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The receptor structure recognized by Escherichia coli possessing K99 fimbriae and by isolated K99 fimbrial
fractions was examined by using an equine erythrocyte hemagglutination inhibition test. Both K99-positive
organisms (strain B41) and fimbrial preparations reacted with N-glycolylneuraminyl-lactosyl-ceramide
(NeuGcLacCer) purified from equine erythrocytes with very high potency. Fimbrial preparations were 253
times more potent than intact organisms, indicating that isolated fimbriae more precisely recognize the
structure of NeuGcLacCer than do fimbriae located on the bacterial cell wall. Structurally, the N-glycolyl
group of the sialic acid was shown to be essential because substitution of the N-acetyl group for the N-glycolyl
group caused the reactivity to completely disappear. The substitution of the O-acetyl group for the C4 hydroxyl
group of the sialic acid (4-O-Ac-NeuGcLacCer) also diminished the reactivity by about 500 times, indicating
that the fine structure of NeuGc is necessary for recognition. N-Glycolylneuraminyl-neolactotetraosyl-ceramide
(NeuGenLc,Cer) and N-glycolylneuraminyl-neolactohexaosyl-ceramide (NeuGenLcgCer), both of which have
identical disaccharides at the nonreducing terminal and longer carbohydrate chains, showed reduced
reactivity, indicating that the ceramide of NeuGcLacCer is also involved in the recognition. Indeed, NeuGcLac
oligosaccharides altered by cleavage of the ceramide or the terminal sialic acid (NeuGc) showed dramatically
reduced reactivities. Ten other E. coli strains (isolated from diseased calves) and two strains (isolated from
diseased piglets) which possessed the same K99 antigen and various O antigens were used for the recognition

test. The results obtained were similar to those mentioned above.

Enterotoxigenic Escherichia coli is a common cause of
diarrhea in neonatal animals. Its pathogenesis requires both
adhesion and colonization of bacteria on the mucosal surface
of the small intestine (18, 28) and the production of entero-
toxins (23, 29). For adhesion, E. coli recognizes a specific
receptor on the host cell. It is known that such receptor
epitopes are carbohydrates of glycolipids or glycoproteins or
both (4).

Enterotoxigenic E. coli have fimbriae, which have been
classified by their antigenicities and subunit molecular
weights (7). The fimbriae are composed of hydrophobic
fimbrillins, which are structural domains of fimbriae, and
adhesins, which are recognition proteins.

K99 fimbrial antigen is often found in enterotoxigenic E.
coli isolated from calves, piglets, and lambs suffering from
diarrhea. A major subunit of the K99 fimbriae has a molec-
ular weight of 18,500 (18.5K) and consists of 159 amino
acids, which were deduced by their gene sequence (27). The
adhesive subunits which recognize N-glycolylneuraminic
acid-a,2-3 p-galactose-B,1-4 D-glucose-ceramide (NeuGcLac
Cer) on equine erythrocytes (31) and piglet intestinal mucosa
(Teneberg et al., submitted for publication) should be local-
ized at the tips of fimbriae (16). For this report, we analyzed
the fine carbohydrate structure recognized by K99 fimbriae
by using various N-glycolylneuraminic acid (NeuGc)-con-
taining glycoconjugates and carbohydrates and studied the
differences in substrains possessing the same fimbriae (12
strains from calves and 2 strains from piglets).

