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Strains of enterotoxigenic Escherichia coli that express K88 fimbriae are among the most common causes of
diarrhea in young pigs. Adhesion of bacteria to receptors on intestinal epithelial cells, mediated by K88
fimbriae, is the initial step in the establishment of infection. Three antigenic variants of K88 fimbriae exist in
nature: K88ab, K88ac, and K88ad. K88ac is the most prevalent and may be the only variant of significance in
swine disease. Each K88 fimbrial variant is composed of multiple antigenic determinants. Some of these
determinants are shared among the three variants and may be referred to as conserved epitopes, whereas
others are unique to a specific variant and may be referred to as variable epitopes. In this study, monoclonal
antibodies (MAbs) specific to either variable or conserved epitopes of K88ac fimbriae were produced. The
specificity of each MADb was tested by enzyme-linked immunosorbent and immunoblot assays. Fab fragments
were prepared from these MAbs and were tested for their ability to block the binding of K88-positive bacteria
and purified fimbriae to porcine enterocyte brush border vesicles and purified K88 receptors, respectively. The
purified receptors were intestinal mucin-type sialoglycoproteins (IMTGP) isolated from porcine enterocytes
(A. K. Erickson, D. R. Baker, B. T. Bosworth, T. A. Casey, D. A. Benfield, and D. H. Francis, Infect. Immun.
62:5404-5410, 1994). Fab fragments prepared from MAbs specific for variable epitopes blocked the binding of
bacteria to brush borders and of fimbriae to IMTGP. However, those from MAbs specific for a conserved
epitope did not. These observations indicate that the receptor-binding domain of a K88ac fimbria is contained,
at least in part, within the antigenically variable epitopes of that fimbria. Epitope mapping for one of the MAbs,
which recognizes a linear epitope on K88ac fimbriae, indicated that this MAb binds to the region from amino
acid no. 64 to no. 107 on the major subunit of K88ac fimbriae.

Strains of enterotoxigenic Escherichia coli that express K88
fimbriae are an important cause of diarrhea in newborn and
weaned piglets. The K88 fimbriae mediate adhesion of bacteria
to receptors on porcine intestinal epithelial cells, which is the
initial step in the establishment of enteric infection. Fimbriae
are nonflagellular, filamentous adhesins arrayed over the sur-
face of the bacterium (29). Three serological variants of K88
exist in nature: K88ab, K88ac, and K88ad (14, 22, 32, 37).
However, K88ac is by far the most common variant associated
with diarrheal disease in pigs (18, 39). Each antigenic variant of
K88 exhibits uniqueness in its hemagglutinating properties
with respect to erythrocytes from various species (2, 4). In
addition, each variant exhibits uniqueness in the specificity of
its binding to porcine enterocytes (1, 3, 4, 36). Bijlsma et al. (3)
identified five phenotypes of pigs with regard to the adhesion
of K88™" E. coli to enterocyte brush borders. Those phenotypes
(and their associated fimbria-binding specificities) were A
(K88ab, K88ac, and K88ad), B (K88ab and K88ac), C (K88ab
and K88ad), D (K88ad), and E (no fimbriae). In a subsequent
investigation, an additional phenotype, F (K88ab), was identi-
fied (1).
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K88 fimbriae are composed of multiple copies of the major
fimbrial protein subunit, FaeG, and one copy of a minor sub-
unit, FaeC (24). The minor subunit is located mainly at the
fimbrial tip (33, 34). Removal of this protein subunit does not
alter fimbria-binding activity, suggesting that the adhesive do-
main of K88 resides within the major fimbrial subunit (2). The
genes encoding the major subunits of the three K88 variants
have been sequenced and exhibit a high degree of variant-to-
variant homology (K88ab to K88ac, 92%; K88ab to K88ad,
87%; K88ac to K88ad, 88%) (11, 15, 16, 27). The differences
that exist between major subunit proteins in deduced amino
acid sequence are scattered throughout the subunit but tend to
cluster in the center of the molecule (14, 27).

