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An affinity chromatography technique was utilized to isolate and purify the receptors of Escherichia coli
K88ac1 fimbriae from the mucus of the small intestines of newborn piglets. Purified K88ac1 fimbriae were
covalently immobilized onto a beaded agarose matrix (Sepharose 4B). The immobilized fimbriae were used for
the affinity purification of the K88ac1 receptors. Only two major proteins were tightly and specifically bound
to the immobilized fimbriae after the column containing bound receptor was washed exhaustively with a buffer
containing a high concentration of salt and a detergent. The receptors were eluted as a single component at a
low pH. The isolated proteins were then subjected to enzyme-linked immunosorbent assay, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and Western blot (immunoblot) analyses. The two proteins were of
high purity, were responsible for nearly all of the fimbrial binding capacity of the crude mucus, and had
molecular masses of 26 and 41 kDa. The method for isolation of E. coli binding proteins is simple and yields
purified intestinal receptors in a single chromatographic run. The intestinal mucus of different piglets has
different proportions of the two receptor proteins.

Enterotoxigenic Escherichia coli (ETEC) strains bearing
K88 fimbriae can specifically adhere to receptors in the mucus
of the small intestines of piglets, causing diarrhea (14, 15). A
layer of mucus covers the epithelial cells in the mammalian
small intestine, is secreted by specialized goblet cells, and con-
tains receptors that recognize specific adhesion proteins (2, 5,
15, 16). K88 fimbriae are filamentous surface appendages that
enable ETEC to bind to the receptor in the mucus layer of the
small intestine. This binding prevents the removal of the bac-
teria by intestinal peristalsis and is a prerequisite for virulence
(6, 10, 18, 19, 20). Neonatal piglets are extremely sensitive to
infection by ETEC but can be protected by specific anti-K88
egg yolk antibodies (11, 14, 17). Piglets are commonly infected
by E. coli strains expressing several serological types of the K88
fimbrial antigens. The K88 fimbrial antigens are classified into
three sets designated K88ab, K88ac, and K88ad. Each variant
shares a common antigen (a) and expresses one of three vari-
ant-specific antigens (b, c, or d, respectively) (6, 7, 9, 12). It is
also well documented that genetics play a significant role in the
susceptibility of piglets to infectious diarrhea. Piglets are resis-
tant to infection if they are genetically defective in their ability
to express K88-specific brush border receptors (9, 18); further-
more, the presence of K88-specific receptors in porcine ileal
mucus is age dependent (4, 5). The receptors of porcine small
intestine mucus that bind to K88ab fimbriae have been isolated
and identified by using gel filtration chromatography and 3H-
labeled E. coli (15), while the K88ac fimbrial receptors of
porcine intestinal brush border have been identified using by
35SO4-labeled E. coli (3, 6). However, little information is
available on the nature of the receptor for K88 in the intestinal
mucus of pigs. In the present investigation, an affinity chro-
matographic technique was developed to isolate and purify the
mucus protein targets of K88ac1 fimbriae, to identify the pu-

rified receptors by enzyme-linked immunosorbent assay
(ELISA) and Western blot (immunoblot) assay, and to show
that the proportions of two receptor proteins (41 and 26 kDa)
in piglets is variable. The ability to readily purify receptors by
using a receptor affinity column greatly facilitated the present
studies.

