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Abstract

The purpose of this study was to characterize the surface recep-
tor for toxin A, the enterotoxin from Clostridium difficik, on
rabbit intestinal brush borders (BB) and on rat basophilic leu-
kemia (RBL) cells. Purified toxin A was radiolabeled using a
modified Bolton-Hunter method to sp act 2 tCi/4g, with reten-
tion of full biologic activity. 3H-Toxin A bound specifically to a
single class of receptors on rabbit BB and on RBL cells with
dissociation constants of 5.4 X 10-8 and 3.5 X 10' M, respec-
tively. RBL cells were highly sensitive to toxin A (cell round-
ing) and had 180,000 specific binding sites per cell, whereas
IMR-90 fibroblasts were far less sensitive to toxin A and
lacked detectable specific binding sites. Exposure of BB to
trypsin or chymotrypsin significantly reduced 3H-toxin A spe-
cific binding. Preincubation of BBwith Bandeirea simplicifoia
(BS-1) lectin also reduced specific binding, and CHAPS-solu-
bilized receptors could be immobilized with WGA-agarose.
The addition of 100 nM toxin A accelerated the association of
35SGTP-yS with rabbit ileal BB, and preincubation of BBwith
the GTP analogues GTP'yS or Gpp(NH)p, significantly re-
duced 3H-toxin A specific binding. Our data indicate that the
membrane receptor for toxin A is a galactose and N-acetyl-glu-
cosamine-containing glycoprotein which appears to be coupled
to a Gprotein. (J. Clin. Invest. 1991. 88:119-125.) Key words:
Clostridium difficik toxins * enterotoxin * toxin receptor -
membrane glycoprotein * Gprotein

Introduction

Clostridium difficile, the causative agent of antibiotic-asso-
ciated colitis in animals (1, 2) and humans (3, 4), produces two
protein exotoxins: toxin A and toxin B. Toxin A is a 308-kD (5)
enterotoxin which elicits fluid secretion, acute inflammation,
and increased permeability in rabbit ileum (6-8). A related C.
difficile toxin, toxin B, disaggregates actin microfilaments and
causes rounding in cultured cells (9, 10), but possesses no en-
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terotoxic activity in hamster or rabbit ileum (6, 7, 1 1). In addi-
tion to its enterotoxic activity, toxin A possesses hemagglutinat-
ing activity against rabbit erythrocytes ( 12) and cytotoxic activ-
ity against several cultured cells (13, 14).

The mechanism of inflammatory enteritis and diarrhea as-
sociated with C. difficile toxin A appears to be quite complex.
In addition to direct toxic effects on intestinal epithelial cells in
Ussing chambers (15) and in culture (16), activating effects on
inflammatory cells in the lamina propria may play an impor-
tant role. For example, we have reported that toxin A induces
chemotaxis and a pertussis toxin-sensitive cytosolic calcium
transient in human neutrophils (17), and elicits a proliferative
response in mouse spleen lymphocytes (18). These observa-
tions suggest that toxin A binding to membrane receptors on
inflammatory cells activates signal transduction pathways
which may exert cellular effects independent of the catalytic
action of the toxin.

Until now, receptor-binding studies with toxin A have been
limited because of the difficulty in preparing biologically active
radiolabeled toxin A. Krivan et al. (12) presented indirect evi-
dence that toxin A binds to hamster intestinal brush border
(BB)' and to rabbit erythrocyte ghosts using an enzyme-linked
immunosorbent assay. Toxin A binding activity was signifi-
cantly inhibited when erythrocyte and BB membranes were
preincubated with alpha-galactosidase or with Bandeirea sim-
plicifolia lectin, a plant lectin specific for alpha-linked galactose
on glycoproteins and glycolipids. In a subsequent study Clark
et al. (19) showed binding of 1251-toxin A to rabbit erythrocyte
membrane glycolipids containing the sequence Gala 1-3Galj l-
4GlcNAc. However, their radioiodinated toxin A preparation
was only reported to possess hemagglutinating activity, thus
preventing any speculation regarding pathophysiologic signifi-
cance of binding.

The purpose of this study was to radiolabel toxin A with
retention of biologic activity in order to characterize biologi-
cally relevant toxin A receptors in target cells. Wereport here
that purified 3H-toxin A retains full cytotoxic and enterotoxic
activities, and can be used to characterize specific BB receptors
for toxin A. Wealso report that the toxin A receptor appears to
be coupled to a membrane Gprotein(s). Finally, we describe a
soluble binding assay which will allow purification of the toxin
receptor.

Methods

Materials
Bolton-Hunter reagent (N-succinimidyl [2,3-3H]propionate; 80 Ci/
mmol) was obtained from Amersham International (Amersham, UK).

