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FOREWORD;

This dissertaion contains four sections. Section I

is a literature review whicn contains an introduction

and ends with a statement of the research problem. Sections

II and III were written in the form of two papers for

publication with the concurrence of my committee. The first

paper (section II) has been accepted in Infection and

Immunity and will be published in September, 1986. Section

III contains the second paper which has been submitted

to Infection and Immunity. Section IV is an overall summary

and discussion. The titles of the papers are as followsz

Krivan, H.C., G.F. Clark, D.F. Smith, and T.D, Wilkins.
1986. The Cell Surface Binding Site for Clostridium
difficile Enterotoxin: Evidence for a Glycoconjugate
Containing the Sequence Ga1al—3Galßl-4GlcNAc. Infection and
Immunity (in press).

Krivan, H.C., and T.D. Wilkins. 1986. Purification of
Clostridium difficile Toxin A by Thermal Affinity Chromatography
On Immobilized Thyroglobulin. Submitted to Infection and
Immunity.

In addition I contributed to the following publications:

Wilkins, T.D., H.C. Krivan, and D.M. Lyerly. 1985. Properties
of Toxins A and B of Clostridium difficile. Proceedings of the
Symposium of Intestinal Microecology, Vol. 15. (in press).

Wilkins, T.D., H.C. Krivan, B.G. Stiles, R.J. Carman, and
D.M. Lyerly. 1984. Clostridial Toxins Active Locally in the
Gastrointestinal Tract. In Microbial Toxins and Diarrhoeal
Disease. Eds. D. Evered amd J. whelan, Pitman, London (CIBA
Foundation Symposium 112), p. 230-241.
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SECTION I. LITERATURE REVIEW

A
Introduction

The normal flora of the gastrointestinal tract forms an

important protective barrier against infection by pathogens.

Under normal conditions the concentration of bacteria in the

human small intestine ranges from 105 to 108 organisms per ml

and includes both aerobes and anaerobes (47,75,106). In the

colon, however, a striking increase in concentration of bacteria

occurs (1010 to 1011 per ml) where the anaerobic bacteria

predominate (47,69,75,l57,212). Moore and Holdeman (147) have

reported that the total number of different kinds of bacteria

in the intestinal tract at any one time probably exceeds 400

species, but most are represented by less than 108 cells per

gram feces (less than 1/1000 of the bacterial population).

Thus the normal flora represents one of the most complex

ecosystems found in nature forming not only a barrier between

the host and potential disease-causing organisms, but also

exerting an influence on the normal physiological functioning

of the gastrointestinal tract.

Disturbance of this microecology, by the administration

of antibiotics, may result in an individual becoming susceptible

to infection, either from an opportunistic member of the flora

or from an exogenous pathogen. The ecological imbalance

which follows antibiotic therapy, where nutrients are

plentiful and bacteria are scarce, provides a bacterial

1
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overgrowth syndrome where a pathogen that could normally not

compete in this ecosystem can grow rapidly and cause disease.

If these bacteria happen to produce a toxin the patient could

be in serious trouble.

Shortly after the discovery of antibiotics, between 1950

and 1965, a disease developed that was a direct result of

antibiotic treatment with chloramphenicol and tetracycline

(166). This disease was characterized by inflamation and

pseudomembrane formation in the small intestine and colon.

The pseudomembrane, consisting of necrotic cells of the

epithelium, fibrin, mucin, polymorphonuclear leukocytes and

other cellular debris was thought to be caused by toxin-

producing Staphylococcus aureus, a Gram-positive facultative

anaerobe which was frequently isolated from the feces of these

patients (2,3,111,190). Although a great deal of clinical and

laboratory research was directed to proving that S, aureus

caused some cases of antibiotic-associated colitis, in

retrospect the proof of this association seems incomplete.

Studies by Batts gt gl. (13) and McDonald gt gl. (136) have

shown that S. aureus does not cause pseudomembranous colitis.

In the 1970s another form of pseudomembranous colitis was_

discovered that also was a direct result of treatment with

antibiotics, particularly lincomycin and its derivative

clindamycin. It was discovered that these antibiotics were

extremely active against Bacteroides fragilis and other

clinically important anaerobes. Because chloramphenicol
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therapy often was associated with numerous and sometimes

lethal side effects, clindamycin became an attractive

alternative for serious anaerobic infections; however, this

created a serious dilemma for the clinician. A number of

subsequent reports linked the occurence of pseudomembranous

colitis to the administration of clindamycin and linocmycin

(l6,31,4l,45,53,63,64,77,118,l4l,l59,161). "Clindamycin-

associated co1itis" could fairly be termed an epidemic

coincident with a rise in prescriptions of this new

antibiotic. The recognition that clindamycin caused

pseudomembranous colitis became a major problem for many

physicians prescribing the antibiotic as well as for the drug

company that manufactured it. A major research effort to

identify the cause of this disease began. Several novel

microbiological observations which are described below

clearly established that pseudomembranous colitis was an

infection, and a disease we now know rarely occurs in

uncompromised individuals.

Etiology of Pseudomembranous Colitis

In 1977 fecal extracts from patients with psuedomembranous

colitis were found to be toxic to cultured mammalian cells

(118). These investigators demonstrated that cytotoxicity was

not caused by a cytopathic virus but instead appeared to be

produced by some species of clostridia. Gas gangrene antitoxin

was available in these laboratories and investigators soon
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discovered that this antitoxin neutralized the cytotoxicity.

Gas gangrene antitoxin is composed of a mixture of clostridial

antitoxins made to culture filtrates of each of the clostridia

that can cause gas gangrene: Q. perfringens, Q, sordellii,

Q. novyi, Q, bifermentans, and Q. histolyticum. It was

discovered that the neutralizing antitoxin in this mixture

was Q. sordellii antitoxin (1,25,119, 170,218). Investigators

were unable, however, to isolate Q. sordellii from the

cytotoxic fecal specimens. Studies later carried out by

Bartlett gg al. (9,11,12,) and Rifkin gg gl. (171) showed

that another clostridium, Q. difficile, was recovered in high

numbers (greater than 106 organisms per gm wet wt.) and that

Q. sordellii antitoxin neutralized the cytotoxic activity

produced by Q, difficile. They also showed that Q. difficile

isolates from humans with pseudomembranous colitis caused a

similar type of disease in hamsters and that the cytotoxic

activity in the feces of these animals was neutralized by Q.

sordellii antitoxin. Thus, the fortuitous cross-reaction of

Q. difficile toxin with Q. sordellii antitoxin led to the

discovery of Q, difficile as the causitive agent of

psuedomembranous colitis (l,8,9,ll,12,21,24,25,65,97,118,119,

165,218). We now know that these two organisms produce

toxins that are very similar if not identical, although

Q. sordellii produces much smaller amounts and has not been

shown to produce pseudomembranous colitis in man or other

animals (220).
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It is now well documented that at least 90% of cases of

pseudomembranous colits related to antimicrobial therapy are

due to Q. difficile (6,19,55). In patients with antibiotic-

associated colitis without pseudomembranes, Q, difficile is

isolated in at least 25% and toxin detected in 38% of the

patients (ll).

The contribution of the Syrian Golden hamster model to the

understanding of pseudomembranous colitis in humans cannot be

overemphasized. This animal model has permitted investigation

of a number of aspects of the disease by methods that are

neither feasible nor ethical in studies of humans. The

association of antibiotic treatment and Q, difficile infection

can be fully reproduced in the hamster model. Clindamycin-

treated hamsters develop a fatal enterocecitis if they are

given viable Q, difficile by mouth (202). Uncontaminated

animals remain well. Every type of antibiotic associated

with the human disease has been shown to have an action

similar to clindamycin in hamsters.

Although Q. difficile is recognized as the major cause of

pseudomembranous colitis, there are reports indicating that the

disease can be caused by other agents. Dickinson et al. (43)

described two cases of pseudomembranous colitis which occurred

without antibiotic therapy. Q. difficile and its toxins were

not detected in the feces of either patient. Jewkes gg al,

(93) have suggested that some of these cases may be due to an

as yet undiscovered pathogen. There is some evidence to
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incriminate Q. perfringens type A in many cases of

antibiotic-associated diarrhea (20); in fact, some strains

of Q. perfringens produce toxins which are immunologically

related to toxins A and B of Q, difficile (220).

Pathophysiology

Several interrelated variables are involved in the

pathophysiology of Q. difficile disease including a source of

the organism, antibiotic exposure, toxin production, and patient

age.

A. Source of the organism. It has been reported that about

3-5% of healthy adults harbor Q, difficile (10,105). These

people are presumably at risk in the event that they undergo

antibiotic therapy. Even higher rates have been found in

hospitalized patients without diarrhea who have received

antibiotics, or are debilitated, or reside in parts of the

hospital where the organism is abundant (52,l05,ll6,l52).

Q. difficile forms resistant spores that are difficult to

exclude from the hospital environment. It has been reported

that Q, difficile can be detected on room surfaces up to 40

days after a patient with Q, difficile diarrhea has vacated

(153); in addition, the organism has been isolated from the

hands of nursing personnel (105,l32,182) and from shared

commodes (178)

Some patients become healthy carriers after treatment

for the disease (183). Despite investigations by a number of
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workers, it is still not known whether the usual ecologic

niche of Q, difficile is endogenous, exogenous or both. One —

intriguing fact is that Q, difficile is commonly found as a

member of the intestinal flora of apparently healthy neonates

(215). Larson and coworkers (1982) screened fecal samples

from 451 newborn infants daily for Q, difficile. Their

results provide some evidence for nosocomial spread of

the organism in this population, both from a common source

and by person—to—person transmission. However, the initial

source from which Q, difficle might gain access to the

neonatal group (or any other hospitalized population) is

still not known. Q, difficile was not detected in cultures

of vaginal swabs and stool specimens from 17 mothers of

colonized infants (116); thus there was no evidence for

materna1—chi1d transmission.

B. Antibiotic exggsure. Q. difficile is unprecedented as an

enteric pathogen in causing disease almost exclusively in the

presence of antibiotic exposure. Many different antimicrobial

agents have been implicated (Table 1), although the most common

are ampicillin, clindamycin, and the cephalosporins (10,205).

There are a number of explanations as to how an antibiotic

which is active on Q, difficile might allow the pathogen to

still colonize the gut. The best explanation, however, is

probably that as antibiotic levels decline following the

cessation of antibiotic therapy, Q. difficile can become
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established before the complete normal flora is restored.

C. Toxin Production. In contrast to other forms of infectious

colitis, there is no bacterial invasion of the intestinal

mucosa by Q, difficile. Rather, there are several lines of

evidence which implicate the two toxins (toxin A and toxin B)

produced by the organism in the development of the disease:

(i) Q. difficile and both toxins are consistently detected in

the stools of patients with pseudomembranous colitis (20),

and the amount of toxin in the stool can exceed 106 tissue

culture doses per gram of feces; (ii) intestinal pathology

and death caused by the purified toxins in experimental animals

mimics the pathology observed during the disease (125); and

(iii) experimental animals must be vaccinated against both of

the toxins in order to be protected against the disease

(54,125). Several investigators have reported that all of

the isolates of Q, difficile so far examined either produce

both of the toxins or neither toxin (l21,131,l32). This may

suggest that factors controlling the expression or regulation

of toxin A may be similar or identical to those regulating

the expression of toxin B.

D. Patient Age. Human infants frequently harbor Q. difficile

and its toxins without any apparent deleterious consequences

(5,18,72,74,ll6,l20,l24,169,182). This group represents the

only patient population in which the toxins are frequently

encountered without any clinical expression of the disease.
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Table 1. Antimicrobial agents reported to be associated with

pseudomembranous colitis in humansl.

Amoxicillin Clindamycin Neomycin

Ampicillin Cloxacillin Penicillin G

Amphotericin Erythromycin Penicillin V

Carbenicillin 5—F1uorocytosine Rifampin

Cefazolin Flucloxacillin Sulfmethoxazole

Ceforoxine Gentamycin Tetracycline

Cefoxitin Kanamycin Tobramycin

Cephaloridine Lincomycin Trimethoprim

Cephalothin Metronidazole

Chloroamphenicol Nafcillin

lData taken from the following references: Boriello, S.P. and
Larson, 1981; Bartlett, 1981; Larson gg Q1., 1984; Tedesco,
1984; Boriello and Larson, 1985.
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A possible explanation as to why infants are refractory to

the toxins will be discussed later; however, the implication

is that age and/or development is associated with enhanced

susceptibility and older individuals appear to be most

susceptible (10).

Clostridium difficile toxins

The toxigenic nature of Q. difficile was originally

described by Hall and O'Tool in 1935 who studied several

strains isolated as normal flora from the feces of healthy

human infants (74). Although these infants showed no signs

of clinical disease, these investigators showed that cell—free

filtrates prepared from cultures of the organism caused

edema, respiratory arrest and death when injected subcutaneously

into guinea pigs. Their conclusion was that Q. difficile

produced an exotoxin. Subsequent work by Snyder in 1937

(189) showed the exotoxin was heat labile, that antiserum

against Q. difficile cultures neutralized the toxic activity

of the cell-free filtrates, and that all experimental

animals studied were susceptible including guinea pigs,

rabbits, dogs, cats, rats, and pigeons.

In spite of these most interesting findings over five

decades ago, the organism was not known to cause disease in

patients until 1977 when it was identified as the major cause

of antibiotic—associated pseudomembranous colitis. This

discovery provided the impetus to study the toxins produced
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by Q. difficile. Initially, only a single toxin was thought

to be produced by the organism; however, the presence of a

second toxin was demonstrated by Taylor and Bartlett in 1980

(200) and later by Banno et al. in 1981 (5). The two toxins

can be separated by anion exchange chromatography using NaCl

gradient elution. One toxin possesses both enterotoxic and

cytotoxic activity, elutes first during anion exchange

chromatography and has been designated by different

investigators as toxin A (194), enterotoxin (201), and toxin

D-1 (5). The second toxin is a much more potent cytotoxin

with no detectable enterotoxic activity; this toxin elutes

after toxin A during anion exchange chromatography, and has

been designated toxin B (194), cytotoxin (201), and toxin D—2

(4,5). The nomenclature most commonly used at the present

time is toxin A and toxin B. A comparison of the two toxins

produced by Q. difficile is presented in Table 2 and their

physicochemical and biological properties are discussed below.

A. Toxin A. Sullivan gt al. (194) described a procedure for

preparing homogeneous toxin A from culture filtrate. The method

consisted of ultrafiltration through an XM-100 membrane filter,

DEAE anion exchange chromatography, and acetic acid

precipitation at pH 5.6. Other procedures for purifying

toxin A have been reported using vaying methods : (i)

ammonium sulfate precipitation, gel filtration, batch anion

exchange chromatography, hydrophobic interaction chromatography,
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and precipitation of the toxin in acetate buffer, pH 5.6

(4,5,133,194,201), all of which are based on a modification

of Sul1ivan's method; (ii) preparative electrophoresis in a

discontinuous buffer system (192); (iii) chromatofocusing

using FPLC (Fast Protein Liquid Chromatography) (173); and,

(iv) immunoaffinity chromatography (133).

Toxin A is a large, heat labile, hydrophobic protein

with an estimated molecular weight of 440,000-600,000 and an

isoelectric point of 5.4-5.6 (4,5,89,175,l94,l99,203,2l9,).

The toxin is stable to acid (pH 4) and alkaline (pH 10)

conditions (175,l94,199), but is sensitive to oxidation

(220), loses activity at temperatures greater than 56C (194)

and is inactivated by proteolyic enzymes (5,175,194). The

high molecular weight estimates of the toxin suggest that the

toxin has a subunit structure. Banno gt al. (4) have

reported that the toxin consists of two subunits with an

estimated molecular weight for each of 200,000. Rihn gt al.

(173) reported two dissimilar subunits with estimated

molecular weights of 41,500 and 16,000. Wilkins gt gl. (220)

and other investigators have so far been unsuccessful in

dissociating toxin A. Toxin A and toxin B may exist as

aggregates which do not readily dissociate following exposure

to denaturing conditions. Two lines of evidence also

suggest that the toxin has repeating subunits: (i) toxin A has

been found to be precipitated by a monoclonal antibody (128)

which should not occur unless the same epitope occurs more than
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once on the molecule, i.e. in a repeating manner; and (ii)

the toxin agglutinates rabbit erythrocytes (see section III)

which also requires at least two binding sites per molecule

of toxin.

Amino acid compositions of highly purified preparations

of toxin A have been reported by several investigators

(5,129,192). Toxin A contains high amounts of the hydrophobic

amino acids valine, isoleucine, and leucine; this may

account for the strong interaction of the toxin with hydrophobic

gels (194). Toxin A also contains relatively high amounts of

aspartic acid (or asparagine), glutamic acid (or glutamine)

and glycine, and very little histidine and sulfur-containing

amino acids. The toxin does not appear to contain pentose,

hexose, nor any detectable amino sugars or phosphorus (5,194).

Studies on the biological activity indicate that toxin A

possesses two distinct toxic activities: a potent enterotoxic

activity and weak cytotoxic activity. Toxin A, like toxin B,

is cytotoxic in all of the mammalian cells which have been

tested (20,132). In monolayer cultures of fibroblasts both

toxins cause a morphological change which has been termed

“actinomorphic" due to the star-like appearance of affected

cells under the light microscope (25). The wide range of

cytotoxic activity shared by both toxins suggests that any

receptors involved in the cytotoxic process are ubiquitous.

The enterotoxic activity of Q. difficle toxin A was

initially detected using ligated intestinal loops in rabbits
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(5,200). The fluid which accumulates in the rabbit ileal

loop assay is hemorrhagic; an intense inflammatory response

occurs as does necrosis in the intestinal mucosa. This

enterotoxic response is markedly different from the classic

"ricewater" fluid produced by the action of the enterotoxins

from Vibrio cholera and Escherichia gglié Unlike toxin A

these toxins elicit fluid flux with no inflammatory response.

Toxin A also causes fluid accumulation in colonic loops,

although the tissue damage is not as extensive (146). The

fluid which occurs following treatment with toxin A may be

due to an increase in the permeability of the gut mucosa

(146). Toxin A also produces a positive fluid response in

infant mice after intragastric challenge, a model which can

also be used to study enterotoxic activity (76,127).

Injection of nanogram amounts into the skin of rabbits

produces erythematous and hemorrhagic lesions and increases

vascular permeability (5,127,201). Intraperitoneal injection

into mice causes death (5,194,201). Intracecal injection of

toxin A in the hamster causes a moderate hemorrhage, acute

inflammation, necrosis, fluid accumulation and death (125).

Toxin A given intragastrically causes hemorrhage, fluid

accumulation in the cecum and small intestine, diarrhea and

death (130). Hamsters are at least ten-fold more sensitive to

toxin A given intragastrically than mice or rats (130). This

increase in sensitivity may be due to differences in the nature

or number of receptors in the intestine, a subject which will
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be discussed later.

B. Toxin B. Sullivan et al. (193,194) also developed a method

for purifying toxin B to homogeneity. The method consisted of

ultrafiltration, hydrophobic interaction chromatography,

anion—exchange chromatography, and immunoaffinity

chromatography. Toxin B was also found to be a large, heat

labile, hydrophobic protein (MW 360,000-470,000) with an

isoelectric point of 4.1-4.5 (129,194). It was shown that a

homogeneous toxin B preparation contained five immunologically

related cytotoxic proteins with estimated molecular weights

of 70,000, 160,000, 250,000, 280,000, and 340,000 (132,193).

These smaller cytotoxic components, which have been termed

"multiple forms" of the toxin (193) may be varying aggregates

of the toxin. Toxin B is inactivated after exposure to acid

(pH 4) and alkaline (pH 9) conditions, by oxidation,

temperatures of 56C for one hour, and after reaction with

proteolytic enzymes (5,l32,l75,l94,199).

