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The K88 fimbrial adhesin enables certain strains of enterotoxigenic Escherichia coli to adhere to the porcine
small intestine. In this study, the ability of the K88 adhesin to bind to glycosphingolipids was monitored by
modified enzyme-linked immunosorbent assay and thin-layer chromatography overlay binding analysis. The
binding of the K88 adhesin to glycosphingolipid-coated microtiter plates was saturable, with 50% maximal
binding occurring with gangliotriaosylceramide, gangliotetraosylceramide, and lactosylceramide at 67 ± 21,
117 + 21, and 73 + 22 pM, respectively. Thin-layer chromatography overlay binding analysis demonstrated
that serotype 08:K87:K88ab:H19 E. coli bound to hydroxylated galactosylceramide, gangliotriaosylceramide,
gangliotetraosylceramide, and lactosylceramide but not to globotriaosylceramide, nonhydroxylated galactosyl-
ceramide, glucosides, glucosylceramide, or a mixture of ceramides. The K88 adhesin did not bind by either
assay to globoside, the Forssman glycolipid, GM1, GM2, GM3, GDla, GDlb, GD2, GD3, GQlb, or GTlb.
The binding pattern observed with the K88 adhesin suggests that o1-linked galactosyl residues are the
minimum determinant required for binding, provided they are presented correctly. It is suggested that
I1-linked galactose residues may form the molecular basis of both glycoprotein and glycolipid receptors for the
K88 fimbrial adhesin in the porcine small intestine.

Enterotoxigenic Escherichia coli (ETEC) bearing K88
fimbriae is associated with diarrhea in both neonatal and
postweaning pigs (24). Disease is thought to be facilitated by
the ability of K88 fimbriae to adhere to the porcine small
intestine. Subsequent colonization and release of enterotox-
ins result in the clinical symptoms associated with ETEC
infection (18).

Several studies have investigated the molecular interac-
tion of the K88 fimbrial adhesin with erythrocytes from
various species and also porcine intestinal mucus and/or
brush borders (5, 13, 17, 19, 23). Early work was based on
the ability of the K88 adhesin to agglutinate guinea pig
erythrocytes, which was used as a model of intestinal
binding by K88+ ETEC. By selectively cleaving sugar
residues from terminal positions of glycoproteins which
inhibited K88-mediated hemagglutination, it was found that
P-D-galactosyl residues were important for binding (5). Nils-
son and Svensson (15) found that oligosaccharides contain-
ing galactosyl residues that were obtained from glycolipid
fractions of the pig small intestine also inhibited the aggluti-
nation of guinea pig erythrocytes by K88. More-recent work
has demonstrated that ETEC expressing the K88 adhesin
binds specifically to glycoproteins present in both murine
and porcine mucus (11, 13, 23). Expression of the K88
receptor(s) in mucus is age related, with greater amounts
detected in the intestines of older piglets. However, expres-
sion of the K88 receptor(s) on porcine brush borders seems
age independent (3, 23).
The present study investigates the ability of the K88

adhesin to bind to a range of glycolipid standards. Glycolip-
ids have been demonstrated to act as receptor molecules for
a number of adhesins and toxins (4, 8). In most, if not all,
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cases identified, the oligosaccharide portion of glycolipids
has been found to predominantly control the specificity of
the ligand-receptor interaction (4, 8). Unlike glycoproteins,
glycolipids contain only one oligosaccharide chain, allowing
specific sequences recognized by the ligand to be deduced
(2).

MATERIALS AND METHODS

Bacteria. E. coli serotype 08:K87:K88ab:H19 was kindly
supplied by R. Sellwood (Agricultural and Food Research
Council, Institute of Animal Health, Compton, Newbury,
Berkshire, United Kingdom). Bacteria were grown un-
shaken in nutrient broth (Oxoid Ltd., Basingstoke, United
Kingdom) for 16 h at 37°C to maximize expression of K88
(16).

Chemicals and reagents. All chemicals used were of Analar
grade or equivalent. Abbreviations for gangliosides follow
the nomenclature system of Svennerholm (21). Purified
glycosphingolipids and enzymes were obtained from Sigma
Chemical Company (Poole, United Kingdom), except for
GQlb, which was purchased from Calbiochem Novabio-
chem (Nottingham, United Kingdom).

