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Putative receptors of Escherichia coli K88 fimbriae are either tightly membrane bound or an integral part of
membranes. Thus, proteins associated with piglet small intestinal mucosae were solubilized by a detergent
(deoxycholate). A 74-kDa glycoprotein (GP74) purified from enterocyte and brush border membrane prepa-
rations was specifically detected in vitro by K88ab fimbriae. GP74 was recognized only in the mucosae of
phenotypically adhesive animals. Metaperiodate treatment abolished the recognition, indicating that K88ab
fimbriae-GP74 binding required the carbohydrate moiety. This glycoprotein belongs to the transferrin family
and differed from the serum transferrin of the same adhesive-phenotype piglets. Unlike intestinal transferrin,
serum transferrin was recognized independently of the adhesion phenotype. The glycan moieties of intestinal
and serum transferrins differed in their molar compositions. Transferrin GP74 contained one monosialylated
and monofucosylated glycan chain of the N-acetyllactosamine type. Intestinal holotransferrin exhibited pl
values of 5.2, 5.3, 5.5, and 5.6, whereas serum holotransferrin pI values ranged between 5.4 and 6.2. Since
mucosal transferrin was found intimately entrapped on membranes, we hypothesize that a K88ab fimbriae-
transferrin-cell transferrin receptor complex might allow the bacteria to adhere to specific sites of the mucosa.

The adhesion of enterotoxigenic Escherichia coli to recep-
tors on small intestinal surfaces has been recognized as an
early step in diarrheic pathogenesis. Among E. coli adhesins
isolated from diseased animals, K88 (F4) and K99 (F5) as well
as 987P (F6) and F41 fimbriae were often found (19, 20).
Young piglets are commonly infected with K88-fimbriated E.
coli (34). Since 1975, adhesive K88 has served as a model for
the study of the relationship between fimbriated E. coli adhe-
sion and infection incidence. Sellwood et al. (29) investigated
the adhesion of K88™ enterotoxigenic E. coli to brush borders
and detected the existence of adhesive and nonadhesive pig-
lets. Five phenotypes can be distinguished with regard to the
adhesion of E. coli strains expressing ab, ac, or ad variants of
K88 fimbriae (2, 26). The adhesion character (K88R) seems to
be controlled by a single Mendelian locus with dominant §
(susceptible) and recessive s alleles (9, 29). Studies of the
segregation of different loci indicate a linkage between S-s and
serum transferrin (7f) loci, in the order TF-K88abR-K88acR
(4,9, 12), and also those of the ceruloplasmin (15).

Terminal B-galactose is involved in the binding of K88 fim-
briae (3, 7, 22, 27, 32). It appears that each K88 variant binds
to distinct glycolipids and glycoproteins (8, 27). Proteins with
sizes of 25, 35, 40 to 42, and 60 kDa in intestinal mucus and 16,
23, 35, and 40 to 70 kDa in brush border membranes are
recognized by K88ab fimbriae (18, 22). Furthermore, entero-
cyte receptors are independent of age, while mucus receptors
decrease with age (33).

In order to identify glycoproteins specifically recognized by
K88ab™ enterotoxigenic E. coli, we purified and characterized
a K88ab adhesin receptor from the intestinal mucosae of pig-
lets. We report that K88ab fimbriae interact in vitro with a
74-kDa glycoprotein which is present at the surface of adhesive
brush borders and belongs to the transferrin family.
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MATERIALS AND METHODS

Bacteria. E. coli C5148 (O117:K88ab; heat-labile enterotoxin positive [LT*]
and heat-stable enterotoxin positive [ST*]), P2200 (0149:K91,K88ac [LT* and
ST*]), and P423.1 (O8:K88ad [LT" and ST™]) (28) were grown on Minca agar
at 37°C for 18 h. O8 (K88ab [LT~ and ST™]), P2200, P423.1, and K88-negative
strains were labelled with sodium ['*C,]acetate (3.4 GBg/mol). They were har-
vested in Hanks’ buffer (0.4 mM KH,PO,, 0.3 mM Na,HPO,, 4.2 mM NaHCO;,
1.2 mM CaCl,, 0.8 mM MgSO,, 0.14 M NaCl, 5.4 mM KCl, 5.5 mM glucose [pH
7.2]). The presence of fimbriae was controlled as described in reference 27. The
concentration for binding was 10° bacterial cells per ml.