The amino acid compostion of highly purified toxin B has

also been reported and has been shown to contain high amounts

of aspartic acid (or asparagine), glutamic acid, (or glutamine)

glycine, leucine, isolecine and valine; and low amounts of

histidine and sulfur—containing amino acids similar to

toxin A (4,129,192). Like toxin A, toxin B does not contain

phophorus but low amounts of hexose and pentose were detected

(194).
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The most impressive difference between toxin A and toxin

B is that toxin B is completely devoid of enterotoxic activity,

but is 1000 times more cytotoxic than toxin A. Toxin B is

responsible for the cytotoxic activity observed in fecal

specimens from persons with pseudomembranous colitis because

it masks the lesser cytotoxic activity of toxin A. Like

toxin A, toxin B is active against all mammalian cells tested

(23,25,46,198,204). These include normal and transformed

fibroblasts, epithelium-like cells and neuron-like cells from

different species (human, monkey, rabbit, hamster, mouse and

4 rat), and tissues (brain, liver, kidney, adrenal gland, lung,

skin, conjunctiva, smooth muscle, tonsils, intestine, rectum,

ovary, amnion fluid, chorion, and cervix). The tissue

culture death dose (TCDIOO) of toxin B is about l pg (4,129,

194) and its effect on tissue cultured cells has been

reported to be irreversible (204). Toxin B, however, does

not affect the growth of yeasts, Gram—positive and Gram—negative

bacteria or mycoplasma (206).

Although toxin B does not elicit a fluid response in the

rabbit ileal loop assay, it does produce erythematous,

hemorrhagic lesions and increases vascular permeability when

injected intradermally into rabbit skin in nanogram amounts

(127,201). Intracecal injection of toxin B in hamsters

causes extensive hemorrhage and inflammation in the mucosal

wall, but no response is observed when the toxin is given

intragastrically to hamsters (130). Toxin B, like toxin A,
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when injected intraperitoneally into mice is lethal in

nanogram amounts (129,194).

Mechanism of action

Very little is known about the mechanism of action of

either toxin A and toxin B. Recent work by Vesely gt

al. (213,214) has shown that both toxins stimulated soluble

guanylate cyclase activity and that enhancement occured at

concentrations at which the respective toxins have been shown

to cause increased vascular permeability in rabbits and

ileocecitis in hamsters. Toxin A was also found to enhance

particulate guanylate cyclase activity while toxin B did

not. An interesting result reported by these investigators

was that toxin A and B were additive with respect to their

maximal stimulation of guanylate cyclase activity. This

may suggest that there are separate receptors for Q, difficile

toxins A and B on the colonic plasma membrane. Furthermore,

these results would also suggest that once these receptors

are activated they both utilize a common pathway, namely, by

activating in turn the guanylate cyc1ase—cyclic GMP system.

Whether this stimulation is relevant to the disease process,

however, has not been determined.

Other investigators (176) have reported that both toxins

decrease intracellular levels of potassium in HeLa cells and

shut down protein synthesis. These findings support the

previous results of Thelestam and Florin (204) who found that
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crude preparations of Q. difficile toxin inhibited protein

synthesis. Recently, Lima gg gl, (126) have reported

that the cytotoxic effects of toxin A in CHO cells did not

appear to involve inhibitable Ca—dependent or prostaglandin _

synthesis pathways, and that cytotoxicity was not inhibited

by sulfhydryl or lysosomotropic agents. They also found

that toxin A toxicity did not involve intact microfilament or

microtubule function for its activity. This is in contrast

to what has been observed by several investigators for toxin

B. Toxin B has been demonstrated to disrupt the microfilament

bundles in fibroblasts in a manner similar to what has been

observed when fibroblasts are treated with cytochalsin B

(204,205,206).

Evidence presented by Thelestam and coworkers indicates

that toxin B is internalized via endocytosis prior to disruption

of the microfilament bundles and that intoxication can be

inhibited by lysosomotropic agents (205,206). These results

are similar to those of Wedel gt gl. (217) who recently

showed that purified toxin B induced disorganization of the

actin-containing myofilament bundles in rabbit smooth muscle

cells. With transmission electron microscopy, they observed

that the effect occurred concomitantly with the appearance of

the cytopathic effect, while all other cell organelles still

appeared unaffected. In addition, Pothoulakis gg gl. (160)

recently reported that highly purified preparations of toxin
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Table 2. Comparison of the two Q. difficile toxinsl

Toxin A Toxin B
Molecular weight 440-600,000 360-470,000

Isoelectric point 5.4-5.6 4.1-4.5

Hydrophobic + +

Cytotoxic + ++++

Enterotoxic + —

Positive fluid response + -
(infant mice)

Lethality on i.p. injection + +
(mice)

Lethality on intracecal injection + +
(hamster)

Increases vascular permeability + +

Neutralization by Q. sordellii + +
antitoxin

Stimulation of adenylate cyclase - -

Stimulation of guanylate cyclase + +

Inactivated by: .

Heat + +
Oxidation + +

pH 4 - +
pH 10 - +

Proteolytic enzymes + +
Lipase - -

Presence of:

Hexose/pentose —
+

Amino sugars - -
Phosphorus -

—

lDetai1s and references are given in the text
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B disaggregated actin and caused a dose dependent increase on

cytoplasmic or G-actin in tissue cultured cells. This

supports the findings of Thelestam gg al. that the action of

toxin B resembles that of cytochalasin B. Pothoulakis gt

gl. (160) suggest that this effect on actin may be enzymatic

in nature.

In light of these data it has been proposed that the

microfilaments of the cell are likely to be the primary

intracellular target for the action of toxin B (205,206).

For comparison it may be interesting to note that toxin A

which reportedly does not interact with the microfilaments of

the cell (126) has been observed to cause actinomorphic changes

in fibroblast cells identical to those noted for toxin B. This

suggests that the mechanism for the cytopathic effect of

toxin A and toxin B may be different; however, this hypothesis

has yet to be proven.

Clostridiun difficile toxin receptors

There is very little information available concerning

the cell surface binding sites for either toxin A or toxin B;

in fact, a receptor for either toxin has not been identified.

Only a few preliminary reports have focused on this problem,

and none of the studies have analyzed binding to tissue or

cells from the gastrointestinal tract of humans or animals.

Early studies by Chang and coworkers (26) determined

binding of crude preparations of toxin B to human erythrocyte
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ghosts indirectly, by measuring loss of cytotoxic activity

after contact with the membranes. They reported that binding

was inhibited by certain sterols and bile acids, whereas

monosaccharides, amino sugars, and treatment of membranes

with neuraminidase had no effect on binding activity. Thus a

lipid component was suggested to play a role in toxin binding

to erythrocytes. About this same time other investigators

reported that preincubation of crude toxin with high

concentrations of cholesterol, gangliosides, or lecithin did

not abolish cytotoxic activity on fibroblasts, and incubation

of cells with phospholipase C also did not alter the cytotoxic

response (204). Donta and Shaffer (46) also could not

inhibit intoxication of epithelial-like cells with

gangliosides. These investigators concluded that a lipid

receptor on the surface of cultured cells seemed less likely.

Donta and Schaffer (46) found that concanavalin A (con A)

was not protective for epithelial-like cells. These findings,

however, were contrary to that of Florin and Thelestam (60)

who later reported that con A and ricin caused a delay in the

intoxication response. Levy and Onderdonk (123) found that

wheat germ agglutinin (WGA) also reduced the cytotoxic effect

for monkey kidney fibroblasts, whereas phytohemagglutinin

(PHA) was without effect. The results obtained in these

studies, however, should be interpreted with caution for two

reasons: (i) all investigations published before 1981, and

also some more recent ones, were performed with crude toxin
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preparations probably containing both toxin A and B and other

unknown factors; and (ii) it has been reported that some

lectins, in particular con A, interfere with endocytosis in

various cells (42,144,222).

Recently Florin and Thelestam (60,62) have proposed that

purified toxin B must be internalized by endocytosis for

expression of the cytotoxic effect to occur. This conclusion

was based on the fact that intoxication by toxin B was

prevented by the lysosomotropic agents ammonium chloride and

cloroquine at concentrations inhibiting endocytosis. The

development of the cytotoxic effect was also prevented in the

presence of inhibitors of cellular energy metabolism or by

transfer of cells to 0°C (59,60). These findings are

consistent with the view that toxin B must be internalized by

endocytosis to exert a toxic response.

More recently Florin and Thelestam (61) reported that

ATP and other polyphosphorylated compounds also inhibit the

cytotoxic effect of toxin B on human lung fibroblasts. They

suggested that these compounds bind to a site on the toxin

which is distinct from the receptor—binding site. This site

may be analagous to the P—site which has been described for

diphtheria toxin (162). Presence of ATP interferes with some

step in the intoxication process but does not prevent binding

of the toxin to the cell. Florin and Thelestam (61) have

based their conclusions on the observation that toxin B

remained accessible to neutralization with externally added
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antitoxin in the presence of ATP, indicating that ATP

blocked the intoxication process at a stage when the toxin

was still located outside the cytoplasmic membrane.

Thelestam and Florin (206) have proposed a model of the

intoxication process by toxin B in cultured cells. Although

the receptor structure remains unidentified, they propose

that the toxin binds rapidly and firmly to the cell surface

independent of temperature and metabolic energy. The actual

binding of the toxin may be stabilized via the polyphosphate

binding site. The toxin is internalized via endocytosis into

acid endosomes, which ultimately fuse with lysosomes where

the toxin is proteolytically activated. Membrane channels

are formed in the lysosomal membrane permitting the transfer

of the toxin to the cytosol. Once in the cytosol, the toxin

may act on the microfilament bundles in the same way as the

cytochalasins, which bind to actin and prevent polymerization

of microfilaments. These effects, they concluded, result in

the actinomorphic changes in the cell shape before the cells

deteriorate.

Only one report has been published on the binding of

toxin A to tissue cultured cells. Ferritin—conjugated toxin

A has been shown to attach to the cell membrane of L-cells as

aggregates (179), which is suggestive of a clustering process.

These investigators showed that the ferritin—labeled toxin A

was later found intracellularly inside cytoplasmic vesicles

(179). They also reported that tunicamycin treatment of
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cells, which blocks the synthesis of both high mannose type

and complex type oligosaccharide chains of asparagine-linked

glycoproteins, reduced the cell-binding efficiency of toxin A

to 50%, suggesting the receptor is glycoprotein in nature.

Chang et al. (27) compared the susceptibility of fetal

intestinal mucosal cells and adult intestinal mucosal cells

to both toxins A and B and found that the fetal tissue was

more resistant to both toxins. These investigators concluded

that toxin resistance was due to the nature of the intestinal

cells and not due to factors in the lumen. The reason why

fetal tissue is more resistant is not known; however, it is

interesting that these findings agree with what is currently

known about the lack of Q, difficile disease in infants as

discussed previously. These observations are further supported

by the findings of Rolfe and Iaconis (175a), who showed that

infant hamsters are more resistant to Q, difficile disease than

adult hamsters.

Overview of known bacterial toxin receptors

The word receptor is now used by many scientists with so

many different meanings that it is practically impossible to

cover in one definition all the biological processes in which

the term has been applied. A wide variety of molecules,

including hormones, drugs, neurotransmitters, growth factors,

chemotactic agents, antigens, viruses, plasma lipoproteins,

glycoproteins, lectins and toxins, elicit their biological
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effects by virtue of their binding to cellular receptors.

For the purpose of this discussion the word receptor will be

used to describe a binding component on the cell surface that

is involved in the initial step which ultimately leads to the

expression of toxicity of a particular toxin. The most

important hallmark of a receptor binding site is its

specificity.

A. The plasma membrane. The plasma membrane is known to be

a fluid, mobile, lipid bilayer which is functionally and

structurally asymmetric (188). The outer surface of the

membrane carries the molecular markers of cellular uniqueness

in the form of glycoproteins and glycolipids. Because the

integral glycoproteins and glycolipids have both buried

hydrophobic and exposed hydrophilic groupings, such membrane

components are termed amphipathic (87). The presence of

carbohydrate sequences on these amphipathic glycolipids and

glycoproteins forms a network of outer surface projections

that constitute a first line of interaction between the cell

and its environment. In addition, carbohydrate sequences

provide a tremendous amount of structural diversity. A

simple glucose disaccharide can exist in 11 distinct forms,

and a glucose trisaccharide yields 176 anomeric configurations

(87). Thus a mixed trisaccharide would, obviously, yield many

more possible structural variants.

Typically, oligosaccharides of mammalian cell membranes
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are composed of between 4 and 20 monosaccharide residues, most

commonly of glucose, galactose, mannose, fucose, N—acetyl-

glucosamine, N—acety1ga1actosamine, and N—acetylneuraminic

acid (181). The specific sequence and anomeric configuration

of these sugars, then, make cell surfaceoligosaccharideslikely

candidates as receptors. In fact, well documented

examples exist of the critical involvement of carbohydrate on

glycoproteins and glycolipids as receptors for agents of the

immune system, viruses, lectins, hormones and toxins

(36,48,73,88,92,l54,223). With this concept in mind, a brief

overview of those bacterial toxins for which a receptor has

been identified will be discussed.

B. Recegtor for cholera tggig. Cholera toxin is probably

the best studied of the bacterial toxins in that its structure,

mechanism of action and toxin receptor have all been

elucidated. The purified toxin consists of three subunits:

Al (MW 23,000), A2 (MW 6000), and B (MW 11,500) (79,143).

Subunit Al has been shown to have enzymatic activity and can

activate the adenylate cyclase system by ADP-ribosylating the

GTP regulatory protein (22,67). Electron microscopic studies

have shown that there are five B subunits per toxin molecule

arranged in a ring around a central core which contains the

enzyme Al. A2 connects Al to the ring through a single

disulfide bond, which must be severed for expression of

maximum enzymatic activity (66,143).
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In 1971 van Heyningen and coworkers (2l1) suggested that

the receptor is a ganglioside-since the effect of cholera

toxin on isolated fat cells and on intestinal loops of rabbits

was blocked by incubation of the toxin with a crude preparation

of gangliosides. These results were later confirmed by

Cuatrecasas (40) who showed that extraction of glycolipids

from cell membranes resulted in a loss of toxin binding that

could be recovered in the ganglioside fraction of the

extracts. By using purified gangliosides, it has since been

demonstrated in a variety of systems that the monosialo-

ganglioside GMI (Table 3) is the component that most strongly

interacts with cholera toxin.

GMI inhibits the binding of 1251-labeled cholera toxin

to liver membranes and fat cells (39), inhibits the

toxin-induced effects on fat cells (40), and on mouse

thymocytes (224), and also inhibits accumulation of fluid

into rabbit ileal loops (77,78,158). The role of GMI as

receptor for cholera toxin is even further strengthened by

the observation that toxin-resistant cell lines lack GMI in

the cell membrane and can be made sensitive to the toxin by

the incorporation of GMI into the cell membrane (57,149).

This reconstitution experiment with GMl-deficient cells

demonstrates that GM1 can serve as a functional receptor for

cholera toxin. Nevertheless, the possibility remains that

other molecules exist that can bind cholera toxin and could also

act as receptors. Critchley Q Q. (36) have shown that
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Table 3. Structgres of gangliosides related to receptors for
bacterial toxins .

Ganglioside Structure Reference

GM1 Galpl—3Ga1NAcP1—4Galp1—4Glcß1-Cer 112,113
3
I
2¤NeuAc

G 1 Gal l—3GalNAc l—4Gal l—4G1cpl-Cer 108 110D a P 2
F,

ll2:1l4'
I

2¤NeuAc 2aNeuAc

GD1b Galpl—3GalNAcpl-4Galßl-4Glcpl—Cer 94,lO9,113,
3
I
2¤NeuAc8—2 NeuAc

GT1b Galßl-3Ga1NAcp1—4Ga1pl-4Glcpl-Cer 109,113
3 3
I I
2¤NeuAc 2aNeuAc8—2aNeuAc

lNomenclature of gangliosides from Svennerholm (196).
Abbreviations: Cer, ceramide; Gal, galactose; GalNAc,
N-acetylgalactosamine; Glc, glucose; NeuAc, N—acetyl-
neuraminic acid
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cholera toxin binds mostly to GMl but also binds in minor

amounts to glycoproteins from mouse fibroblasts. These

investigators have suggested that these glycoproteins

("galactoproteins") may possess a carbohydrate sequence

similar to what is contained in GM1. Morita gt gl., (148)

using rat small intestine epithelial cells identified cholera

toxin-binding glycoproteins with molecular weights of 69,000,

90,000, 100,000, 114,000, and 132,000. Subsequent work by

Critchely gg al. (37,38) in which they analyzed cholera

toxin—binding components of rat intestinal brush border

membranes and mouse fibroblasts confirmed their original

observations that most of the cholera toxin bound to GMl
but also in small amounts to galactoproteins.

There appears at this time little doubt that the effects

of cholera toxin are mediated via the cell surface receptor

and that GMI ganglioside is the major membrane component

which binds cholera toxin, although some binding may also

occur to glycoproteins.

The interaction of toxin with Gul occurs between the

toxin B subunit and the oligosaccharide component of the

ganglioside and the binding is multivalent (78,84,168).

It is thought that initially a single B moiety binds to

a single GMI molecule. Then lateral diffusion in the plane

of the membrane occurs until all five B subunits are associated

with five corresponding GMl gangliosides. Craig and Cuatrecasas

(34) have shown using f1uorescein—1abe1ed toxin conjugates,
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that the cholera toxin-receptor complex is mobile in the

plane of the membrane, redistributing in a temperature—dependent

manner to form "patches and caps". Cuatrecasas and coworkers

(15,34,177) have proposed that multivalent binding of the

toxin to cells with few receptors requires lateral movement

of the receptors. Multivalent binding of the toxin to cells

with many receptors is rapid and can occur at low temperatures

where lateral diffusion is minimal. Thus, multivalent

binding appears to be essential for toxin action but lateral

distribution may only be required to achieve multivalent

binding of cholera toxin to cells with few receptors.

C. Receptor fo; Escherichia coli LT toxin. There is now

substantial evidence that most cases of Traveler's diarrhea

are caused by infection with certain toxigenic strains of

Q. ggl;. This enterotoxin is structually, functionally, and

immunologically similar to cholera toxin (122). Q, ggl;

enterotoxin (LT) activates adenylate cyclase by the same

mechanism as cholera toxin (51). The LT A subunit which has

sequence homologies with the A subunit of cholera toxin (191)

activates adenylate cyclase and catalyzes the ADP—ribosy1ation

of the regulatory component in the membranes (68). The B

subunit structures also show marked similarities (28,29) and

consequently share antigenic determinants, but possess unique

ones as well.

LT can be inactivated by GMI ganglioside (44,77,158,224)
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and its binding to GMI-deficient cells is enhanced by treating

the cells with GMI (151); other gangliosides (shown in Table

3) added to these cells did not facilitate binding. Other

investigators have shown that addition of GMI to a mouse

fibroblast cell line unresponsive to both cholera and Q. ggg;

LT, and which can not synthesize GMI, resulted in a significant

increase in cyclic AMP content of the these cells follwoing

exposure to LT (150). Moss and coworkers (151) have shown

that each LT molecule binds several oligosaccharide moities

and thus appears to bind in a multivalent fashion similar to

cholera toxin.

It is unclear as to whether GMl is the only receptor for

LT in the intestine. Q, ggg; LT strongly binds to galactose-

containing supports (agarose) (30,115) and, in fact, the

toxin has been affinity purified in this manner using

galactose to elute the toxin from an agarose column (30).