MATERIALS AND METHODS

Chemicals and reagents. Cyanogen bromide-activated Sepharose 4B,
prestained protein molecular weight markers, Coomassie brilliant blue R-250,
FAST BCIP/NBT-buffered substrate tablets, Tween 20, alkaline phosphatase
substrate, bicinchoninic acid (BCA) protein assay reagent, Bradford reagent,
alkaline phosphatase-conjugated sheep anti-mouse immunoglobulin G (IgG),
alkaline phosphatase conjugated goat anti-swine IgG, a standard molecular
weight reference (Sigma marker), Freund’s complete and incomplete adjuvants,
sodium dodecyl sulfate (SDS), diethanolamine, swine gamma globulin, and bo-
vine serum albumin (BSA) were from Sigma, St. Louis, Mo. The 96-well ELISA
plates (Falcon 3911) were from VWR Canlab, Winnipeg, Manitoba, Canada;
monoclonal antibody specific for K88 fimbriae was from Central Veterinary
Laboratory, Souris, United Kingdom; rabbit anti-K88ac fimbrial antibodies were
from our laboratory; instant skim milk powder (Carnation) was from Nestle, Don
Mills, Ontario, Canada; 0.2-mm-pore-size nitrocellulose membrane was from
Bio-Rad Laboratories, Richmond, Calif.; 0.45-mm-pore-size membrane filter
(MSI) was from Fisher Scientific, Nepean, Ontario, Canada; Trypticase soy broth
was from Becton Dickinson, Sparks, Md., and the ETEC K881 strain was from
Animal Health Centre, Veterinary Services Branch, Manitoba Agriculture, Win-
nipeg, Manitoba, Canada.

Buffers. The following buffers or solutions were used: 1 mM HCl; 1 M NaCl;
0.1 M bicarbonate, pH 9.0; 1 M ethanolamine, pH 9.0; binding buffer (3.84 mM
NaH2PO4, 6.16 mM Na2HPO4, 0.15 M NaCl, pH 7.2); washing buffer A (56 mM
NaH2PO4, 144 mM Na2PO4, 2 M NaCl [pH 7.2] plus 1% Tween 20); washing
buffer B (56 mM NaH2PO4, 144 mM Na2PO4, 1 M NaCl, pH 7.2); buffer C
(elution buffer) (0.1 M glycine-HCl, pH 2.5); storage buffer (3.84 mM NaH2PO4,
6.16 mM Na2HPO4, 0.15 M NaCl, 0.02% sodium azide, pH 7.2); phosphate-
buffered saline (PBS) (0.01 M sodium phosphate, 0.15 M NaCl, pH 7.2); PBST
(0.01 M sodium phosphate, 0.15 M NaCl, 0.05% Tween 20); transfer buffer (48
mM Tris base, 39 mM glycine, 20% methanol, 0.037% SDS); and alkaline
phosphatase substrate (1 mg/ml in 10 mM diethanolamine and 0.5 mM MgCl2,
pH 9.5).

Preparation of purified E. coli K88ac1 fimbriae. The local strain of hemolytic
ETEC K881 bacteria was identified as being K88ac (11). The K881 fimbrial
antigen was purified by using a modification of the method of Erickson et al. (6).
In this procedure, the bacteria were cultured for 48 h at 37°C with shaking (150
rpm) in Trypticase soy broth. The broth cultures were centrifuged at 4°C and
6000 3 g for 15 min, and the pellets were washed with PBS. The precipitate was
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heated to 60°C in a water bath for 30 min to release the fimbriae from the
bacteria and, while still hot, was blended for 10 min at high speed in Polytron
homogenizer (Kinematika, GMBH, Lucerne, Switzerland). The bacteria were
removed by centrifugation (14,000 3 g, 4°C, 15 min), and after filtration through
a 0.45-mm-pore-size membrane filter, the fimbriae in the supernatant were pre-
cipitated by the addition of 2.5% citric acid to a pH of 4.0. The supernatant was
kept at 4°C for 2 h to facilitate precipitation of fimbriae, followed by collection
of fimbriae by centrifugation (14,000 3 g, 4°C, 15 min). The fimbriae were
dissolved in 0.1 M PBS, pH 7.2. The pH 4.0 precipitation, washing, and solubi-
lization steps were repeated four times. The final preparation was stored at
220°C in the pH 7.2 PBS at a protein concentration of 1 mg/ml. The concen-
tration of fimbriae was determined by ELISA with the K88-specific monoclonal
antibody, and the fimbriae were analyzed for purity by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). The procedures for ELISA and SDS-PAGE are
described below. The fimbriae were estimated to be more than 95% pure.