1. Abbreviations used in this paper: BB, brush border; CHAPS, 3-[3-
cholamidopropyl dimethylammoniol]-1-propanesulfonate; RBL, rat
basophilic leukemia; WGA,wheat germ agglutinin.
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[35SJGTPyS (0.5 Ci/mmol) was purchased from NewEngland Nuclear
(Boston, MA). Protein concentrations were determined with a protein
assay kit (Bradford assay) from Bio-Rad Laboratories, Inc. (Richmond,
CA) using BSA as a standard. Alkaline phosphatase activity in rabbit
BB was measured colorimetrically with a kit from Sigma Diagnostics
(St. Louis, MO). For enzymatic treatment of BB, elastase from swine
pancreas, trypsin from bovine pancreas, alpha chymotrypsin from bo-
vine pancreas, neuraminidase from Clostridium perfringens and beta-
galactosidase from Escherichia coli were purchased from Worthington
Biochemicals (Freehold, NJ). Soybean trypsin-chymotrypsin inhibitor
was obtained from Sigma Diagnostics and coffee bean alpha-galactosi-
dase was obtained from Boehringer Mannheim Biochemicals (Indiana-
polis, IN). Bandeirea simplicifolia and Dolichos biflorus lectins were
obtained from Sigma Diagnostics. The agarose-bound lectin wheat
germ agglutinin (WGA) and concanavalin A (Con A) were obtained
from E-Y Laboratories (San Mateo, CA). The zwitterionic deter-
gent 3-[3-cholamidopropyl dimethylammoniol]-l-propanesulfonate
(CHAPS) was purchased from Pierce Chemical Co. (Rockford, IL).
Guanosine 5'-O-(3-thiotriphosphate) (GTP-yS) was purchased from
Boehringer Mannheim, and GTP, 5'-guanylyl imidodiphosphate
(Gpp(NH)p), and 5'-adenylyl imidodiphosphate (App(NH)p) were ob-
tained from Sigma Diagnostics.

Methods

Toxin purification. Toxins A and B were prepared from culture super-
natants of C. difficile strain 10463. Toxin B was purified to homogene-
ity as described previously by us (10). Toxin A was purified by using a
modification of the method of Sullivan et al. (11), as described by us
(20). Enterotoxic activity was assayed in rabbit and mouse intestinal
loops assay (21, 22). Typical stock solutions of purified toxin A used in
these studies contained between 400 and 2,000 gg/ml protein as mea-
sured by Bradford's method (23) and were cytotoxic against RBLand
fibroblasts at dilutions of 104.

Radiolabeling of toxin A. Toxin A was 3H-labeled with the Bolton-
Hunter reagent (N-succinimidyl[2,3-3H]propionate), exactly as de-
scribed by Blomqvist et al. (24) for labeling staphylococcal alpha toxin.
Unreacted Bolton-Hunter reagent was removed by dialysis against 50
mMTris buffer (pH 7.4). Radiolabeled toxin A was compared with
unlabeled toxin A for cytotoxic activity (see below), for enterotoxic
activity in rabbit and mouse ileal loops (21, 22), and by nondenatur-
ing and SDS polyacrylamide gel electrophoresis according to Laem-
mli (25).

Cytotoxic effects of toxin A on rat basophilic leukemia (RBL) cells
and IMR-90 fibroblasts. The cytotoxic effects of toxin A were evalu-
ated against two cell lines: IMR-90 fetal human lung fibroblasts and
RBLcells. RBLcells secrete histamine, serotonin, and other mediators
of immediate hypersensitivity (26, 27) and closely resemble mucosal
mast cells (28). RBL and IMR-90 fibroblasts were grown in Falcon
250-ml tissue culture flasks and seeded onto 96-well Costar tissue cul-
ture plates as described by us (29). After 24 h incubation for RBLcells
and 4 d for IMR-90 cells, each well contained a confluent monolayer of