MATERIALS AND METHODS

Organisms and growth conditions. E. coli strains were
prepared as follows. Strain B4l (0101:K™:K99*:F41%),
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which was isolated from a calf, was used as a standard strain
of E. coli possessing K99 fimbrial antigen. Strains H1763
(09:K35:K99"), H1764 (09:K35:K99%), H1914 (0101:K28:
K99%), H1915 (08:K25:K99"%), and H1918 (08:K85:K99%),
which were also isolated from calves, were kindly supplied
by P. A. M. Guinée, the National Institute of Public Health,
Bilthoven, The Netherlands. Strain B117 (O8:K85:K99%)
(24) was kindly supplied by I. @rskov, World Health Orga-
nization Collaborative Centre for Reference and Research
on Escherichia, Statens Seruminstitut, Copenhagen, Den-
mark. Strains 880K~ (0101:K99%) (20), S-32 (O141:K*:
K99+*) (32), I-1 (020:K*:K99%) (32), I-11 (020:K*:K99%)
(32), and NAS10K ™~ (09:K99*) were isolated from calves,
while 431K~ (0101:K99*:F41*) (1) was a K~ mutant of
strain 431 kindly supplied by K. Toriyabe of the Kyoritsu
Ltd. Co. EmiliK™ (0101:K99%) (21) was isolated from a
piglet.

The bacteria were cultured on Minca agar plates for the
hemagglutination (HA) test or in minimal medium for prep-
aration of the fimbrial fraction. The Minca agar (1 liter)
consisted of Casamino Acids (Difco Laboratories) (1 g),
KH,PO, (1.36 g), Na,HPO, (10.1 g), glucose (1 g), a trace
salt solution (1 ml), and Difco agar (12 g). The trace salt
solution (1 liter) contained MgSO, - 7H,0O (10 g), MnCl, -
4H,0 (1 g), FeCl; - 6H,0 (0.135 g), and CaCl, - 2H,0 (0.4
g). The minimal medium (1 liter) contained KH,PO, (3.0 g),
Na,HPO, (7.5 g), NaCl (0.5 g), NH,.Cl (1.0 g),
MgSO, - 7H,0 (0.12 g), FeSO, - 7H,O (5 mg), CaCl - 2H,0
(11 mg), and glucose (5 g).

Isolation of K99 fimbriae. The K99 fimbrial fraction was
isolated from E. coli B41 by incubation at 60 to 70°C for 20
min in 50 mM phosphate buffer (pH 7.5) containing 2 M urea,
by the method of Jacobs et al. (11). After centrifugation at
20,000 x g for 30 min, the supernatant was precipitated by 30



908 ONO ET AL.

INFECT. IMMUN.

TABLE 1. Chemical structures of glycolipids, glycoprotein, and oligosaccharides used

Compound? Structure
NeuGcLacCer NeuGc(a,2-3)Gal(B,1-4)Glc-Cer
4-0O-Ac-NeuGceLacCer Ac-4-O-NeuGc(a,2-3)Gal(p,1-4)Glc-Cer
NeuAcLacCer NeuAc(a,2-3)Gal(B,1-4)Glc-Cer
NeuGcenLc,Cer NeuGc(a,2-3)Gal(B,1-4)GlcNAc(B,1-3)Gal(B,1-4)Glc-Cer
NeuGenLcCer NeuGe(a,2-3)Gal(B,1-4)GlcNAc(B,1-3)Gal(B,1-4)-GlcNAc(B,1-3)Gal(B,1-4)Glc-Cer
NeuGcLac NeuGc(a,2-3)Gal(B,1-4)Glc
NeuAcLac NeuAc(a,2-3)Gal(B,1-4)Glc

Bovine erythrocyte major glycoprotein

NeuGc(a,2-3)Gal(B,1-3)GalNAc-Thr (or Ser)

| (,2-6)
NeuGce

“ Abbreviations: Glc, p-glucose; Gal, p-galactose; GIcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; NeuGc, N-glycolylneuraminic acid;
NeuAc, N-acetylneuraminic acid; Lac, lactose; nLc4, neolactotetraosyl; nLce, neolactohexaosyl; Ac, acetyl; Thr, threonine; Ser, serine; Cer, ceramide.

to 60% saturated ammonium sulfate, and the precipitate was
dissolved and dialyzed against the same phosphate buffer.
The fimbrial fraction gave two subunits (18.5K and 20K) by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and both bands were stained with anti-K99 fimbriae antibody
after being blotted on nitrocellulose paper. The fimbriae of
the fimbrial preparation appeared to be smaller by electron
microscopy than did the native fimbriae on the organisms.