Preparation of polyclonal antibody. Purified K88ac1 fimbriae (1 mg/ml) were
emulsified with an equal volume of Freund’s complete adjuvant, and 1 ml was
used to subcutaneously inoculate New Zealand White rabbits (approximate 2 to
2.5 kg) at four sites. After 3 weeks, the rabbits were exposed three times biweekly
to a second, similar schedule except that the antigen was emulsified with incom-
plete Freund’s adjuvant. The rabbits were bled (8 weeks after the original
inoculations), and sera were obtained. They were tested for specificity and titer
by ELISA. Antibody specificity was tested against E. coli K88ab, K88ac, K88ad,
K99, and 987P. The antibody cross-reacted with K88ab and K88ad but not with
K99 and 987P.

Preparations of mucus. Twenty-two healthy newborn piglets that had not been
fed were obtained from the University of Manitoba experimental farm at Glen-
lea, Manitoba, Canada. They were sacrificed, the small intestines were collected,
and the mucus was isolated by using a modification of the procedure of Metcalfe
et al. (15). The track of each small intestine for the isolation of mucus was
washed with PBS until the buffer was clear. The gut was cut into about 30-cm-
long sections and put into binding buffer, and after removal from the buffer, the
sections were split along the mesenteric border. The mucus was collected by
gently scraping with a glass slide and was transferred into the binding buffer (pH
7.2). All processes were performed in an ice-cold bath. The scraps from each
section were pooled, mixed, and centrifuged at 10,000 3 g at 4°C for 15 min to
remove particulate material. The supernatant containing the crude intestinal
mucus was saved. The total protein concentration was determined by using a
BCA kit according to the directions of the manufacturer. The final crude protein
concentration was adjusted to 2 mg/ml with binding buffer containing 0.05%
sodium azide and stored at 220°C. Before use in affinity chromatography, the
mucus samples were centrifuged at 10,000 3 g at 4°C for 15 min.

Determination of antibody present in crude mucosa preparations. Crude
small intestinal mucus (2 mg of protein per ml) was assayed for the presence of
specific anti-K881 antibody (IgG) by using an ELISA with alkaline phosphatase
as the substrate. The procedure was similar to that used by Metcalfe et al. (15).
Purified K881 fimbriae (100 ml; 5 mg/ml) were immobilized on polystyrene
microtiter plates for 2 h at 37°C, washed three times with PBST, blocked with 5%
skim milk powder for 2 h at 37°C, and washed with PBST. Twofold serial
dilutions of each mucus preparation were then added to each well (100 ml), and
the plates were incubated for 2 h at 37°C. After washing with PBST, alkaline
phosphatase-labeled goat anti-swine IgG (100 ml; 1:3,000) was added, and the
plates were incubated for 1 h at 37°C. All plates were then washed with PBST,
substrate (100 ml) was added, and the mixture was incubated for 60 min at 37°C.
Absorbency was determined at 405 nm in an ELISA plate reader (model 450;
Bio-Rad, Hercules, Calif.).

Preparation of immobilized K88ac1 fimbriae (fimbrial beads). Two grams of
cyanogen bromide-actived Sepharose 4B was swollen in ice-cold distilled water
for 2 h and washed twice with 100 ml of ice-cold 1 mM HCl for 30 min. The gel
was drained by suction through a glass filtering crucible. It was then washed twice
with 100 ml of ice-cold distilled water and twice with ice-cold 0.1 M NaHCO3
(pH 9.0) and partially dried by using the same apparatus. Thirty milligrams of
fimbriae in 5 ml of 0.1 M NaHCO3 (pH 9.0) was added to 2 g of the gel at 4°C
and left overnight with gentle shaking. The gel was filtered and then washed
successively with 100 ml each of 0.1 M NaHCO3 (pH 9.0), 1 M NaCl, and
distilled water until the absorbency value was 0.02 optical density (OD) unit at
280 nm. Thirty milliliters of 1 M ethanolamine (pH 9.0) was added to the gel and
left at room temperature for 2 h with gentle shaking to block the free amino
groups of the gel. The gel was drained by suction, washed successively with 100
ml each of distilled water and 1 M NaCl, and then equilibrated with 50 ml of
elution buffer. The gel was finally washed three times with 100 ml of binding
buffer and stored at 4°C.

