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The finding that toxin A could also agglutinate rabbit eryth-
rocytes enabled us to develop a specific hemagglutination
assay to detect the toxin (43; H. C. Krivan and D. M.
Lyerly, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985,
C245, p. 340). Toxin B did not agglutinate rabbit erythro-
cytes.
The hemagglutination assay was most sensitive for detect-

ing toxin A at 4°C, and hemagglutination was not observed at
37°C. Toxin A agglutinated rabbit erythrocytes at concentra-
tions as low as 0.8 ,ug/ml at 4°C. When antibody to toxin A
was incorporated into the assay, the sensitivity of the
agglutination reaction was increased and the erythrocytes
agglutinated with as little as 50 ng of toxin A per ml.
Agglutination of the erythrocytes by toxin A at 4°C disap-
peared when the cells were warmed to 37°C. The possibility
that toxin A was enzymatically destroying its binding site at
37°C was ruled out because erythrocytes agglutinated after
being incubated with toxin at 37°C for 60 min and then
cooled to 4°C. Treatment of erythrocytes from the 15 other
types with trypsin and neuraminidase did not unmask a
potential binding site for either toxin A or toxin B. Similar
enzyme treatment of rabbit erythrocytes did not affect toxin
binding.

Binding of toxin A to isolated BBMs and erythrocyte ghosts.
(i) Effect of membrane concentration. The binding of toxin A
to hamster and rat BBMs and to ghosts from rabbit erythro-
cytes was compared (Fig. 2). The order of toxin binding was
as follows: rabbit erythrocyte membranes > hamster BBMs
> rat BBMs. The binding of toxin A exhibited a linear dose
response with all three membrane types at 4°C until the toxin
became limiting in the reaction medium. In all experiments,
the amount of unbound toxin was calculated from the linear
portion of the ELISA standard curve (Fig. 2, inset). The
contribution of nonspecific binding appeared to be very
small because we could not detect any binding with high
concentrations (25% suspension) of human type A, B, and 0
erythrocyte membranes.

(ii) Effects of time and temperature. The binding of toxin A
to erythrocytes from rabbits and to BBMs from hamsters
incubated at 4, 22, and 37°C is shown in Fig. 3. Binding was
rapid, and the amount of toxin bound increased at lower
temperatures. We did not detect toxin binding at 37°C to
rabbit erythrocytes, whereas binding to BBMs did occur at
this temperature (Fig. 3). To test for temperature-dependent
dissociation of the toxin, toxin was allowed to bind at 4°C,
and residual toxin was removed by three cycles of centrifu-
gation and washing at 4°C. Bound toxin dissociated from
both hamster BBMs and rabbit erythrocytes when warmed
to 37°C, although not all of the toxin was recovered from the
BBMs. These results are consistent with data obtained with
the hemagglutination assay. Toxin A does not agglutinate
rabbit erythrocytes at 37°C, and the sensitivity of the hem-
agglutination assay is greatest at 4°C.

Solubilization studies. In an attempt to study the binding
component apart from the membrane, we extracted hamster
BBMs and rabbit erythrocyte membranes with the nonionic
detergent Triton X-100 and assayed the soluble extract and
the residual membrane pellet for binding activity. As de-
tected by ELISA, 95% of the binding activity was removed
from the membranes by detergent treatnment. The loss of
binding activity was accompanied by the appearance of
toxin-binding material in the extracted supernatant fluid
from both membrane types. Analysis by crossed IEP
showed that toxin A, when combined with the extracted
supernatant fluid from either membrane type, migrated fur-
ther than when in the presence of Triton X-100 alone (Fig. 4).
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FIG. 2. Effect of membrane concentration on the binding of C.

difficile toxin A. The indicated concentration of membranes (mem-
brane protein, milligrams per milliliter) was incubated 30 min at 4°C
in 0.3 ml of TBS containing 0.2% BSA and 25 ng of toxin A per ml.
Concentrations of toxin A were deterniined by ELISA as described
in the text. Symbols: A, rabbit ghosts; *, hamster BBMs; 0, rat
BBMs. Inset, ELISA standard curve for known concentrations of
toxin A.

The toxin appeared to be complexed with some membrane
component which we designated the toxin A binding moiety.