These investigators also reported that under similar

chromatographic conditions cholera toxin does not bind to

agarose columns, although it is slightly retarded. Recently

Holmgren gg gg. (81) reported that cholera toxin bound

selectively to GMl ganglioside receptor_sites from rabbit

small intestine but that Q, ggg; LT bound both to GMI

ganglioside and to a main glycoprotein receptor for which

cholera toxin lacked affinity. Furthermore, Holmgren gg gg.

(81) showed that blocking of GMI by cholera toxin B subunits

did not give any detectable inhibition of the LT effect



32

mainly because the glycoprotein receptors predominated more

than 10-fold over ganglioside binding sites. Recently,

Holmgren gg gl. (82) confirmed these results using human

intestine. LT binds to both ganglioside and glycoprotein

receptor sites in the human small intestinal epithelium,

whereas cholera toxin binding was restricted to the gangliosides

receptors. It is interesting to note that the "ga1actoproteins"

reported by Critchley gg al (36,37,38 and Morita (148) (as

discussed in the section on cholera toxin) which were

described as binding to cholera toxin may conceivably be the

main LT receptor.

It is clear from the data on both cholera and LT

enterotoxins that the definition of receptor is an ambiguous

one. The recurring theme seems to be that the carbohydrate

component itself is intimately involved in toxin binding and

that the rest of the macromolecule, protein or lipid, serves

merely as an anchor in the cell membrane.

D. §higa toxin receptor. Shiga toxin is a protein produced

by Shigella dysenteriae and other organisms of the genus

Shigella. This potent toxin has been shown to be responsible

for the severe diarrheic and dysenteric syndrome observed

with patients with shigellosis (102). The toxin consists of

two functionally different moieties, an enzymatically active

A subunit (MW 30,800) and a B subunit (MW 5000). The

A chain, like cholera and Q. ggl; enterotoxins, can be split
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by trypsin into two disulfide-linked fragments, Al and A2,

whereas the B moiety consists of six to seven identical B

chains (156). An interesting feature of the toxin is that it

possesses multiple biological effects. The toxin is cytotoxic

against HeLa cells,_e1icits a positive enterotoxic response

in rabbit ileal loops, and is a strong neurotoxin, causing

death in monkeys, rabbits and mice (100,155). These results

were later confirmed by Eiklid and Olsnes (50) who showed

that these toxic activities were all caused by one protein.

The primary biological activity, however, appears to be

inhibition of protein synthesis (207) brought about by

inactivation of the 60S ribosomal subunit of the eucaryotic

ribosome (167).

The biochemical nature of the receptor for shiga toxin

has been investigated by Keusch and co—workers (99,100,l03,

104). These investigators have proposed that Shiga toxin

receptors on HeLa cells and rat liver membranes are

glycoproteins which contain short chain B-1,4-linked

N-acetyl-D-glucosamine oligomers (GlcNAc) (103,104). Lethal

effects of the toxin to both cell types were inhibited by

pretreating cells with trypsin, lysozyme, and wheat germ

agglutinin. The binding of the toxin to HeLa cells was also

inhibited by the chitin—derived short chain oligosaccharides

containing B—l,4—1inked GlcNAc, chitotriose and chitotetrose

being the best inhibitors. They have also reported (98,101)

that some of these receptors might be masked since treatment
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of toxin-sensitive HeLa cells with B—galactosidase resulted

in enhancement of sensitivity to toxin.

Recently, Keusch gt gl. (101) have reported that

tunicamycin treatment, which blocks asparagine—linked

oligosaccharide synthesis, rendered cells completely resistant

to toxin within 24 hours. Although the structure of the

carbohydrate is still not known, evidence does suggest that

_ a glycoprotein receptor is involved.

E. Recegtors for tetanus and botulinum toxins. Tetanus and

botulinum toxins are the two most potent poisons known, being

about a million times as toxic as strychnine (209). They are

neurotoxins produced by Clostridium tetani and Clostridium

botulinum respectively and have been suggested to have identical

(or very similar) modes of action at the molecular level

(17,184). Their action results in an impairment of

neurotransmission due to prevention of the exocytosis of

transmitter—containing vesicles. It is believed that both

neurotoxins bind to nerve cells which contain substantial

amounts of gangliosides and are internalized, but there is no

known enzymatic activity associated with either one of the

toxins (145,185). Tetanus and botulinum toxins exhibit

high affinity for gangliosides of the Glb and GTl series

respectively (80,186,187,210) and are shown in Table 3.

Tetanus toxin has highest affinity for the disialosyl (GDlb)

and trisialosyl (GTlb) gangliosides (210) while the trisialosyl
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ganglioside binds botulinum toxin best followed by the

disialosyl gangliosides (GDIA and Gulb) (187). Like cholera

and Q. ggg; enterotoxins, it has been suggested that both

tetanus and botulinum toxin receptors may be either a

ganglioside or a glycoprotein with ganglioside—like

oligosaccharide structures (49), this again reinforces the

idea that the carbohydrate moiety of a particular glycoconjugate

functions as the receptor rather than the whole macromolecule.

F. Recegtor for Clostridium gerfringens enterotoxin.

Q. perfringens produces a sporu1ation—specific enterotoxin

that is responsible for one of the most common forms of food

poisoning in the United States (180). The enterotoxin has

been purified and characterized as a single protein with an

estimated molecular weight of 35,000. The toxin appears to

have multiple biological effects which distinquishes it from

cholera and Q. ggg; LT toxins. McDonel and coworkers

(135,139,140) have found Q, gerfringens enterotoxin to be

cytotoxic causing inhibition of glucose uptake, energy

production and macromolecular synthesis within the intestinal

epithelium. Although the mechanism of action is unknown,

the toxin is thought to act directly on the plasma membrane

producing membrane blebs in intestinal epithelial and Vero

cells.

Recently Wnek and McClane (221) partially purified a

protein (MW 50,000) from rabbit brush border membranes by
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affinitychromatography<x1aQ„ perfringensenterotoxin—affinity

column. The protein was found to inhibit biological activity

of the enterotoxin on Vero cells. It is not known if this

protein contains carbohydrate and further work will have to

be done before it is known if it is the receptor for

Q. perfringens enterotoxin.

G. Receptors for other bacterial toxins. Very little

information is available concerning the cell surface binding

sites for other bacterial toxins. Diphtheria toxin and

Pseudomonas aeruginosa exotoxin A have been studied in great

detail. The intracellular action of both toxins are

indistinguishable, inhibiting protein synthesis by the

ADP-ribosylation of elongation factor 2 (33). The experimental

evidence for the involvement of carbohydrates in the binding

of both toxins to receptors in not conclusive. The best

studied candidate for a diphtheria toxin receptor comes from

the studies by Proia gt al. (162,164). These investigators

Q have identified and characterized specific diphtheria

toxin—binding cell surface glycoproteins from guinea pig

lymph node cells and from hamster lymph node and thymus

cells. The glycoprotein was isolated by affinity chromatography

on a diphtheria toxin column and is thought to be an integral

membrane protein with an estimated molecular weight of

153,000. Robles gt gl. (174) have also found that some

glycoproteins present in fetal calf serum may also adsorb to
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cells and bind the toxin. Recent studies by Hranitzky et

al. (86) have confirmed that the diphtheria toxin receptor is

a glycoprotein but have hypothesized that the toxin does not

bind a carbohydrate moiety but instead binds to the peptide

backbone of the glycoprotein receptor. These investigators

have based their conclusions on the fact that CHO-K1 mutants,

defective in the synthesis of either high—mannose-type or

complex type oligosaccharides, showed no difference in toxin

sensitivity compared with that of their parental cell lines.

Other workers have reported that treatment of cells with

neuraminidase sensitized the cells approximately three-fold to

diphtheria toxin (142), and that once sialic acid is removed

the unmasked receptor bound more toxin. In light of all the

data, further studies are needed to identify the binding site

for diphtheria toxin.

Treatment of cells with neuraminidase has also been

reported to increase the sensitivity to Pseudomonas exotoxin

(142) and Fitzgerald gg gl. (58) found that the binding was

inhibited by conconavalin A. Thus there is some indirect

evidence that the receptors for pseudomonas exotoxin A may

have a carbohydrate component.

Essentially nothing is known about the nature of the

receptor for pertussis toxin, a protein produced by Bordetella

pertussis which is believed to be of major importance in the

pathogenesis of whooping cough (216). The toxin has a molecular

weight of 117,000 (197) and has been demonstrated to exert its
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effects on the adenylate cyclase system (96). Preliminary

data from two laboratories infer that the receptor for pertussis

toxin may involve sialic acid—containing glycoconjugates,

possibly a ganglioside (91,197).

H. Conclusions. All of the bacterial toxin-receptors for which

structures have been elucidated have one feature in common--all

are carbohydrate—containing macromolecules and most are

gangliosides. There are many toxins produced by many

different species of bacteria which go far beyond the scope

of this dissertation. In general, bacterial toxins are

generally classified as either membrane damaging (hemolysins,

phopholipases, lysins) or intracellular acting, and it

is thought that the former act nonspecifically on the cell

membrane. The intracellular acting toxins (Table 4) share a

common mechanism of action involving (i) binding to specific

cell surface receptors; (ii) internalization by endocytosis

across the cell membrane; and (iii) interaction with an

intracellular target. Obvious examples include diphtheria

and Pseudomonas A toxins, which inhibit protein synthesis

(32,90) by apparently the same mechanism; cholera and

E;. gg LT enterotoxins which stimulate adenylate cyclase

(22,68) and shiga toxin which acts upon the 60S ribosomal

subunit (167).

This process of toxin binding and internalization is

very similar to what has been observed for many hormones.
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Table 4. Summary of features of bacterial toxins and receptorsl

Intracellular
Toxin Mol. wt. Target Receptor

Cholera
·

84,000 Adenylate cyclase GMI

Q. coli LT 91,000 Adenylate cyclase GMl, Galacto—
protein

Shiga 68,000 60S ribosome Glycoprotein
(B-1,4-GlcNAc)

Tetanus 160,000 22
Gdlb, GT1b

Botulinum 150,000 2 GTlb

Diphtheria 62,000 EF—2 Glycoprotein
(150,000 MW)

Pseudomonas 66,000 EF-2 2

Pertussis 117,000 Adenylate cyclase SA-containing
molecule2

C. perfringens 50,000 2 Protein?

Q. difficle

Toxin A 440-666,000 2 Galul-3GalB1—4G1cNAc
Glycoconjugate

Toxin B 107-550,000 Microfilaments 2

lDetails and references are given in the text.22, No available information.
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Since it seems unlikely that mammalian cells possess "suicide

receptors" for bacterial toxins, a reasonable explanation may

be that bacterial toxins parasitize pathways for molecules

normally taken up by the cell.

Purpose of dissertation research

The normal gut flora is thought to be critical in

forming a protective barrier against the establishment and

subsequent infection of pathogens. When patients receive

antibiotics the normal ecology of the colon is disrupted and

can permit the overgrowth of Clostridium difficle. Extensive

research has implicated this anaerobe and its toxins as the

cause of both pseudomembranous colitis in humans and

antibiotic-associated enterocolitis in hamsters, More than

90% of the patients with psudomembranous colitis are associated

with toxigenic Q, difficile (5,15,40).

The Golden Syrian hamster has provided a tremendous

increase in our understanding of Q. difficile mediated

gastrointestinal disease over the last few years. The

hamster model has been shown to reproduce important aspects

of the human disease, including induction by antimicrobial

agents, occurrence of Q. difficile and its toxins as the

major etiology, and successful treatment with vancomycin.

Indeed, previous work from this laboratory has shown that

toxin A can act alone in causing enteric disease in hamsters,

whereas toxin B requires either damaged mucosa or the prior
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action of toxin A before a toxic response is observed. These

results have recently been confirmed by other investigators

(146).

The recent success in purification of both toxin A and B

has allowed many investigators to study different aspects of

the toxins and their role in the pathogenesis of Q. difficile

disease. Much knowledge has been gained about the biochemical

and immunological properties of the toxins; however, very

little information is available concerning the cell surface

binding sites. The identity of a receptor for either toxin A

or B was unknown when this research was started. It was

therefore the purpose of my dissertation research to determine

whether a cell surface binding site existed for Q. difficile

toxin A, an enterotoxin which is believed to be an important

determinant of pathogenicity in the disease.



42

LITERATURE CITED

1. Allo, M., J. Silva, and R. Fekety. 1978. Prevention of
clindamycin-induced colitis in hamsters by Clostridium
sordellii antitoxin. Gastroenterology Z§:351—355.

2. Alteneier, W.A., R.P. Hummel, and E.0. Hill. 1963.
Staphylococcal enterocolitis following antibiotic therapy.
Ann. Surg. 157:847.

3. Azar, H., and T. Drapanas. 1968. Relationship of
antibiotics to wound infection and enterocolitis in
colon surgery. Am. J. Surg. 115:209-217.

4. Bano, Y., T. Kobayashi, H. Kono, K. Watanabe, K. Ueno, and
Y. Nozawa. 1984. Biochemical characterization and
biologic actions of two toxins (D-1 and D—2) from
Clostridium difficile. Rev. Infect. Dis. @:811-S20.

5. Banno, Y., T. Kobayashi, K. Watanabe, K. Ueno, and
Y. Nozawa. 1981. Two toxins (D-1 and D-2) of Clostridium
difficile causing antibiotic-associated colitis:
purification and some characterization. Biochem. Int.
1:629-635.

6. Bartlett, J.G. 1979. Antibiotic-associated
pseudomembranous colitis. Rev. Infect. Dis. 1:530-539.

7. Bartlett, J.G. 1981. Antimicrobial agents implicated in
Clostridium difficile toxin-associated diarrhoea or
colitis. Johns Hopkins Med. J. 149:6.

8. Bartlett, J.G., T.-W. Chang, M. Gurwith, S.L. Gorbach, and
A.B. Onderdonk. 1978. Antibiotic-associated
pseudomembranous colitis due to toxin-producing
clostridia. New Eng. J. Med. 298:531—534.

9. Bartlett, J.G., T.-W. Chang, N. Moon, and A.B. Onderdonk.
1978. Antibiotic-induced lethal enterocolitis in
hamsters: studies with eleven agents and evidence to
support the pathogenic role of toxin—producing clostridia.
Amer. J. Vet. Res. 13:1525-1530.

10. Bartlett, J.G., and B. Laughon. 1984. Clostridium
difficile toxins, p. 35-42. In V. Rusch and T.D. Luckey
(eds.), Microecology and therapy. Proceedings of the IX
International Symposium on Intestinal Microecology,
I. Vol. 14.



43

ll. Bartlett, J.G., N. Moon, T.-W. Chang, N. Taylor, and
A.B. Onderdonk. 1978. Role of Clostridium difficile in
antibiotic-associated pseudomembranous colits.
Gastroenterology 1;:778-782.

12. Bartlett, J.G., A.B. Onderdonk, R.L. Cisneros,
D.L. Casper. 1977. C1indamycin—induced colitis due to
a toxin-producing species of clostridium in hamsters.
J. Infect. Dis. 136:701-705.

13. Batts, D.H. et al. 1979. Staphylococcal enterocolitis
(abstr. 181). 1; Program and abstracts of the 19th
Interscience Conference on Antimicrobial Agents and
Chemotherapy. Washington D.C.: American Society for
Microbiology.

14. Bennett, V., S. Craig, M.D. Hollenberg, E. 0'Keefe,
N. Sahyoun, and P. Cuatrecasas. 1976. Structure
and function of cholera toxin and hormone receptors.
J. Supramol. Struct. 1:99-120.

15. Bennett, V., B. 0'Keef, and P. Cuatrecasas. 1975.
Mechansim of action of cholera toxin and the mobile
receptor theory of hormone receptor-adenylate cyclase
interactions. Proc. Natl. Acad. Sci. U.S.A. 11:33-37.

16. Benner, J.E., and W.H. Tellman. 1970. Pseudomembranous
colitis as a sequel to oral lincomycin therapy.
Am. J. Gastroenterol. ;g:55-58.

17. Bizzini, B. 1979. Tetanus toxin Microbiol. Rev.
1;:224-240.

18. Boriello, S.P. 1979. Clostridium difficile amd its toxin
in the gastrointestinal tract in health and disease.
Res. Clin. Forums 1:33.

19. Borriello, S.P., and H.E. Larson. 1981. Antibiotics and
pseudomembranous colitis. J. Antimicrob. Chemother.
1(Suppl.A ):53-62.

20. Borriello, S.P., and H.E. Larson. 1985. Psudomembranous
and antibiotic-associated colitis, p.l45-164. In
S.P. Boriello (ed.), Clostridia in Gastrointestinal
Disease, CRC Press, Inc., Boca Raton, Florida.

21. Browne, R.A., R. Fekety, J. Silva, D.I. Boyd, C.0. Work,
and G.D. Abrams. 1977. The protective effect of
vancomycin on c1indamycin—induced colitis in hamsters.
Johns Hopkins Med. J. l41:183—192.



44 q

22. Cassel, D., and T. Pfeuffer. 1978. Mechanism of
cholera toxin action: covalent modification of the
guanyl nucleotide binding protein of the adenylate cyclase
system. Proc. Natl. Acad. Sci. U.S.A. 1;:2669-2673.

23. Chang, T-W., and J.G. Bartlett. 1981. Clostridium
difficile toxin. Pharmacol. Ther. 13:441-452.

24. Chang, T-W., J.G. Bartlett, S.L. Gorbach, and
A.B. Onderdonk. 1978. Clindamycin-induced enterocolitis
in hamsters as a model of pseudomembranous colitis in
patients. Infect. Immun. 20:526-529.

25. Chang, T-W., S.L. Gorbach, and J.G. Bartlett. 1978.
Neutralization of Clostridium difficile toxin by
Clostridium sordellii antitoxins. Infect. Immun.
;;:418-422.

26. Chang, T-W, S.L. Gorbach, and J.G. Bartlett. 1980.
Inhibition of binding of Clostridium difficile toxin by
steroids. J. Infect. Dis. 142:113.

27. Chang, T—W., N.M. Sullivan, and T.D. Wilkins. 1985.
Insusceptibility of fetal intestianl mucosa and fetal cells
to Clostridium difficile toxins. (In press).

28. Clenents, J.D., and R.A. Finkelstein. 1978. Immunological
cross—reactivity between a heat—labile enterotoxin(s) of
Escherichia coli and subunits of Vibrio cholerae
enterotoxin. Infect. Immun. g1:l036—l039.

29. Clements, J.D., and R.A. Pinkelstein. 1978. Demonstration
of shared and unique immunological determinants in
enterotoxins from Vibrio cholerae and Escherichia
coli. Infect. Immun. 22:709-713.

30. Clenents, J.D. and R.A. Finkelstein. 1979. Isolation and
characterization of homogeneous heat labile enterotoxins
with high specific activity from Escherichia coli
cultures. Infect. Immun. gg:760—769.

31. Cohen, L.B., C.J. McNei11, and R.F. Wells.
1973. Clindamycin-associated colitis. J. Am. Med. Assoc.
223:1379-1380.

32. Collier, R.J. 1975. Diphtheria toxin: mode of action
and structure. Bacteriol. Rev. 3g:54—85.

33. Collier, R.J. 1977. Inhibition of protein synthesis by
exotoxins from Corynebacterium diphtheriae and Pseudomonas
aeruginosa, p. 69-98. In P. Cuatrecasas (ed.), The
specificity and action of animal bacterial, and plant
toxins. Chapman and Hall, London.



45

34. Craig, S.W., and P. Cuatrecasas. 1975. Mobility of
cholera toxin receptors on rat lymphocyte membranes.
Proc. Natl. Acad. Sci. U.S.A. 1;:3844—3848.