The K88 variants contain multiple antigenic determinants,
some of which are shared by all three variants (conserved
determinants [e.g. K88a]) and others of which are not (variable
determinants [e.g., K88b, K88c, and K88d]) (7, 27). Efforts to
correlate serological differences between the variants with dif-
ferences in amino acid sequence have been few. Furthermore,
the location of the receptor-binding epitope is uncertain, as the
results of various studies concerning that epitope have been
interpreted in ways that conflict with each other. Wilson and
Hohmann (40) produced K88 variant-specific antisera (K88ab
and K88ac) which blocked binding of homologous fimbriae to
porcine enterocytes. However, such antisera did not block
binding of the reciprocal K88 variant to porcine enterocytes.
These results were interpreted to suggest that the receptor-
binding domain of the fimbria was contained within its anti-
genically variable epitope. However, Parry and Porter (35)
reported that antisera raised to K88ab and KS88ac fimbriae
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were cross-reactive with the reciprocal fimbria type and
blocked binding of the reciprocal and homologous fimbrial
variants to porcine enterocytes. Jacobs and his colleagues (26)
enzymatically digested K88ab fimbriae and from that digest
isolated peptides that inhibited K88ab’s hemagglutinating
activity and ability to adhere to porcine enterocytes. The in-
hibiting peptides were Ser-Leu-Phe and Ala-Ile-Phe. Both tri-
peptides corresponded to peptide stretches contained within
conserved regions of the major subunits of the three K88
variants. Jacobs et al. (25) modified the gene encoding the K88
fimbrial adhesin by oligonucleotide-directed site-specific mu-
tagenesis, resulting in the replacement of the phenylalanine by
serine at several positions, including two corresponding with
the peptide stretches mentioned above. The substitution re-
sulting in the change of Ser-148-Leu—Phe-150 to Ser-148-Leu—
Ser-150 caused a dramatic decrease in the capacity of K88ab
fimbriae to adhere to cavia erythrocytes. The mutant fimbriae
were somewhat thinner and less abundant on the surface of
bacteria than were wild-type fimbriae but were otherwise sim-
ilar in appearance. Jacobs and his colleagues proposed that
Ser-148-Leu—-Phe-150, which is conserved among all K88 vari-
ants, is an essential part of the receptor-binding site of K88
fimbriae. By substituting various parts of the major subunit
genes of K88ab for K88ac genes and vice versa, Bakker et al.
(2) constructed hybrid K88 fimbriae. Regions of peptide or
individual amino acids thought to be involved in the formation
of antigenically variable determinants were located by use of
monoclonal antibodies (MAbs). Hemagglutination was used to
correlate receptor-binding domains with variable antigenic de-
terminants. A switch in antigenic specificity of the hybrid fim-
bria from K88ab to K88ac was accompanied by a switch in
hemagglutination specificity from that characteristic of K88ab
to that characteristic of K88ac. From these results, the inves-
tigators concluded that there was an overlap between the re-
ceptor-binding site and serotype-specific antigenic determi-
nants.

Several putative receptors for K88 adhesins have been iden-
tified on porcine epithelial cells. These include intestinal mu-
cin-type glycoproteins (IMTGP), which bind K88ab and K88ac
(8, 9); porcine enterocyte transferrin (19), which binds K88ab;
and a neutral glycosphingolipid (21), which binds K88ad. The
presence of IMTGP has been correlated with piglet suscepti-
bility to enterotoxigenic colibacillosis (13). The IMTGP have
been purified to homogeneity (8), and the characterization and
availability of this type of receptor in pure form makes more
definitive identification of the receptor-binding epitopes of
K88 adhesins possible. Because each identified porcine entero-
cyte K88 receptor differs with regard to the K88 variant fimbria
that binds to it, it is obvious that the receptor-binding domains
of the K88 variants must have at least some unique binding
characteristics. Therefore, it appears likely that those amino
acids, or peptide stretches unique to each variant, are con-
tained within the receptor-binding domains of these fimbriae.
The objective of the present study was to determine whether
antigenically unique determinants of K88 fimbriae contribute
to the receptor-binding domains of these molecules. MAbs to
variable and conserved epitopes of K88ac were prepared, and
Fab fragments were purified therefrom. Fab fragments specific
for variable epitopes of K88 blocked the binding of K88™" F.
coli to porcine enterocyte brush borders and the binding of
isolated K88 fimbriae to IMTGP. Fab fragments from a MAb
specific for a conserved epitope of K88ac had no such effect.
These results suggest that the receptor-binding domain of
K88ac is contained, at least in part, within antigenically vari-
able epitopes of the major fimbrial subunit of K88ac. Epitope
mapping for one MAD indicated that it bound to the region
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from amino acid no. 64 to no. 107 on the major K88ac fimbrial
subunit.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The following K88-fimbriated E. coli
strains were used: 1476 (K12:K88ac) (8), 263 (O8:K87:K88ab) (1), Morris (O8:
K87:K88ad) (5), and 3030-2 (O157:K87:K88ac) (9). All strains were cultured on
sheep blood agar (Columbia base) from stock frozen in liquid nitrogen and were
passaged a maximum of two times on the same medium. Cultures were incubated
for 18 h at 37°C before use.

K88 fimbria extraction and purification. The K88 fimbriae were extracted
from K88-positive E. coli strains, purified, and biotinylated as previously de-
scribed (9). Purity of fimbrial preparations was determined on sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) gels.