Animals. Piglets (169 animals from 13 litters) were obtained from crossbreed-
ings of Large White and Meishan breeds (Institut National de la Recherche
Agronomique, Le Magneraud, France) from the European PiGMaP program.
Piglets were weaned at 21 days and deprived of food for 24 h before being
slaughtered at 60 days. Intestines were removed, washed with cold saline, and
then processed. Brush borders were characterized as adhesive or nonadhesive
with C5148, P2200, and P423.1 strains (28). Among 129 piglets assayed, 98
displayed adhesive phenotypes A (K88ab, -ac, and -ad variants bound) and B
(only K88ab and -ac). Adhesive phenotypes corresponded to high adhesion of
K88ab- and K88ac-positive E. coli (10).

Membrane protein extraction. Scrapings of intestine mucosa were harvested in
ice-cold antiprotease buffer [1 mM KH,PO,, 25 mM NaHCOj3, 120 mM NaCl, 14
mM KClI [pH 7.4]) containing 5 mM EDTA and 0.2 mM phenylmethylsulfonyl
fluoride (PMSF). In some experiments, mucosa was recovered in phosphate-
buffered saline (PBS) in the presence of 100 pg of Pefabloc SC per ml, 50 pg of
EDTA per ml, 5 pg of leupeptin per ml, 5 mg of pepstatin per ml, and 1 pg of
aprotinin per ml (Boehringer). Scrapings were homogenized in 1 mM Tris-HCl
(pH 7.5)-100 mM mannitol, and the brush borders were purified by precipitation
with MgCl, and MgSO, (21). Proteins were extracted with 1% (wt/vol) sodium
deoxycholate as described in reference 27 or 1% (wt/vol) sodium dodecyl sulfate
(SDS) (anionic denaturing detergent) in 10 mM Tris-HCI (pH 8)-1 mM PMSF
or 1% (wt/vol) Triton X-100 (nondenaturing nonionic detergent) in 50 mM
borate (pH 8.6)-1 mM PMSF. Preparations were incubated for 1 h at 4°C with
stirring and centrifuged at 86,500 X g for 1 h. Alternatively, proteins were
extracted with 88% (wt/vol) phenol in 100 mM NH,CO; (pH 8.5)-0.5% (wt/vol)
NaCl in 1-to-20 proportions (vol/vol). After the preparations were stirred for 10
min at 65°C and centrifuged at 1,000 X g for 2 h, the aqueous phase was
collected. Supernatants were lyophilized after dialysis.

GP74 purification. Proteins dissolved in 100 mM NH,HCO; (pH 8.5) were
chromatographed on a Sephacryl S-200 HR column (1 by 100 cm) at a flow rate
of 11 ml/h. Proteins were desalted on a BioGel P-30 column (1.5 by 30 cm) in 25 mM
NH,HCO;, pH 8.5 (buffer B). Anion-exchange chromatography was performed on
a DEAE-cellulose (DE-32) column (3 by 10 cm) equilibrated with buffer B. After
washings with buffer B (150 ml), proteins were eluted stepwise with 25 to 50 (50
ml), 50 to 200 (200 ml), and 200 to 500 mM (100 ml) NH,HCO;, pH 8.5.

Porcine serum transferrin purification. Serum proteins were precipitated by
saturation with between 55 to 95% NH,(SO,), and dialyzed. The method of
Baldwin et al. (1) was modified by an additional separation on a DE-32 column
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(3 by 10 cm) with a linear gradient of from 50 to 500 mM NH,HCO3, pH 8.5, and
a flow rate of 20 ml/h. Fractions containing transferrin were made up to 500 mM
NaCl. They were loaded on a metal chelate-Sepharose column (1 by 5 cm),
saturated with CuSO, (1 mg/ml), and equilibrated in 50 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid) (pH 7.6)-1 mM PMSF-500
mM NaCl (buffer C). Proteins were eluted with a linear pH gradient generated
from buffer C (pH 4.0) and 50 mM sodium formate (pH 2.8)-500 mM NaCl.

Fe>* ion removal. Intestinal and serum transferrin apoforms were prepared by
dialysis against 20 mM sodium citrate, pH 5.0, containing 50 ug of desferriox-
amine mesylate per ml and 100 pM EDTA for 24 h at 4°C (1).