- 40,000 cells in 0.2 ml of medium.
3H-Toxin A binding to RBLand IMR-90 cell monolayers. Toxin A

binding to RBL cells and IMR-90 fibroblasts was estimated in cell
monolayers growing in 24-well Costar plates, 48 h after seeding for
RBL cells and 5-6 d after seeding for IMR-90 cells (29). On the day of
the experiment, medium was removed, cells were washed twice with 2
ml of PBS, and then covered with 0.2 ml of Dulbecco's Eagle Medium
supplemented with 10% FCS, penicillin, and streptomycin. Binding
assays were performed by adding 65 ng 3H-toxin A ('- 190,000 dpm) to
each well which contained 5 X 105 RBL or IMR-90 cells in 0.2 ml of
medium. The final concentration of radiolabeled toxin A was 1.4 nM.
Unlabeled toxin A was added to achieve a final concentration of lO-' to
10-6 Mand cells were incubated for 60 min (unless otherwise indi-
cated). After incubation, medium was removed, the monolayers were
washed twice with 2 ml of PBS(pH 7.4), and adherent cells were then
solubilized in buffer containing 10% SDS. Cell-associated radioactivity

was estimated by liquid scintillation counting. Background radioactiv-
ity in cell-free wells incubated with 3H-toxin A under the same condi-
tions was always subtracted. The apparent dissociation constant of
binding (Kd) and the maximumbinding capacity (binding sites per cell)
were calculated by Scatchard plot analysis using the weighted least-
squares-fit IBM computer program "Ligand" as described by Munson
and Rodbard (30), in which nonspecific binding is treated as a fitted
parameter from a weighed analysis of the binding data. Whenequilib-
rium binding of toxin A was measured at a single ligand concentration,
as for the assessment of binding in the presence of lectins, specific
binding of toxin A was determined by subtracting nonspecific binding
(the amount of 3H-toxin A bound in the presence of excess unlabeled
toxin A) from total binding (the amount of 3H-toxin A bound in the
absence of unlabeled toxin A).

Binding of 3H-toxin A to rabbit ileal brush borders. Rabbit BBwere
purified from 10-30-cm-long ileal segments by an EDTA-chelation
method as described by Hopfer et al. (31), and stored at -70'C in 50
mMTris buffer (pH 7.4) until use. The degree of purification of BBwas
estimated by determining alkaline phosphatase (32) and sucrase (33)
activities and by light microscopy of homogenates and purified BB. In
all BB preparations, alkaline phosphatase enrichment was greater than
fivefold and sucrase enrichment greater than 12-fold in the purified BB.

BBbinding experiments were performed in a total volume of 0.2 ml
of 50 mMTris buffer (pH 7.4) containing 0.1 mgof purified BB. Exper-
iments were carried out in 1.8-ml Eppendorf tubes precoated with 5%
skim milk in 0.2 MNaCl, 50 mMTris (pH 7.4) to reduce nonspecific
binding of 3H-toxin A to the tube. After 5-120-min incubations, 1 ml
of Tris buffer at 4VC was added and tubes were centrifuged at 1 1,000 g
for 3 min. Pellets were rinsed two times with 1 ml of Tris buffer then
dissolved in 0.3 ml of buffer containing 10% SDS and subjected to
scintillation spectrometry. Specific binding was calculated as described
above. Background radioactivity in tubes incubated with 3H-toxin A
under the same conditions containing no membranes was always sub-
tracted, and accounted for - 1% of added radioactivity.

Effect of enzymes and lectins on 3H-toxin A binding to BB. Purified
rabbit BB (2 mg/ml) were incubated at 370C with 3% (wt/wt) of tryp-
sin, chymotrypsin, neuraminidase, and elastase in 50 mMTris buffer
(pH 7.4), or with 1.5 U of coffee bean alpha-galactosidase (pH 6.0) or
2.5 U of jack bean beta-galactosidase (pH 4.0). After incubation, BB
were washed twice with Tris buffer (pH 7.4) at 4°C to remove any
residual enzyme. To prevent trypsin digestion of 3H-toxin A, soybean
trypsin inhibitor was added (2 gg/ml) to the binding assays. Specific
binding of 3H-toxin A to I00-,tg aliquots of BB at 4°C for 60 min was
then assayed as described above.

In another series of experiments, purified rabbit BB (0.1 mg/ml)
were preincubated with 25 sg/ml of either B. simplicifolia (BS-l) or
with D. biflorus (DBA) lectins. BB were then washed twice with I ml of
buffer to remove unbound lectin and 3H-toxin A specific binding was
then assayed at 22°C for 60 min to avoid cryoagglutination which
occurs at lower temperatures.

Inhibition of3H-toxin A binding by GTPanalogues. Purified rabbit
ileal BB (100 jig/tube) were preincubated with 100 ,M GTP, GTPyS,
Gpp(NH)p, and App(NH)p for 15 min at 37°C in 50 mMTris buffer
(pH 7.4) in a final volume of 0.2 ml. Tubes were then cooled to 22°C
and specific 3H-toxin A binding at 60 min was assayed as described
above.