MADb production. Purified K88ac fimbriae from the K12:K88ac E. coli strain
1476 were suspended in phosphate-buffered saline (pH 7.4; PBS) and were
emulsified in an equal volume of Freund’s complete adjuvant. Female BALB/c
mice were inoculated intraperitoneally with 0.2 ml of the emulsion, containing
500 pg of protein. Three weeks later, inoculations were repeated, using Freund’s
incomplete adjuvant in place of Freund’s complete adjuvant. Two weeks after the
second inoculation, mice were intravenously given 125 pg of fimbriae suspended
in 50 pl of PBS. Mice were sacrificed 2 or 3 days after the intravenous inocula-
tion, and their spleens were removed for the collection of lymphocytes. Lym-
phocytes were fused with NS-1 myeloma cells as described previously (11).
Resultant hybridoma cells were propagated and screened by indirect enzyme-
linked immunosorbent assay (ELISA) as described below for the production of
MADbs reactive with K88 fimbriae. The cells in culture plate wells containing
antibodies reactive with K88 were cloned by limiting dilution in 96-well micro-
titer plates and were screened again for K88 antibody production. The K88
variant specificity of antibodies was determined by indirect ELISA as described
below, and antibodies were characterized as either variant specific (anti-K88c) or
reactive with all three K88 variants (anti-K88a). MAbs from various hybridoma
lines were isotyped with the use of an antibody isotyping kit (ICN, Costa Mesa,
Calif.), and cells from selected immunoglobulin G1 (IgG1)-producing cell lines
were injected intraperitoneally into pristane-primed BALB/c mice for the pro-
duction of ascitic fluid as described previously (11).

Indirect ELISA for screening hybridoma culture supernatants. Hybridoma
culture supernatants were screened for K88 antibody, using purified K88ab,
K88ac, and K88ad fimbriae from E. coli strains 263, 3030-2, and Morris, respec-
tively. Microtiter plates (96-well Immulon-I; Dynatech Laboratories, Chantilly,
Va.) were coated with 2.5 pg of K88ab, 0.6 pg of K88ac, or 0.6 pg of K88ad
adhesin (the amount of antigen required for optimum signal) in 0.05 M carbon-
ate-bicarbonate buffer (pH 9.6) at 4°C overnight. After three washes with PBS—
0.05% Tween 20, hybridoma culture supernatant in twofold serial dilutions was
added to plate wells and incubated for 45 min at 37°C with rotational agitation
at 50 rpm. The plates were then washed as before, peroxidase-conjugated goat
anti-mouse immunoglobulins (Pierce, Rockford, Ill.) were added, and the plates
were again incubated. Following another washing, bound peroxidase was de-
tected using the chromogenic peroxidase substrate 2,2’-azinobis(3-ethyl-benz-
thiazoline-6-sulfonic acid). Color change was assessed spectrophotometrically at
405 nm, using an EL340 ELISA reader (Bio-TEK Instruments Inc., Winooski,
Vt).

MAD purification and characterization and Fab preparation. The protein
concentration of ascites containing anti-K88a or anti-K88c MAb was quantified
by the Lowry method (31), and antibodies were purified by protein G column
chromatography as described by the manufacturer (Pharmacia, Piscataway, N.J.).
The specificity of MAbs was determined by indirect ELISA as described above.
Purified MAbs were enzymatically cleaved to yield Fab fragments, using a com-
mercial kit (Immunopure Fab preparation kit; Pierce). The completeness of
separation of Fab fragments from undigested MAbs was assessed using nonde-
naturing SDS-PAGE separation and the Coomassie blue staining detection
method (23).

Western blot test for MAb specificity for variant (K88c) or conserved (K88a)
antigenic epitopes. The specificity of MAbs was confirmed by Western blotting
using purified K88ab, K88ac, and K88ad fimbriae. Protein separation by SDS-
PAGE was done as described for the assessment of fimbria purity, except that 1.5
wg of the K88 fimbrial preparation was loaded per lane. Fimbriae were electro-
phoretically transferred from SDS-PAGE gels to nitrocellulose membranes. The
membranes were incubated with the purified MAb (0.34 g in 2 ml) for 60 min
and were washed three times with PBS-Tween. With each wash, membranes
were incubated for 10 min with rotational agitation at 50 rpm. The membranes
were then incubated in 2 ml of peroxidase-conjugated goat anti-mouse immu-
noglobulin (Pierce) diluted 1:1,000 and were again washed as described above.
Peroxidase bound to membranes was detected using 3,3-diaminobenzidine as
described previously (9).

