 cells, even though a minor decrease in the adhesion
capability was found.

These results confirmed that from the antisera directed
against Fed subunits, only MBP-FedF antibodies were able to
efficiently inhibit the adherence of the F18 fimbria-expressing
strain (ERF2055). As expected, a distinct reduction in the
adhesion capability of ERF2055 cells, when preincubated with
antibodies raised against whole F18 fimbriae, could also be
demonstrated. The protective function of antibodies raised

FIG. 1. Comparison of the fed gene cluster with the AF/R1 pilus operon. (A) Gene organization of the operons. The AF/R1 pilus operon is
as described by Cantey et al. (2). Numbers in the boxes are molecular masses (in kilodaltons). (B) Levels of identity of the protein homologs.

FIG. 2. . (A) Fusion proteins purified by affinity chromatography. Lanes 1 to 5, MBP-FedF, MBP-FedE, MBP-FedC, and MBP-FedF purified
from SDS-polyacrylamide gels and MBP, respectively. Molecular masses (in kilodaltons) of marker proteins are on the left. The calculated
molecular masses of the fusion proteins are 74.1 kDa for MBP-FedF, 58.8 kDa for MBP-FedE, and 66.4 kDa for MBP-FedC. (B) Immunoblots
with MBP-FedF antiserum, MBP antiserum, and MBP-FedF stained with Coomassie dye (lanes 1 to 3, respectively).

7942 NOTES INFECT. IMMUN.



against F18 fimbriae has been described (7, 13). Despite prom-
ising results with antibodies directed against whole F18 fim-
briae, antibodies raised directly against the adhesin inhibited
bacterial attachment more efficiently. Adhesins attached to
similar receptor moieties possess a high degree of antigenic
conservation and could protect a wider range of bacteria,
whereas the major immunodominant component of pilus fibers
is often antigenically variable (8). No significant agglutination
of E. coli cells was observed with any of the antisera under the
test conditions used.

Indirect immunofluorescence microscopy. Adhesion of 0.8
mg of fusion proteins/ml to 106 epithelial cells/ml (incubation
for 1 h at 37°C) was detected with fluorescence microscopy
after incubation with rabbit anti-MBP antiserum and fluores-
cein isothiocyanate-labeled anti-rabbit antibodies. In the ad-
hesion studies, 1% bovine serum albumin was used as a block-
ing reagent. The epithelial cells incubated in the presence of
MBP-FedF exhibited bright fluorescence (Fig. 5A), whereas
epithelial cells incubated with equal amounts of MBP-FedE

(Fig. 5C) or MBP (data not shown) did not show any fluores-
cence. These data further confirmed that the FedF protein
represents the adhesin of the fed gene cluster encoding the F18
fimbria and also indicated that the FedF, produced as a fusion
protein with MBP but without its chaperone, retained its ca-
pacity to bind to epithelial cells. Similar results have also been
reported for the F17 fimbria (10), where a truncated adhesin,
produced in the absence of the chaperone, was still able to bind
to its receptor in vitro.

FIG. 3. Adhesion of E. coli ERF2055 to porcine ileal epithelial cells after preincubation with rabbit antisera raised against MBP-FedF (A),
MBP-FedE (B), MBP-FedC (C), or F18 fimbriae (D) or preincubated with PBS as a positive adhesion control (E). (F) Strain HB101 was used as
a negative adhesion control.

FIG. 4. Adhesion of E. coli ERF2055 to jejunal epithelial cells after
preincubation with mouse MBP-FedF or MBP antiserum. ERF2055
cells were preincubated with antiserum raised against MBP-FedF (A)
or MBP (B) and diluted 1/10 in PBS or preincubated with PBS as a
positive control (C).

TABLE 1. Inhibition of adhesion of E. coli strain ERF2055
to porcine ileal or jejunal epithelial cells

Epithelial
cell type

Antiserum
(dilution in PBS)

No. of adherent E. coli
cells/epithelial cell

Ileal Rabbit anti-MBP-FedF (1/100) �1
Rabbit anti-MBP-FedE (1/100) 30
Rabbit anti-MBP-FedC (1/100) 34
Rabbit anti-F18 fimbria (1/100) 3
None (PBS control)a �50

Jejunal Mouse anti-MBP-FedF (1/10) 6
Mouse anti-MBP-FedF (1/30) 14
Mouse anti-MBP (1/10) �50

a E. coli HB101 and PBS were used as a negative control and yielded �1
adherent bacterial cell per epithelial cell.
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Alignment analyses of Fed proteins and the AF/R1 pilus
subunits, with BLAST and the SIM program (BLOSUM62),
revealed that all subunits from the F18 fimbria found their
corresponding homologue from the AF/R1 pilus, with excep-
tion of FedF, which exhibited no homology with AfrE, re-
ported as one of the putative adhesive subunits on the AF/R1
pilus (2). These adhesion results together with alignment anal-
yses suggest that FedF is the adhesin of the F18 fimbria. A
number of in-frame deletions within the fedF gene were also
shown to inhibit F18-mediated attachment (A. Smeds et al.,
unpublished data), further confirming this interpretation. Al-
though the fed gene cluster is very similar to the gene cluster
encoding AF/R1 pilus, it seems that the expression of F18
fimbriae is regulated by a different mechanism. No genes en-
coding transcriptional activators like afrR, located immediately
upstream of the AF/R1 gene cluster, could be found on the
upstream region of the fed gene cluster.

Nucleotide sequence accession number. The DNA se-
quences of the fedB and fedC gene regions have been depos-
ited in the EMBL sequence data bank under accession number
AF222806.
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