35S-GTPyS binding to BB. Binding reactions were carried out at
30°C in a final volume of 0.2 ml. The reaction buffer consisted of 25
mMHepes (pH 8.0), 40 mMMgCl2, 1 mMEDTA, 1 mMDTT, 200
mMNaCI, 0.2% Lubrol, 2 ,uM 3S-GTPyS, and 30 1g/ml of purified
toxin A. Reactions were started by the addition of 100 ,ug of purified BB
and terminated at the indicated times by the addition of 2 ml of ice-
cold wash buffer (20 mMTris-HCl [pH 8.0], 25 mMMgCl2, 100 mM
NaCl). Free nucleotide was separated from bound by rapid vacuum
filtration through 0.45 ,um BA85 nitrocellulose filters (Schleicher &
Schuell, Keene, NH). Filters were washed five times in 2 ml of wash
buffer, dried, and dissolved in 15 ml of scintillation fluid for counting
of radioactivity.

120 Pothoulakis et al.



31H-Toxin A binding to solubilized BB receptor immobilized on
WGA-agarose. The toxin A receptor was solubilized by incubating rab-
bit BB (2 mg/ml) with various amounts of CHAPSin 10 mMTris
buffer (pH 7.4) for 45 min on ice. The mixture was then centrifuged at
100,000 g for 45 min at 4VC. The supernatant containing the solubi-
lized receptor was concentrated to 1 ml using a PM- IO filter (Amicon)
and then diluted 10-fold to a final CHAPSconcentration of 0.2%. Pro-
tein concentration in the pellet was determined by Peterson's modifica-
tion of the Lowry assay (34).

The binding of 3H-toxin A to solubilized receptor immobilized on
lectin-agarose was measured by a modification of the method of Nexo
et al. (35). WGAand Con A linked to agarose beads were washed and
suspended in working buffer (10 mMTris containing 0.2% CHAPS
(pH 7.4) for WGAand 10 mMTris, 0.2% CHAPS(pH 7.4) for Con A
containing also of 1 mMMnCl2 and CaCI2 to ensure binding with
glycoproteins). Solubilized BB proteins (60-70 gg in 0.1 ml) were
added to lectin-agarose (80 ,g in 0.2 ml) for a total volume of 0.3 ml in
glass tubes precoated with 1%BSAto reduce nonspecific binding. After
2 h incubation at 220C, 5 ml of ice-cold working buffer was added and
the beads collected by centrifugation at 750 g X 5 min at 220C. The
pellet was resuspended in 0.2 ml of the working buffers and was then
incubated for 1 h at various temperatures, as indicated, with 3H-toxin A
either with or without a 100-fold excess of unlabeled ligand. Samples
were then washed twice by the addition of 5 ml of working buffer
followed by centrifugation (750 g for 5 min), and the bead-bound radio-
activity was measured by scintillation counting. 3H-Toxin A specific
binding was estimated as described above. Nonspecific binding of li-
gand to the glass tube and to the lectin-agarose beads was always sub-
tracted.

Results

Biologic activities of purified toxin A. Toxin A was purified
- 95-fold from broth culture supernatants of C. difficile by

sequential ammonium sulfate precipitation ion exchange chro-
matography and high-performance molecular seive chromatog-
raphy (not shown). The yield by cytotoxicity assay was 15.4%.
Exposure of RBL cells (40,000 cells/0.2 ml well) to purified
toxin A (40 ng to 40 Mg/ml) caused dose-dependant rounding
with a 50% rounding concentration at 1 h of 400 ng/ml. In
contrast, addition of up to 5 gg/ml of toxin A to the same
number of IMR-90 fibroblasts failed to induce any rounding in
1 h. Purified toxin A (5-20 Mg/loop) caused a dose-dependent
increase in fluid secretion in mouse ileal loops (not shown),
whereas toxin B at comparable doses had no effect.

Radiolabeling and binding studies with 3H-toxin A. Puri-
fied toxin A was tritiated to a specific activity ranging from 0.2
to 2 ,Ci/Mg. 3H-Toxin A migrated identically to native toxin A
on HPLC(not shown) and SDS-PAGE(Fig. 1 A), and nonde-
naturing gels (Fig. 1 B). Biologic activity of 3H-toxin A at all
specific activities against RBL cells and in rabbit and mouse
ileal loop assays were identical to native toxin A.