35. Critchley, D.R., S. Ansell, R. Perkins, S. Dilks, and
J. Ingram. 1979. Isolation of cholera toxin receptors
from a mouse fibroblast and lynphoid cell line by
immune precipitation. J. Supramol. Struct. 1;:273-291.

36. Critchley, D.R., S. Ansell, and S. Dilks. 1979.
Glycolipids: a class of membrane receptors. -
Biochem. Soc. Trans. 1:314-321.

37. Critchley, D.R., J.L. Magnani, and P.H. Fishman. 1981.
Interaction of cholera toxin with rat intestinal brush
border membranes. Relative roles of gangliosides and
galactoproteins as toxin receptors. J. Biol. Chem.
256:8724-8731.

38. Critchely, D.R., C.H. Streuli, S. Kellie, S. Asnell, and
B. Patel. 1982. Characterization of the cholera toxin
receptor on BALB/c 3T3 cells as a ganglioside similar
to, or identical with, ganglioside GMI. Biochem. J.
204:209-219.

39. Cuatrecasas, P. 1973. Interaction of Vibrio cholera
enterotoxin with cell membranes. Biochemistry
1;:3547-3558.

40. Cuatrecasas, P. 1973. Gangliosides and membrane receptors
for cholera toxin. Biochemistry 1;:3558-3566.

41. Davis, J.S. 1974. Severe colitis following lincomycin
and clindamycin therapy. Am J. Gastroenterol. 6;:16-23.

42. Delfini, J., C. Amici, F. Belardelli, G. Oberholtzer, and
H. Sorrentino. 1982. Concanavalin A-induced inhibition
of abrin adn ricin activity parallels with a decrease of
the number of toxin—binding uptake-elution cycles.
Exp. Cell Res. 142:427—435.

43. Dickinson, R.J., A. Rampling, and D.G.D. Wight. 1985.
Spontaneous pseudomembranous colitis not associated with
Clostridium difficile. J. Infect. 1Q:252—255.

44. Donta, S.T. 1976. Interactions of choleragenoid and GMl
ganglioside with enterotoxins of Vibrio cholera and
Escherichia coli in cultured adrenal cells.
J. Infect. Dis. 1;;(Suppl.):Sl15-Sl19.

45. Donta, S.T. 1977. The risk of diarrhea and colitis with
antibiotic therapy. Geriatrics 1;:103-106.



46

46. Donta, S.T. and S.J. Shaffer. 1980. Effects of
Clostridium difficile toxin on tissue-cultured cells.
J. Infect. Dis. 141:218-222.

47. Draser, B.S., M. Shiner, and G.M. McLeod. 1969.
Studies on the intestinal flora I. The bacterial flora
of the gastrointestinal tract in healthy and achlorohydric
persons. Gastroenterology ;§:7l—79.

48. Edelman, G.M. 1976. Surface modulation in cell
recognition and cell growth. Science 192:218-227.

49. Eidels, L., R.L. Proia, and D.A. Hart. 1983. Membrane
receptors for bacterial toxins. Micrbiol. Rev.
41:596-620.

50. Eiklid, K., and S. Olsnes. 1983. Animal toxicity of
Shigella dysenteriae cytotoxin: evidence that the
neurotoxic, enterotoxic, and cytotoxic activities are
due to one toxin. J. Immunol. 130:380-384.

51. Evans, D.J., Jr., L.C. Chen, G.T. Curlin, and D.G. Evans.
1972. Stimulation of adenyl cyclase by Escherichia coli
enterotoxin. Nature (London) New Biol. 236:137-138.

52. Fekety, R., K.-H. Kim, D. Brown, D.H. Batts, M. Cudmore,
and J. Silva, Jr. 1981. Epidemiology of antibiotic-
associated colitis. Am. J. Med. ZQ:906—908.

53. Fekety, R., J. Silva, R.A. Btcwné, G.D. Rifkin, and
J.R. Ebright. 1979. Clindamycin-induced colitis.
Am. J. Clin. Nutr. ;g:244—250.

S4. Fernie, D.S., R.O. Thonson, I. Batty, and P.D. Walker.
1982. Active and passive immunization to protect
against antibiotic-associated caecitis in hamsters.
Develop. Biol. Stand. §3:325-332.

55. Finegold, S.H. 1986. Clinical considerations in the
diagnosis of antimicrobial agent—associated
gastroenteritis. Diagn. Microbiol. Infect. Dis.
gs 87S-9lS .

56. Finkelstein, R.A., and J.J. Lospalluto. 1969.
Pathogenesis of experimental cholera. Preparation
and isolation of choleragen and choleragenoid.
J. Exp. Med. 130:85-202.

57. Fishnan, P.H., J. Moss, and M. Vaughan. 1976. Uptake and
metabolism of gangliosides in transformed mouse
fibroblasts. Relationship of gangliosides structure
to choleragen response. J. Biol. Chem. 25l:4490—4494.



Q7 «

58. FitzGerald, D., R.E. Morris, and C.B. Saelinger. 1980.
Receptor-mediated internalization of Psuedomonas toxin
by mouse fibroblasts. Cell 21:867-873. —

59. Florin, I, and M. Thelestam. 1981. Intoxication of
cultured human lung fibroblasts with Clostridium
difficile toxin. Infect. Immun. 1;:67-74.

60. Florin, I., and M. Thelestam. 1983. Internalization of
Clostridium difficile cytotoxin into cultured human lung
fibroblasts. Biochim. Biophys. Acta 763:383-392.

61. Plorin, I., and M. Thelestam. 1984.
Polyphosphate-mediated protection from cellular
intoxication with Clostridium difficile toxin B. .
Biochim. Biophys. Acta 805:131-136.

62. Florin, I., and M. Thelestam. 1986. Lysosomal involvement
in cellular intoxication with Clostridium difficile
toxin B. Microbiol. Pathog. (In press).

63. George, R.H., J.M. Symonds, F. Dimock, J.D. Brown,
Y. Arabi, N. Shinagawa, M.R.B. Keighley,
J. Alexander-Williams, and D.W. Burdon. 1978.
Identification of Clostridium difficile as a cause
of pseudomembranous colits. Br. Med. J. 1:695.

64. George, W.L., V.L. Sutter, and S.M. Finegold. 1977.
Antimicrobial agent-induced diarrhea — a bacterial
disease. J. Infect. Dis. 136:822-828.

65. George, W.L., V.L. Sutter, E.C. Goldstein, S.L. Ludwig,
and S.M. Finegold. 1978. Aetiology of antimicrobial-
agent-associated colitis. Lancet 1:802-803.

66. Gill, D.M. 1976. The arrangements of subunits in cholera
toxin. Biochemistry 1;:1242—1248.

67. Gill, D.M., and R. Meren. 1978. ADP—ribosylation of
membrane proteins catalyzed by cholera toxin: basis of
the activation of adenylate cyclase. Proc. Natl. Acad.
ScilUOSQAQ68.

Gill, D.M. and S.H. Richardson. 1980. Adenosine
diphosphate-ribosylation of adenylate cyclase catalyzed
by heat labile enterotoxin of Escherichia coli:
comparison with cholera toxin. J. Infect. Dis.
141:64-70.

69. Goldstein F., W.C. Wirts, and 0.D. Kowlessar. 1970.
Diabetic diarrhea and steatorrhea. Microbiologic
and clinical observations. Ann. Intern. Med. 11:215-218.



48

70. Gorbach, S.L., and J.G. Bartlett. 1977. Pseudomembranous
enterocolitis: a review of its diverse forms.
J. Infect. Dis. 135:589-594.

71. Gorbach, S.L., A.G. Plaut, L. Nahas, L. Weinstein,
G. Spanknelbel, and R. Levitan. 1967. Studies of
intestinal microflora. II. Microorganisms of the
small intestine and their relations to oral and fecal
flora. Gastroenterology §;:856-867.

72. Gurwith, M.J., C. Langston, and D.M. Citron. 1981.
Toxin-producing bacteria in infants. Am. J. Dis. Child.
1;;:1104-1106.

73. Hakomori, S. 1981. Glycosphingolipids in cellualr
interaction, differentiation and oncogenesis. Ann. Rev.
Biochem. 5Q:733-764.

74. Hall, J., and E. O'Too1. 1935. Intestinal flora in
newborn infants with description of a new pathogenic
organism, Bacillus difficilis. Amer. J. Dis. Child.
gQ:390—402.

75. Hamilton, J.D., N.H. Dyer, A.M. Dawson, B.W. O'Grady,
A. Vince, J.C.B. Benton, and D.L. Mollin. 1970.
Assessment and significance of bacterial overgrowth in
the small bowel. Q. J. Med. 39:265-285.

76. Higaki, M., T. Honda, Y. Takeda, and T. Miwatani. 1981.
Detection of Clostridium difficile toxin in suckling mice.
FEMS Microbiol. Lett. 12:351.

77. Holmgren, J. 1973. Comparison of the tissue receptors
for Vibrio cholerag_and Escherichia coli enterotoxins
by means of gangliosides and natural cholera toxoid.
Infect. Immun. 8:851-859.

78. Holmgren, J. 1973. Immunological and receptor binding
properties of cholera toxin and its subunits, p. 196-213.
In Proceedings of the 9th Joint Conference on Cholera,
U.S.-Japan Cooperative Medical Science Program.
Publ. 8762, U.S. Department of State, Washington, D.C.

79. Holmgren, J. 1981. Actions of cholera toxin and the
prevention and treatment of cholera. Nature 292:413-417.

80. Holmgren, J., H. Elwing, P. Bredman, and L. Svennerholm.
1980. Polystyrene adsorbed gangliosides for investigation
of the structure of tetanus—toxin receptor.
Eur. J. Biochem. 106:371-379.



A9

81. Holmgren, J., P. Fredman, M. Lindblad, A.-M. Svennerholm,
and L. Svennerholm. 1982. Rabbit intestinal glycoprotein
receptor for Escherichia coli heat-labile enterotoxin
lacking affinity for cholera toxin. Infect. Immun.
38:424-433.

82. Holngren, J., M. Lindblad, P. Fredman, L. Svennerholm, and
H. Myrvold. 1985. Comparison of receptors for cholera
and Escherichia coli enterotoxins in human intestine.
Gastroenterology §g:27-35.

83. Holmgren, J., I. Lonnroth, and L. Svennerholm. 1973.
Tissue receptor for cholera exotoxinz postulated
structure from studies with GM ganglioside and related
glycolipids. Infect. Immun. ä:208-214.

84. Holmgren, J., J-B. Mansson, and L. Svennerholm. 1974.
Tissue receptor for cholera exotoxinz structural
requirements of GM ganglioside in toxin binding and
activation. Med. 8101. §2:229-233.

85. Honda, T., Y. Takeda, and T. Mivatani. 1982. Isolation
of special antibodies which react only with homologous
enterotoxins from Vibrio cholerae and enterotoxigenic
Escherichia coli. Infect. Immun. 14:333-336.

86. Hranitzky, K.W., D.L. Durham, D.A. Hart, and L. Eidels.
1985. Role of glycosylation in expression of functional
diphtheria toxin receptors. Infect. Immun. gg:336-343.

87. Hughes, R.C. 1975. The complex carbohydrates of mammalian
cell surfaces and their biological roles. Essays in
Biochem. 11:1-36.

88. Hughes, R.C. 1976. Membrane Glycoproteins: a review of
structure and funtion. Butterworth and Co., London.

89. Humphery, C.D., C.W. Condon, J.R. Cantey, and
F.E. Pittman. 1979. Partial purification of a toxin
found in hamsters with antibiotic-associated colitis.
Gastroenterology ZQ:468.

90. Iglewski, B.H., and D. Kabat. 1975. NAD-dependent
inhibition of protein synthesis by Pseudomonas aeruginosa.
Proc. Natl. Acad. Sci. U.S.A. 12:2284-2288.

91. Irons, L.I., and A.P. MacLennan. 1979. Isolation of the
lymphocytosis promoting factor hemagglutinin of Bordetella
pertussis by affinity chromatography. Biochim. Biophys.
Acta. §§g:l75-185.



50 w

92. Jarnefelt, J., J. Finne, T. Krusius, and H. Rauvala.
1978. Protein oligosaccharides of cell membranes.
Trends Biochem. Sci. 1:110-113.

93. Jewkes, J., H.E. Larson, A.B. Price, P.J. Sanderson, and
H.A. Davies. 1981. The aetiology of acute diarrhoea in
adults. Gut 1;:388.

94. Johnson, G.A., and R.H. McC1uer. 1964. Periodate
oxidation studies of human brain gangliosides.
Biochim. Biophys. Acta. §g:587.

95. Kalser, M.H., R. Cohen, I. Arteaga, E. Yawn, L. Mayoral,
W.R. Hoffert, and D. Frazier. 1966. Normal viral and
bacterial flora of the human small and large intestine.
N. Engl. J. Med. 274:500-505.

96. Katada, T., and M. Ui. 1979. Islet activating protein.
Enhanced insulin secretion and cyclic AMP accumulation in
pancreatic islets due to activation of native calcium
ionophores. J. Biol. Chem. 254:469-479.

97. Katz, L., J.T. La Mont, J.S. Trier, E.B. Sonnenblick,
S.W. Rothman, S.A. Broitman, and S. Rieth. 1978.
Experiemntal c1indamycin—associated colitis in rabbit.
Evidence for toxin—mediated mucosal damage.
Gastroenterology 11:246-253.

98. Keusch, G.T. 1979. Specific membrane receptors:
pathogenic and therapeutic implications in infectious
disease. Rev. Infect. Dis. 1:517-529.

99. Keusch, G.T. 1981. Receptor-mediated endocytosis of
Shigella cytotoxin, p. 95-112. In J.L. Middlebrook and
L.D. Kohn (ed.), Receptor-mediated binding and
internalization of toxins and hormones. Academic Press,
Inc., New York.

100. Keusch, G.T., A. Donohue-Rolfe, and M. Jacewicz. 1982.
Shigella toxin(s): description and role in diarrhea and
dysentery. Pharmacol. Ther. 1;:403-438.

101. Keusch, G.T., A. Donohue—Ro1fe, and M. Jacewicz. 1985.
Shigella toxin and the pathogenesis of shigellosis,
p. 193-214. In D. Evered and J. Whelan (ed.). Microbial
toxins and diarrhoeal disease. Ciba Foundation Symposium
112. Pitman, London.

102. Keusch, G.T., and M. Jacewicz. 1975. The pathogenesis
of Shigella diarrhea. V. Relationship of Shiga
enterotoxin, neurotoxin, and cytotoxin. J. Infect. Dis.
13l(Supp1.): S33-S39.



51 V

103. Keusch, G.T., and M. Jacewicz. 1976. Membrane receptor
(MR) for Shigella toxin (ST): role of N-acetyl glucosamine
(NAG). Clin. Res. 20:347A.

104. Keusch, G.T., and M Jacewicz. 1977. Pathogenesis of
Shigella diarrhea. VII. Evidence of a cell membrane
receptor involving Bl-4 linked N—acetyl—D—g1ucosamine
oligomers. J. Exp. Med. l46:535—546.

105. Kim, K-H., R. Fekety, D.H. Batts, D. Brown, J. Silva,
Jr., and D. Waters. 1981. Isolation of Clostridium
difficile from the environment and cantacts from
patients with antibiotic—associated colitis.
J. Infect. Dis. 143:42.

106. King, C.E., and P.P. Toskes. 1979. Small intestine
bacterial overgrowth. Gastroenterology Z0:1035—1055.

107. Klenk, E. 1969. On cerebrosides and gangliosides. Prog.
Chem. Fats Other Lipids. 30(part 4):409

108. Klenk, E., and W. Gielen. 1963. Uber ein zweites
hexosaminhaltiges Gangliosie aus Menschengehirn. Hoppe
Seylers Z. Physiol. Chem. 330:218.

109. Klenk, E., L. Hof, and L. Georgias. 1967. Zur Kenntnis
der Gehirnganglioside. Hoppe Seylers Z. Physiol. Chem.
300:149.

110. Klenk, E. and W. Kunau. 1964. Beitrag zur Konstitution
der Ganglioside. Hoppe Seylers Z. Physiol. Chem. 33;:275.

111. Kramer, I.R.H. 1948. Fatal staphylococcal enteritis
developing during streptomycin therapy by mouth. Lancet
3;;:646. —

112. Kuhn, R., and H. Egge. 1963. Uber Ergebnisse der
Permethylierung der Ganglioside G1 und G11. Chem. Ber.
20:3338.

113. Kuhn, R., and H. Wiegandt. 1963. Die Konstitution der .
Gang1io—N—tetraose und des Gangliosides G1. Chem Ber.
20:866.

114. Kuhn, R., and H. Wiegandt. 1963. Die Konstitution der
Ganglioside G11, G111 und G1V. Z. Naturforsch [c] 18b:541.

115. Kunkel, S.L., and D.C. Robertson. 1979. Purification and
chemical characterization of the heat labile enterotoxin
produced by enterotoxigenic Escherichia coli.
Infect. Immun. 2;:586-596.



52

116. Larson, H.E., F.E. Barclay, P. Honour, I.D. Hill. 1982.
Epidemiology of Clostridium difficile in infants.
J. Infect. Dis. 146:727-733.

117. Larson, H.E., S.P. Borriello, P. Honour, and A. Welch.
1984. Clostridium difficile and its toxin in human
disease, p. 339-345. In J. Jaljaszewicz and Alouf,° J. (eds,). Bacterial Protein Toxins, Academic Press,
London.

118. Larson, H.E., J.V. Parry, A.B. Price, D.R. Davies,
J. Dolby, and D.A.J. Tyrrell. 1977. Undescribed toxin
in pseudomembranous colitis. Br. Med. J. 1:1246-1248.

119. Larson, H.E., and A.B. Price. 1977. Pseudomembranous
colitis: presence of Clostridial toxin. Lancet
;:l3l2—13l4.

120. Larson, H.E., A.B. Price, P. Honour, and S.P. Boriello.
1978. Clostridium difficile and the aetiology of
pseudomembranous colitis. Lancet 1:1063-1066.

121. Laughon, B.B., R.P. Viscidi, S.L. Gdovin, R.H. Yolken, and
J.G. Bartlett. 1984 Enzyme immunoassays for detection
of Clostridium difficile toxins A and B in fecal
specimens. J. Infect. Dis. 149:781-788.

122. Levine, H.M., J.B. Kaper, R.E. Black, and H.L. Clenents.
1983. Microbiol. Rev. g1:5l0—550.

123. Levy, N.J., and A.B. Onderdonk. 1981. Lectin alterations
of Clostridium difficile cytotoxin activity. 21st
Intern. Conf. Antimicron. Agents and Chemother., abst. 719.

124. Libby, J.M., S. Donta, and T.D. Wilkins. 1981.
Clostridium difficile toxin A in infants. J. Infect. Dis.
];@_:606.

125. Libby, J.M., B.S. Jortner, and T.D. Wilkins. 1982.
Effects of the two toxins of Clostridium difficile in
antibiotic-associated cecitis in hamsters. Infect. Immun.
3_6_:822—829.

126. Lima, A.A.M., D.M. Lyerly, T.D. Wilkins, and
R.L. Guerrant. 1986. Clostridium difficile toxin A:
dose response, time course and histologic effects in
vivo and in vitro. Clin Res. (In press).

127. Lyerly, D.M., D.E. Lockwood, S.H. Richardson, and
T.D. Wilkins. 1982. Biological activities of toxins A
and B of Clostridium difficile. Infect. Immun.
35:1147-1150.