Glycoprotein oxidation. Proteins were transferred on nitrocellulose sheets and
treated overnight in darkness at 37°C with 200 mM sodium acetate (pH 4.5)-10
mM sodium metaperiodate. For the controls, the samples were incubated with
sodium iodate. Washings were done with 15 mM KH,PO,-8 mM Na,HPO,-137
mM NaCl-2.6 mM KCI (pH 7.4).

Analytical methods. Proteins (50 pg) treated at 100°C for 5 min in 62.5 mM
Tris-HCI (pH 6.8)-0.6 mM B-mercaptoethanol-2% (wt/vol) SDS were separated
by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized with 0.1%
(wt/vol) Coomassie blue (27). The protein pI was determined with a PhastGel
isoelectric focusing system (Pharmacia) covering a pH range of from 3 to 9.
Proteins were assayed (17) with bovine serum albumin (BSA) being used as the
standard and with neutral sugars as described in reference 25. Monosaccharides
released by methanolysis were converted to trimethylsilyl derivatives and quan-
tified (percent, weight to weight) by gas-liquid chromatography (DB-1 column
[0.25 mm by 25 m]) with meso-inositol being used as the internal standard.

N-terminal sequence and amino acid composition. After SDS-10% PAGE
and exposure to 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid (pH 11.0)—
0.5 mM dithiothreitol-10% methanol for 5 min, the proteins (30 pmol) were
transferred to polyvinylidene difluoride membranes and stained with 0.1% (wt/
vol) Coomassie blue in 50% methanol. The N-terminal sequence was determined
by Edman degradation with a 470A Applied Biosystems protein sequencer.
Phenylthiodantoin-amino acids were identified by reverse-phase (C,g) high-per-
formance liquid chromatography (HPLC).

GP74 (200 wg) was hydrolyzed with 6 N HCI-0.5% (wt/vol) phenol-0.02%
B-mercaptoethanol for 24 h at 110°C under a N, atmosphere. Amino acids were
treated with ethanol-triethylamine-phenyl isothiocyanate (7:1:1 by volume) and
separated by reverse-phase HPLC with 140 mM sodium acetate (pH 6.4)-5%
(volivol) triethylamine—6.4% (vol/vol) acetonitrile—acetonitrile-water (6:4, vol/
vol). The amino acid composition was assessed in triplicate with a Waters Pico-
TAG amino acid analyzer.

Binding of K88-fimbriated E. coli to glycoproteins. Separated proteins (20 pg)
were blotted to nitrocellulose sheets (0.45-wm pore size). Membranes were
pretreated with 10 mM PBS (pH 7.2)-2% (wt/vol) BSA for 2 h at 20°C and
overlaid with '*C-labelled positive or negative K88 E. coli (10° cells per ml;
specific activity, 8 to 10.10~ Bg/cell) for 2 h at 20°C in the presence of 1%
(wt/vol) p-mannose. Autoradiography was performed (Hyperfilm-MP film; Am-
ersham) after washings with PBS-0.02% (wt/vol) Tween 20.

Binding of biotinylated fimbriae to glycoproteins. Purification and biotinyla-
tion of K88 fimbriae, determination of the specificity of binding, and lectin
blotting assays were carried out as described in reference 16. Biotinylated fim-
briae (K88ab, 1 pg/ml; K88ac, 1.5 pg/ml; and K88ad, 2 ug/ml) in PBS (pH
7.6)-0.1% (wt/vol) Tween 20-2% (wt/vol) BSA were incubated for 2 h at 4°C
with crude proteins (20 pg) or pure GP74 (from 0.7 to 5 pg).

Immunoblotting assays. After the protein transfer, the nitrocellulose was
incubated in 10 mM Tris-HCI (pH 7.5)-350 mM NaCl-1% (wt/vol) BSA for 1 h.
Diluted (1:750) rabbit anti-pig transferrin polyclonal antibodies (5) or (1:400)
anti-human ones (Dako) in 10 mM Tris-HCI (pH 7.5)-0.16 mM NaCl-0.1%
(wt/vol) SDS-1% (wt/vol) Triton X-100-0.5% (wt/vol) sodium deoxycholate
(buffer D) were applied for 1 h. The sheets were washed twice with buffer D for
20 min and incubated with 1:1,000-diluted goat anti-rabbit immunoglobulin G
coupled to alkaline phosphatase. After the washings, the reaction was revealed
with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate tolui-
dinium substrate (Gibco-BRL) and quantified by scanning (CD 60 Desaga).