Determination of degree of immobilization of fimbriae on Sepharose 4B. The
soluble fimbrial protein in the mixture was separated from the immobilized
fimbriae as described above. The initial and final concentrations of protein in the
gel were monitored by using the BCA method (21) as modified by Akins and
Tuan (1). BSA was selected as the standard. The final absorbency was measured
in a 96-well microplate reader fitted with a 570-nm filter. The amount of immo-
bilized fimbriae was determined by using a competitive assay. In this assay,
microplate wells were coated with 0.5 mg of fimbriae in 100 ml of bicarbonate
buffer (pH 9.6) at 37°C for 2 h. The plates were washed three times with PBST
and subsequently blocked with 5% skim milk powder in PBS for 2 h at 37°C.

Following blocking, the plates were washed three times with PBST. A suspension
of the gel (100 ml at a fimbria concentration of about 10 mg/100 ml) was added
to the first wells in a row, followed by successive double dilutions of the gel in the
other wells of each row. The fimbria-free gel and BSA covalently bound to
Sepharose 4B were used as controls. Rabbit anti-K88ac1 fimbrial antibody (100
ml; 1:3,000) was added to each well. The mixture was incubated at 37°C for 2 h,
followed by three washes with PBST. Alkaline phosphatase-conjugated sheep
anti-mouse IgG diluted in PBS (100 ml; 1:3,000) was added to all wells, followed
by incubation at 37°C for 1 h and five washes with PBST. Substrate solution (100
ml) was added to each well, the plate was developed for 30 min at 37°C, and
absorbencies were determined with an ELISA plate reader fitted with a 405-nm
filter.

Elution of receptors from the affinity column. The gel containing the immo-
bilized fimbriae was suspended in binding buffer, transferred onto a 10-ml col-
umn (80 by 15 mm), and equilibrated with 30 ml of the binding buffer. Approx-
imately 60 mg of mucus protein in 30 ml of binding buffer (2 mg of protein per
ml) was added to the column at a flow rate of 5 ml/h. After the addition of the
mucus solution, the column was washed at a flow rate of 15 ml/h with 30 ml of
washing buffer A and then with washing buffer B to remove the detergent (Tween
20). Samples were collected throughout the entire washing procedure, and the
OD at 280 nm was monitored. The column was washed with buffer B (30 ml)
until the absorbency of the eluate was approximately 0.001 OD unit. The elution
buffer (buffer C, 20 ml) was then added to the column at a flow rate of 20 ml/h.
The receptor fractions (2 ml of eluate) were collected, and the pH was adjusted
immediately to 7.2 with 2 N NaOH. The total protein in each fraction was
monitored at 280 nm. The eluted fractions were collected for SDS-PAGE and
immunoblotting assay. In another trial, the mucus was applied to the column as
described above and the column was washed extensively with the binding buffer
(low salt and no detergent), followed by removal of bound proteins with elution
buffer C. The eluted fractions (2 ml) were subjected to SDS-PAGE (12%) by the
procedure of Laemmli (13). In a third study, 30 ml of BSA (2 mg/ml) was used
as a nonspecific binding control, and the first binding and elution procedure was
repeated. For the binding study, 100 ml of fimbrial bead samples was collected
from each step of the binding and elution process for determination of total
bound protein. Finally, after use, the column was washed with storage buffer and
stored at 4°C.

Receptor assay. The fimbrial beads (100 ml) were analyzed for protein at
various stages of purification of the receptor. The samples were mixed with 5 ml
of Bradford reagent, the absorbencies were measured at 595 nm, and the amount
of protein bound to the beads was quantified by using pure swine globulin as a
reference standard. The protein concentrations of the mucus samples (before
and after affinity isolation) and of the isolated fractions were adjusted with PBS
to 0.1 mg/ml. The concentration of the receptor was determined by using the
ELISA. In this assay, the wells of a 96-well microplate were coated by adding 100
ml of each sample to the first well of each row, followed by double dilution in the
other wells of the other rows with 0.1 M bicarbonate buffer, pH 9.6. The plates
were incubated at 37°C for 2 h, washed three times with PBST, and blocked with
5% dry skim milk powder for 2 h at 37°C. After three rinses with PBST, 100 ml
of E. coli K88ac fimbriae (20 mg/ml) was added to each well. The plate was then
incubated at 37°C for 2 h. After three washes with PBST, 100 ml of anti-K88
monoclonal antibody (1:3,000) was added to each well, and the mixture was
incubated at 37°C for 2 h. After three washes, 100 ml of alkaline phosphatase-
conjugated sheep anti-mouse IgG (1:3,000) was added to each well and incu-
bated at 37°C for 1 h. The plate was washed five times with PBST, 100 ml of
substrate solution was added to each well, and the plate was incubated at 37°C
until a strong color developed (about 45 min). The OD was determined at 405
nm with a plate reader.