S3

128. Lyerly, D.M., C.J. Phelps, and T.D. Wilkins. 1985.
Monoclonal and specific polyclonal antibodies for
immunoassay of Clostridium difficile toxin A.
J. Clin. Microbiol. 21:12-14.

129. Lyerly, D.M., M.D. Roberts, C.J. Phelps, and T.D. Wilkins.
1986. Purification and properties of toxins A and B of
Clostridium difficile. FEMS Microbiol. Lett. 33:31-35.

130. Lyerly, D.M., K.E. Saum, D.K. MacDonald, and T.D. Wilkins.
1985. Effects of Clostridium difficile toxins given
intragastrically to animals. Infect. Immun. 41:349-352.

131. Lyerly, D.M., N.M. Sullivan, and T.D. Wilkins. 1983.
Enzyme-linked immunosorbent assay for Clostridium difficile
toxin A. J. Clin. Microbiol. 11:72-78.

132. Lyerly, D.M., and T.D. Wilkins. 1984. Characteristics
of the toxins of Clostridium difficile, p. 89-102. In
S.P. Boriello (ed.), Antibiotic Associated Diarrhoea and
Colitis, Martinus Nijhoff Publishers, Boston.

133. Lyerly, D.M., and T.D. Wilkins. 1986. ASSayS for the
toxins of Clostridium difficile. In R.B. Kohler (ed.).
Detection of bacterial antigens for the rapid diagnosis
of infectious diseases, CRC Press, Inc. (In press).

134. Malamou-Ladas, H., S. 0'Farrell, J.Q. Nash, and
S. Tabaqchali. 1983. Isolation of Clostridium difficile
from patients and the environment of hospital wards.
J. Clin. Pathol. 3§:88.

135. McClane, B.A., and J.L. Mcbonel. 1979. The effects of
Clostridium perfringens enterotoxin on morphology,
viability, and macromolecular synthesis in Vero cells.
J. Cell Physiol. 33:191-200.

136. McDonald, M. et al. 1982. Antibiotic—associated diarrhoea
and methici1lin—resistant Staphylococcus aureus.
Med. J. Aust. 1:462.

137. Mcßonel, J.L. 1979. Molecular mode of action of
Clostridium perfringens enterotoxin. Am. J. Clin. Nutr.
§g:2l0·2l8.

138. McDone1, J.L., L.W. Chang, J.G. Pounds, and C.L. Duncun.
1978. The effects of Clostridium perfringens enterotoxin
on rat and rabbit ileum. Lab Invest. 33:210-218.



5d

139. McDone1, J.L., and C.L. Duncun. 1976. Mechanism of action
of Clostridium perfringens enterotoxin in the rat ileum:
protein synthesis and cyclic 3'-5' adenosine monophosphate,
p. 297-305. Proc. llth Joint Conf. Cholera, U.S.-Japan
Cooperative Medical Science Program, DHEW, Bethesda

140. McDone1, J.L., and C.L. Duncun. 1977. Effect of
Clostridium perfringens enterotoxin on mitochondrial
respiration. Infect. Immun. 1;:999-1001.

141. Medline, A., D.H. Shin, and N.M. Medline. 1976. Pseudo-
membranous colitis associated with antibiotics. Human
Pathol. 1:693-703. ·

142. Mekada, E., T..Uchida, and Y. Okada. 1979. Modification
of the cell surface with neuraminidase increases the
sensitivities of cells to diphtheria toxin and Psuedomonas
aeruginosa exotoxin. Exp. Cell Res. l23:l37—146.

143. Mekalanos, J.J., R.J. Collier, and W.R. Romig. 1979.
Enzymatic activity of cholera toxin. II. Relationships
to proteolytic processing, disulfide bond reduction, and
subunit compostion. J. Biol. Chem. 254:5855—586l.

144. Middlebrook, J.L., and R.B. Dorland, and S.H. Leppla.
1979. Effects of lectins on the interaction of diphtheria
toxin with mammalian cells. Exp. Cell Res. 111:95-101.

145. Middlebrook, J.L., and R.B. Dorland. 1984. Bacterial
toxins: cellular mechanisms of action. Microbiol. Rev.
1;:199-221.

146. Mitchell, T.J., J.M. Ketley, S.C. Haslam, J. Stephen,
D.W. Burdon, D.C.A. Candy, and R. Daniel. 1986. The
effect of toxin A and B of Clostridium difficile on
rabbit ileum and colon. Gut 11:78-85.

147. Moore, W.E.C. and L.V. Holdenan. 1974. Human fecal
flora: the normal flora of 20 Japanese—Hawaiians.
Appl. Microbiol. 11:961.

148. Morita, A., D. Tsao, and Y.S. Kim. 1980. Identification
of cholera toxin binding glycoproteins in rat intestinal
microvillus membranes. J. Biol. Chem. 255:2549-2553.

149. Moss, J., P.H. Fishman, V.C. Manganiello, M. Vaughan, and
R.O. Brady. 1976. Functional incorporation of ganglioside
into intact cells: induction of choleragen responsiveness.
Proc. Natl. Acad. Sci. U.S.A. 1;:3480-3483.



55

150. Moss, J., P.H. Garrison, S.H. Pishman, and S.H. Richardson.
1979. Gangliosides sensitize unresponsive fibroblasts
to Escherichia coli heat labile enterotoxin.
J. Clin. Invest. §4:38l-384.

151. Moss, J., J.C. Osborne, Jr., P.H. Pishman, S. Nakaya, and
D.C. Robertson. 1981. Escherichia coli heat-labile
enterotoxin. Ganglioside specificity and ADP-
ribosyltransferase activity. J. Biol. Chem.
256:12856-12865.

152. Mulligan, M.E. 1984. Epidemiology of Clostridium
difficile-induced intestinal disease.. Rev. Infect. Dis.
Q(Suppl l):S222—S228.

153. Mulligan, M.E., W.L. George, R.D. Rolfe, and
S.H. Pinegold. 1980. Epidemioloigcal aspects of
Clostridium difficile-induced diarrhea and colitis.
Am. J. Clin. Nutr. 3;:2533.

154. Nicholson, G.L. 1976. Trans-membrane control of the
receptors on normal and tumor cells. II. Surface changes
associated with transformation and malignancy.
Biochim. Biophys. Acta. 458:1-72.

155. O'Brien, A.D., G.D. Laveck, D.B. Griffin, and
M.R. Thompson. 1980. Characterization of Shigella
dysenteriae 1 (Shiga) toxin purified by anti-shiga
toxin affinity chromatography. Immun. ;Q:l70-179.

156. Olsnes, S., R. Reisbig, and K. Eiklid. 1981. Subunit
structure if Shigella cytotoxin. J. Biol. Chem.
256:8732—8738.

157. Pearson, A.J., A. Brzechya-Ajdukiewicz, and C.F. McCarthy.
1969. Intestinal pseudo-obstruction with bacterial
overgrowth in the small intestine. Am. J. Dig. Dis.
1g:200—205.

158. Pierce, N.P. 1973. Differential inhibitory effects of
cholera toxoids and ganglioside on the enterotoxins
of Vibrio cholerae and Escherichia coli. J. Exp. Med.
137:1009-1023.

159. Pittnann, F.E., J.C. Pittmann, and C.D. Humphery. 1974.
Colitis following oral lincomycin therapy.
Arch. Intern. Med. 134:368-372.

160. Pothoulakis, C., L.M. Barone, R. Ely, B. Paris, H.E. Clark,
C. Pranzblau, and J.T. Lamont. 1986. Purification and
properties of Clostridium difficile cytotoxin B.
J. Biol. Chem. 261:1316-1321.



56

161. Price, A.B., and D.R. Davies. 1977. Pseudomembranous
colitis. J. Clin. Path. 54:1-12.

162. Proia, R.L., L. Bidels, and D.A. Hart. 1979. Diphtheria
toxin-binding glycoproteins on hamster cellsz candidates
for diphtheria toxin receptors. Infect. Immun.
15:786-79l.

163. Proia, R.L., D.A. Hart, and L. Eidels. 1979. Interaction
of diphtheria toxin with phosphorylated molecules.
Infect. Immun. 15:942-948.

164. Proia, R.L., D.A. Hart, R.K. Holmes, K.V. Holmes, and
L. Eidels. 1979. Immunoprecipitation and partial
characterization of diphtheria toxin-binding glycoproteins
from the surface of guinea pig cells. Proc. Natl. Acad.
Sci. U.S.A. 15:685-689.

165. Rehg, J.B. 1980. Cecal toxin(s) from guinea pigs with
clindamycin-associated colits, neutralized by Clostridium
sordellii antitoxin. Infect. Immun. 11:387-390.

166. Reiner, L., H.J. Schlesinger, and G.M. Miller. 1952.
Pseudomembranous colitis following aureomycin and
chloramphenicol. Arch. Pathol. 54:39-67.

167. Reisbig, R., S. Olsnes, and K. Eiklid. 1981. The
cytotoxic activity of Shigella toxin. Evidence for
catalytic inactivation of the 60S ribosomal subunit.
J. Biol. Chem. 256:8739-8744.

168. Richards, R.L., J. Moss, C.R. Alving, P.H. Fishman, and
R.O. Brady. 1979. Choleragen (cholera toxin): a
bacterial lectin. Proc. Natl. Acad. Sci. 15:1673-1676.

169. Rietra, P.J.G.M., K.W. Slaterus, H.C. Zanen, and
S.G.M. Meuvissen. 1978. Clostridial toxins in faeces of
healthy infants. The Lancet 1:319.

170. Rifkin, G.D., F.R. Fekety, J. Silva, J. Silva, Jr., and
R.B. Sack. 1977. Antibiotic-induced colitis. Implication
of a toxin neutralized by Clostridium sordellii antitoxin.
Lancet 1:1103-1106.

171. Rifkin, G.D., J. Silva, Jr. and R. Fekety. 1978. Gastro-
intestinal and system toxiciy of fecal extracts from
hamsters with clindamycin-induced colitis.
Gastroenterology 14:52-57.

172. Rihn, B., G. Beck, H. Honteil, F. Lecerf, and R. Girardot.
1985. Effect of the cytotoxin of Clostridium difficile
on cultured hepatoma cells. Biol. Cell 55:23-32.



57

173. Rihn, B., J.H. Scheftel, R. Girardot., and H. Nonteil
1984. A new purification procedure for Clostridium
difficile enterotoxin. Biochem. Biophys. Res. Commun.
124:690-695.

174. Robles, C.P., D.A. Hart, and L. Eidels. 1983. Diphtheria
toxin-binding glycoproteins on the surface of cells in
culture. Fed. Proc. 49:1809.

175. Rolfe, R.D., and S.M. Finegold. 1979. Purification and
characterization of Clostridium difficile toxin.
Infect. Immun. 95: 191-201.

175a Rolfe, R.D., and J.P. Iaconis. 1983. Intestinal
colonization of infant hamsters with Clostridium
difficile. Infect. Immun. 49:480-486.

176. Rothman, S.W., J.E. Brown, A. Diecidue, and D.A. Foret.
1984. Differential cytotoxic effects of toxins A and B
isolated from Clostridium difficile. Infect. Immun.
g§:324—331.

177. Sahyoun, N. and P. Cuatrecasas. 1975. Mechanism of
activation of adenylate cyclase by cholera
toxin. Proc. Natl. Acad. Sci. U.S.A. 19:3438-3442.

178. Savage, A.M., and R.H. Alford. 1983. Nosocomial spread
of Clostridium difficile. Infect.Contr.179.

Shahrabadi, M.S., L.B. Bryan, and P.W.K. Lee. 1984.
Interaction of Clostridium difficile toxin A with L
cells in culture. Can. J. Microbiol. 59:874-883.

180. Shandera, W.X., C.0. Tacket, and P.A. Blake. 1983.
J. Infect. Dis. 147:167-170.

181. Sharon, N., and H. Lis. 1981. Glycoproteinsz research
booming on long-ignored, ubiquitous compounds.
Chem. Eng. News. 59:21-44.

182. Sherertz, R.J., and P.A. Sarubbi. 1982. The prevalence
of Clostridium difficile in a nursery population: a
comparison between patients with necrotizing enterocolitis
and a asympotomatic group. J. Pediatr. 100:435-441.

183. Silva, J., D.H. Batts, R. Fekety, J.F. Plouffe,
G.D. Rifkin, and I. Baird. 1981. Treatment of
Q. difficile colitis and diarrhea with vancomycin.
Amer. J. Med. 19:815-822.



58 V

184. Simpson, L.L. 1981. The origin, structure, and
V pharmacological activity of botulinum toxin.

Pharmacol. Rev. 88:155-188.

185. Simpson, L.L. 1981. Pharmacological studies on the
cellular and subcellular effects of botulinum toxin,
p. 35-46. In G.E. Lewis, Jr (ed.), Biochemical aspects
of botulism. Academic Press, Inc., New York.

186. Simpson, L.L., and M.M. Rapport. 1971. Ganglioside
inactivaton of botulinum toxin. J. Neurochem.
18:1341-1343.

187. Simpson, L.L., and M.M. Rapport. 1971. The binding of
botulinum toxin to membrane lipidsz sphingolipids,
steroids, and fatty acids. J. Neurochem. 18:1751-1759.

188. Singer, S.J. and G•L. Nicolson. 1972. The fluid mosaic
model of the structure of cell membranes. Science
118:720-731.

189. Snyder, M.L. 1937. Further studies of Bacillus difficilis
(Hall and O'Tool). J. Infect. Dis. 88:223-23l.

190. Speare, G.S. 1954. Staphylococcal pseudomembranous
enterocolitis, a complication of antibiotic therapy.
Amer. J. Surg. 88:523.

191. Spicer, E.K., W.M. Kavanaugh, W.S. Dallas, S. Falkow,
W.H. Kinigsberg, and D.B. Schafer. 1981. Sequence
homologies between A subunits of Escherichia coli and
Vibrio cho1erag_enterotoxins. Proc. Natl. Acad. Sci.

UISIAO192.Stephen, J., S.C. Redmond, T.J. Mitchell, J. Ketley,
D.C.A. Candy, D.W. Burdon, R. Daniel. 1984. Clostridium
difficile enterotoxin (toxin A): new results.
Biochem. Soc. Trans. 18:194-195.

193. Sullivan, N.M., D.M. Lyerly, and T.D. Wilkins. 1983.
Purification of Clostridium difficile toxin B and
demonstration of multiple forms of the toxin.
Abstr. Ann. Meet. Amer. Soc. Microbiol., p. 26.

194. Sullivan, N.M., S. Pellet, and T.D. Wilkins. 1982.
Purification and characterization of toxins A and B of
Clostridium difficile. Infect. Immun. 88:1032-1040.

195. Sullivan, N.M., and T.D. Wilkins. 1982. Production of
Clostridium difficile-like toxins by Q. perfringens.
Abstr. Ann. Meet. Amer. Soc. Microbiol., p.37.



59

196. Svennerholm, L. 1963. Chromatographic seperation of human
brain gangliosides. J. Neurochem. 1g:6l3-623.

197. Tanura, M., K. Nogimori, S. Hurai, M. Yajima, K. Ito, T,
Katada, M. Ui, and S. Ishii. 1982. Subunit structure of
islet-activating protein, pertussis toxin, in conformity
with the A-B model. Biochemistry 11:5516-5522.

198. Taylor, G.R., G.I. Carter, and T.J. Crow. 1985. A
comparison of the effects of cytotoxic cerebralspinal
fluid on cell cultures with other cytopathogenic
agents. Exp. Mol. Pathol. 11:401-410.

199. Taylor, N.S., and J.G. Bartlett. 1979. Partial
purification and characterization of a cytotoxin from
Clostridium difficile. Rev. Infect. Dis. 1:379-385.

200. Taylor, N.S., G.H. Thorne, and J.G. Bartlett. 1980.
Separation of an enterotoxin from the cytotoxin of
Clostridium difficile. Clin. Res. 11:285.

201. Taylor, N.S., G.H. Thorne, and J.G. Bartlett. 1981.
Comparison of two toxins produced by Clostridium
difficile. Infect. Immun. 1g:1036—1043.

202. Tedesco, F.J. 1984. Antibiotics associated with
Clostridium difficile mediated diarrhoea and/or colitis,
p. 3-8. In S.P. Boriello (ed.), Antibiotic—associated
Diarrhoea and Colitis: Clostridium difficile in
Gastrointestinal Disorders, Martinus Nijhoff, The Hague,
p. 3-8. y

203. Thelestan, M., and M. Bronnegard. 1979. Partial
purification and cytotoxic effects of Clostridium
difficile toxin. Toxicon 11:192.

204. Thelestan, H., and H. Bronnegard. 1980. Interaction of
cytopathogenic toxin from Clostridium difficile with
cells in tissue culture. Scand. J. Infect. Dis. Suppl.
11:16-29.

205. Thelestam, M. and I. Florin. 1984. Interaction of
Clostridium difficile toxin B (cytotoxin) with cultured
cells, p.103—1l8. In S.P. Boriello (ed.), Antibiotic
Associated Diarthcea and Colitis: Clostridium difficile
in Gastrointestinal Disorders, Martinus Nijhoff Publishers,
Boston.

206. Thelestam, M. and I. Florin. 1984. Cytopathogenic
action of Clostridium difficile toxins. J. Toxicol.-Toxin
Rev. 1:139-180.



60 - I

207. Thompson, H.R., M.S. Steinberg, P. Gemski, S.B. Formal,
and B.P. Doctor. 1976. Inhibition of 1g vitro protein
synthesis by Shigella dysenteriae 1 toxin. Biochem. ~
Biophys. Res. Commun. 11:783-788.

208. Van der Waaij, D., J.M. Berghuis de Vries, and
J.B. Lekkerkerk van der Wees. 1971. Colonization
resistance of the digestive tract in conventional and

_ antibiotic-treated mice. J. Hyg. Camb. @3:405-411.

209. van Heyningen, W.E. 1972. Bacterial toxins, p. 1-26.
In S.J. Ajl, S. Kadis, and T.C. Montie (ed.), Microbial
toxins, Vol.I Bacterial protein toxins, Academic Press,
NY!

210. van Heyningen, W.B. 1974. Gangliosides as membrane
receptors for tetanus toxin, cholera toxin and serotonin.
Nature (London) 243:415-417.

211. van Heyningen, W.E., C.C.J. Carpenter, N.F. Pierce, and
W.B. Greenough III. 1971. Deactivation of cholera
toxin by gangliosides. J. Infect. Dis. 124:415-418.

212. Vantrappen, G., J. Janssens, J. Hellmans, and Y. Choos.
1977. The interdigestive motor complex of normal
subjects and patients with bacterial overgrowth of the
small intestine. J. Clin. Invest. @3:1158-1166.

213. Vesely, D.L., K.D. Straub, C.H. Nolan, R.D. Rolfe,
S.M. Finegold, and T.P. Monson. 1981. Purified
Clostridium difficile cytotoxin stimulates guanylate
cyclase activity and inhibits adenylate cyclase activity.
Infect. Immun. §ä:285-291.

214. Vesely, D.L., N.M. Sullivan, K.D. Straub, T.P. Monson, and
T.D. Wilkins. 1983. Clostridium difficile toxins A and
B both enhance guanylate cyclase activity. Clin. Res.
31:378A.

215. Viscidi, R., S. Willey, J.G. Bartlett. 1981. Isolation
rates and toxigenic potential of Clostridium difficile
isolates from various patients populations.
Gastroenterology 31:5-9.

216. Wardlaw, A.C., and R. Parton. 1983. Bordetella pertussis
toxins. Pharmacol. Ther. 13:1-53.

217. Wedel, N., P. Toselli, C. Pothoulakis, B. Faris, P. Oliver,
C. Franzblau, and T. Laäont. 1983. Ultrastructural
effects of Clostridium difficile toxin B on smooth
muscle cells and fibroblasts. Exp. Cell Res. 148:413-422.