Direct-competition ELISA to determine whether individual MAbs were spe-
cific for the same epitope. Direct-competition assays were conducted using
ELISAs as described above, except for modifications made for the competition
assay as described elsewhere (38). Competition curves (percent competition)
were calculated using the following formula: (1 — absorbance in presence of
unlabeled MAb/absorbance in absence of unlabeled MAb) X 100.
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Bacterial adherence inhibition assay. The Fab fragments of each MAb studied
were tested for the ability to inhibit the binding of K88ac-positive E. coli to brush
border vesicles prepared from porcine enterocytes. Pig enterocyte brush border
vesicles were prepared and purified as described previously (1). Only brush
borders adhesive to bacterial cells expressing the K88ac antigenic variant were
used, including those of phenotype A (binding all three variants) and phenotype
B (binding K88ab and K88ac but not K88ad). Fab fragment preparations were
each adjusted to the same concentration (0.4 pg/pl in PBS at pH 7.4) and were
serially diluted (twofold increments). Fab fragments (500 pl) at each concentra-
tion were mixed with 50 pl of a suspension of E. coli strain 3030-2 (1.5 x 10®
CFU/ml). Mixtures of bacteria and Fab fragments were incubated at 37°C for 45
min with rotational agitation at 50 rpm. Then 50 wl of brush border suspension
(3.93 pg/ul) in the presence of p-mannose (final concentration of 2.5%) was
added and was incubated for 15 min at room temperature with rotational agi-
tation at 140 rpm. Brush borders were examined at a magnification of X400 by
phase-contrast microscopy for adherent bacteria. Fab fragments were replaced
with bovine serum albumin (BSA) in negative control preparations. The number
of bacteria adhering to 40 individual brush border vesicles was determined at
each Fab concentration, and the average number of bacteria per brush border
was calculated.

Fimbrial adherence inhibition assay using solubilized brush borders. Fab
fragments from each MAb under investigation were tested for the ability to
inhibit the binding of K88ac fimbriaec to IMTGP. Porcine enterocyte brush
borders containing IMTGP-1 and -2 (apparent molecular masses of 210 and 240
kDa, respectively) were solubilized, and proteins were separated by SDS-PAGE
and electrophoretically transferred to nitrocellulose as described previously (9).
Concurrently, Fab fragments (200 pg in 1 ml of PBS) were incubated with
biotinylated K88ac adhesins (0.6 g in 2 ml of PBS-Tween) for 45 min at 37°C.
This mixture was used in place of biotinylated K88ac adhesins for incubation with
the brush border proteins on nitrocellulose strips in the biotinylated-adhesin
overlay assay (9). BSA was used in place of MAbs as negative controls.

Fimbrial adherence inhibition assay using purified K88 receptors. Fab frag-
ments from each MAD under investigation were tested by ELISA for the ability
to inhibit the binding of K88 fimbriae to purified IMTGP-1 and -2. The IMTGP
were purified as described previously (20). To determine Fab inhibitory activity
relative to protein concentration, purified receptors were first immobilized on
plates by applying 0.5 pg of the material in 100 ul of 0.05 M carbonate-bicar-
bonate buffer (pH 9.6), followed by incubation at 4°C overnight. Plates were then
washed three times with PBS-Tween. Fab fragments (42.5 ng/pl in PBS, pH 7.4)
were diluted twofold serially. One hundred microliters of each dilution was
mixed with 50 pl of biotinylated K88ac adhesins (0.6 pg/ul in PBS-Tween) and
then incubated at 37°C for 45 min with rotational agitation at 50 rpm. BSA was
used in place of Fab fragments as a negative control. The Fab-biotinylated-
adhesin mixtures were placed in the microtiter plate wells containing immobi-
lized IMTGP and were incubated at 37°C for 45 min with agitation. After the
removal of unbound reagents by washing of ELISA plates as described above,
100 pl (0.43 wg/ml in PBS-Tween) of horseradish peroxidase-streptavidin was
placed in each plate well and was incubated for 30 min at room temperature. The
plate wells were again washed, and the bound peroxidase was detected by reac-
tion with 2,2’-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) as described above
for other ELISAs. The percentage of inhibition was determined by the follow-
ing equation: (1 — absorbance in presence of MAb/absorbance in absence of
MAD) X 100.