Wenext measured binding of toxin A to RBLmonolayers
(Fig. 2). 3H-Toxin A binding to RBL cells was linear over a
broad range of cell number (8 X 104 to 5 X I0 cells per well).
3H-Toxin A binding at 4°C was maximal at 60 min after which
time toxin A binding began to decline falling to - 30% of the
1-h levels after 2.5 h (data not shown). There was no additional
decline in specific binding if cells were preincubated for 2 h at
4°C in the absence of toxin. After 3 h incubation of RBL cell
monolayers with 3H-toxin A at 4°C, there was no detachment
of cells from the monolayers by light microscopy and unbound
3H-toxin A was capable of binding specifically and causing
rounding to a second RBL cell monolayer. In addition, the
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Figure 1. Gel electrophoresis of toxin A.
Purified native toxin A (10 Mg; A, left)
and 3H-toxin A (400 ng, 200,000 dpm;
A, right) were electrophoresed under
identical conditions in the presence of
SDS (Laemmli system). Both samples
were incubated for 30 min with 5% 2-
mercaptoethanol and 1.25% SDSthen
heated to 100IC for 2 min. Electrophore-
sis was performed on a 1.5 mmthick,
12% acrylamide gels at 50 mAfor 2.5 h.
Arrows on left show the migration of
molecular weight standards run simulta-
neously. (B) Nondenaturing PAGEof
purified toxin A (8 ug), at 25 mAfor 18
h at 4C on a 6.5% gel.

electrophoretic mobility of 3H-toxin A incubated for 1 h with
RBL cells was identical to 3H-toxin A not exposed to cells (not
shown). These data indicated that the decline of 3H-toxin A
binding to RBL cells after 1 h was not due to degradation of the
toxin or to cell detachment, and was toxin dependent.

As shown in Fig. 2, binding of 1.4 nM3H-toxin A to RBL
cells was inhibited - 50% by an 80-fold molar excess of unla-
beled toxin A, but not inhibited by a 100-fold molar excess of
toxin B. Heating of 3H-toxin A to 80C for 10 min abolished
cytotoxic and enterotoxic activity, as well as binding to RBL
cells. Wecalculated an apparent Kd of 3.5 X 10-8 Mand a Bm.
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Figure 2. Competitive inhibition of 3H-toxin A binding to RBL cells
by unlabeled toxin A. RBLcell monolayers (5 X I0O cells/well) were
incubated with 65 ng 3H-toxin A (190,000 dpm) and increasing doses
of unlabeled toxin A for 60 min at 4VC in 0.2 ml of complete medium
(n = 4 for each group). The final concentration of 3H-toxin A was
1.4 nM. Specific binding was determined as described in Methods.
(Inset) Scatchard plot for the data from the RBL cells.
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of 180,000 binding sites per RBLcell based on data from three
separate experiments. Computer analysis of the binding data
revealed the best fit to a linear Scatchard plot (Fig. 2 inset),
suggesting the presence of a single class of receptors.

Binding of 3H-toxin A to RBL cells was strongly tempera-
ture dependent with 8 fmol/ 106 cells bound at 4VCafter 1 h but
no specific binding at 22 and 370C. Rounding was not ob-
served when RBLcells were exposed to toxin A at 40C for 1 h
and maintained at that temperature for up to 24 h. However,
when cells were incubated with 3H-toxin A for 1 h at 4VC, then
washed thoroughly and incubated in toxin-free medium at
370C, rounding occured at 1 h.

In view of the greater sensitivity of RBLcells than IMR-90
fibroblasts to the cytotoxic effects of toxin A, we compared
binding of toxin A to RBLand IMR-90 cells in the presence or
absence of a 150-fold excess of unlabeled toxin A at 60 min at
4VC. No specific 3H-TxA binding to IMR-90 cells was detect-
able at a ligand concentration of 1.4 nM (130,000 dpm),
whereas RBL cell monolayers bound specifically 5,570 dpm
(1 1 fmol) per 106 cells.

The next target examined was the rabbit ileum. We
previously reported that instillation of 25 ,tg toxin A into a
10-cm rabbit ileal loop caused fluid secretion and an intense
inflammatory response in 4 h (7). Wetherefore instilled 25 ,g
of 3H-toxin A in rabbit ileal loops (n = 3) and observed identi-
cal histologic and secretory changes to those reported
previously using unlabeled toxin A (7, 8). Binding of 3H-toxin
A to rabbit ileal BB (Fig. 3) was similar to that observed for
RBL cell monolayers. Scatchard plot analysis suggested the
presence of one class of receptors (Fig. 3 inset) with a Kd of 5.4
x 1O-8 M, and a maximum binding capacity of 5.9 pmol/mg
BB protein. 3H-Toxin A binding to BB was also strongly tem-
perature dependent with 0.7 pmol/mg of BB protein bound at
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Figure 3. Competitive inhibition of 3H-toxin A binding to rabbit in-
testinal BB by unlabeled toxin A. Purified ileal BB (100 ,g) were in-
cubated with 240 ng 3H-toxin A (1 10,000 dpm) for 60 min at 4°C in
0.2 ml 50 mMTris buffer (pH 7.4) (n = 4 for each group). Final con-
centration of 3H-toxin A was 5.3 nM. Specific binding was deter-
mined as described in Methods. (Inset) Scatchard plot.