RESULTS

Intestinal receptors for K88 fimbriae. Proteins from adhe-
sive (Fig. 1a, lanes 1 and 2) and nonadhesive (Fig. 1a, lanes 3
to 5) piglet intestines were assayed for their binding to K88ab-
fimbriated E. coli. Two labelling patterns were obtained (Fig.
1b, lanes 1 to 5). The 74-kDa band (GP74) was systematically
observed in scrapings (Fig. 1b, lanes 1 and 2) and brush bor-
ders (data not shown) extracted from adhesive intestines.
GP74 receptor was not detected in nonadhesive ones (Fig. 1b,
lanes 3 and 4) even at fivefold protein concentrations (Fig. 1b,
lane 5). Nonfimbriated E. coli did not recognize any proteins
(Fig. 1c, lanes 1 and 3). Sodium metaperiodate directly applied
to blotted proteins abolished GP74 binding to K88ab-fimbri-
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FIG. 1. Identification of K88ab™ E. coli receptors in intestinal membrane
proteins from adhesive and nonadhesive piglets (lanes 1 and 2 and 3 to 5,
respectively, of panels a and b). (a) Solubilized proteins (50 pg, lanes 1 to 4, and
100 pg, lane 5) were separated by SDS-12.5% PAGE and stained with 0.1% Coo-
massie brilliant blue. (b) Separated proteins (20 pg, lanes 1 to 4, and 100 pg, lane 5)
were transferred to nitrocellulose. K88ab™* E. coli receptors were detected by incu-
bation with #C-labelled (8.1073 Bq per cell) K88ab-positive E. coli cells (10° cells
per ml) and autoradiography. (c) In controls, '*C-labelled K88ab-negative E. coli
cells (10° cells per ml) did not bind to any components of adhesive (lane 1) and
nonadhesive (lane 3) extracts. (d) Blotted glycoproteins extracted from adhesive
intestines were treated with 10 mM sodium metaperiodate as described in Materials
and Methods. The sheets were washed three times, and an overlay assay was per-
formed. The arrow at 74 indicates the migration of the 74-kDa glycoprotein. Mo-
lecular mass standards are indicated at the left. O, origin of migration.

ated E. coli (Fig. 1d, lane 1). Hence, the GP74 carbohydrate
moiety mediated binding. To further confirm that GP74 bound
to isolated K88 fimbriae, Western blot (immunoblot) analyses
with biotinylated fimbriae were performed (Fig. 2). GP74 was
intensively recognized by K88ab fimbriae in adhesive extracts
(Fig. 2, lanes 3 and 4), while it did not appear in nonadhesive
ones (lanes 1 and 2). Both K88ac and K88ad fimbriae bound to
intestinal proteins from adhesive pigs but not to GP74 (Fig. 2,
lanes 5 and 6). K88ac recognized a 57-kDa protein (Fig. 2, lane
5), and K88ad bound to a 46-kDa protein (lane 6).

Since diffuse bands of 55- and 62-kDa proteins were re-
vealed by K88ab-fimbriated E. coli (Fig. 1b, lanes 1 to 5) and
K88ab fimbriae (Fig. 2, lanes 1 to 4) in both adhesive and
nonadhesive preparations, the proteins were not responsible
for the adhesive phenotype. They might be the result of post-
mortem proteolysis of intestinal extracts prior to the action of
protease inhibitors.

Purification of GP74, a receptor for K88ab fimbriae. Intes-
tinal crude glycoproteins (32.3 = 0.3 mg of carbohydrate per g
of protein [mean value * standard deviation for 60-day-old
piglets]) isolated from adhesive piglets were solubilized. After
sodium deoxycholate anionic biliary salt treatment, 42% of the
GP74 was recovered (13.6 mg). Phenol and Triton X-100