PCR amplification of different segments of the K88ac faeG gene. Portions of
the K88ac (faeG) gene were PCR amplified from pDB88-102 (2), which contains
genes faeC to faeH of the K88 operon. PCR reagents were purchased from PE
Applied Biosystems (Foster City, Calif.). The PCR was performed in 50 pl of
reaction mixture containing 0.3 mM deoxynucleoside triphosphate, 0.6 pM con-
centrations of both primers, 0.75 mM MgCl,, and 1.25 U of Tag DNA polymer-
ase. Different sets of primers were designed to amplify corresponding segments
of the faeG gene according to the published sequence of the K88ac major
fimbrial subunit gene (GenBank accession number M35954) (27). The amplifi-
cation proceeded through three linked programs. To amplify the gene segment
coding the peptide stretch from amino acid no. —17 (the negative number
indicates that the amino acid is located in the signal peptide sequence, which is
upstream from the fimbrial protein sequence) to amino acid no. 129, the primer
sequences were 5'-CCAAGCTTTCTGATTGCACTGGCAATTGC-3" and 5'-C
GGATCCTTAAGATGCATTCACTTTCACTGA-3'. The program used was 4
cycles of 96°C for 1.5 min, 60°C for 1 min, and 72°C for 0.5 min and 30 cycles of
95°C for 1 min, 60°C for 1 min, and 72°C for 0.5 min, followed by 72°C for 5 min.
For amplification of the gene segment for the peptide stretch from amino acid
no. —17 to no. 63, the primer sequences were 5'-CCAAGCTTTCTGATTGCA
CTGGCAATTGC-3' and 5'-GTTCCCGGGGCCTAACAAAATTGGCTTAT
T-3'. The program was the same as the previous program, except that 65°C was
used as the annealing temperature. For amplification of the gene segment for the
peptide stretch from amino acid no. 64 to no. 129, the primer sequences were
5'-GGAAGCTTCCGAACCAAAGAAGCATTTGCT and 5'-CGGATCCTTA
AGATGCATTCACTTTCACTGA-3". The program was the same as that pre-
viously used, except that 62°C was used as the annealing temperature. For
amplification of the gene segment for the peptide stretch from amino acid no. 64
to no. 107, the primer sequences were 5'-GGAAGCTTCCGAACCAAAGAA
GCATTTGCT-3' and 5'-CCCGGGTGCTAAACCTTTTTTATTAG-3'. The
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FIG. 1. The ability of MAbs 30/17 (A), 36/41 (B), and 221/38 (C) to bind to
K88ac (——), K88ab (—--), and K88ad (—-—-— ) was determined by indirect
ELISA as described in Materials and Methods. MAbs 30/17 and 36/41 bind to
K88ac but not to K88ab or K88ad. MAb 221/38 binds to all three K88 variants.

program was the same as the previous programs, except that 57°C was used as the
annealing temperature.

Cloning of the PCR product into the pBAD-TOPO expression vector. The
PCR products were purified by 1% SeaKem GTG agarose (FMC Bioproducts,
Rockland, Maine) gel electrophoresis using Tris-acetate-EDTA buffer. The spe-
cific DNA band was then excised, and the DNA was eluted using the Ultra-
free-DA DNA extraction kit (Millipore, Bedford, Mass.) as described by the
manufacturer. The PCR product was cloned into the pBAD-TOPO vector fol-
lowed by transformation into competent E. coli Topo 10 cells provided in the
pBAD-TOPO cloning kit (Invitrogen, Carlsbad, Calif.) as described by the man-
ufacturer. Positive clones were selected by PCR amplification to ensure that the
correct gene was cloned into the vector. The cloned gene was then expressed by
adding p-arabinose at a final concentration of 0.2% as an inducer for expression
as described by the manufacturer.

Western blot test for the identification of the faeG gene fragment expression
product reactive with MAb 36/41. After expression, bacteria were pelleted by
centrifugation and were then lysed by B-PER II bacterial extraction reagent as
described by the manufacturer (Pierce). The expressed proteins were separated
on a 17% Tricine gel (17), transferred to a nitrocellulose membrane, and then
screened by Western blotting for identification by MAb 36/41 as described above.
Untransformed host cells were used as a negative control. The expression of a
protein by fragments of the faeG gene whose products were not recognized by
MAD 36/41 was verified by the appearance of a unique band of the predicted
mass in Coomassie blue-stained Tricine gel preparations. It was further verified
by identification of the protein in Western blots stained with horseradish perox-
idase-conjugated V5 antibodies used according to the supplier’s directions (In-
vitrogen).

RESULTS

MADb production and characterization. Preparations of K88
adhesins purified from E. coli strains and used for production
of hybridomas exhibited a high degree of purity. The only
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FIG. 2. Determination by Western blotting of the specificity of MAbs with regard to K88ab, K88ac, and K88ad adhesins. K88ab, K88ac, and K88ad adhesin antigens
were separated by SDS-PAGE and transferred to nitrocellulose membranes. These membranes were probed with MAb 36/41 or 221/38 or BSA, followed by incubation
with peroxidase-conjugated goat anti-mouse IgG as described in Materials and Methods. Molecular mass standards are indicated on the left. MAb 36/41 binds to K88ac

fimbriae specifically, and MAb 221/38 binds to all three variants of K88 fimbriae.