Erythrocyte membranes from each animal species previ-
ously tested for toxin A binding were treated with Triton
X-100. Of the 15 erythrocyte types examined, only Triton
extracts from calf erythrocyte membranes affected toxin A
similarly to extracts from rabbit erythrocytes; however, only
rabbit erythrocytes were agglutinated by the toxin in the
hemagglutination assay. This suggests that binding struc-
tures exist on calf erythrocytes which could be detected only
after Triton X-100 solubilization.
Chemical properties of the toxin A binding moiety. (i)

Enzyme degradation of soluble binding activity. We treated
soluble Triton X-100 extracts from hamster BBMs and calf
and rabbit erythrocyte membranes with enzymes in an
attempt to abolish binding activity; a-galactosidase (coffee
bean) but not 3-galactosidase (jack bean or E. coli) com-
pletely destroyed the binding activity of all three membrane
extracts. Pretreatment of the solubilized Triton X-100 ex-
tract either with pronase or neuraminidase or by boiling did
not abolish binding.

(ii) Enzyme degradation of the membrane-bound binding
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FIG. 3. Time course of binding of C. difficile toxin A to rabbit erythrocytes (A) and hamster BBMs (B) at 4°C (A), 22°C (0), and 37°C (O).
Reaction mixtures contained 108 rabbit erythrocytes or BBMs (1 mg of membrane protein per ml) and 25 ng of toxin A per ml in 0.3 ml of
TBS-O.2% BSA. Concentrations of residual toxin were determined by ELISA as described in Materials and Methods.

activity. Pretreatment of rabbit erythrocytes and hamster
BBMs with trypsin, neuraminidase, and P-galactosidase had
no effect on the ability of these membranes to bind toxin A
(Table 1); however, binding to rabbit erythrocytes was

markedly reduced by pretreatment with a-galactosidase.
Similar results were obtained with hamster BBMs. Pretreat-
ment of hamster brush borders with a-galactosidase greatly
decreased toxin binding at both 4 and 37°C.

Hemagglutination inhibition. We tested a large number of
saccharides, a- and p-substituted galactosides, neutral se-

rum, and various glycoproteins and glycolipids for their
ability to inhibit toxin hemagglutination. We did not find
inhibitory activity with any of the compounds listed in Table
2; however, one glycoprotein tested, calf thyroglobulin,
inhibited hemagglutination at concentrations of 0.5 ,ug/ml

and higher. To determine whether thyroglobulin inhibited
hemagglutination by binding the toxin, thyroglobulin was

combined with toxin A and analyzed by crossed IEP. The
results showed an increased electrophoretic migration of the
toxin similar to what is shown in Fig. 4 for solubilized rabbit
erythrocyte membranes. Treatment of calf thyroglobulin
with a-galactosidase abolished its inhibitory activity in the
hemagglutination assay, and enzyme-treated thyroglobulin
could not bind the toxin as detected by crossed IEP.

Effect of lectins. BS-1 blocked binding of the toxin to both
hamster BBMs and rabbit erythrocytes (Table 3). BS-1 did
not block binding of the toxin when 10 mM 1-0-methyl-a-
D-galactose was incubated with BS-1 in the reaction mixture.
D. biflorus agglutinin did not block binding of the toxin to
either membrane type.

..., .........

FIG. 4. Analysis by crossed IEP of C. difficile VPI 10463 purified toxin A combined with Triton X-100 solubilized extract from rabbit ghost
membranes. The upper portion of the gel in each plate contained 0.1 ml of goat antiserum against C. difficile 10463 culture filtrate (11). (A)
The well contained 15 1lg of purified toxin A combined with 20 mM sodium phosphate-1% Triton X-100 buffer. (B) The well contained 15 ,ug
of toxin A combined with 20 mM sodium phosphate-1% Triton X-100-solubilized membrane extract. The altered migration of the toxin
immunoprecipitin arc in panel B was also observed when extract from hamster BBMs or calf thyroglobulin was combined with toxin A and
analyzed.
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578 KRIVAN ET AL.

TABLE 1. Effect of enzymatic treatment of rabbit erythrocytes
and hamster BBMs on binding of C. difficile toxin Aa

Activity Rabbit erythrocyte % Inhibition ofEnzyme (U) hemagglutinin titer hamster BBMs

None 512 0
a-Galactosidase 1.5 8 42
,-Galactosidase 2.5 512 0
Neuraminidase 1.0 512 0

a Washed rabbit erythrocytes (5% suspension) and hamster BBMs (2 mg of
membrane protein per ml) were incubated in citrate-buffered saline for 90 min
at 22 and 37°C, respectively, with each enzyme. After incubation, erythro-
cytes and BBMs were washed two times at 4°C with ice-cold TBS to remove
residual enzyme. Toxin hemagglutination of erythrocytes and binding assays
with BBMs were performed as described in Materials and Methods.