40, 0.3 pmol/mg BB protein bound at 220C and no specific
binding detectable at 370C. Binding of 3H-toxin A to BB was
completely eliminated by heating the toxin to 80C for 10 min
and binding was unaffected by addition of a 100-fold excess of
toxin B to the membrane suspension.

Effects of enzymes and lectins on 'H-toxin A binding. We
next tested the effects of several enzymes and lectins on 'H-
toxin A binding to ileal BB. As shown in Table I, pretreatment
of BB with trypsin or chymotrypsin significantly reduced 3H-
toxin A binding by 52 and 87%, respectively, whereas elastase
and neuraminidase had no significant effect. Inhibition of bind-
ing was not due to inactivation of 3H-toxin A by the presence of
residual enzyme, because residual enzyme activity was neutral-
ized by the addition of trypsin-chymotrypsin inhibitor in the
incubation buffer. In addition, preincubation of BB with al-
pha-galactosidase or BS-l lectin, which binds to terminal al-
pha-linked galactose residues, significantly reduced 3H-toxin A
specific binding by 52 and 58%, respectively. Under the same
conditions D. biflorus lectin, which preferentially binds to al-
pha-D-GalNAc, had no significant inhibitory effect, whereas
beta-galactosidase significantly increased toxin A binding.

Effect ofguanine nucleotides on 'H-toxin A binding to ileal
BB. Nonhydrolyzable GTP analogues were used to inhibit
toxin A binding by their well-described ability to dissociate
signal transducing G-proteins from receptors, thereby resulting
in a lower affinity state for ligands (36). 3H-Toxin A binding to
BB receptors was strongly inhibited by Gpp(NH)p and GTPyS
and to a lesser extend by GTP(Table II). A small inhibitory
effect was caused by the ATP analogue App(NH)p.

Acceleration of 'S-GTPyS binding to BB membranes by
toxin A. Kinetic binding of "S-GTP gammaS to rabbit ileal BB
was measured in the presence and absence of toxin A (Fig. 4).
Toxin A resulted in a time-dependent increase in "S-GTPyS
binding which was statistically significant at 5 and 10 min and
remained higher than that obtained in the absence of toxin A
through 15 min of incubation. At 30 min the experimental
values approached those of controls.

Table I. Effect of Enzyme and Lectin Treatment on 3H-Toxin A
Specific Binding to Intestinal BB

Enzyme Percent binding

None 100
Trypsin 48*
Chymotrypsin 13§
Elastase 105
Neuraminidase 84
Alpha-galactosidase 38*
Beta-galactosidase 164*
BS-1 lectin 42$
DBAlectin 94

Purified ileal BB (2 mg/ml) were incubated with 3% (wt/wt) trypsin,
chymotrypsin, elastase, or neuraminidase at 370C, or with 1.5 U of
alpha-galactosidase, 2.5 U of beta-galactosidase, 25 /Ag/ml BS-1 lectin
or DBAlectin at 220 for 60 min. After incubation, BBwere washed
two times with buffer at 4VC and 3H-toxin A binding to 0.1 mgof BB
was then determined as described in Methods. Statistical significance
was analyzed by Student's t test. * P < 0.02; * P < 0.01; § P < 0.001 vs.
no treatment.
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Table II. Effect of Nucleotides on 3H-Toxin A Binding to BB
Membranes

Nucleotide (100 uM) Percent specific binding

None 100
GTP-yS 49
Gpp(NH)p 26
GTP 71
App(NH)p 82

Purified rabbit ileal BB membranes (100 ,g/tube) were incubated
with the nucleotides for 15 min at 370C. After incubation, 3H-toxin A
specific binding was determined as described in Methods. Results
represent the mean of three separate experiments, each with triplicate
determinations.

Toxin A binding to solubilized BB receptor. Progressive sol-
ubilization of BBprotein was achieved with increasing concen-
trations of CHAPS, reaching a maximum at 2%CHAPSwith a
CHAPS-to-protein (wt:wt) ratio of 10:1. Incubation of purified
BBwith 2%CHAPSfor 45 min at 4VCresulted in the solubiliza-
tion of - 30% of BB membrane protein. < 10% of specific
3H-toxin A binding activity could be detected in BB mem-
branes after extraction with 2%CHAPS, suggesting that nearly
all toxin A binding sites had been solubilized.