Analysis of receptors by SDS-PAGE and immunoblotting. The crude mucus
sample (10 ml) and 30 ml of each fraction for protein staining were mixed with 30
ml of SDS sample buffer. The samples subjected to SDS-PAGE (12%) by the
procedure of Laemmli (13). The gel was stained with 0.5% Coomassie blue at
room temperature for 30 min. The protein bands were visualized by destaining
with 20% methanol and 5% acetic acid. The molecular masses were determined
by using a standard molecular mass reference (Sigma marker). The same samples
were separated by SDS-PAGE for the immunoblotting assay. Following electro-
phoresis, the gel was equilibrated for 30 min in transfer buffer and electroblotted
onto nitrocellulose membranes by using a power supply (model 200/2.0; Bio-
Rad) set at 15 V for 1 h. The membrane was then rinsed three times with PBS,
5% skim milk diluted with PBS was added, and the membrane was incubated at
37°C for 2 h with agitation. The blot was washed twice for 5 min each in PBST.
K88 fimbriae (0.1 mg/ml) were added to the blot and incubated at 37°C for 2 h.
After five washes, rabbit anti-K88ac1 fimbrial antibody (1:1,000) was added to
the blot, followed by incubation at 37°C for 2 h with agitation. After three washes
with PBST for 5 min, alkaline phosphatase-labeled secondary antibody (1:1,000)
was added to the blot, followed by incubation at 37°C for 2 h with agitation. The
blot was washed with four changes of PBST for 5 min each and then placed in the
Sigma FAST BCIP/NBT substrate solution with agitation. The blot was trans-
ferred into water when the color of the bands was of sufficient intensity.
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RESULTS

Immobilization of fimbriae. The K881 fimbriae readily re-
acted with the cyanogen bromide-activated Sepharose 4B (fim-
brial beads). The concentration of fimbrial protein in the elu-
ate when 5 ml of a 6-mg/ml solution was added to 2 g of the
active Sepharose decreased from 6.0 to 3.5 mg/ml in 5 ml of

solution. This indicated that 12.5 mg of the 30 mg of K881
fimbriae was covalently bound to 2 g of the Sepharose beads.
Similar yields of bound fimbriae were obtained following the
direct assay of the modified Sepharose for protein after wash-
ing.

The ability of the fimbria-bound beads to react with rabbit
anti-K88ac1 fimbrial antibody was assessed by using the com-
petitive ELISA (Fig. 1). The results demonstrated that the
binding of antiserum to K881 fimbriae was inhibited in the
presence of both free fimbriae and the fimbrial beads but not
in the presence of BSA-treated beads. The free fimbriae, how-
ever, were an approximately sevenfold-better competitor for
the antibody than the same concentration of fimbriae bound to
Sepharose (referred to as fimbrial beads). This may be attrib-
uted to a partial inactivation of the fimbriae during the binding
process and to the inability of all of the bound fimbriae to react
with the antibody.