Inhibitor substances used in the HA inhibition test. NeuGc
LacCer (35) and 4-O-acetyl-NeuGcLacCer (4-O-Ac-NeuGc
LacCer) (8) were isolated from thoroughbred horse erythro-
cytes. NeuGe-neolactyltetraosyl-Cer (NeuGenLc,Cer) (19),
NeuGc-neolactylhexaosyl-Cer (NeuGenLcgCer) (3), and a
major glycoprotein (22) were isolated from bovine erythro-
cytes. NeuGcLac was prepared from NeuGcLacCer by
ozonolysis followed by alkaline treatment (34). Free NeuGc
was prepared from NeuGcLacCer by treatment with neur-
aminidase (10). NeuAcLacCer was isolated from dog eryth-
rocytes (6). NeuAcLac (a mixture of 85% NeuAc-a,2-3Lac
and 15% NeuAc-a,2-6Lac) and NeuAc were purchased from
Sigma Chemical Co. The molecular weight of each glycolipid
was calculated on the basis of its possessing lignoceric acid
as the acyl group and 4-sphingenine as the long-chain base.
For HA inhibition, each glycosphingolipid was dissolved in
0.01 M phosphate buffer (pH 7.2) containing 0.85% NaCl and
0.05% sodium taurodeoxychorate (Sigma).

Bacterial concentration was measured by A, Each
hemagglutinin solution (25 wl) containing 2 HA units was
incubated with the same volume of twofold serially diluted
inhibitor solution at 4°C for 12 h. A 0.5% erythrocyte
suspension (25 pl) was then added, and HA was read after
incubation at 4°C for 2 h.

RESULTS

E. coli B41 bacterial suspension (3.9 x 107 organisms per
ml), which contained approximately 142 ng of fimbrial pro-
teins in the same number of organisms, hemagglutinated
equine erythrocytes. The isolated fimbrial fraction did so at
concentrations of more than 313 ng/ml, indicating that the
HA potency of fimbriae was reduced 2.2-fold by isolating the
fimbriae from the intact organisms. Smit et al. (31) reported
that the receptor of the equine erythrocyte is NeuGcLacCer.
We used various glycosphingolipids, a glycoprotein, and
sugar compounds (Table 1) that have NeuGc at the carbo-
hydrate terminal for the inhibition test. NeuGcLacCer
showed the strongest inhibition among all substances used
(Table 2). NeuAcLacCer showed no inhibition at a concen-
tration of 789 uM (4,000 times as much as the NeuGc type
for isolated fimbriae and 16 times that for intact organisms),

indicating that NeuGc is the most essential epitope for
recognition. NeuGcenLc,Cer and NeuGenLcgCer, which
possess the same disaccharide sequence (NeuGce-a,2-3Gal)
at the terminal, had lesser activities, and 4-O-Ac-NeuGc
LacCer also had weaker potency. Cleavage of the hydropho-
bic ceramide from NeuGcLacCer reduced inhibitory po-
tency 16 times in HA with intact organisms and 2,000 times
in HA with fimbrial fractions. The terminal monosaccharide
NeuGc showed a much more reduced inhibitory potency.
Bovine erythrocyte major glycoprotein, which was expected
to have a similar disaccharide moiety at the carbohydrate-
terminal end, had activity similar to that of NeuGenLc,Cer.
The fimbrial preparation showed 250 times higher affinity for
NeuGcLacCer than did intact organisms, although it showed
only 2 times higher reactivity with the oligosaccharide and
the terminal monosaccharide moieties, indicating that some
conformational change of the binding site (adhesin) occurred
on the native membrane surfaces of the bacteria (Fig. 1).