Because our data (Table I) indicated that the toxin A BB
receptor is a glycoprotein, we then determined whether the
solubilized toxin A receptor could be adsorbed to lectin-aga-
rose beads with retention of toxin binding activity. The
CHAPS-solubilized BB receptor was premixed with either
WGA-agarose or Con A-agarose as described in Methods to
allow binding of the glycoprotein receptor to the beads. Our
results showed that CHAPS-solubilized toxin A receptor that
had been preadsorbed to WGA-agarose beads specifically
bound 68,900 dpm (0.42 pmol) at 4VC, 57,700 dpm (0.35
pmol) at 220C, and 31,500 dpm (0.19 pmol) at 370C of 3H-
toxin A/mg BB protein at 2.2 nM total added 3H-toxin A
(70,000 dpm). Binding of 3H-toxin A was inhibited - 75%by a
100-fold excess of unlabeled toxin A. Addition of albumin,
ovalbumin, or IgG in a 100-fold molar excess did not compete
with 3H-toxin A binding to WGA-agarose containing the toxin
A BB receptor. In contrast to WGA, no specific 3H-toxin A
binding could be measured on Con A-agarose preincubated
with solubilized BBmembranes.

300- Figure 4. Binding of 31S_
fi T g GTPyS to rabbit ileal BB.0
0. $$- -- Purified ileal BB (100 Ag)

im200-mo 200- /> ,--^"'were incubated with 2 ,M
E > rSSS''r [35S]GTP gammaS at 30°C
C / ' for the indicated times, in
° 100y~the presence (open circles)

or absence (solid circles) ofE
__ 30 ,g/ml of toxin A. Re-

0 10 20 30 sults represent the
Time (min) mean±SDof four indepen-

dent determinations. Statis-
tical significance was analyzed by Student's t test. *P < 0.06; **P <
0.01.

Discussion

Wereport for the first time the successful radiolabeling of puri-
fied toxin A of C. dificile with full retention of cytotoxic and
enterotoxin activities. It is quite unlikely that the biologic activ-
ity of our 3H-toxin A preparations could be attributed to a
population of unlabeled molecules because the stoichiometry
of radiolabeling indicates that each molecule of toxin con-
tained an average 0.7-7 tritium atoms. In addition to retaining
full biologic activity, 3H-toxin A migrated on PAGEwith mo-
bilities identical to native toxin, and with no evidence of any
smaller peptides to suggest breakdown oftoxin during the label-
ing procedure.

3H-Toxin A was used in our studies to demonstrate specific,
moderately high affinity receptors on rabbit ileal BB and RBL
cells. Several experiments support the likelihood that the recep-
tor described here is physiologically relevant. Firstly, we were
able to correlate 3H-toxin A binding on IMR-90 fibroblasts and
RBL cells with cytotoxicity. Secondly, heat-inactivated radio-
labeled toxin did not bind to cells and lacked cytotoxic or en-
terotoxic activity. Thirdly, 3H-toxin Awhich was bound to cells
at 40C exerted full cytotoxic activity when the cells were
washed and warmed to 370C, indicating that binding at 4VC is
functional. Finally, in preliminary experiments we have ob-
served that BS-l lectin, an inhibitor of 3H-toxin A binding to
BB membranes (Table I), significantly reduces the toxic effect
of toxin A in rabbit small intestine (Eglow, R., and C. Pothou-
lakis, unpublished observations). In addition, Wilkins and
Tucker (37) reported that BS- 1 protected F9 cells monolayers,
known to contain high levels of D-galactose residues, from the
cytotoxic effects of toxin A.

In our studies as well as those of Krivan et al. (12), 3H-toxin
A binding to ileal BB and RBLcells was higher at 4°C than at
22°C, with no specific binding at 37°C. A similar temperature-
dependence in binding has been reported for other bacterial
toxins. For example, Shigella toxin has been reported to bind
maximally to rabbit jejunal microvillus membranes at 4°C
(38). Diphtheria toxin (39) and tetanus toxin (40) bound tightly
to target cells at 4°C, but dissociated rapidly at 37°C. The lack
of detectable specific binding at higher temperatures may re-
flect more rapid dissociation of bound ligand at higher tempera-
tures, because the toxin A receptor is only of moderately high
affinity.

The results presented here confirm and extend the observa-
tions of Krivan et al. (12) who used an indirect method to study
toxin A binding sites to hamster intestinal BBand rabbit eryth-
rocyte membranes. They concluded that the toxin A binding
site contained the oligosaccharide Gala 1-3Gal# 1-4GlcNAc.
Our results (Table I) confirm the importance of galactose in
3H-toxin A binding. In addition, we were able to demonstrate
specific binding of 3H-toxin A and to generate equilibrium
binding parameters using Scatchard plot analyses. Krivan et al.
were unable to show trypsin sensitivity of toxin A binding to
hamster BB or rabbit erythrocytes, whereas we showed marked
trypsin sensitivity of toxin A binding on rabbit BB (Table I).
This discrepancy may result from a lower concentration of
trypsin in their experiments (0.25%) compared to ours (3%).