Unmasking the binding site on human type B erythrocytes.
We were unable to demonstrate toxin binding to human type
B erythrocytes which are known to contain terminal alpha-
linked galactose. Because blood-group B substance (Galoal-
3[Fuca1-2]GalP1-4GlcNAc) contains an a-1-2 fucosyl unit
linked to the penultimate galactose, experiments were de-
signed to test whether enzymatic removal of fucose would
allow the toxin to bind membranes from human type B
erythrocytes. Human type B membranes pretreated with
fucosidase bound toxin A in a dose-dependent manner (1.0
of toxin A per mg of membrane protein). Toxin A did not
bind to membranes from human type A or 0 erythrocytes
which had been pretreated with fucosidase.

TABLE 3. Effect of lectin blockade on binding of C. difficile
toxin A to hamster BBMs and rabbit erythrocytesa

% Binding of C. difficile tob:
Lectin Specificity

Hamster BBMs Rabbit ghosts

BS 1 ot-D-Gal 31.5 (25) 51.0 (0.5)
DBA a-D-GalNAc 0 (25) 0 (25)

a Hamster BBMs and rabbit ghosts were incubated in TBS at room
temperature in a final volume of 1 ml with each lectin. After 60 min, lectins
were removed by centrifugation and membranes were assayed for toxin
binding activity as described in Materials and Methods.

b The final concentrations (p.g/ml) of BS-1 and Dolichos biflorus agglutinin
incubated with BBMs and rabbit ghosts are indicated in parentheses.

DISCUSSION

This study was undertaken to determine whether recep-
tors for C. difficile enterotoxin (toxin A) exist in the BBMs of
the hamster, an animal known to be extremely sensitive to
the action of the toxin. Our initial experiments showed that
toxin A was adsorbed from the culture filtrate of C. difficile
and that binding to hamster BBMs was specific. Crossed IEP
allowed us to detect the removal of toxin from the culture
filtrate by the membranes, but this method was not quanti-
tative enough to adequately study the binding properties of
the toxin. We therefore attempted to label purified prepara-
tions of toxin A with iodine-125 so that a direct binding assay
could be developed; however, iodination of the toxin by
several labeling procedures (Bolton-Hunter, lactoperoxi-

TABLE 2. Carbohydrate compounds which did not inhibit toxin hemagglutination of rabbit erythrocytesa

Carbohydrate compounds (concn)

Sera (undiluted)
Neutral rabbit serum
Fetal calf serum
Human serum type A
Human serum type B

Glycoproteins (1 mg/ml)
Asialofetuin
Fetuin
Orosomucoid
Ovomucoid
a-Macroglobulin
a-Lactalbumin
,B-Lactoglobulin
Fibronectin
Human thyroglobulin

Other saccharides (10 mg/ml)
D-Glucose
D-Mannose
D-Galactose
L-Galactose
L-Fucose
D-Xylose
D-Glucuronic acid
D-Glucosamine
D-Galactosamine
N-Acetyl-D-glucosamine
N-Acetyl-D-galactosamine
N-Acetylneuraminic acid
Lactose
Sucrose
Maltose
Cellobiose
N-Acetylneuramin-lactose
N,N'-DiacetylchitobioseGlycolipids (1 mg/ml)

Gangliosides
Cerebroside type I
Cerebroside type II
Psychosine (Gal3-1-sphingosine)

a- and ,-substituted galactosides (10 mg/ml)
1-O-Methyl-ot-D-galactopyranoside
1-O-Methyl-,-D-galactopyranoside
p-Aminophenyl-p-D-galactopyranoside
D-Galactopyranosyl-,-D-thiogalactopyranoside
a-D-Galactose-(1-3)-D-galactose
Melibiose (a-D-Gal-(1-6)-D-Glc)
Stachyose (cz-D-Gal-(1-6)-ot-D-Gal-(1-6)--D-Glc-(1-2)-,-D-Fru)
Raffinose (a-D-Gal-(1-6)-a-D-Glc-(1-2)-,B-D-Fru)
a Each compound was tested as a potential inhibitor in the toxin hemagglutination assay by serial dilution in 25-,ul volumes in microtiter plates. Toxin A, diluted

to a titer of 32, was added to each well, and plates were incubated at 4 or 22°C for 30 min. A 2.5% suspension of fresh, washed rabbit erythrocytes in 50 pul was
added to each well, and plates were incubated at either 4 or 22°C. Gal, Galactose; Glc, glucose; Fru, fructose.
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TABLE 4. Glycoconjugates containing terminal a-galactoside linkages