It has been well known that human uropathogenic E. coli
P fimbriae occur in association with a limited number of E.
coli O serogroups (02, 04, 06, 016, and 018) (33) and that
there are several P fimbrial variants restricted by their O
serotypes, which share common antigenic determinants but
recognize different receptor structures (33). Therefore, we
examined the difference in the recognition epitope by using
12 different strains, with a common K99 fimbrial antigen but
different O antigens, which were isolated from calves (10

TABLE 2. Inhibition of HA with bacterial suspension and
fimbrial preparation by various glycoconjugates and carbohydrates

Lowest concn (uM) causing
complete inhibition of HA with:

Inhibitor
Bacterial Fimbrial
suspension fraction
NeuGcLacCer 48 0.19
NeuAcLacCer? >789 >789
4-0-Ac-NeuGcLacCer >376 94
NeuGcenLc,Cer 76 4.7
NeuGcenLcCer 248 31
NeuGcLac 770 385
NeuAcLac >1605 >1605
NeuGce 3077 1538
NeuAc >3236 >3236
Bovine erythrocyte major 80 39

glycoprotein

“ Inhibition was not observed at lower concentrations.
» The concentration of the glycoprotein was calculated as sialic acid
molarity from its content (10%) as previously determined (19).
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FIG. 1. Chemical structure of NeuGcLacCer and a model of its
interaction with fimbrial protein. (A) Fimbrial adhesin on bacteria
can recognize the carbohydrate moieties of the receptor ganglioside
by the specific recognition domain (shaded area) and has a weak
interaction («<») with the ceramide moiety by the hydrophobic
domain (hatched area). (B) The same adhesin subunits change in
conformation during isolation of fimbriae from organisms, recognize
the carbohydrate moieties, and have a strong non-specific interac-
tion with the ceramide moiety. Symbols: ¥, NeuGc; O, Gal; 0J, Glc.

strains) and piglets (2 strains) (Table 3). H1763, H1764, and
NAS10K™, belonging to serotype 09, hemagglutinated
equine erythrocytes with the lowest titers. The other strains
showed similar HA titers. HA in all strains were inhibited
with NeuGcLacCer and bovine erythrocyte major glycopro-
tein, except for one strain (H1763). NeuGcenLc,Cer did not
inhibit all HA at concentrations of less than the limited
amount used and showed lower HA activity than did Neu
GcLacCer.

DISCUSSION

It was reported that E. coli possessing K99 fimbriae
hemagglutinate sheep erythrocytes in the presence of D-
mannose and that the HA is inhibited by GM, ganglioside,
which has N-acetylgalactosamine (GalNAc) and NeuGc at
the nonreducing terminal of the carbohydrate chain (5).
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Similarly, Lindahl and Wadstrém found that human eryth-
rocyte HA with K99-fimbriated organisms can be inhibited
by glycophorin, bovine submaxillary mucin, GalNAc, and
NeuAc (15). On the other hand, Gaastra et al. (7) found that
equine erythrocyte HA with fimbriated bacteria is a genuine
HA. It was very sensitive and was specifically inhibited by a
major glycosphingolipid of equine erythrocytes (NeuGcLac
Cer), while sheep and human erythrocyte HA required 10
times the number of organisms and were influenced by the
ionic strength of the physiological saline concentration (7).
Recently, Teneberg et al. (submitted) found that [>*S]methi-
onine-labeled K99 bacteria bind to a major ganglioside,
NeuGcLacCer, of glycosphingolipid components from new-
born pig intestinal mucosa and that no ganglioside from adult
pig intestine shows binding.

In our study, therefore, we used an equine erythrocyte
HA system, in which NeuGcLacCer was found to be the
strongest inhibitor as described by Smit et al. (31). NeuAc
LacCer, an analog of NeuGcLacCer, which has an N-acetyl
group substitution for the N-glycolyl group of the terminal
sialic acid, induced no response. 4-O-Ac-NeuGcLacCer,
another analog of NeuGcLacCer, which has an O-acetyl
group substitution for the C4-linked hydroxyl group of the
terminal sialic acid, had 500-fold-reduced reactivity. This
means that the recognition of the terminal NeuGc moiety by
the fimbrial protein is very critical, as with human hetero-
philic Hanganutziu-Deicher antibody (19) or bacterial neur-
aminidase (30).