61

218. Willey, S.H., and J.G. Bartlett. 1979. Cultures for
Clostridium difficile in stools containing a cytotoxin
neutralized by Clostridium sordellii antitoxin.
J. Clin. Microbiol. 13:880-884.

219. Wilkins, T., H. Ehrich, R. van Tassell, and E. Balish.
1980. Studies on the clostridial toxin associated with
antibiotic—associated pseudomembranous colitis,
p. 411-417. In D. Eaker and T. Wadstrom (eds).
Natural Toxins, Pergamon Press, New York.

220. Wilkins, T., B. Krivan, B. Stiles, R. Carman, and
· D. Lyerly. 1985. Clostridial toxins active locally in

the gastrointestinal tract, p. 230-241. In D. Evered
and J. Whelan (ed,). Microbial toxins and diarrhoeal
disease, Ciba Symposium 112, Pitman, London.

221. Wnek, A.P., and B.A. McC1ane. 1983. Identification of
a 50,000 Mr protein from rabbit brush border membranes
that binds Clostridium perfringens enterotoxin.
Biochem. Biophys. Res. Comm. 11;:1099-110S.

222. Wortman, J., R. Prinz, K. Ullrich, and K. von Figura.
1979. Effect of lectins on the metabolism of sulfated
glycosaminoglycans in cultured fibroblasts.
Biochim. Biophys. Acta 333:26-34.

223. Yamakawa, Y., and Y. Nagai. 1978. Glycolipids at the cell
surface and their biological functions. Trends
Biochem. Sci. 3:128-131.

224. zenser, T.V., and J.P. Metzger. 1974. Comparison of the
action of E. coli enterotoxin on the tymocyte adenylate
cyclase-cyclic adenosine monophosphate system to that of
cholera toxin and prostaglandin El. Infect. Immun.
3Q:503-509.



SECTION II

Cell Surface Binding Site for Clostridium difficile
Enterotoxin: Evidence for a Cell Binding Site

Containing the Sequence Ga1¤1-3Galßl-4GlcNAc

SUHHAR!

This study was undertaken to determine whether a binding

site for Clostridium difficile enterotoxin (toxin A) exists

in the brush border membranes (BBMs) of hamsters, an animal

known to be extremely sensitive to the action of the toxin.

Toxin A was the only antigen adsorbed by the BBMs from the

culture filtrate of Q, difficile. 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 species for binding activity

since erythrocytes provide a variety of carbohydrate sequences

on their cell surfaces. Only rabbit erythrocytes could bind

the toxin, and the cells agglutinated. A binding assay based

on an enzyme-linked immunosorbent assay method for quantifying

Q. difficile toxin A was used to compare binding of the toxin

to hamster BBMs, rabbit erythrocytes, and to BBMs from rats,

which are less susceptible to the action of Q, difficile

toxin A than hamsters. Results of this comparison indicated

the following order of toxin binding frequency: rabbit

erythrocytes > hamster BBMs > rat BBMs. Binding of toxin A

to BBMs from hamsters at 37°C was comparable to what has been

observed with cholera toxin, but binding was enhanced at
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4°C. A similar binding phenomenon was observed with rabbit

erythrocytes. Examination of the cell surfaces of BBMs from

hamsters and rabbit erythrocytes with lectins and specific

glycosidases revealed a high concentration of terminal

a—linked galactose. Treatment of both membrane types with

a-galactosidase destroyed the binding activity. The

glycoprotein, calf thyroglobulin, also bound the toxin and

inhibited toxin binding to cells. Toxin A did not bind to

human erythrocytes from blood group A, B, or O donors.

However, after fucosidase treatment of human erythrocytes,

only blood group B erythrocytes which possess the blood group

B structure Gal¤l—3[Fucal—2]Galßl-4GlcNAc-R could bind the

toxin. This indicated that toxin A was likely binding to

Galal-3GalBl—4GlcNAc, a carbohydrate sequence also found on calf

thyroglobulin and rabbit erythrocytes. All of the results

indicate that BBMS from hamsters contain a carbohydrate binding

site for toxin A that has at least a Galal-3Galßl-4GlcNAc

nonreducing terminal sequence.
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INTRODUCTION

Toxigenic strains of Clostridium difficile are recognized

as the major cause of antibiotic—associated pseudomembranous

colitis in humans (5,6,l7,l8,25,35). The toxins, designated

toxin A and toxin B, are large, heat-labile, cytotoxic proteins

that are lethal in animals (4,28,38). Toxin A elicits a

positive fluid response when injected into rabbit ileal loops

and presumably causes the severe diarrhea seen in humans with

Q, difficile disease. Toxin B does not cause fluid accumulation

in intestinal loops but does display a strong cytopathic

activity such that the morphology of monolayer cultured

fibroblasts has been termed actinomorphic (8,39,40). The

mechanism of action of the toxins is unknown.

There is a growing body of evidence that carbohydrate

sequences on the surface of cell membranes serve as receptors

for infective agents and their toxins (l4,l6,22,23,3l).

However, to date, a receptor for either toxin A or toxin B

has not been identified. This report describes studies

designed to explore the interaction of toxin A with brush

border membranes (BBMs) from hamsters, an animal highly

sensitive to the toxin. We found that toxin A specifically

binds to BBMs at physiological temperatures, but that the

amount of toxin bound actually increased at lower temperatures.

A similar binding phenomenon was also found with rabbit

erythrocytes. We present evidence that Q, difficile toxin A

binds to cell surface glycoconjugates containing the nonreducing
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terminal sequence Galal—3Galßl-4GlcNAc and that the binding

is temperature dependent.

MATERIALS AND MBTHODS

Reagents. (i)Imunochenicals. Rabbit anti—goat immunoglobulin

G-alkaline phosphatase was purchased from Sigma Chemical Co.,

St. Louis, Mo. Rabbit and goat antisera against crude

Q. difficile 10460 culture filtrate were produced as previously

described (ll). Affinity purified goat antibody against

toxin A was also prepared as previously described (29). Neutral

rabbit antiserum was purchased from Pel-Freez Biologicals,

Rogers, Ark. Fetal calf serum was obtained from Flow

Laboratories, Inc., McLean, VA. Human serum was obtained

from volunteers in our laboratory.

(ii) Enzynes and substrates. Coffee bean a—galactosidase

and Q. ggg; a-galactosidase were purchased from Boehringer

Mannheim Biochemicals, Indianapolis, Ind. Jack bean

ß-galactosidase, a—L-fucosidase (bovine kidney), Clostridium

gerfringens neuraminidase, trypsin, trypsin soy bean inhibitor,

Stregtomyces griseus pronase E, p-nitropheny1—a—D-galacto—

pyranoside, p-nitrophenyl-ß—D—galactopyranoside, and p—nitro—

pheny—¤—L—fucoside were purchased from Sigma.

(iii) Carbohydrates and glycoconjugates. The following

chemicals were purchased from Fisher Chemical Co., Pittsburgh,

Pa.: D-glucose, D-galactose, D·fructose, L-fucose, D—xylose,

sucrose, D-glucuronic acid, lactose, maltose, mellibiose,
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cellobiose, D—g1ucosamine, D—galactosamine, and raffinose.

The following compounds were purchased from Sigma: N-acety1—D—

glucosamine,N—acetyl-D—ga1actosamine,N—acetylneuraminicacid,

N—acety1neuramine—lactose, 1-0-methyl-¤—D-galactose,

l-0—methyl-B-D—ga1actose, stachyose, calf thyroglobulin,

asialofetuin, fetuin, orosomucoid, human glycophorin,

ovomucoid, ovalbumin, a-lactalbumin, ß-lactoglobulin, bovine

brain gangliosides (Type III), cerebrosides type I and II

(bovine brain), L-galactose, psychosine (DL-sphingosyl—ß-D-

galactoside), p—aminophenyl-ß-D-galactopyranoside,

D—ga1actopyranosyl—ß-D-thiogalactopyranoside, and fibronectin.

Human thyroglobulin was purchased from DAKO Corp., Santa

Barbara, Calif. Galactosell-3 galactose was purchase from

BioCarb Chemicals AB, Lund, Sweden.

Protein Determination. Protein concentration were estimated

by the dye-binding method of Bradford (7) with the Bio-Rad

protein assay kit (Bio-Rad Laboratories, Richmond, CA), using

bovine gamma globulin as the standard.

Preparation of Toxin A. A highly toxigenic strain of

Q. difficile, VPI strain 10463, was obtained from the

collection of the Department of Anaerobic Microbiology at

Virginia Polytechnic Institute and State University

(Blacksburg, VA). The organism was grown at 37C for 48h in

brain heart infusion (BHI) dialysis flasks as previously

described (ll). The culture filtrate and homogeneous toxin A

were prepared as previously described (37).
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Erythrocytes. Rabbit blood was obtained from four sources.

Heparinized rabbit blood was purchased from Pel-Freeze

Biologicals (Rogers, AR). Defibrinated, sterile rabbit blood

was purchased from Brown Laboratories (Topeka, KS) and

Hazelton Dutchland, Inc. (Denver, PA). Fresh rabbit blood

(drawn in EDTA) was obtained from animals maintained in the

laboratory. Human blood (drawn in EDTA) was obtained from

volunteers in our laboratory. Blood from other animal

species was obtained from Pel—Freeze Biologicals (Rogers, AR)

and the Department of Veterinary Medicine, Virginia Polytechnic

Institute and State University (Blacksburg, VA). Erythrocytes

were sedimented by centrifugation at 1500 x g for 5 min and

washed 4 times in isotonic TBS (0.1 M Tris(hydroxymethy1)-

aminomethane buffer containing 50 mM NaCl, pH 7.2) at 4 C

prior to use.

Preparation of Menbranes. (i) Isolation of brush border

membranes (BBHs). BBMs were isolated according to the

method of Forstner gg al. (15) from male golden Syrian

hamsters (Engle Laboratory Animals, Inc., Farmersburg, Ind.)

weighing about 120 g and from Sprague Dawley outbred rats

(Dominion Laboratories, Dublin, Va.) weighing about 450 g.

Purity of the BBMs was monitored by phase contrast microscopy.

(ii) Preparation of ghost nembranes. Hemoglobin-free rabbit

red cell membranes (ghosts) were prepared using a hemolysis

procedure similar to the method of Dodge gt gl. (10) with
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5 mM sodium phosphate buffer, pH 8.0 at 4 C. Sedimented

membranes were creamy white and were resuspended to the

original blood volume in TBS at 4 C prior to use.

Detergent solubilization. Brush border and ghost membranes were

suspended in an equal volume of detergent solution to give final

concentrations of 1% Triton X—l00 (Sigma), in 20 mM sodium

phosphate, PH 8.0. Brush borders and ghosts were incubated

60 min. at 37C and 4C respectively and centrifuged at 20,000

x g for 60 min. The clear supernatant, representing the

solubilized extract, was aspirated from the gelatinous

pellets, filter-sterilized (0.22 pm) and stored at 4 C prior

to use.

Toxin Binding Assay. Binding assays were performed in 1.5 ml

polypropylene microcentrifuge tubes (American Scientific

Products, McGaw Park, Ill.) which had been soaked with 20 mg

bovine serum albumin (BSA) per ml before use. Rabbit

erythrocytes were washed 4 times in TBS and resuspended in

TBS-0.2% BSA (pH 7.2) just before use. Binding of toxin A to

membranes was assayed by an enzyme-linked immunosorbent assay

(ELISA) similar to the methods used by Holmgren gg gl. (22,23).

Reaction mixtures contained BBMs, erythrocytes or ghosts at

various concentrations in TBS—0.2% BSA plus 25 ng of toxin A

per ml, in TBS—0.2% BSA in a total volume of 0.3 ml. After

incubation for 15 min at 4, 22, or 37C, the cells were

sedimented by centrifugation at 2000 rpm for 1 min, and the
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supernatant fluid (0.2 ml) was tested for its concentration

of unbound toxin with the toxin A-ELISA procedure (see below).

A11 experiments were performed in triplicate.

Toxin A ELISA. Concentrations of toxin A were determined by

the toxin A ELISA method, a procedure described previously

(30). In short, the wells of polystyrene plates (Immulon

type 2 ELISA plates, Dynatech Laboratories, Inc., Alexandria,

Va.) were coated with rabbit antiserum against Q, difficile

10463 culture filtrate at 37 C for 18 hours. Unoccupied

sites were blocked with BSA (10 mg/ml) in TBS, pH 7.2 for 30

min at room temperature. The wells were washed once and then

the toxin-containing supernatant fluid was added. Toxin

bound to the wells was then assayed immunologically by

sequential incubations with affinity purified goat antibody,

rabbit antigoat immunoglobulin conjugated to alkaline

phosphatase, and alkaline phosphatase substrate. Absorbance

readings at 405 nm for unknown reactions were compared

with a standard curve for known concentrations of toxin A tested

concurrently.

Enzyme Treatments. (i) cx and ß—ga1actosidase treatment.

Washed rabbit erythrocytes (2.5 x 108 cells/ml) and hamster

BBMs (2 mg membrane protein/ml) in 0.05 M sodium citrate—0.1

M NaC1 containing 0.04% sodium azide (Citrate-buffered

saline, CBS) were incubated at room temperature or at 37 C

with either 1.5 units of coffee bean a-galactosidase (pH 6.0)
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or 2.5 units of either Jack bean ß-galactosidase (pH 4.0) or

Q. ggg; p—galactosidase (pH 4.0). At various times 0.15 ml

aliquots were removed and washed 2 times with excess ice cold

TBS at 4 C before use in the binding assay. When whole

erythrocytes were used no apparent hemolysis was observed.

Triton X-100 solubilized extracts were titrated with 1N HC1

to PH 6.0 or 4.0 before incubation (37C, 1.5h) with 1 unit of

either enzyme. The efficacy of each enzyme was examined

under the conditions described above by the ability to

hydrolyze p-nitrophenylgalactopyranoside substrates. Jack

bean p-galactosidase was found to be free of a-galactosidase

activity as determined by its failure to hydrolyze

p-nitrophenyl—¤—D-galactopyranoside. The coffee bean

a—galactosidase was free of ß-galactosidase as determined

by its failure to hydrolyze p-nitropheny1—ß-D-galactopyrano—

side.

(ii) Fucosidase Treatnents. Washed human ghosts (10 mg

membrane protein/ml) in citrate—buffered saline (pH 5.5) were

incubated at 37 C for 12h with 5U units of a—L—fucosidase.

The membranes were removed, washed 3 times in excess ice-cold

TBS at 4 C before use. The efficacy of a—L-fucosidase was

examined by the ability to hydrolyze p-nitropheny1—a—L—

fucoside.

(iii) Proteolytic digestion. Stregtomyces griseus Pronase

(2mg) was added to Triton X—100 solubilized extracts in 2 ml

and incubated at 37C for 3 hours. The incubation was terminated



71

by placing the reaction tube in a boiling water bath for 5

min. prior to assaying for soluble binding activity. Mild

proteolytic treatment of washed erythrocytes (2.5 x 108

cells/ml) was carried out in the presence of 0.25% trypsin in _

TBS (pH 7.2) for 30 min. at 37 C. After addition of soybean

trypsin inhibitor (1% final concentration), erythrocytes was

washed 3 times in TBS. No apparent hemolysis was encountered

under these conditions.

(iv) Neuraminidase treatnent. Washed erythrocytes (2.5 x

108 cells/ml) and hamster BBMs (2 mg/ml membrane protein) in

citrate buffered saline (pH 5.5) were treated with 1.0 units

of Clostridium perfringens neuraminidase. After 90 min at

either 22C or 37 C, cells were washed 3 times in TBS before use.

Henagglutination and Henagglutination Inhibition Assay.

Erythrocytes were washed 4 times in 10 Volumes of TBS, pH 7.2,

and diluted to a 2.5% suspension. Two—fo1d serial dilutions

of toxin A (50 #1) were performed with TBS in V-bottom

microtiter plates (Dynatech) and 50 ul of fresh washed

erythrocytes was added to each well. The plates were gently

tapped and the red blood cells were allowed to settle at

either 4, 22, or 37C. Titers were expressed as the reciprocal

of the highest dilution of toxin A in which hemagglutination

was Visible macroscopically.

When Q, difficile antiserum was used the assay*was slightly

modified. Toxin A was diluted in TBS (in two-fold series) in
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small 12 x 75 mm glass test tubes and each tube was mixed

with an equal volume of a 5% freshly washed rabbit erythrocyte

suspension. After 5 min. at room temperature or 4 C, 50;1l

aliquots of erythrocyte suspension were added to V-bottom

microtiter plates which contained either TBS or Q. difficile

10463 antitoxin (1:2000 dilution for room temperature or

1:500 dilution for 4 C in TBS). The suspensions were mixed

by tapping the plates and the erythrocytes were allowed to

settle.

To test whether hemagglutination was inhibited by specific

carbohydrates and glycoconjugates, the agents were serially

diluted in microtiter plates in 25 pl of TBS. An equal

volume of toxin A, diluted in TBS to a titer of 32, was added

to each well and allowed to interact 30 min at 4C or 22C. A

2.5% suspension of fresh, washed rabbit erythrocytes (50 pl

in TBS) was then added to each well, the plates were mixed

and the erythrocytes were allowed to settle.

Lectin Treatments. Hamster BBMs and rabbit erythrocyte

membranes (1 mg/ml membrane protein) were incubated in TBS at

room temperature in a final volume of 1 ml with each of the

following lectins with and without its specific hapten

inhibitor: Bandeirea simplicifolia agglutinin (BS 1) with or

without 10 mM 1—O—methyl—¤-D-galactose and Dolichos biflorus

agglutinin (DBA) with or without N—acety1—D-galactosamine.

After treatment lectins were removed by centrifugation and



73 ·

membranes were assayed for toxin binding at 22C by the toxin

A ELISA. A11 lectins were purchased from Sigma.

Crossed Iumunoelectrophoresis (IEP). Crossed IEP was performed

on 5 x 5 cm glass plates in 1.2% low electroendosmotic agarose

(Sigma Chemical Co.) in 0.125 M Tris—Tricine buffer, pH 8.6,

as described by Axelsen gg gl. (3). The agarose use for the

second dimension contained 0.1 ml goat antiserum produced

against crude culture filtrate of Q, difficile VPI strain

10463 (11).

RESULTS

Toxin specificity. We examined the ability of BBMs from

hamsters to bind the toxins produced by Q. difficile. Figure

l shows that the enterotoxin (toxin A) was the only antigen

adsorbed by the BBMs from the culture filtrate as analyzed by

crossed immunoelectrophoresis (IEP). Binding of the toxin

appeared to be specific because none of the other antigens

present in the culture filtrate (including toxin B) showed a

measurable reduction in peak height, whereas toxin A was

completely removed. Heating the BBMS (100C, 10 min) did not

reduce the binding activity.