Structurea Source Reference

Galal-3GalI1-4GIcNAcp1-3Gal...
ot-2 Human erythrocyte 42

Fuc

Galac1-3GaP11-4GlcNAcI1

3
GalPl-4GlcNAcP1-3Gal41-4GlcI31-ceramide Rabbit erythrocyte 20

6

Gala1-3Gal,1-4GlcNAc,1

Galol-3Galpl-4GlcNAcp1-3Galpl-4Glcl1-ceramide Calf and rabbit erythrocytes 9, 12

(Galal-3Galpl1-4GlcNAc ... ), Calf thyroglobulin 36
a Gal, Galactose; GlcNAc, N-acetylglucosamine; Glc, glucose; Fuc, fucose; Man, mannose.

dase, Chloramine T, and lodogen) rendered the toxin bio-
logically inactive and destroyed the hemagglutinating activ-
ity of the toxin (unpublished results). An ELISA procedure
has been used to quantitate binding of E. coli heat-labile
enterotoxin and cholera toxin to rabbit intestinal cells and
BBMs (22) and, more recently, to human intestine (23). We
therefore used an ELISA technique we had previously
developed for toxin A (30) to quantitate toxin binding.

Previous work from this laboratory has shown that toxin A
can act alone on the hamster intestinal tract whereas toxin B,
the potent cytotoxin, requires either damaged mucosa or the
prior action of toxin A before it can exert its lethal effect(s)
(29). The data presented herein showed that hamster BBMs
bound toxin A and that binding at 37°C was comparable to
what has been observed with cholera toxin. An unusual
characteristic was that binding was enhanced at 4°C. None
of the other extracellular antigens produced by C. difficile
(including toxin B) interacted with the membranes. The
finding that binding activity could not be destroyed by heat
indicated that a carbohydrate moiety might be involved. We
therefore examined erythrocytes from various animal spe-
cies (including the hamster) for binding activity since eryth-
rocytes provide a variety of cell surface carbohydrate se-
quences from species to species. Only rabbit erythrocytes
bound the toxin, and again we found that binding was
enhanced at cold temperatures. The hemagglutinating activ-
ity of toxin A indicates that the toxin must contain repeating
subunits, because agglutination would require at least two
binding sites per molecule of toxin.

All of the evidence we have accumulated indicates that the
binding site is a cell surface glycoconjugate containing the
nonreducing terminal sequence Galal-3GalI1-4GlcNAc.
Enzyme studies showed that pretreatment of both hamster
BBMs and rabbit erythrocytes with a-galactosidase greatly
decreased toxin binding activity at all temperatures. Rabbit
and calf erythrocytes are known to have very high concen-
trations of terminal a-linked galactose on their cell surfaces
(9, 12, 20), and their structures have recently been elucidated
and are compared in Table 4. We demonstrated that the
binding site was present in solubilized membrane extracts
from only calf and rabbit erythrocytes and that binding
activity was abolished when these extracts were treated with
a-galactosidase. The only other similar structure known to
occur on erythrocytes is the human blood group B sub-

stance, which differs only by an a-L-fucosyl unit linked to
the penultimate galactose (Table 4). Human type B erythro-
cyte membranes did not bind toxin A until the fucose was
removed by fucosidase. These results indicated that the
Gala1-3Gal,B1-4GlcNAc sequence is involved in binding the
toxin.

Calf thyroglobulin was the only compound we tested that
bound the toxin and inhibited hemagglutination. The binding
of thyroglobulin to the toxin appeared to be due to carbohy-
drate units on thyroglobulin because binding of the glyco-
protein to the toxin was abolished only after treatment with
a-galactosidase. Human thyroglobulin did not bind the
toxin. The carbohydrate units on calf thyroglobulin have
been extensively studied (1, 2, 36). Recently, Spiro and
Bhoyroo (36) demonstrated that a-D-galactosyl residues
occur in thyroglobulins from several species. The concen-
tration was highest in calf thyroglobulin, and there was a
complete absence in human thyroglobulin. This latter obser-
vation is consistent with the inability of human thyroglobulin
to bind toxin A. Spiro and Bhoyroo (36) further showed that
about 20% of the galactose residues in calf thyroglobulin
occur in a-linked terminal positions as constituents of a
Galal-3GalI1-4GlcNAc sequence. Furthermore, they re-
ported that these residues are located on oligosaccharide
branches similar to what is shown in Table 4 for rabbit
erythrocyte glycolipid.
The structures shown in Table 4 all have one feature in