The terminal NeuGc moiety is important for recognition;
however, the monosaccharide NeuGc or the oligosaccharide
NeuGcLacCer showed very weak activity. NeuGenLc,Cer
and NeuGcenLcCer, both of which have an identical disac-
charide (NeuGc-a,2-3Gal) at the carbohydrate terminal and
a longer carbohydrate chain, also showed weaker activity.
The exact distance between the specific epitope of the
terminal NeuGc and the hydrophobic ceramide moiety may
be critical for achieving the best recognition (Fig. 1). In a
recent paper, Lindahl et al. compared the inhibitory poten-
cies of various chemical derivatives of sialic acid in the
human erythrocyte HA system and found that the presence
of a hydrophobic region close to the carbohydrate epitope
enhanced the binding affinity (14).

TABLE 3. Similarity in HA recognition sites of various strains of E. coli with K99 fimbriae

Lowest concn (uM) of the following compounds

. ) Minimum concn showing HA inhibition
Strain serotype Source shownsng HA -
(10%ml) NeuGcLacCer NeuGcenLc,Cer Bovine eryth(oc‘:zyte
glycoprotein
S-32 141 Bovine 48 48 303 80
B41 101 Bovine 80 48 76 80
H1914 101 Bovine 47 390 >779 150
880K — 101 Bovine 63 195 >779 150
431K - 101 Swine 33 48 >779 310
EmiliK— 101 Swine 74 195 152 80
I-1 20 Bovine 66 48 76 80
I-11 20 Bovine 50 48 76 80
H1763 9 Bovine 210 195 >779 >310
H1764 9 Bovine 120 195 >779 150
NAS10K - 9 Bovine 90 195 779 80
H1915 8 Bovine 24 390 >779 150
H1918 8 Bovine 50 97 779 150
B117 8 Bovine 25 48 152 150

“ Concentration of the glycoprotein was calculated as sialic acid molarity from its content (10%) as previously determined (19).

% Inhibition was not observed at lower concentrations.
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Recently, it was suggested that fimbriae are composed of
several different subunits, each of which has a different
function. A fimbrial subunit called adhesin, which is local-
ized on the tips of fimbriae, has an adhesive function. It was
isolated from P fimbriae (16), S fimbriae (17), and type I
fimbriae (9), while its presence is still uncertain in K99
fimbriae (12, 13, 25-27). Native fimbriae on bacteria are 0.5
pm in length, but isolated fimbrial preparations contain
shorter fimbriae (25 nm in length). The deletion of large
numbers of fimbrillin subunits may influence the conforma-
tion of the adhesin recognition site. Indeed, the K99 fimbrial
preparation reacted with NeuGcLacCer 250 times more
strongly than with the fimbriated organisms, indicating that a
conformational change, which enhances the interaction with
the hydrophobic ceramide moiety, occurs in the adhesin
recognition site during the isolation of fimbriae (Fig. 1).

The specific recognition of NeuGcLacCer by K99-fim-
briated E. coli might contribute to host specificity. It has
been reported that the mucosa at the surface of the small
intestine contains NeuAcLacCer or NeuGcLacCer ganglio-
side (2; Teneberg et al., submitted). Enterotoxigenic E. coli
which possess K99 fimbriae usually adhere to the small
intestine and have a higher affinity to small intestines from
neonatal calves than to those from adult calves (28). Data
presented by Teneberg et al. (submitted) showed identical
phenomena in pigs. Their results suggest that the affinity and
localization of toxigenic E. coli to the small intestine are
related to the quantity and location of the ganglioside.
Gangliosides of calf small intestine require further study.
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