Affinity purification of the fimbrial binding protein from
mucus. All samples of mucus were first monitored for the
presence of specific antibodies to K881 fimbriae by ELISA, as
these antibodies would interfere with subsequent assays for
fimbriae. This could have occurred if the piglets inadvertently
had received colostrum containing the K88 antibodies. Sam-
ples that did not contain the specific antibody were used for the
subsequent studies. Initial studies demonstrated that 55 mg of
the 60 mg of protein in 30 ml in the mucus fraction was eluted
from the column following extensive washing with binding
buffer and that the additional 5 mg was eluted from the column
with the low-pH elution buffer (buffer C). In another study, 60
mg of the mucus fraction in 30 ml was applied to the column in
the binding buffer, and the column was exhaustively washed
with elution buffer A (high detergent and salt concentrations)
followed by buffer B (high salt). The low-pH elution buffer
(buffer C) was used to elute the fimbrial binding protein (Fig.
2, small peak), which was estimated from the absorbency at 280
nm to contain 0.6 mg of protein. Nonspecific binding was

FIG. 1. Competitive binding of immobilized fimbriae to their antibody as
determined by ELISA. Fimbriae that were applied to the surface of the titer
plate wells competed with suspended fimbrial beads for rabbit anti-K88ac fim-
brial antibodies. Values show percent inhibition obtained with fimbriae co-
valently bound to Sepharose 4B (�) and fimbriae prior to being bound to
Sepharose 4B (F). BSA was not bound to the Sepharose 4B-fimbrial column
(data not shown). The initial concentration of the competitor was 10 mg/100 ml.
See Materials and Methods for further details.

FIG. 2. Affinity purification of fimbrial binding receptor from intestinal mucus by using a column containing fimbriae covalently bound to Sepharose 4B-fimbrial
beads. A mucus extract (30 ml containing 60 mg of protein) was applied to the column, and the column was washed successively with 30 ml each of buffers A, B, and
C (arrows). The absorbency of the eluate at 280 nm was approximately 0.001 OD unit when buffer C (the receptor elution buffer) was applied. Application of 30 ml
of BSA in buffer A followed by washing and elution with buffers A, B, and C yielded a pattern similar to that obtained with mucus, except no BSA was eluted with
buffer C. The total protein in the peak eluted after 20 ml was approximately 600 mg. See Materials and Methods for further details.
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tested by using BSA (30 ml; 2 mg/ml) in the binding buffer. The
nonspecific binding of BSA on the gel could be dissociated
when the gel was washed with buffers A and B, with essentially
no proteins being eluted with the elution buffer.

Degree of purification of fimbrial binding proteins. The
ELISA indicated that the concentration of the fimbrial binding
protein in the purified mucus was increased approximately
24-fold compared to that in the original mucus; that is, the
dilution required to give an OD of 1.0 at 405 nm was approx-
imately 7-fold for the crude mucus and 170-fold for the puri-
fied mucus, a difference of 24-fold (Fig. 3). In addition, the
concentration of the fimbrial binding protein in the residual
mucus fraction after affinity purification was reduced approx-
imately 35-fold (i.e., the dilution of fimbriae required to give an
OD at 405 nm of 0.4 was 2, while that of the original mucus was
70) (Fig. 3). These results demonstrate that there was consid-
erable purification of the fimbrial binding protein (the recep-
tor) following affinity chromatography, that very little (approx-
imate 3%) was left in the residual fraction, and that most of the
receptor binding activity (greater than 97%) was recovered
from the affinity column. These results are supported by those
obtained in Fig. 2. The purification of the affinity binding
protein was 100-fold if it is assumed that 0.6 mg of the receptor
was eluted from a mixture containing 60 mg of total protein
and that the recovery was 97%.

Electrophoresis and immunoblotting assay. SDS-PAGE
(Fig. 4) indicated that there were approximately 19 proteins
present in the crude mucus extract (lane B) and that there were
only 5 major protein bands when the mucus proteins that had
been bound to the affinity column were first washed with a
buffer having low ionic strength and no detergent (binding
buffer) prior to being eluted with buffer C, the receptor elution
buffer (lane C). In addition, the final eluate contained numer-
ous minor bands. However, washing of the bound mucus pro-
teins from the affinity column with both buffers A (containing
additional salt and detergent) and B (containing additional
salt) followed by elution of the proteins with a low-pH buffer
(buffer C) yielded a preparation that had only two major bands
with molecular masses of 26 and 41 kDa (lane D). Samples for

lanes B and C were from the same preparation; that for lane D
was from a different preparation, as the original preparation
was lost. Typically, the intensities of the 26- and 41-kDa bands
in lanes C and D are similar to each other. However, their
relative concentrations can vary considerably among samples
from different pigs as discussed below.