FIG. 2. Binding of K88 fimbriae (ab, ac, and ad) to membrane-bound pro-
teins of nonadhesive (lanes 1 and 2) and adhesive (lanes 3 to 6) piglet intestine
mucosae. Solubilized proteins (20 wg) were separated by SDS-7.5% PAGE and
transferred to nitrocellulose. K88 fimbria-binding proteins were detected with bioti-
nylated fimbriae as described in Materials and Methods. Lanes 1 to 4, K88ab (1 wg/
ml); lane 5, K88ac (1.5 ng/ml); lane 6, K88ad (2 wg/ml). Molecular mass standards
are indicated at the left. The arrow indicates the migration of 74-kDa glycoprotein.
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FIG. 3. Purification of GP74. (A) Membrane proteins (10 mg) extracted
from the intestinal mucosae of adhesive piglets were loaded on a Sephacryl S-200
column. Elution was performed with 0.1 M NH,HCO3, pH 8.5, with a flow rate
of 11 ml/h (fraction volume, 1.9 ml). The arrow indicates the void volume (V).
Pooled fractions containing GP74 (peak II) were desalted and dissolved in 25
mM NH,HCO;, pH 8.5. (B) Proteins were separated on a DEAE-cellulose
column at 20 ml/h with a linear gradient of 50 to 200 mM NH,HCO3;, pH 8.5.
Protein A,g, was measured. (C) Proteins were separated by SDS-12.5% PAGE
under reducing conditions. In the gel at the left, crude glycoproteins (50 pg) (left
lane), GP74-containing fractions (35 pg) eluted in peak IT (middle lane), and
GP74 (3.0 ng) collected in peak IV (right lane) were stained with Coomassie
brilliant blue. In the gel at the right, proteins of peak II (25 ng) (left lane) and
peak IV (0.7, 1.4, 2.3, 3.0, and 5.0 pg) (remaining lanes) were blotted and probed
with biotinylated K88ab fimbriae (1 wg/ml). In the controls, K88ac and K88ad
biotinylated fimbriae did not recognize GP74 in adhesive and nonadhesive prep-
arations. K88ab biotinylated fimbriae did not bind to the 74-kDa protein in
nonadhesive extracts.
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TABLE 1. N-terminal amino acid sequences and
immunodetection of GP74*

Immunodetection
with anti-trans-

Protein N-terminal sequence” ferrin antibodies®
Porcine Human
GP74 VAQKTVRFXTIXN* ++++ +

Serum transferrin VAQKTVRXXTIX X Q° ++++ ++
Serum transferrin VAQKTVRXXTIXN Q'
Gastric transferrin VAQKTVRWXTIXN Q'

Lactoferrin ARKRGVQWCVISTA®

¢ Serum transferrin (3 pg) and GP74 (1 pg) from piglets were blotted and
probed with transferrin-specific polyclonal antibodies. In the controls, human
serum transferrin (750 ng) strongly reacted with human anti-transferrin antibod-
ies and did not recognize porcine anti-transferrin antibodies. Serum transferrins
from canine, ovine, bovine, and equine species (750 ng) did not react with
porcine and human anti-transferrin antibodies.

X indicates unidentified residues.

¢ 4+ ++, high intensity (arbitrary index, of 100); ++, medium intensity (index
range of 50 to 70); +, low intensity (index range of 10 to 20).

4 The N-terminal sequence of GP74 was determined from the intestines of two
phenotypically adhesive piglets as described in Materials and Methods.

¢ Intestinal and serum transferrins were purified from the same phenotypically
adhesive piglets (this work).

FObtained from reference 1.

& Obtained from reference 14.

yielded only 11.5 and 23% (3.6 and 7.1 mg), respectively. GP74
was not extracted with SDS.

Solubilized proteins were chromatographed with an S-200
HR column. GP74 (4.03 mg) was eluted in peak II (Fig. 3A and
C). Mucins or mucin-type compounds (Fig. 3A, peak I) and
degraded products (peak IIT) were removed. Fractions of peak
IT (61 mg of proteins) (Fig. 3A) were separated with a DE-32
column. GP74 was eluted in peak IV (Fig. 3B) at between 70
to 90 mM NH,HCO; (Fig. 3C). A total of 3.4 mg of highly
purified glycoprotein was obtained from 1 g of crude intestinal
proteins which originally contained 31.2 mg of GP74.

GP74 and serum transferrin isolated from the same piglets
presented total identity for their N-terminal sequences and
were clearly distinct from porcine (Table 1) lactoferrin and the
bovine one (23). Anti-pig transferrin antibodies reacted
strongly with GP74, whereas anti-human ones did so only
weakly (Table 1). No cross-reaction between anti-serum and
serum transferrins of other species was observed.