Coomassie blue-staining bands observed in SDS-PAGE gels to
which 2.5 pg of K88 adhesin preparation had been applied had
an apparent molecular mass of 27.5 kDa, consistent with that
of the K88 major protein subunit (11). Three hybridoma cell
lines resulting from the fusion of myeloma cells with lympho-
cytes from K88-immunized mice were selected for use in this
study, based on their production of high-avidity IgG1 antibod-
ies with specificity for K88. Ascites from hybridoma cell lines
30/17 and 36/41 bound K88ac but not K88ab or K88ad ad-
hesins when tested by ELISA (Fig. 1). This indicates that these
two MADs bound to variable antigenic domains on K88ac. By
contrast, ascites from hybridoma cell line 221/38 bound all
three K88 fimbrial adhesins, indicating that it bound a con-
served domain of the K88ac fimbria. In Western blotting MAb
36/41 bound K88ac adhesin exclusively, whereas 221/38 bound
all three K88 variants, suggesting that 36/41 recognizes a linear
epitope in the variable region of the K88ac adhesin and that
221/38 recognizes a linear epitope in a region conserved among
the three K88 variants (Fig. 2). MAb 30/17 did not bind K88
adhesins in Western blot preparations (data not shown), sug-
gesting that its binding is conformationally dependent.

Effect of anti-K88 MAbs on K88ac-mediated bacterial ad-
hesion to phenotype A and B pig brush borders. Fab fragments
prepared from MAbs 30/17 and 36/41 exhibited the ability to
inhibit binding of K88ac™ E. coli to porcine phenotype A brush
borders in a concentration-dependent manner (Fig. 3). At 0.4
mg/ml, Fab fragments from these MAbs completely blocked
binding of K88ac™ E. coli to those brush borders. The blocking
action of these Fab fragments indicates that the antibodies
bind at or near the receptor-binding site. Fab fragments from
MAb 221/38 exhibited minimal inhibition of K88ac™ E. coli
binding at a Fab concentration of 0.4 mg/ml. Minimal inter-
ference of K88 binding by this MAb indicates that it binds to an
epitope distant from the adhesin binding site. Results from the
test of phenotype B brush borders were essentially the same as
those for phenotype A brush borders (data not shown).

Effect of anti-K88 MAbs on the binding of K88 fimbriae to
IMTGP in the biotinylated-adhesin overlay assay. When 200
pg each of Fab fragments of MAbs 30/17 and 36/41 was incu-
bated with biotinylated K88ac fimbriae in the biotinylated-
adhesin overlay assay, they completely blocked the binding of
that adhesin to IMTGP (Fig. 4). The binding of biotinylated
K88ac to other brush border membrane glycoproteins to which
it typically binds was also blocked by the Fab fragments of
these MAbs. A 75-kDa brush border protein bound the horse-
radish peroxidase-streptavidin directly (9) and was stained
prominently regardless of membrane treatment. The Fab frag-
ments from MADb 221/38 did not block the binding of biotin-
ylated K88ac fimbriae to IMTGP when used under the same
conditions under which MAbs 30/17 and 36/41 were used.

Effect of anti-K88 MAbs on the binding of K88 fimbriae to
purified IMTGP in an ELISA. To further test the inhibitory
activity of K88ac-specific MAbs on the binding of K88ac fim-
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FIG. 3. Effect of Fab fragments of variant-specific (K88c) and variant-cross-
reactive (K88a) MADs on the binding of bacteria to brush borders. The ability of
MAbs 30/17 (- - -), 36/41 (—), and 221/38 (---—---) to inhibit bacterial ad-
hesion is presented as the percentage of inhibition relative to a BSA control.
K88ac-specific MAbs 30/17 and 36/41 blocked binding of E. coli K88ac bacteria
to porcine brush borders, but K88a-specific MAb 221/38 did not.
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FIG. 4. Inhibition of the binding of K88ac fimbriae to IMTGP K88 receptors
by Fab fragments of K88 MAbs. Brush border proteins were separated by
SDS-7% PAGE and transferred to nitrocellulose membranes. The separated
proteins were incubated with biotinylated K88ac adhesins that had been prein-
cubated with MADb 30/17, 36/41, or 221/38 or BSA. The arrowheads indicate the
positions of the IMTGP. Molecular mass standards are indicated on the left. Two
K88ac-specific MAbs (30/17 and 36/41) inhibited K88ac adhesin binding to
IMTGP, whereas K88a-specific MAb (221/38) and BSA did not inhibit binding
under the same conditions.

briae to IMTGP, purified IMTGP-1 and -2 were immobilized
on ELISA plates and the ability of each MADb to block K88ac-
IMTGP interactions was tested. Fab fragments of MAbs 30/17
and 36/41 almost completely blocked binding of biotinylated
K88ac fimbriae to IMTGP. However, Fab fragments of MAb
221/38 blocked binding of K88ac to IMTGP only minimally
(Fig. 5). The inhibition of binding by MAbs 36/41 and 30/17
was Fab fragment concentration dependent, reaching 100% at
42.5 ng/ul for MAb 30/17 and 97.9% for MAb 36/41. The
maximal inhibition of K88ac binding achieved by MAb 221/38
was 15%.