The immunoblotting assay with the same samples as used in
Fig. 4 (lanes C and D) produced positive immunoblot reactions
(Fig. 5, lane B). Immunoblotting of the crude mucus did not
yield a clear pattern due to the low concentration of receptors
(data not shown). These results demonstrated that the proteins
in Fig. 4, lane D, and those in the immunoblot (Fig. 5, lane B),
had identical molecular masses (26 and 41 kDa), suggesting
that these proteins were the target receptors for K88ac1 fim-
briae and that they had been purified to a relatively high level.

In another study, mucus samples were collected from 22
newborn piglets. Each sample was successively purified by us-
ing the affinity column, and the protein bands of each purified
fraction were visualized by SDS-PAGE. The 26- and 41-kDa

FIG. 3. ELISA curves obtained with different dilutions of crude mucus (�),
mucus residue after removal of receptors following affinity isolation (■), and
purified receptor (F). The relative receptor concentration was quantitated on the
basis of its ability to react with K88ac fimbriae, as discussed in Materials and
Methods and Results. See Materials and Methods for further details.

FIG. 4. Typical SDS-PAGE profile of proteins in crude mucus extract (lane
B), proteins eluted from the affinity column with buffer C (pH 2.5 glycine buffer)
after washing with binding buffer (low concentration of salt and no detergent)
(lane C), and proteins eluted from affinity column with buffer C after washing
with washing buffers A (pH 7.2 buffer plus 2 M NaCl plus 1% Tween 20) and B
(pH 7.2 buffer plus 1 M NaCl) (lane D). Lane A shows the elution profile of the
standard (Std) molecular mass markers, with the corresponding molecular
masses (kilodaltons) indicated to the left. There were approximately 19 bands in
lane B, 19 in lane C (five of which [17, 21, 26, 41, and 116 kDa] were more
predominant than others), and two in lane D (26 and 41 kDa). The concentra-
tions of protein in the samples applied to lanes B, C, and D were 2,000, 2,000,
and 300 mg/ml, with the volume being 10 ml. Samples for lanes B and C were
from the some preparation, and those for lane D were from a different prepa-
ration. See Materials and Methods for further details.
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major protein bands appeared in all mucus samples but were in
different proportions in some samples. In 32% (7 of 22) of the
purified mucus samples, approximately 80% of the protein was
associated with the 41-kDa band and only 20% was associated
with the 26-kDa band. In contrast, 23% (5 of 22) of the purified
mucus samples had a much higher concentration of the 26-kDa
band (80%) than of the 41-kDa band (20%). The two receptor
proteins appeared in the same proportion in 36.4% (8 of 22) of
the samples. In 9% (2 of 22) of the samples, almost all protein
was associated with the 41-kDa band and very little was asso-
ciated with the 26 kDa band.

DISCUSSION

A simple and rapid procedure for the purification of the
fimbrial binding receptor in E. coli K88 was developed. The
procedure involves the isolation and purification of fimbriae
from E. coli K88, the covalent binding of the fimbriae to a solid
matrix such as Sepharose, and the use of the Sepharose-fim-
brial matrix for the affinity purification of the corresponding
intestinal receptor. The results demonstrated that in the pres-

ence of a buffer having a low ionic strength, many mucus
matrix proteins can bind nonspecifically to the Sepharose-fim-
brial column. However, nearly all of the proteins that interact
nonspecifically with the column matrix can be eluted by using
a buffer having a high ionic strength and a high concentration
of detergent. Presumably, such treatments greatly reduce the
strength of the hydrophobic and hydrophilic interactions be-
tween the mucus proteins and the column matrix, and as a
result macromolecules not specifically bound to the column are
eluted while the receptors are not dissociated from the column.
They can, however, be displaced from a column at a low pH in
a manner similar to that of the antigen in an antibody-antigen
reaction (8). This procedure yielded, in a single chromato-
graphic run, a mixture of two highly purified receptors with
molecular masses of 26 and 41 kDa. These two receptors, as
indicated by the ELISA, accounted for nearly all of the fimbrial
binding capacity of the crude mucus. The affinity column did
not resolve the two receptors, however, as they were eluted as
a single peak. However, this separation was achieved by using
SDS-PAGE but presumably could also be accomplished by
using gel filtration, as the receptors had different molecular
masses, or by modification of the conditions for elution from
the affinity column. Although the immunoblotting assay was
able to detected the two receptors in the affinity-purified prep-
aration, it did not detect them in the original mucus extract
because of their low concentration. The column could also be
readily used along with molecular sieving techniques to purify
active digests of the receptor and could be used in competition
structure-activity analysis in an attempt to identify its active
site. These studies are currently being conducted.