Proteins with sizes of 55 and 62 kDa that coeluted in traces
with GP74 were probably not degraded products issued from
GP74, since no degradation was observed after GP74 was kept
at —20°C for several months or at 18°C for several days.

Amino acid and monosaccharide compositions. The amino
acid composition of GP74 differed slightly from those of gastric
and serum transferrins (Table 2). GP74 contained 3% (wt/wt)
sugars and was characterized by high amounts of mannose,
galactose, and N-acetylglucosamine (Table 3). The sialic acid
content was lower than that in other transferrins. The major
difference between intestinal and serum transferrins was the
high level of mannose (43%) and low level of fucose (2.6%) in
the glycan of the serious form. Furthermore, K88ab fimbriae
bound serum transferrins of adhesive and nonadhesive piglets
(data not shown).

GP74 isoelectric point. GP74 was purified in its holoform
and was separated into four components with pI values of 5.2,
5.3, 5.5, and 5.6. Small differences appeared with serum trans-
ferrin from piglets with the same phenotype. This serum trans-
ferrin exhibited several holoforms with pls from 5.4 to 6.2.
Human and bovine serum transferrins presented pls in the
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TABLE 2. The amino acid compositions of GP74 and gastric and
serum porcine transferrins

Amino acid composition (residues per 100 amino acids)”

Amino acid
GP74 Serum transferrin® Gastric transferrin”
Ala 10.5 9.4 8.4
Arg 5.0 4.2 38
AsX‘ 6.6 12.3 11.6
Cys ND 4.8 4.7
GIx? 145 10.9 10.5
Gly 7.0 6.9 7.1
His 34 2.0 2.8
Ile 43 2.6 3.0
Leu 9.8 8.0 8.3
Lys 5.1 8.4 7.5
Met ND 1.0 1.1
Phe 4.5 3.7 4.0
Pro 5.1 4.0 4.6
Ser 13.7 7.8 8.0
Thr 6.8 4.3 5.0
Trp ND ND ND
Tyr 41 3.6 3.6
Val 6.5 6.1 6.3

“ ND, not determined.

? Obtained from reference 1.
¢ AsX, Asn + Asp.

4 GIX, GIn + Glu.

range of 5.2 and 6.3. In the presence of iron chelator, apoforms
of intestinal transferrin had plI values ranging from 5.7 to 6.1
and apoforms of serum transferrin had plI values ranging from
5.5 to 6.2. K88ab fimbriae adhesion to intestinal transferrin was
not modified by the action of the chelator, indicating that
adhesion did not require iron.

GP74 amounts in the intestines of two adhesion phenotype
piglets. Transferrin was 3 to 5% of the total proteins in adhe-
sive piglets (Fig. 1a, lanes 1 and 2). Conversely, in nonadhesive
ones, intestinal transferrin was not detected or was detected
only in traces (Fig. la, lanes 3 to 5). The immunodetection
revealed that GP74 was 1.5 to 3.5 times more abundant in the
intestinal mucosae of phenotypically adhesive piglets than in
nonadhesive ones (Fig. 4).

DISCUSSION

The present work reports the first purification of a 74-kDa
receptive glycoprotein (GP74) from the intestinal mucosa of a

TABLE 3. Monosaccharide compositions of glycan moieties of
GP74 and gastric and serum porcine transferrins®

Composition of glycan moiety (%, wt/wt)

Monosaccharide Serum Serum Gastric
GP74 - p o .
transferrin transferrin transferrin

Fuc 7.1 2.6 5.0 53
Man 28.7 43 18.7 20.0
Gal 23.2 13 16.3 18.0
GalNAc 3.1 3.9
GIcNAc 30.4 28.4 28.7 26.5
NeuAc 10.6 12.4 28.4 26.4

“ The glycosylation content and monosaccharide composition were assayed by
gas-liquid chromatography.

> The carbohydrate content of GP74 was 3.0% (wt/wt), that of serum trans-
ferrin was 3.2 and 3.3% (wt/wt), and that of gastric transferrin was 4.7% (wt/wt).
Transferrin was purified from the sera of phenotypically adhesive piglets.