Preparation of purified K88 antigen. The K88ab antigen
was heat extracted from E. coli serotype 08:K87:K88ab:
H19 and then subjected to ammonium sulfate and isoelectric
precipitation (14, 20).
ELISA-based assay for monitoring glycolipid binding. The

enzyme-linked immunosorbent assay (ELISA) was based on
the method of Karlsson and Stromberg (9). Briefly, glycolip-
ids (0.1 mg/ml) were suspended in methanol, 50 pl of the
suspension was added to each well of a 96-well microtiter
plate (Dynatech Immulon 2), and the methanol was allowed
to evaporate overnight at room temperature. The wells were
blocked with 2% bovine albumin in phosphate-buffered
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TABLE 1. Abilities of various glycolipids to recognize the K88ab adhesin

Binding
Structurea Designation laC ELIS

Ceramide Cer
- NACGal1l-lCer (hydroxylated fatty acids) GalCerl + NA

Galpl-lCer (nonhydroxylated fatty acids) GalCer2 - NA
Glcl-lCer Glucosylceramide - NA
GalI1-4GlcIl-lCer Lactosylceramide (LC) + +
GalNAcI31-4GalI31-4GlcPi1-lCer Gangliotriaosylceramide (GM2A) + +
GalI3l-3GalNAcI31-4Gal31-4Glcpl-lCer Gangliotetraosylceramide (GM1A) + +
Galal-4GalI31-4GlcI31-lCer Globotriaosylceramide - -

GalNAcoi1-3Galal-4GalI31-4GlcIl-lCer Globotetraosylceramide (globoside) - -

GalNAcal-3GalNAcrl-3Galal-4Galpl-4GlcI3l-lCer Globopentaosylceramide (Forssman glycolipid) - -

Galp1-3GalNAcI31-4Gal(3E--2NeuAc)l1-4Glcpl-lCer GM1
GaINAcp1-4Gal(3--2NeuAc)I1-4Glc,Bl-lCer GM2
NeuAca2-3Galf31-4GlcP1-1Cer GM3
NeuAca2-3GalI1-3GalNAcp1-4Gal(3E-2aNeuAc)I31-4Glcpl-lCer GDla
GalI31-3GalNAcp1-4Gal(3<-2aNeuAc84-2aNeuAc)I1-4GlcI1-lCer GDlb
GalNAco1-4Gal(3<-2NeuAc8*--2aNeuAc)11-4Glcpl-lCer GD2
NeuAca2-8NeuAca2-3GalP1-4GlcIl3-lCer GD3
NeuAcot2-8NeuAca2-3GalI1-3GalNAco1-4Gal(34--2NeuAc8&-- GQlb
2aNeuAc)P1-4GlcP1-1Cer

NeuAca2-3Galpl-3GalNAc31-4Gal(3<-2aNeuAc8<-2aNeuAc)1l- GTlb
4Glcpl-lCer
a Gal4l-linked residues are proposed as the minimum receptor structure for the K88 adhesin.
b Typical positive results (+) indicated an absorbance of 1.00 after 30 min at room temperature in the presence of the chromogenic substrate. Negative results

(-) indicated absorbances of <0.1 and controls (no lipid) had values of <0.02 under the same conditions.
NA, not applicable.

saline (PBS) for 2 h at room temperature and then washed
twice with the same buffer. Purified stock K88 antigen was
diluted in PBS-1% skim milk powder (BLOTTO) to a
concentration of 10 p,g/ml, from which doubling dilutions
were prepared in the same buffer. A 100-,u volume of the
dilution was then added to each microtiter plate well, and the
plate was incubated at 37°C for 1 h. After a wash in 0.02%
Tween 20-PBS, bound K88 was detected with rabbit anti-
K88 serum in combination with a goat anti-rabbit horserad-
ish peroxidase conjugate and with 2,2-azinobis-3-ethyl-
benthiazoline sulfonic acid as a chromogenic substrate (16).
Treatment of purified glycolipids with neuraminidase. Nine

glycolipids were treated with Clostridium perfringens type 5
neuraminidase. Glycolipids were coated onto the wells of a
96-well microtiter plate as described above. Neuraminidase
(0.2 U) in acetate buffer (50 mM sodium acetate, 150 mM
NaCl, 9 mM CaC12 [pH 5.5]) was added, and the plate was
incubated at 37°C for 2 h. The plates were washed three
times in PBS and then blocked and processed as described
above.
Enzymatic treatment of the gangliotetraosylceramide