common: all of the structures contain a Galal-3Galp1-
4GlcNAc nonreducing terminal sequence. We were able to
show that binding of the toxin to hamster BBMs and rabbit
erythrocytes could be blocked by BS-1, a highly specific
probe for terminal alpha-linked galactose (21). We were not
able to inhibit binding of the toxin with several glycoconju-
gates including D- or L-galactose, methyl-a-D-galactoside or
the disaccharide galactose al-3-galactose. Stachyose and
raffinose, both of which contain galactose al-6-galactosyl
linkages, also did not inhibit binding. These results suggest
that toxin binding is extremely specific and that at least the
trisaccharide Gala1-3GalIP1-4GlcNAc may be required for
the toxin to bind since no inhibition was observed with
Galal-3Gal.
When we solubilized rabbit and calf erythrocytes or BBMs

with Triton X-100, most of the binding activity was recov-
ered in the supernatant fluid of the detergent extract. The
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580 KRIVAN ET AL.

binding moiety could be easily detected because it altered
the migration of toxin A in agarose IEP. The addition of
thyroglobulin to toxin A preparations caused the same
phenomenon. Pretreatment of the detergent extracts and
thyroglobulin with a-galactosidase completely abolished this
binding activity. These results suggest that toxin A interacts
with agarose; the toxin has a pI of 5.6 (37) yet does not
migrate well in the agarose gel in an electric field unless
complexed with its receptor. This retention of the toxin in
agarose may be caused by the presence of ao-linked
anhydrogalactose which is known to be a chemical constit-
uent of agarose (34). The possibility that toxin A interacts
with agarose has also been investigated by others. Lonnroth
and Lange (27) reported that toxin A bound to Bio-Rad
agarose A columns and could be eluted with galactose (like
cholera and E. coli heat-labile enterotoxins). We have not
been able to reproduce these results (unpublished data).
We have purified large amounts of toxin A based on

affinity chromatography with rabbit erythrocyte membranes
or immobilized thryoglobulin (H. C. Krivan, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1986, B60, p. 34; H. C. Krivan
and T. D. Wilkins, manuscript in preparation). Toxin A
purified in this manner has the same biochemical character-
istics as toxin A purified by conventional methods.
Toxin binding to both hamster BBMs and rabbit erythro-

cytes increased with decreasing temperature, although there
was significant binding to hamster BBMs at 37°C. The
enhancement and stability of proteins binding at lower
temperatures is not unique since it is well known that
antibodies which react with the I,i blood group determinants
often are cold agglutinins associated with cold agglutinin
disease (33). The behavior of toxin A in our studies thus
resembles that of a cold agglutinin. The explanation as to
why toxin A bound to hamster BBMs and not to rabbit
erythrocytes at 37°C may be related to receptor density on
the cell membrane surface. Tsai et al. (41) have shown that
a cold agglutinin isolated from the serum of a patient with
Waldenstrom' s macroglobulinemia agglutinated human
erythrocytes only in the cold by binding N-acetylneurami-
nosyl-containing carbohydrate chains on the cell surface;
there was a quantitative relationship between receptor den-
sity and agglutinability of erythrocytes by the cold aggluti-
nin.
We do not know that the binding moiety described in this

report is the receptor which allows toxin A to cause C.
difficile disease. We have described a carbohydrate binding
site to which toxin A specifically binds and demonstrated its
presence in the intestinal BBMs of hamster and on the cell
surface of rabbit erythrocytes. Binding activity is found in
lower amounts in the intestinal brush borders from rats, and
rats are much less susceptible to toxin A than are hamsters
(29). These observations could imply that fewer receptors
exist on the intestinal cell surface of rats. The major complex
carbohydrate of rabbit erythrocyte membranes is the
decasaccharide-ceramide depicted in Table 4, and this struc-
ture has been shown to be reactive with several I antibodies
from patients suffering from cold agglutinin disease (20).
Branched structures of this kind are believed to be develop-
mentally regulated antigens that are found on certain adult
cells but not on fetal cells. The possibility that such carbo-
hydrate sequences could be developmentally regulated also
could explain why many human infants have high levels of
toxin A in their colons but lack any disease symptoms (19,
26, 32; P. J. G. M. Rietra, K. W. Slaterus, H. C. Zonen, and
S. G. M. Meuwissen, Letter. Lancet ii:319. 1978). We are
currently investigating this possibility.
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