¢ Obtained from reference 1.
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FIG. 4. Comparative levels of intestinal porcine transferrin in crude solubi-
lized glycoproteins from intestines of adhesive (@) and nonadhesive ([J) piglets.
Intestinal proteins (from 3 to 100 pug) were separated by SDS-12.5% PAGE. The
transferrin was revealed by immunoblotting, with anti-transferrin porcine anti-

bodies being used, and quantified on eight phenotypically adhesive and eight non-
adhesive individuals. Vertical bars represent mean values = standard deviations.

piglet and its characterization as a mucosal transferrin. GP74
was detected by K88ab fimbriae in all the 98 phenotypically
adhesive piglets tested for brush border adhesiveness (10) and
then for the presence of the binding proteins.

Occurrence of a transferrin intimately associated with the
intestinal mucosa raises a question about its origin. GP74 could
be attributed to plasma contamination. Nevertheless, the iso-
electrophoretic mobilities and carbohydrate compositions of
the mucosal and serum transferrins might allow us to distin-
guish the two forms. Confusion between GP74 and lactoferrin,
which is synthesized locally and secreted by the mucosa of the
gastrointestinal tract (14), can be discarded as a possibility
because the respective N-terminal sequences were distinct.

Our results were obtained from experiments which involved
the binding of fimbriae to GP74 in vitro. Therefore, we only
hypothesize that the mucosal transferrin is a receptor for
K88ab fimbriae in vivo. Intestinal transferrin has been impli-
cated in the transcellular movement of iron from the intestinal
lumen to plasma transferrin (6, 13, 24). Efforts by bacteria to
obtain iron from their hosts underline the importance of iron
in pathogenesis. Interactions between GP74 and E. coli cells
are not needed to remove iron. Effectively, E. coli secretes
low-molecular-mass, ferric ion-chelating siderophores (6).
These siderophores successfully compete with transferrin for
iron, contrary to the situations for Neisseria meningitidis and
Neisseria gonorrhoeae, which require interactions between bac-
terial transferrin-binding proteins and mammalian transferrins
(11). A suggested role for GP74 recognition could be that the
binding of K88ab fimbriae to mucosal transferrin glycan gives
access to particular sites on the epithelium surface. Interac-
tions could lead to the formation of the bacterium-transferrin-
mucosa cell receptor of transferrin complex.

Furthermore, we point out that specific glycosylation pro-
cesses could exist in piglet intestines. N glycosylation of intes-
tinal transferrin molecules differed for adhesive and nonadhe-
sive piglets. The N-acetyllactosamine-type glycan of GP74
from adhesive intestines was monosialylated and monofucosy-
lated. GP74 possessed one glycan per molecule, a characteris-
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tic similar to one of porcine serum transferrin, which possesses
a single glycan chain linked to the C-terminal lobe (30). Even
if all of the serum transferrins studied had possessed N-
acetyllactosamine glycan types (31), we found that porcine
serum transferrin could still contain a high level of mannose
(43%), suggesting that a glycan of the oligomannoside type
constituted at least one part of the glycoforms.

K88ac and K88ad fimbriae did not bind GP74, indicating the
high specificity of glycan recognition. K88ac fimbriae recog-
nized a 57-kDa protein in adhesive brush borders, but some
variations in binding for intestines from different pigs were
observed. Hence, this binding is probably not responsible for
adhesive phenotypes. The 57-kDa protein might be a low-affin-
ity receptor that may promote, in some animals, the attach-
ment of bacteria to the intestine mucosa. Binding of K88ad fim-
briae to a 46-kDa protein was detectable, but variations among
piglets were also observed. However, this protein could belong to
the set of proteins with sizes ranging from 45 to 70 kDa that were
described in reference 33. All these differences in receptors for
K88ab, K88ac, and K88ad fimbriae underlined the involvement
of specific glycans in the binding of K88 family adhesins.

In this study, we distinguished at least two porcine popula-
tions on the basis of adhesion phenotype with respect to K88ab
fimbriae and amounts of transferrin molecules tightly associ-
ated with the mucosa. A complete understanding of the cause
of variations in transferrin levels requires further studies. In-
testinal transferrin recognition by K88ab E. coli fimbriae was
host specific and thus might be a marker for susceptibility and
resistance to colibacillosis. Work to determine the structure of
the glycan moieties of transferrins and the genetic basis of
adhesion phenotypes is being undertaken.
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