(GM1A). Purified GM1A (Sigma) was sequentially treated
with bovine j-galactosidase and then N-acetylgalactosamini-
dase. GM1A was suspended in methanol to a final concen-
tration of 0.1 mg/ml and added in 50-,ul volumes to the wells
of a 96-well microtiter plate. After evaporation of the meth-
anol, 0.2 U of ,B-galactosidase in Tris buffer [10 mM Tris, 1.7
M (NH4)2SO4, 10 mM MgCl2; pH 7.3] was added to each
well, and the plate was incubated for 1 h at 37°C. The plate
was washed three times in PBS, and the attached glycolipids
were treated with 0.0073 U of N-acetylgalactosaminidase in
citrate-phosphate buffer (5 mM sodium citrate, 100 mM
KH2PO4 [pH 3.7]) for 1 h at 37°C. The plate was again
washed three times with PBS and then blocked for 2 h at
room temperature with 100 pl of 2% bovine albumin in PBS

per well. The plate was washed twice with bovine albumin-
PBS buffer, and 100 pA of purified K88ab was added (10
,ug/ml in PBS-BLOTTO). After incubation, bound K88 was
detected as described above.

Thin-layer chromatography (TLC). TLC was performed by
the method of Karlsson and Stromberg (9). Glycolipids were
developed on aluminum sheets coated with silica G60
(Merck Ltd., Leicestershire, United Kingdom) with chloro-
form-methanol-distilled water (60:35:8 [vol/vol/vol]). Sepa-
rated glycolipids and/or glucosides were visualized after
being sprayed with p-anisaldehyde-sulfuric acid-ethanol (5:
5:90 [vol/vollvol]) and heated at 110°C for 10 min.
TLC immunostaining. Separated glycolipids and gluco-

sides able to bind the K88 adhesin were detected by immu-
nostaining. After development, TLC plates were immersed
in 1% bovine albumin-1% polyvinylpyrrolidone in acetate-
buffered saline (ABS) (0.1 M sodium acetate, 0.2% CaCl2
[pH 7.2]). The TLC plate was washed twice by immersion
with 3% polyvinylpyrrolidone in ABS before being incu-
bated in a suspension of E. coli serotype 08:K87:K88ab:H19
(2 x 109 cells per ml in ABS) for 2 h at 37°C. Unbound
bacteria were removed by washing the plate three times in
ABS. Bound bacteria were visualized with rabbit anti-K88
serum and peroxidase-conjugated goat anti-rabbit immuno-
globulin G (Sigma) with 4-chloro-1-naphthol as a chromoge-
nic substrate (22).

Statistics. Where indicated, the means of samples were
compared by Student's t test.

RESULTS

ELISA for monitoring glycolipid binding. The ability of
purified K88ab to bind to 14 glycolipids was determined by
the solid-phase ELISA (Table 1). Of those tested, only
lactosylceramide (LC), gangliotriaosylceramide (GM2A),
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FIG. 1. Glycolipids were treated with C. perfringens type 5

neuraminidase to remove sialic acid residues and then assayed for
their ability to bind purified K88ab adhesin. Significant (P < 0.005)
binding of K88ab adhesin due to the generation of LC was noted
after treatment of GM3 with neuraminidase. Removal of sialic acid
residues from the remaining gangliosides would generate either
GM1A or GM2A, both of which bind the K88 adhesin; however, it
is likely that these gangliosides are resistant to the action of the
neuraminidase used. The results shown are the means + standard
errors for two experiments.

and gangliotetraosylceramide (GM1A) bound substantial
amounts of K88ab. All glycolipids containing sialic acid
residues (gangliosides) either bound purified K88ab poorly
or were unable to bind it at all. In order to assess the affinity
of the K88-glycolipid interaction, dilutions of K88 were
prepared and the assay was performed (7). The binding of
K88 to glycolipid-coated microtiter plates was found to be
saturable, with 50% maximal binding occurring at 117 + 21
(GM1A), 67 + 21 (GM2A), and 73 + 22 (LC) pM. Because of
their insolubility in methanol, it was not possible to screen
ceramide, glucosylceramide, hydroxylated galactosylceram-
ide (GalCerl), or nonhydroxylated galactosylceramide (Gal-
Cer2) for the ability to bind purified K88ab. Attempts to use
K88-expressing organisms in the ELISA were unsuccessful.
Enzymatic treatment of glycolipids. Treatment of several of

the gangliosides with neuraminidase resulted in increased
binding by K88ab (Fig. 1). However, only the treatment of
GM3 with neuraminidase resulted in a significant (P < 0.005)
increase. To further confirm the specificity of the binding of
K88ab, GM1A was sequentially degraded from its nonreduc-
ing end. Galactose and then N-acetylgalactosamine residues
were removed by the action of p-galactosidase and N-acetyl-
galactosaminidase, respectively. Removal of the terminal
galactose residue resulted in an approximately threefold
increase (P < 0.002) in binding compared with that ofGM1A
(Fig. 2). However, the subsequent removal of N-acetylga-
lactosamine to form LC did not significantly (P = 0.17) alter
the observed binding.