Epitope mapping for MAb 36/41. To identify the region of
the fimbria to which the neutralizing MAb bound, each half of
the whole fimbrial gene, faeG, was amplified by PCR and
cloned into a pBAD-TOPO vector, followed by expression and
screening of the expressed product as described in Materials
and Methods. Then the cloned half of the faeG gene encoding
the protein recognized by the MADb was split into two parts of
similar size, and the procedure was repeated. This cycle of
gene division, amplification, expression, and screening of the
expressed product for identification by the MAb was repeated
until the smallest MAb-recognized peptide product was iden-
tified. In the initial subdivision, the expressed peptide stretch
from amino acid no. —17 to no. 129 of the K88ac major
fimbrial subunit was recognized by MAb 36/41 in a Western
blot assay. With subdivision of the gene segment correspond-
ing to the peptide stretch from amino acid no. —17 to no. 129,
the peptide stretch from amino acid no. 64 to no. 129 was
recognized by MADb 36/41 in Western blotting, while the pep-
tide stretch from amino acid no. —17 to no. 63 was not. The
existence of faeG fragment expression products for peptide
stretches not recognized by MAb 36/41 was verified on Coo-
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massie blue-stained Tricine gels and on Western blots probed
with anti-V5-horseradish peroxidase antibody. Subdivision of
the gene segment for the peptide stretch from amino acid no.
64 to no. 129 into equal parts followed by expression of the
gene segments failed to produce a product recognizable by
MADb 36/41 (data not shown). However, the expressed product
for the gene fragment corresponding to the amino acid stretch
from no. 64 to no. 107 was recognized by MAb 36/41 (Fig. 6).
This region was the minimal product recognized by MAb 36/41
and contains eight amino acids that differ among the three K88
variants.

DISCUSSION

Our objective in conducting this study was to identify the
region of the K88ac major fimbrial subunit responsible for
fimbrial binding to receptors on porcine intestinal epithelial
brush borders. In identifying that region, it was expected that
we could more clearly determine the evolutionary strategies
that result in antigenic change in the K88 fimbriae. Results of
this study indicate that antigenic diversity in the K88 fimbriae
is at least in part a result of structural differences in the adhe-
sive domain of the major fimbrial subunit, FaeG. Structural
differences resulting in antigenic diversity were likely selected
to modify adhesin specificity and to improve the binding
strength of the fimbria. As indicated above, the 44-amino-acid
segment identified in this study as a part of the receptor-
binding domain of K88ac contains eight amino acids that differ
between that fimbria and either K88ab or K88ad. Perhaps one
or several of these amino acids are responsible for specificity
differences between K88ac and either K88ab or K88ad. From
their analysis of antigenic and adhesive characteristics of K88
using nucleic acid substitutions in the faeG gene, Bakker et al.
(2) concluded, as did we, that there is an overlap between the
receptor-binding site of K88 fimbriae and serotype-specific an-
tigenic determinants of those fimbriae. However, the correla-
tion made by Bakker and coworkers between receptor-binding
domains and antigenic epitopes was based on hemagglutina-
tion activity, not binding of fimbriae to porcine enterocytes.
Despite their modification of hemagglutination specificity
through mutagenesis, Bakker and his colleagues observed no
changes in porcine enterocyte brush border binding. This lack
of observed change in enterocyte binding specificity is not
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FIG. 5. Effect of K88 variant-specific (K88ac) and variant-cross-reactive
(K88a) MADbs on K88ac fimbria binding to IMTGP K88 receptors. Twofold serial
dilutions of Fab fragments of MAbs 30/17 (---), 36/41 (—), and 221/38
(=+-—-—) were incubated with biotinylated K88ac adhesins. Then each mixture
was placed in microtiter plate wells coated with purified receptors. The percent
inhibition of the binding of K88ac to IMTGP was determined as described in
Materials and Methods. Results are the means of three replications of the
experiment. K88ac-specific MAbs 30/17 and 36/41 blocked K88ac fimbriae from
binding to IMTGP in a dose-dependent manner, whereas K88a-specific MAb
221/38 did not.
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surprising, as most porcine brush borders that bind to either
K88ab or K88ac contain receptors that bind both fimbrial vari-
ants (1, 5, 13). Those receptors include IMTGP (5, 13) and
another receptor tentatively called bcd that has not yet been
isolated or fully characterized (5, 13). Only if Bakker et al. had
selected brush borders that bound K88ab but not K88ac (phe-
notype C or F brush borders) (1) would they have been able to
determine whether their fimbrial modification resulted in a
change in brush border binding specificity. Phenotype C and F
brush borders likely possess the transferrin reported by Grange
and Mouricout (19) to be exclusively a receptor for K88ab
fimbriae.