Clark et al. ( 19) reported that 125I-toxin A bound primarily
to red cell membrane glycolipids. Our experimental approach
and results differ from those of Clark et al. in several important
aspects. Firstly, our 3H-toxin A preparation retained full cyto-
toxic and enterotoxic activity compared to their '251-toxin
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which retained only hemagglutinating activity. In our labora-
tory, attempts to radioiodinate toxin A resulted in loss of cyto-
toxic and enterotoxic activity (Pothoulakis, C., and J. T. La-
Mont, unpublished observations). It is not surprising that toxin
A hemagglutinating activity binds to erythrocyte glycolipids,
because many blood group antigens and probable lectin bind-
ing sites on erythrocytes are carried on glycolipids (41). Taken
together, our results here and those of Clark et al. (19) suggest
that toxin A, a 308-kD protein, possesses cytotoxic, entero-
toxic, and hemagglutinating activity on the same molecule,
and that these activities bind to glycoconjugates with a termi-
nal trisaccharide Galal-3Gal(31-4GlcNAc. The cytotoxic and
enterotoxic activities of toxin A are apparently mediated after
binding to a membrane glycoprotein on BB and RBL cells,
whereas the hemagglutinating activity is mediated by toxin
binding to red cell membrane glycolipids.

The data presented in this study and in previous publica-
tions from our laboratory allow us to speculate on the mecha-
nism of action of toxin A on diverse target cells. It appears that
the effects of toxin A on target cells may be mediated either by
receptor occupancy and activation of signal transduction path-
ways, or by receptor occupancy followed by internalization of
the toxin and enzymatic modification of intracellular sub-
strates. The first mechanism is best typified by neutrophils
which possess high-density membrane receptors for 3H-toxin A
(42). Whenexposed to toxin A these cells express an immediate
pertussis toxin-sensitive calcium transient and exhibit chemo-
taxis (17). Another example of cellular activation by toxin A
occurs in mouse spleen lymphocytes which undergo prolifera-
tion when exposed to toxin A and a calcium ionophore (18). In
contrast to these activation events, exposure of intestinal epithe-
lial cells to toxin A in vivo (6-8) and in vitro (15, 43), and
exposure of cultured Tg4 colon cancer cells to toxin A (16)
results in cellular toxicity as manifested by necrosis, increased
paracellular permeability, and inhibition of protein synthesis.
Intestinal cell damage may result from specific enzymatic at-
tack of the toxin on the actin-containing cytoskeleton (15, 16).
It is unclear at present why some cells with a high density of
3H-toxin A receptors, such as neutrophils, have a low suscepti-
bility to the cytotoxic effects of toxin A, but we speculate that
this resistance may be due to oxidative degradation of internal-
ized toxin A. Wehave observed toxin A inactivation during
iodination, which is likely oxidatively mediated. Wepreviously
reported that C. difficile toxin B is inactivated by normal neu-
trophils but not by chronic granulomatous disease neutrophils
which lack the ability to generate oxygen radicals (44).

Our previous finding that toxin A elicits a pertussis toxin-
sensitive calcium transient in neutrophils (17) suggested that
toxin A is capable of activating neutrophils via a signal trans-
duction pathway which includes one of the Gi species known to
be present in neutrophil membranes (45). Our current finding
(Fig. 4) that toxin A accelerates the association of 35S-GTP'yS
with BB is consistent with this hypothesis, and the modulation
of 3H-toxin A binding by guanine nucleotides (Table II) sug-
gests that the toxin A receptor is coupled directly to a Gpro-
tein. Numerous other bacterial toxins (46, 47) and viral pro-
teins (48) have also been found to bind to known physiologic
cell surface receptors, or to activate cells by membrane receptor
before being internalized and expressing enzymatic activity
(49-51). Although it is possible that these phenomena reflect
random association of toxins with any cell surface molecule, it

seems more likely that teleologically these microbial proteins
are exploiting the normal process of ligand binding followed by
internalization to gain access to the interior of the cell. Further,
it is possible that the ability of some toxins to activate cells via
surface receptors reflects the evolutionary pressure to acceler-
ate entry by triggering receptor internalization through mim-
icry of the conformational changes induced by native ligands.
It remains to be determined whether the cell activation that
occurs coincidentally with the internalization of toxins plays a
role in the pathogenesis of disease.
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