The porcine small intestine mucus receptor for K88ab fim-
brial adhesion has been partially purified by using gel filtration
chromatography followed by SDS-PAGE (15). Although Met-
calfe and coworkers (15) were able to only partially purify the
K88ac receptors from the crude porcine mucus preparation,
their results suggested that the K88-specific receptor was a 40-
to 42-kDa glycoprotein. Their method, however, would not
have identified the presence of a 26-kDa receptor, as the in-
dicator molecules, the fimbriae, would have masked the pres-
ence of this receptor since it also has a molecular mass of 27
kDa (12). The results from the present study are in partial
agreement with those of Metcalfe et al. (15), as one of the two
major protein receptors had a molecular mass of 41 kDa.
However, our studies also demonstrated that there was a sec-
ond K88ac receptor present and that it had a molecular mass
of approximately 26 kDa. Studies with individual pigs also
demonstrated that they contained different proportions of the
two receptors. A considerable number of the pigs (36%) had
equal proportions of the two receptors, while 41% had mostly
the 41-kDa receptor and the balance of the pigs (23%) had
mostly the 26-kDa receptor. It is not known, however, if the
26-kDa receptor is a different receptor than the 41-kDa recep-
tor or if it is a breakdown product of the larger receptor.

In contrast to the results obtained in the present study and
that of Metcalfe et al. (15), Billey et al. (3) reported that the
intestinal brush border membranes contain 210- and 240-kDa
glycoprotein receptors. They suggested that there were three
different K88 adhesion receptors (receptors bcd, bc, and d) in
pigs to account for the five different phenotypes of pigs. The
present studies did not compare the specificities of the mucus
receptors and the intestinal epithelial receptors, nor did they
determine the specificities of the 26- and 41-kDa receptors for
the different types of fimbriae (K88ab, K88ac, and K88ad).

In conclusion, this research confirmed the presence of the
41-kDa receptor in the mucus and provided evidence for a
second form of this receptor, a receptor having a molecular

FIG. 5. Typical immunoblotting of fimbrial binding proteins from the intes-
tinal mucus of pigs. The mucus proteins were bound to the affinity column, and
the column was successively washed with buffers A and B. The bound receptors
were then eluted from the column with elution buffer (buffer C), and the purified
receptor proteins (10 ml; 300 mg/ml) were applied to the electrophoresis gel in
binding buffer (lane B). The proteins were separated by SDS-PAGE and elec-
troblotted onto nitrocellulose membranes, and the receptors for fimbriae were
stained by procedures described in Materials and Methods. Molecular mass
standards (Std) are shown in lane A, with the corresponding molecular masses
(kilodaltons) indicated to the left. The immunostaining pattern of the fimbrial
binding receptors was the same when the receptors were bound to the column in
binding buffer and directly eluted with buffer C (data not shown).
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mass of 26 kDa. Also, a simple, rapid, and highly specific
method was developed for the purification of the mucus re-
ceptors; such a technique has not been previously utilized, as
far as we are aware, for the isolation of E. coli receptors. This
simple procedure may also be highly effective for the purifica-
tion of other bacterial receptors, including the K88 receptors
present in intestinal epithelial cells. The ability to readily ob-
tain high-purity receptors should greatly facilitate future stud-
ies on the purification of the receptor’s active site following its
partial hydrolysis. In addition, the fimbrial column as described
here was used to prepare monospecific polyclonal antibodies
(data not shown).
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