Erythrocyte specificity. Because the cell surface of

erythrocytes are known to contain a variety of carbohydrate

sequences on their membranes, erythrocytes from the following

animal species were studied for their ability to bind the

toxins: human (type A, B, and O), Rhesus monkey, hamster,
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Figure 1. Analysis by crossed immunoelectrophoresis of 
c. difficile strain 10463 culture filtrate adsorbed with hamster 
brush border membranes at 4°C. The upper portion of the gel 
in each plate contained 0.1 ml of goat antiserum against 
C. difficile VP! strain 10463 culture filtrate (9). (A) The 
well contained 50 pg of 10463 culture filtrate in 25 pl of 
TBS. The arrows designate the location of toxins A and B. 
(B) The well contained 50 µg of strain 10463 culture filtrate 
adsorbed with 25 pl of packed hamster brush border membranes. 
Note the absence of toxin A (arrow) in plate (B) demonstrating 
that hamster brush border membranes specifically bind on 
toxin A. The toxin B arc in the adsorbed culture filtrate 
(shown by arrow on right) is still present. 
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rabbit, guinea pig, rat, mouse, calf, horse, pig, dog, cat,

goose, and chicken. Of the 16 types of erythrocytes tested,

only those from rabbits bound toxin A. The finding that

toxin A could also agglutinate rabbit erythrocytes enabled

us to develop a specific hemagglutination assay to detect

thetoxin(H.C. Krivan,andD.M. Lyerly,Abstr. Annu. Meet. Am.

Soc. Microbiol. 1985, C245, p. 340; 44). Toxin B did not

agglutinate rabbit erythrocytes.

The hemagglutination assay was most sensitive for

detecting toxin A at 4C and hemagglutination was not

observed at 37C. Toxin A agglutinated erythrocytes from

rabbits at concentrations as low as 0.8 pg/ml at 4C. 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/ml of

toxin A. Agglutination of the erythrocytes by toxin A at 4C

disappeared when the cells were warmed to 37C. The

possibility that toxin A was enzymatically destroying its

binding site at 37C was ruled out because erythrocytes

incubated with toxin at 37C for 60 min, then cooled to 4C,

agglutinated. 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.
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Binding of toxin A to isolated brush border and erythrocyte

ghost membranes.

(i) Effect of membrane concentration. The binding of

toxin A to hamster and rat BBMs and to ghosts from rabbit

erythrocytes 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 4C

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

O erythrocyte membranes.

(ii) Effects of tine and tenperature. The binding of

toxin A to erythrocytes from rabbits and to BBMs from hamsters

incubated at 4, 22, and 37C 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 4C,

and residual toxin was removed by three cycles of centrifugation

and washing at 4C. Bound toxin dissociated from both hamster

BBMs and rabbit erythrocytes when warmed to 37C although not
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Figure 2. Effect of membrane concentration on the binding of 
C. difficile toxin A. The indicated concentration of membranes 
(membrane protein, mg/ml) was incubated 30 min at 4°C in 
0.3 ml of TBS containing 0.2% BSA and 25 ng/ml toxin A. 
Concentrations of toxin A were determined by ELISA as 
described in the text. A, rabbit ghosts •, hamster brush 
border membranes; e , rat brush border membranes. Inset, 
ELISA standard curve for known concentrations of toxin A. 
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Figure 3. Time course of binding of ~. difficile toxin A to 
(A) rabbit erythrocytes and (B) hamster brush border membranes 
at 4°C (,6), 22°c (0), and (0) 37°c. Reaction mixtures 
contained 1 x 108 rabbit erythrocytes or brush border 
membranes (1 mg/ml membrane protein) and 25 ng/ml toxin A in 
0.3 ml of TBS-0.2% BSA. Concentrations of residual toxin 
were determined by ELISA as described in the text. 
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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

37C, and the sensitivity of the hemagglutination assay is

greatest at 4C. _

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—l00 and assayed the soluble extract and the residual

membrane pellet for binding activity. As detected by ELISA,

95% of the binding activity was removed from the membranes by

detergent treatment. 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 further than when in the presence of Triton X-

100 alone (Fig. 4). The toxin appeared to be complexed with

some membrane component which we designated the toxin A

binding moiety.

Erythrocyte membranes from each animal species previously

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 similar to

extracts from rabbit erythrocytes; however, only rabbit
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Figure 4. Analysis by crossed immunoelectrophoresis of 
~- difficile VPI strain 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 ~- difficile strain 10463 culture 
filtrate (9). (A) The well contained 15 µg of purified toxin 
A combined with 20 mM sodium phosphate-1% Triton X-100 
buffer. (B) The well contained 15 µg of toxin A combined 
with 20 mM sodium phosphate-1% Triton X-100-solubilized 
membrane extract. The altered migration of the toxin 
irnrnunoprecipitin arc in (B) was also observed when extracts 
from hamster brush border membranes or thyroglobulin was 
combined with toxin A and analyzed. 
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erythrocytes could be agglutinated by the toxin in the

hemagglutination assay. This suggests that binding structures

exist on calf erythrocytes which could only be detected 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

membranes from calf and rabbit erythrocytes with enzymes in

an attempt to abolish binding activity; a-galactosidase

(coffee bean) but not ß-galactosidase (Jack bean or E, ggg;)

completely destroyed the binding activity of all three

membrane extracts. Pretreatment of the solubilized Triton

X-100 extract with pronase, neuraminidase or boiling did not

abolish binding.

(ii) Enzyme degradation of the membrane-bound binding

activity. Pretreatment of rabbit erythrocytes and BBMs from

hamsters 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. Pretreatment

of hamster brush borders with a—galactosidase greatly

decreased toxin binding at both 4C and 37C.

Hemagglutination inhibition. We tested a large number of

saccharides, a- and ß-substituted galactosides, neutral serum,
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Table l. Effect of enzymatic treatment of rabbit erythrocytes
and hamster brush border membranes on binding of Q. difficiletoxin A•a

Rabbit RBC Hamster BBMs

Enzyme Activity HA Titer % Inhibition

None - 512 0

a—Ga1actosidase 1.5 U 8 42

ß—Galactosidase 2.5 U 512 0

Neuraminidase 1.0 U 512 0

awashed rabbit erythrocytes (5% suspension RBC) and hamster
brush (BBMs, 2 mg/ml membrane protein) were incubated in CBS
90 min at 22C and 37C respectively with each enzyme. After
incubation RBCs and BBMs were washed 2 times at 4C with ice—cold
TBS to remove residual enzyme. Toxin hemagglutination of RBCs
and binding assays with BBMs were performed as described in
Materials and Methods.
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Table 2. Carbohydrate compounds which did not inhibit toxin
hemagglutination of rabbit erythrocytes.a

Other Saccharides (10mggml)

Neutral rabbit Serum D—GlucoSe
Fetal calf Serum D-Mannose
Human Serum type A D-Galactose
Human Serum type B L—Galactose

L—Fucose
Glycoproteins (1 mggml) D-Xylose

D—Glucuronic acid
Asialofetuin D-Glucosamine
Fetuin D-Galactosamine
Orosomucoid N-Acetyl—D-glucosamine
Ovomucoid N—Acetyl—D-galactosamine
a—macroglobulin N—Acetylneuraminic acid
B-lactoglobulin Lactose
Fibronectin Sucrose
Human thyroglobulin Maltose

Lactose
N-Acetylneuramin-lactose

Glycolipids (1 mggml) N,N'—diacetylchitobiose

Gangliosides
Cerebrosides type I
Cerebrosides type II
Psychosine

(Galp 1—Sphingosine)

a- and g—Substituted Galactosides (10 mggml)

1-0-Methyl-4x—D—galactopyranoside
1-O—Methyl-ß—D-galactopyranoside
p—Aminophenyl-B-D—galactopyranoside
D—Galactopyranosyl—B-D-thiogalactopyranoside
a—D—Galactose-(1-3)—D-galactose
Melibiose

(a-D-Gal-(1-6)-D-Glc)
Stachyose

(¤—D-Gal—(l-6)-a—D—Gal-(1-6)—¤-D-Glc—(l-2)-ß-D—Fru)
Raffinose ‘

(a-D-Ga1—(l-6)—¤—D-Glc-(1-2)-p—D-Fru)

aEach compound was tested as a potential inhibitor in the
toxin hemagglutination assay by serial dilution in 25 pl Volumes
in microtiter plates. Toxin A, diluted to a titer of 32, was
added to each well and plates were incubated at 4 or 22C for
30 min. A 2.5% Suspension of fresh, washed rabbit erythrocytes
in 50 pl was added to each well and plates were incubated at
either 4 or 22C. Gal, Galactose; Glc, Glucose; Ftu, Fructose
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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 pg/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 erythrocytes 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. Bandeirea simplicifolia (BS 1) agglutinin

blocked binding of the toxin to both hamster BBMs and rabbit

erythrocytes (Table 3). BS 1 agglutinin did not block

binding of the toxin when 10 mM 1-O—methy1-a—D—ga1actose was

incubated with BS 1 in the reaction mixture. Dolichos

biflorus agglutinin did not block binding of the toxin to

either membrane type.
A

Unnasking 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
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Table 3. Effect of lectin blockade on binding of Q. difficile
toxin A to hamster brush border membranes and rabbit
erythrocytes.a

Lectinb Specificity Hamster BBMs Rabbit Ghost

BS 1 a—D—Ga1
31.5% (25) 51.0% (0.5)

DBA a-D-Ga1NAc 0% (25) 0% (25)

aHamster brush border membranes (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
gctivity as described in Materials and Methods.

The final concentrations (pg/ml) of Bandeirea simplicifolia
(BS 1) and Dolichos biflorus agglutinin (DBA) incubated with
hamster BBMs and rabbit ghosts are indicated in parentheses.
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(Galul-3[Fucal—2]GalB1-4GlcNAc...) contains an a—1-2 fucosyl

unit linked to the penultimate galactose, experiments were

designed to test if 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 ng toxin A/ mg

membrane protein). Toxin A did not bind to membranes from

human type A or O erythrocytes which had been pretreated with

fucosidase.

DISCUSSION

This study was undertaken to determine whether receptors

for Clostridium difficile enterotoxin (toxin A) exist in the

BBMs of hamsters, 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

Q. difficile and that binding to BBMs from hamsters was

specific. The technique of crossed IEP allowed us to detect

the removal of toxin from the culture filtrate by the

membranes, but this method was not quantitative enough to

adequately study the binding properties of the toxin. We

therefore attempted to label purified preparations of toxin A

with iodine—l25 so that a direct binding assay could be

developed; however, iodination of the toxin by several

labelling procedures (Bolton-Hunter, lactoperoxidase,

Chloramine T, and Iodogen) rendered the toxin biologically
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inactive and destroyed the hemagglutinating activity of the

toxin (unpublished results). An ELISA procedure had been

previously been used to quantitate binding of Q, ggg; LT 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 had 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 has shown that

BBMs from hamsters 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

Q. 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

species (including hamster) for binding activity since

erythrocytes provide a variety of cell surface carbohydrate

sequences from species to species. Only rabbit erythrocytes

bound the toxin and again we found that binding was enhanced

at cold temperatures. The hemagglutinating activity of toxin

A indicates that the toxin must contain repeating subunits
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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 Gal¤l—3Galß1—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 concentrations of

terminal ¤—linked galactose on their cell surfaces (9,12,20),

and their structures have been recently 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 substance

which differs only by an ¤—L-fucosyl unit linked to the

penultimate galactose (Table 4). Human type B erythrocyte

membranes did not bind toxin A until the fucose was removed

by fucosidase. These results indicated that the

Gal¤1-3Galß1—4GlcNAc sequence is involved inloinding 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 carbohydrate

units on thyroglobulin because binding of the glycoprotein to
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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 concentration was

highest in calf and there was a complete absence in man. This

latter observation 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-3GalB1—4G1cNAc sequence. Furthermore,

they reported 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 Gal¤1—3Galß1-4G1cNAc

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 agglutinin, a highly specific probe

for terminal alpha-linked galactose (21). We were not able

to inhibit binding of the toxin with several glycoconjugates

including D- or L—galactose, methyl-a-D—galactoside or the

disaccharide galactose a1—3 galactose. Stachyose and

raffinose, both of which contain galactose al-6 galactosyl

linkages, also did not inhibit binding. These results
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suggest that toxin binding is extremely specific and that at

least the trisaccharide Galal-3GalBl—4GlcNAc may be required

for the toxin to bind since no inhibition was observed

with Ga1a1—3Gal.

When we solubilized rabbit and calf erythrocytes or brush

border membranes with Triton X-100 most of the binding activity

was recovered in the supernatant fluid of the detergent

extract. The 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 ¤-galactosidase completely abolished this

binding activity. These results suggest that toxin A

interacts with agarose; the toxin has a pI of 5.5 (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 due to the presence of a—linked

anhydrogalactose which is known to be a chemical constituent

of agarose (34). The possibility that toxin A might interact

with agarose has also been investigated by others. Lonnroth

and Lange (27) reported that toxin A bound to Biorad agarose

A columns and could be eluted with galactose (like cholera

and E, ggg; LT enterotoxins). We have not been able to

reproduce these results (unpublished data).

We have been able to purify large amounts of toxin A based

on affinity chromatography using rabbit erythrocyte membranes
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or immobilized thyroglobulin (H.C. Krivan, Abstr. Annu. Meet.

Am. Soc. Microbiol. 1986, B-60, p. 34; Krivan and Wilkins,

manuscript in preparation). Toxin A purified in this manner

has the same biochemical characteristics as toxin A purified

_ by conventional methods.

Toxin binding to both hamster BBMs and rabbit erythrocytes

increased with decreasing temperature, although there was

significant binding to hamster BBMs at 37C. 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 BBMs

from hamsters and not to rabbit erythrocytes at 37°C may be

related to receptor density on the cell membrane surface.

Tsai gt gl. (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—acetylneuraminosyl—containing carbohydrate chains on the

cell surface while dog erythrocytes also agglutinated at

37°C. These investigators showed that their was a quantitative

relationship between receptor density and agglutinability of

erythrocytes by the cold agglutinin.

We do not know that the binding moiety described in this

report is the receptor which allows toxin A to cause
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Q. difficile disease. We have described a carbohydrate

binding site to which toxin A specifically binds and

demonstrated its presence in the intestinal BBMs of hamsters

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 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 structure 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 developmentally regulated antigens that

are found on certain adult but not fetal cells. The possibility

that such carbohydrate 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(l9,26,32;P.J.G.M. Rietra,K.W. Slaterus,H.C. Zonen,

and S.G.M. Meuwissen, Letter. Lancet ii:3l9. 1978). We are

currently investigating this possibility.
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SECTION III

Purification of Clostridium difficile Toxin A by Thermal
Affinity Chromatography On Immobilized Thyroglobulin

SUMMAR!

An efficient, single-step method for isolation of highly

purified toxin A from Clostridium difficile culture filtrates

is described. The purification procedure is based on the

affinity binding and release of toxin A to calf thyroglobulin

conjugated to agarose beads. The toxin strongly interacts at

4°C with Gal¤l-3GalBl-4GlcNAc, a carbohydrate sequence which

occurs on calf thyroglobulin. Toxin associated with

thyroglobulin at 4°C and this allowed its separation from the

contaminating proteins during the purification scheme. The

toxin was eluted by increasing the temperature to 37°C. The

toxin binding capacity was proportional to the amount of

thyroglobulin in the column: an affinity column containing

15 mg calf thyroglobulin per ml of gel bound 0.52 mg toxin A

per ml gel. The percent recovery of purified toxin ranged

from 56-80% depending on the amount of thyroglobulin coupled

to the gel. The affinity purified toxin was homogeneous as

judged by crossed immunoelectrophoresis and gradient

polyacrylamide gel electrophoresis, and was immunologically

identical to toxin A purified by conventional methods as

determined by immunodiffusion analysis. The biochemical,

hemagglutinating and toxic properties of the toxin were

99
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preserved after affinity chromatography and were comparable

with toxin A purified by conventional methods.

INTRODUCTION

Two toxins produced by Clostridium difficile, designated

toxin A and toxin B, are implicated in antibiotic-associated

psuedomembranous colitis in humans (3,7,10,19). Both toxins

are large, heat—labile, cytotoxic proteins that are lethal in

animals. Toxin A is an enterotoxin which elicits a hemorrhagic

fluid response when injected into rabbit ileal loops (2,12,19

20). Toxin B does not cause fluid accumulation in intestinal

loops but is at least 1,000—fo1d more cytotoxic than toxin A

(5,15,19,20).

Toxin A can be separated from toxin B by ion exchange

chromatography or (NH4) 2804 precipitation and batch ion exchange

and further purified to homogeneity by isoelectric precipitation

at pH 5.6 (13,19). Other methods for purifying toxin A have

includedgelfiltration,hydrophobicinteractionchromatography,

preparative electrophoresis and tangential flow filtration

followed by fast protein liquid chromatography (2,l3,l6,l8,l9).

These methods, however, either require two to three days to

obtain pure toxin A or involve expensive equipment.

We have previously demonstrated that the specific

binding of toxin A to rabbit erythrocytes and to brush border

membranes from hamsters was greatly enhanced at cold

temperatures (9). The toxin also agglutinates rabbit
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erythrocytes, and we showed that rabbit erythrocytes

contained a carbohydrate binding site for toxin A that had a

Ga1¤l—3Galp1-4G1cNAc nonreducing terminal sequence (9). This

sequence also occurs as several branched copies in calf

thyroglobulin (17). This glycoprotein also binds toxin A

at low temperatures and inhibits agglutination of rabbit

erythrocytes (9). We concluded that the behavior of toxin A

was similar to what has been observed with cold agglutinating

antibodies.

Studies on cold agglutinins and their carbohydrate

receptors have indicated that binding is dependent on

temperature and receptor density (21,23). We have taken

advantage of the binding of toxin A at cold temperatures to

its carbohydrate binding site to purify large amounts of

toxin using a thermal affinity chromatographic procedure. In

this report a method is described using immobilized calf

thyroglobulin for the purification of Q, difficile toxin A

from crude culture filtrate in one step.

MATERIALS AND METHODS

Bacterial strain and culture filtrate. A highly toxigenic

strain of Q, difficile, VPI strain 10463, was obtained from

the culture collection of the Department of Anaerobic

Microbiology at Virginia Polytechnic Institute and State

University (Blacksburg, VA). The organism was grown in brain

heart infusion (BHI) dialysis flasks as prevoiusly described
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(6). After incubation at 37°C for 72h, cells were removed by

centrifugation. Culture filtrate was obtained by filtration

of the culture supernatant fluid through 0.45 pm membranes.

Toxin A was purified by DEAE-Sepharose chromatography and

acetic acid precipitation as described by Sullivan et

al. (17). This preparation was designated as reference

toxin A.

Preparation of immobilized thyroglobulin. Calf thyroglobulin

(500 mg, Sigma Chemical Co.) was dissolved in 100 ml of 0.1 M

MOPS buffer (3-[N-Morpholinolpropanesulfonic acid), pH 7.0,

centrifuged (8000 x g) to remove insoluble particulate matter

and filtered through a 0.22 pm filter. The glycoprotein

solution was then reacted with 20 ml of activiated Affi—Gel

15 (Bio-Rad Laboratories, Richmond, CA) overnight at 4°C on a

shaker. The remaining active sites on the gel were blocked

with 0.1 M ethanolamine for 30 min at 4°C. Approximately 90%

of the calf thyroglobulin coupled to the gel as judged by

estimating the protein content of washings obtained during

the preparation procedures.

The coupled beads (ca. 20 mg thyroglobulin per ml gel)

were packed in a glass column (l5x50 mm) and washed at room

temperature with 10 bed volumes each of 0.1 M Glycine-NaOH

buffer containing 0.5 M NaCl, pH 10.0 (basic buffer) and

0.1 M Glycine—HC1 buffer containing 0.5 M NaCl, pH 2.0 (acid

buffer) to ensure that free ligand did not remain ionically
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bound to the immobilized ligand. The washing cycle was then

repeated at 4°C with TBS (0.05 M Tris(hydroxymethyl)amino-

methane buffer containing 0.15 M NaCl, pH 7.0) to equlibrate

the column prior to affinity chromatography. For binding

capacity experiments various amounts of calf thyroglobulin,

bovine serum albumin (BSA), and human orosomucoid (Sigma

Chemical Co.) were coupled to Aff—gel 15 by the same procedure.