Binding of intact organisms to glycolipids by TLC overlay
analysis. This assay was used to demonstrate that cell-bound
K88 antigen would bind to glycolipids with the same speci-
ficity as purified adhesin. E. coli serotype 08:K87:K88ab:
H19 cells were tested for the ability to bind to 18 glycolipids
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FIG. 2. Gangliotetraosylceramide (GM1A) was sequentially
treated with bovine ,3-galactosidase (n-Gal) and then N-acetylgalac-
tosaminidase (N-AG). The ability of purified K88ab to bind to the
products of enzymatic treatment, i.e., gangliotriaosylceramide
(GM2A) initially and LC finally, was determined by ELISA and
compared with the binding of K88ab to GM1 and GM1A. The results
shown are the means ± standard errors for either GM1 and GM1A
(duplicates) or enzyme-treated GM1A (quadruplicates).

and a heterogeneous ceramide preparation (Table 1). Globo-
triaosylceramide, globoside, the Forssman glycolipid, GM1,
GM2, GM3, GDla, GDlb, GD2, GD3, GQlb, GTlb, Gal-
Cer2, glucosylceramide, and a heterogeneous mixture of
ceramides did not bind K88+ bacteria. GalCerl, LC, GM1A,
and GM2A all bound intact K88+ bacteria (Fig. 3 and 4).

1 2 3 4 5 6

GluCer-
GaICer2,~
GalCer1 q

I.

Globoside
Forssman
glycolipid

A B

FIG. 3. TLC overlay analysis of the binding of E. coli serotype
08:K87:K88ab:H19 to separated glycolipids. Duplicate chromato-
grams were stained with p-anisaldehyde (A) or incubated with E.
coli serotype 08:K87:K88ab:H19 and detected with anti-K88 serum
as described in the text (B). Ten micrograms each of glucosylcera-
mide (GluCer; lanes 1 and 4), both galactosylceramide containing
98% hydroxylated fatty acids (GalCerl) and globoside (lanes 2 and
5), and both galactosylceramide containing 98% nonhydroxylated
fatty acids (GalCer2) and the Forssman glycolipid (lanes 3 and 6)
was applied.
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FIG. 4. TLC overlay analysis of the binding of E. coli serotype
08:K87:K88ab:H19 to separated glycolipids. Duplicate chromato-
grams were stained with p-anisaldehyde (A) or incubated with E.
coli serotype 08:K87:K88ab:H19 and detected with anti-K88 serum
as described in the text (B). Samples (10 p,g) then applied were
N-heptyl-3-D-glucopyranoside (7GC; lanes 1 and 3), N-octyl-13-D-
glucopyranoside (8GC; lanes 2 and 4), N-nonyl-p-D-glucopyrano-
side (9GC; lanes 1 and 3), N-dodecyl-p-D-glucopyranoside (12GC;
lanes 2 and 4), LC (lanes 1 and 3), and gangliotetraosylceramide
(GM1A; lanes 2 and 4). Distinct binding to LC (lane 3) and GM1A
(lane 4) was detected, while faint bands corresponding in Rfvalue to
GM1A and GM2A were also present in lane 3.

DISCUSSION

Studies have indicated that the K88 receptor(s) is a
glycoconjugate. Several glycoproteins present both in por-
cine small intestine mucus and on porcine enterocytes are
able to bind the K88 adhesin (13, 23). Kearns and Gibbons
(10) suggested that a polar glycolipid isolated from porcine
brush borders may be the K88 receptor. Nilsson and Svens-
son (15) found that both the disaccharide Galal-3Gal and the
trisaccharide Galod-3GalaL1-3Gal derived from porcine small
intestine glycolipids inhibited K88-mediated hemagglutina-
tion. Several other studies have implicated galactosyl resi-
dues in the K88 receptor structure (5, 17, 23). The aim of this
study was to examine the ability of both K88+ bacteria and
the K88 adhesin to bind in vitro to glycolipid standards.
The binding of K88 adhesin to microtiter plates coated