Observations made in the present study suggest that the
receptor-binding domain of the K88ac fimbria contains linear
and conformational-dependent determinants, both within an
antigenically variable portion of FaeG. The presence of a lin-
ear epitope within the antigenically variable domain of K88ac
was previously reported (37), although its contribution to re-
ceptor binding was not assessed. Other portions of the major
fimbrial subunit protein may also contribute to its adhesive
function. The observations of Jacobs et al. (26), that tripep-
tides corresponding to amino acid stretches in a conserved
antigenic epitope of K88ab block the binding of that fimbria to
porcine brush borders, suggest that at least one conserved
epitope contributes to receptor binding. It seems logical that
the receptor-binding domain should contain both conserved
and variable elements, as the receptor binding specificities
of the three K88 variants appear to be unique but not en-
tirely different from each other. K88ab and K88ac both bind
IMTGP, and all three variants appear to bind the receptor that
is tentatively called bed. However, K88ab uniquely binds an
enterocyte transferrin (19), and K88ad uniquely binds an en-
terocyte-neutral glycosphingolipid (20). Thus, the structure of
the receptor-binding domain is sufficiently conserved for some
cross-reactivity in binding to occur despite obvious evidence of
uniqueness. The three identified receptors each contain galac-
tose and N-acetylglucosamine, apparently in terminal posi-
tions. Galactose moieties appear to be critical to receptor
binding (20, 21). However, each receptor exhibits uniqueness
with regard to at least one other sugar (12). The presence of
different sugars in these receptors may affect the way the com-
mon sugar molecules are displayed, thus affecting how they are
recognized by the K88 fimbria variants. Mutations that result
in a modification of amino acid sequence in variable portions
of FaeG undoubtedly have been selected to exploit different
receptors. Amino acid changes resulting in receptor specificity
switching remain to be determined but may be among those
that differ between K88ac and either K88ab or K88ad in the
amino acid stretch recognized by MAb 36/41.

The present study focuses on an adhesin responsible for the
binding of K88ac fimbriae to receptors contained within por-
cine enterocyte brush border membranes. The existence of
another adhesin that mediates fimbrial binding to a receptor
located elsewhere cannot be ruled out by this study. The three
K88 variants share an identical fimbria tip subunit whose func-
tion has not been determined (7). However, tip subunits asso-
ciated with some other fimbriae have adhesive activity (28, 30).
If the tip subunit of K88 is adhesive, its specificity must be
identical for the three variants. In addition, the receptor to
which it binds must be somewhere other than in brush borders,
because MAb 36/41 blocks the binding of K88ac to porcine
enterocyte brush borders of phenotypes A and B, the only
brush borders to which K88ac binds (1). It has been suggested
by other investigators that the mucus covering the intestinal
epithelium contains glycoproteins to which K88 fimbriae bind
and that these glycoproteins may serve as receptors for the
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FIG. 6. Western blotting for screening by MAb 36/41 of peptides expressed
by different segments of the K88ac faeG gene. PCR products of different seg-
ments of the K88ac faeG gene were cloned into a pPBAD-TOPO vector, followed
by expression of the gene segments in E. coli Topo 10 host cells. Whole cells were
lysed, and peptides were separated on a 17% tricine gel and transferred to
nitrocellulose membranes. The expressed peptides were screened for identifica-
tion by MADb 36/41. Lane 1, E. coli host cell lysate; lane 2, cell lysate containing
the FaeG peptide stretch from amino acid no. 64 to no. 107; lane 3, cell lysate
containing the FaeG peptide stretch from amino acid no. 64 to no. 129; lane 4,
cell lysate containing the FaeG peptide stretch from amino acid no. —17 to no.
63; lane 5, cell lysate containing the FaeG peptide stretch from amino acid no.
—17 to no. 129; lane 6, cell lysate containing the FaeG peptide stretch from
amino acid no. 130 to no. 242; lane 7, cell lysate containing the whole faeG gene;
lane 8, wild-type K88ac fimbriae.

adherence of bacteria to that mucus (6, 10). The mucus glyco-
proteins identified were different from the receptors previously
identified on porcine enterocyte brush border membranes
(10). If the fimbrial tip subunit is adhesive, it may bind to
mucus glycoproteins or perhaps to receptors found on the
epithelium in another part of the gastrointestinal tract or in an
alternative host. Assessment for receptors of biological rele-
vance in mucus would require use of intact intestinal tissues,
perhaps unwashed to retain the mucus sheet. Assessment of
K88ac fimbriae for a second adhesin that bound to a receptor
in mucus could be accomplished by testing bacterial binding
following blockade by MADb 36/41.

In summary, we report production of two MADbs that are
specific for antigenically variable determinants of the K88ac
fimbria of E. coli and block binding of K88ac fimbriae to
porcine enterocyte brush borders and to IMTGP, a character-
ized K88ab and K88ac receptor isolated from porcine entero-
cytes. Epitope mapping with one of the MAbs indicated that it
bound within the region from amino acid no. 64 to no. 107 of
FaeG, the major subunit of the K88ac fimbria. These results
suggest that the receptor-binding domain of K88ac is, at least
in part, contained within antigenically variable determinants of
the fimbria.
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