with lactosylceramide (LC), gangliotriaosylceramide (GM2A),
and gangliotetraosylceramide (GM1A) was saturable, with
50% maximal binding occurring at 73 + 22, 67 21, and
117 ± 21 pM, respectively. Differences between these three
glycolipids are confined to the nonreducing end of the
oligosaccharide chain. The binding of the K88 adhesin to LC
is unaffected by the addition of a GalNAc residue, as in
GM2A. However, the addition of Gal to GM2A approxi-
mately doubles the concentration at which 50% maximal
binding of the K88 adhesin occurs. Apparently, the presen-
tation of the K88 binding epitope differs in GM1A in such a
way as to reduce the affinity of the adhesin-glycolipid
interaction.
To confirm the binding specificity of the K88 adhesin,

terminal monosaccharides were enzymatically cleaved from
GM1A and the effect on the binding of K88 was noted.
Removal of the Gal, residue from GM1A increased binding
by approximately threefold. The further removal of GalNAc
had no effect on the binding of the K88 adhesin. Thus,
comparable results were achieved by enzymatic cleavage
and direct binding. Both assays indicated that the affinity of

the K88 adhesin for glycolipids is in the order GM1A <
GM2A LC.
TLC overlay analysis was used to demonstrate that

GM1A, GM2A, and LC all bound to K88+ bacteria. In
addition, GalCerl (which contains hydroxylated fatty acids)
bound K88+ bacteria, while GalCer2 (which contains non-
hydroxylated fatty acids), glucosylceramide, or a heteroge-
neous mixture of ceramides did not. The degree of hydrox-
ylation of the ceramide portion of glycosphingolipids has
been demonstrated previously to affect binding characteris-
tics (6). For instance, both Propionibacterium freudenreichii
and Propionibacterium granulosum bind to LC; however, P.
freudenreichii binds only to LC containing nonhydroxylated
fatty acids, while P. granulosum binds only to LC containing
hydroxylated fatty acids (6). It seems that the absence of a
hydroxylated fatty acid chain in GalCer2 alters the presen-
tation of the galactose residue in such a way as to prevent the
binding of the K88 adhesin.

In this study, the only common saccharide moiety of
glycolipids found binding K88 was p1-linked galactose,
which accordingly is hypothesized to represent the minimum
structure of the K88 receptor. However, as has been noted
for other adhesin systems, the presence of the minimum
receptor structure in glycolipids does not necessarily corre-
late with binding (7). Thus, despite containing Gal4 in their
oligosaccharide sequence, globotriaosylceramide, globo-
side, the Forssman glycolipid, GM1, GM2, GM3, GDla,
GDlb, GD2, GD3, GQlb, and GTlb do not bind or bind
poorly to the K88 adhesin. The inability of K88 to bind to
gangliosides may have been attributable in part to charge
repulsion between the sialosyl groups on the gangliosides
and the negative charge on K88 fimbriae (pI 4.2) at physio-
logical pH. However, this is unlikely to apply to globotriao-
sylceramide, globoside, or the Forssman glycolipid, since
none of them contain sialic acid residues. Overall, the results
indicate that both the degree of hydroxylation of the ceram-
ide portion and the saccharide sequence of the oligosaccha-
ride moiety are critical for the binding of the K88 adhesin.
Exact conformational restrictions on the presentation of
Gal, may in part explain the limited binding of the K88
adhesin, despite the widespread occurrence of galactose
residues in both glycoproteins and glycosphingolipids (1,
12).
The virulence of K88+ ETEC is dependent on and facili-

tated by the ability of K88 fimbriae to recognize and bind
K88 receptor molecules present in the porcine small intes-
tine. Studies have demonstrated that K88 fimbriae bind to
glycoproteins present either in porcine mucus or on porcine
enterocytes (3, 13, 23). Partial biochemical characterization
of the K88 receptor in inhibition studies has indicated the
importance of galactosyl residues in the binding of the K88
adhesin to glycoproteins (5, 15, 17, 23). In conclusion, this
study demonstrates that the K88 adhesin is able to bind to
specific Gal31-containing glycolipids with high affinity in
vitro. The minimum receptor structure recognized by ETEC
expressing K88 fimbriae may be 31-linked galactose; how-
ever, binding to glycolipids and/or glycoproteins may occur
in vivo only when Gal$1-linked residues are favorably
presented.
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