Affinity chromatography. Crude Q. difficile culture filtrate

cooled to 4°C was applied to the column at 4°C. The unbound

protein (effluent) was monitored for absorption at 280 nm and

cold hemagglutinating activity (see below). After washing the

column with at least seven bed volumes of cold TBS, the

column was warmed to 37°C and toxin A was eluted with about

three bed volumes of pre-warmed TBS at 37°C. Eluted toxin

was concentrated by ultrafiltration through an Amicon YM—10

membrane (Amicon Corp.) and filtered through a 0.22 pm filter

(Millipore). To reuse the column the gel was washed with ten

bed volumes of acid buffer at room temperature followed by

ten bed volumes of TBS, pH 7.0 at 4°C to equlibrate the column.

Assays.

(i) Protein assay. Protein concentration was estimated as

described by the method of Bradford (4) using the Bio-Rad

protein assay kit (Bio-Rad Laboratories, Richmond, CA).

Bovine gamma globulin was the standard.
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(ii) gygotoxicity assay. The cytotoxic titer (TCDIOO) was

determined using Chinese hamster ovary cells (CHO-K1) as

described previously (17). Units of cytotoxicity were

expressed as the minimum amount of toxin causing cell

rounding in 100% of the cell population after 24h of

incubation.

(iii) Bnterotoxicity assay. Samples of thermal eluted toxin

preparations were given intragastrically to hamsters as

previously described (14). A positive reaction was the

development of diarrhea and the accumulation of fluid in the

small intestine and cecum, as detected at necropsy.

(iv) Mouse lethality assay. Toxin preparations were diluted

in TBS and 0.5 ml aliquots were injected intraperitoneally into

ICR outbred mice 8-10 weeks old (Dominion Laboratories, Dublin,

VA). The LDIOO was the minimum amount of toxin that killed 100%

of the mice by 18h.

(v) Hemagglutination assay. Cold hemagglutinating activity of

toxin A with rabbit erythrocytes (Hazelton Dutchland, Inc.,

Denver, PA) was determined as described previously (9). Titers

were expressed as the reciprocal of the highest dilution of

toxin A which caused agglutination macroscopically.

Immunological methods. Crossed immunoelectrophoresis was

performed on 5 x 5 cm glass plates in 1.2% low electroendosmotic

agarose (Sigma Chemical Co.) in 125 mM Tris-Tricine buffer,

pH 8.6, following the general methodology as described by
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Axelsen et al. (1). The agarose used for the second dimension

contained 0.1 ml goat antiserum produced against crude -

culture filtrate of Q, difficile VPI strain 10463 (6).

Ouchterlony double immunodiffusion analysis was done in 1%

low electroendosmotic agarose in Borate-EDTA buffer (20 mM

sodium borate-150 mM NaCl—5mM EDTA—15 mM NaN3), pH 8.2. The

gels were incubated 48h in a moist chamber at 4°C.

Gradient PAGE. Gradient PAGE was done in 4-30% concave precast

gels (Isolab Inc., Akron) in Tris-Borate buffer (90 mM Tris-80

mM-boric acid-2.5 mM NBZEDTA), pH 8.4. Gels were stained with

Coomassie Blue R-250. High molecular weight standards were

purchased from Pharmacia Fine Chemicals, Pistcataway, N.J.

RESULTS

Affinity chromatography on immobilized thyroglobulin.

Culture filtrate (100 ml, 1.2 mg protein/ml) was passed

at 4°C through the thyroglobulin affinity column (15 x 50 mm)

and then the column was washed thoroughly with cold buffer

(TBS, pH 7.0). The column was subsequently warmed to 37°C

and eluted with buffer (TBS, pH 7.0) at the same temperature.

Under these conditions toxin A did not saturate the column,

and there was no leakage of the toxin prior to elution at

37°C as indicated by the absence of hemagglutination activity

in the unbound column effluent (Fig. 1).

The majority of the toxin was eluted at 37°C (remaining

A A280 nm < 0.01) with approximately three bed volumes of



106 

Tl-ERMAL AFFINITY CHROMATOGRAPHY 

-------- 4•c ------- ..------ 37•c ----• 

1.0 
0-0-0-0~-o-o 

• 121 a: 
E UJ 

\ I-c j:: 
0 64 < co 
"' 0 r 

-c < 0.5 • 32 
0 \ z 

\ 
x • 1 6 0 

\ I-

0 ·-·-· I ' \ 0 

\ ·-·-·-·-·-·-·-· 4 

\ 
0 • 2 
'o,o 

'0-0-0-0- - -o-o- -o 

1 0 20 30 40 50 10 70 10 

FRACTION 

Figure 1. Elution profile obtained after thermal affinity 
chromatography of toxin A from ~- difficile culture filtrate. 
Culture filtrate was passed through a calf thyroglobulin-
Affi-gel 15 column (15 x 50 mm) prepared as described in 
Materials and Methods. Elution was effected by increasing 
the temperature to 37°C. Fractions (5 ml) were collected and 
monitored for absorbtion at 280 nm (o) and cold hemagglutinating 
activity (e). 
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pre-warmed TBS (Fig. 1). A small amount of residual toxin

continued to be eluted from the column (hemagglutination

titer of 4) and this was removed by treating the column with

acid buffer (as described in Materials and Methods).

Repeated cycles on the affinity thyroglobulin column gave

very similar results and the toxin binding capacity of the

column was not influenced by multiple acid washings.

Binding capacity and toxin recovery.

Homogeneous preparations of toxin.A (0.1 mg/ml) were passed

through columns containing varying amounts of bound calf

thyroglobulin bound per ml of gel to determine the relationship

between the ligand concentration and the toxin binding capacity

of the column (Table 1). Toxin A did not bind to the gel in

the absence of thyroglobulin or to gels coupled with other

proteins. After saturation, each column was washed with TBS

and eluted at 37°C. The amounts of purified toxin recovered

were estimated by protein determination and confirmed by the

hemagglutination assay. The binding capacity of the columns

was related to the concentration of calf thyroglobulin

and reached a maximum of 1.4 mg/ml of gel. The estimated

recovery varied between 55-80%. The percent recovery was

inversely proportional to the concentration of calf

thyroglobulin coupled to the gel.

Characterization of affinity purified toxin A

Unbound and eluted fractions were pooled separately and
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Table 1. Binding capacity and recovery of Q. difficile toxin
A on Affi—gel 15 columns containing different amounts of calf
thyroglobulin or other proteins.

Column Amount Binding Amount
Typea Coupled Capacityb Eluted Recovery

mg/ml gel mg/ml gel mg %

No protein 0 0 0 0

Calf TG 1.5 0.15 0.48 80

Calf TG 15 0.52 1.49 71

Calf TG 35 1.40 3.20 56

Orosomucoid 25 0 0 0

BSA 25 0 0 0

aEach column contained 4 ml of gel

bmg toxin A bound/ml gel calculated by analyzing effluent by
hemagglutination
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concentrated before analysis by crossed immunoelectrophoresis

and gradient gel electrophoresis. These analyses showed that

only toxin A bound to the column and that it was eluted at

37°C in pure form (Fig. 2 & 3). This was also confirmed by

the absence of hemagglutination activity before thermal

elution (Fig. 1).

To determine whether the affinity—purified toxin A was

identical to toxin A purified by conventional methods, we

analyzed a reference toxin A preparation (17) with our thermal

eluted toxin A. Ouchterlony double immunodiffusion analysis

(Fig. 4) showed a reaction of identity.

The enterotoxic, cytotoxic and lethal activities of the

thermal eluted toxin were within the range of values previously

reported for this toxin (Table 2). The affinity purified

toxin A also showed no difference in the titer of agglutination

of rabbit erythrocytes when compared with the reference toxin

A preparation.

DISCUSSION

A simple one-step purification of Q, difficile toxin A was

achieved on an immobilized calf thyroglobulin column by thermal

affinity chromatography. The procedure is based on the presence

of terminal Gal¤1—3Galß1-4GlcNAc, a carbohydrate sequence that

occurs as a highly branched structure in calf thyroglobulin,

and which also is found on the cell surface of rabbit

erythrocytes (8,17). We have previously shown that toxin A
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1 2 - 3 

Figure 2. Analysis of toxin preparations by crossed immuno-
electrophoresis The upper portion of the gel in each 
plate contained 0.1 ml of goat antiserum against ~. difficile 
strain 10463 culture filtrate. (1) the well contained 60 µg 
of 10463 culture filtrate. The toxin A immunoprecipitin arc 
is indicated by the arrow. (2) The well contained 50 µg of 
effluent from the thyroglobulin Affi-gel 15 column. (3) The 
well contained 50 pg of eluted toxin A. 
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Figure 3. Analysis of toxin preparations by gradient 
polyacrylamide gel (4-30%) in Tris-Borate buffer, pH 8.2. 
Samples included (1) strain 10463 culture filtrate (120 µg); 
(2) culture filtrate effluent (110 µg); (3) affinity 
purified toxin A (15 µg); (4) reference toxin purified by 
acetic acid precipitation (15 µg); and (5) high molecular 
we i g h t ma r k e r s ( 12 • 5 µ g ) : thy r o g 1 ob u 1 i n ( MW 6 6 9 , 0 0 0 ) , 
ferritin (440,000), catalase (232,000), lactate dehydrogenase, 
(MW 140,000), and bovine serum albumin (67,000). 
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Figure 4. Analysis of toxin preparations by Ouchterlony double 
diffusion. The center well contained 20 µl of antiserum against 
~- difficile strain 10463 culture filtrate. Well (1) contained 
30 µg of reference toxin A purified by acetic acid 
precipitation; well (2) contained 30 µg of toxin A purified 
by thermal affinity chromatography. 
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Table 2. Comparison of biological activities of toxin A

Fluid

Method ACCUH°lUlatiOH Ref •
(mice)

rabbit hamstera
ileal loop model

Thermal 30 pg 75 ug/kg 10 ng 75 ng —

elution body wt.

Banno gg gl. 3 pg ND 'low" 26 ng 2

Lyerly gg Q1. 50 pg 100 pg/kg 10 ng 50 ng 12,13
body wt.

Sullivan gg gl. 50 pg ND 10 ng 90 ng 19

Taylor et al. 1 pg ND 2 ng 50 ng 20

aHemorrhagic fluid in the intestine and cecum

bTCD = Tissue culture dose

CLD = Lethal dose
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has a temperature—dependent affinity for this carbohydate

sequence in calf thyroglobulin and on rabbit erythrocytes and

that the toxin could also agglutinate these cells (9). Toxin

binding is enhanced and stable at 4°C but the toxin dissociates

from its binding site at 37°C in a manner similar to what has

been observed with cold agglutinins. The unusual behavior of

the toxin at 4 and 37°C had allowed us to purify the toxin by

a similar procedure using rabbit ghost membranes (H.C. Krivan,

Abstr. Annu. Meet. Am. Soc. Microbiol. 1986, B-60, p. 34).

It has been previously reported that toxin A could be

affinity purified using agarose beads and that the toxin

could be eluted with galactose (ll). Although these

investigators made no reference to temperature, we have not

been able to confirm these experiments at any temperature.

Our findings indicate that toxin A does not bind to agarose

beads or other proteins (BSA, orosmucoid) coupled to Affi—gel

15 agarose unless the glycoconjugate contains the carbohydrate

sequence Galal-3GalBl-4GlcNAc.

The thyroglobulin thermal affinity purification procedure

offers several advantages over other purification methods for

toxin A: (i) it is an efficient, single step method for

isolation of highly purified toxin A; (ii) the column is

reusable; (iii) thermal elution is a gentle process, all of

the biochemical, immunological, and toxic properties of the

toxin are preserved; and (iv) the thyroglobulin column

offers an advantage over the use of rabbit erythrocytes or
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ghosts in that there is no possibility that the final product

will be contaminated with hemoglobin or membrane components.

There are two important factors to be considered when

preparing the affinity column. First, the source of the

thyroglobulin is critical and must be of bovine origin. We have

previously shown that human thyroglobulin does not bind

toxin A (9) because of the complete absence of terminal

alpha—galactosyl residues on this glycoprotein (17).

Thyroglobulin from other species contain varying amounts of

terminal alpha-galactosyl residues (17) but calf thyroglobulin

contains the highest amount. And second, the concentration

of calf thyroglobulin immobilized on the agarose beads can

influence the percent recovery of toxin A. Although the

toxin binding capacity is related to the amount of coupled

thyroglobulin in the gel, the percent recovery appears to be

inversely related (Table 1). This may be related to the

density of the toxin binding sites in the gel. It has been

postulated for cold agglutinins that receptor density and

multivalency influence their thermal amplitude (23), i.e.,

when the receptor density is high enough cold agglutinins

can bind at 37°C. The lower percent recovery of toxin A from

our columns containing a high concentration of thyroglobulin

may be due to interaction of the toxin with its binding site

at 37°C and hence less toxin is eluted off the column at this

temperature. We therefore recommend the use of 15-20 mg calf

thyroglobulin immobilized per ml of gel. With such columns
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containing 10 ml of gel we can purify approximately 3.5 mg of

toxin A from 50 ml of culture filtrate.
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SBCTION IV. OVERALL DISCUSSION AND SUHMARY

Biological relevance of the toxin A binding site

Probably the most striking result to come from this research

was the discovery that the binding of toxin A to brush border

membranes from hamsters and to rabbit erythrocytes had the

unusual characteristic of being greatly enhanced at lower

temperatures (Section II). This phenomenon was most pronounced

with rabbit erythrocytes which did not bind toxin A at 37°C.

The phenomenon is useful for affinity purification of large

amounts of toxin A but the question remains as to whether the

binding site described in this dissertation is of biological

relevance.

There are two important findings that relate to this

question. First, the brush border membranes from hamsters

did bind toxin A at 37°C in amounts comparable to what has

been observed with cholera toxin. Second, binding activity

was found in lower amounts in the intestinal brush border

membranes of rats, and rats are much less susceptible to the

action of toxin A than hamsters. Although these results are

indirect, they do indicate that at least the binding levels

observed in these experiments are in an1acceptable physiological

range.

Toxin A: bacterial lectin or cold agglutinin

Another interesting finding was the discovery that

Q. difficile toxin A is a bacterial lectin. A lectin (from

121
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the Latin legere: to chose), by definition (18), is a

carbohydrate-binding protein of non—immune origin that

agglutinates cells. Toxin A has been shown to bind to a

specific carbohydrate sequence on rabbit erythrocytes and

cause these cells to agglutinate. For this to occur the

toxin must bear at least two carbohydrate-binding sites. As

has been previously discussed in Section I, toxin A is

thought to be an aggregate of repeating subunits and it is

probably this feature which allows toxin A to bind to rabbit

erythrocytes in a multivalent fashion.

Although toxin A is by definition a bacterial lectin, it

only functions as a lectin at temperatures below 37°C. The

nature of this temperature-dependent interaction is not enti rely

understood. A similar phenomenon, however, has been described

with a completely different class of proteins, called cold

agglutinins. Cold agglutinins are carbohydrate-binding

antibodies that agglutinate cells but only below 37°C. Cold

agglutinins are not by definition lectins because they are

immunoglobulins. In most instances they represent examples

of homogeneous monoclonal IgM antibodies (27), although IgA

and IgG cold agglutinins have also been characterized (1,2).

Because of the similarity of toxin A with cold agglutinins,

an understanding of the molecular basis of cold agglutination

may provide some insight about how toxin A functions as a

cold agglutinating toxin.
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Cold agglutinins

The first published report on cold agglutinin disease is

thought to be by Elliotson (9) who in 1832 described a

patient with heart disease and "cold fits" who passed bloody

urine "whenever the east wind blew." It was not until the

late 1950's, however, before cold agglutinins were shown to

be antibodies (4) which were directed against the I antigen or

related antigens on erythrocytes (39). Today, several

diseases are known to be associated with cold agglutinins

(Table 1) and some of these diseases are incited by bacteria,

like Mycoplasma pneumoniae. Infection with this agent in man

is associated with atypical pneumonia and in the convalescent

period, high titer cold agglutinins are produced which are

usually monoclonal and directed to the I antigen (9a).

Although the mechanism awaits elucidation, it is thought that

the organism adheres to long chain oligosaccharides of Ii

antigen type which eventually results in the formation of an

autoimmunogenic complex. The resulting autoantibodies

(anti—I cold agglutinins) are directed against the carbohydrate

backbones of the host-cell receptors (10).

The I,i receptors for cold agglutinins are carbohydrate

antigens found on the surface of many types of cells. These

carbohydrate determinants have been termed the I,i antigens by

Wiener gt gl. (39) who proposed the term I to emphasize the

Individuality of donors whose cells reacted with high—titer

cold agglutinins. The cell surface i antigen has also been
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Table l. Diseases which have been associated with cold
agglutininsa.

Monoclonal Cold Agglutinins Polyclonal ColdAgglutininsChronic

cold-hemagglutinin disease Mycoplasma pneumonia

Walenstrom's macroglobulinemia Infectious mononucleosis

Hodgkin & non-Hodgkin lymphoma Cytomegalovirus infection

Chronic lymphocytic leukemia Listeriosis

Chronic myelogeneous leukemia Munps orchitis

Plasmacytoma & multiple Subacute bacterial
myeloma endocarditis

Severe combined immuno- Angioimmunoblastic
deficiency lymphadenopathy

Karposi's sarcoma Syphilis

Mycoplasma pneumonia (rare) Tropical diseases
(trypanosomiasis,

malaria,
tropical eosinophilia)

Co1lagen—vascular &
immune complex diseases

aModified from Pruzanski and Shumak (26).
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called fetal i antigen because it eventually changes into

adult I antigen during cellular development (16). The

structural distinction between fetal i and adult I is shown

in Fig. l. In fetal cells, a linear unbranched polylactosamine,

(Gal—GlcNAc)n is present. When these cells develop into

adult cells, the linear chains are converted to those having

Gal-GlcNAc branchings (10). Therefore, an anti I cold 1

agglutinin can react with erythrocytes of normal adults but

not with fetal or neonatal erythrocytes.

The I,i antigens may occur as glycoproteins (21) or

glycolipids (36), and appear to be ubiquitous having been

found on many non—erythroid cells and in body fluids

(Table 2). The wide distribution of I,i antigens is not

limited to human cells; human anti I and anti i react with

certain bacteria and with erythrocytes and lymphocytes frouumany

species (25,38). For example, rabbit erythrocytes contain

large amounts of I antigen on their cell surfaces. The

major complex carbohydrate found on rabbit erythrocytes is a

decasaccharide ceramide, a branched glycolipid containing the

sequence Gal¤1—3Galpl—4GlcNAc. This structure has been shown

to be reactive with several anti-I antibodies from patients

suffering from cold agglutinin disease (19), and is the

structure to which toxin A binds (Section II). This I

reactive sequence is also found in multiple copies on

certain glycoproteins such as calf thyroglobulin and laminin

(29).
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Fetal i antigen Reference

Galßl-4GlcNAcß1—3Galßl-4G1cNAcB1-3Ga1ßl-4... 24,35

- Adult I antigen

:Galß1-4G1cNAcß1-3Ga1ß1-4 . . . 1 l , 3 5

Figure l. Structures of fetal i and adult I antigens.
I- and i-antigenic activities are expressed by branched
polylactosamine I and linear repeating lactosaminyl
structure i. _
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Table 2. Some non—erythroid cells and body fluids which
contain 1,1 carbohydrate determinants.

Reference
Non-eryghroid cells with 1,1 activity
Lymphocytes (B and T cells) 17

Polymorphonuclear leukocytes 22
Monocytes and macrophages 25

Platlets 37
Cultured fibroblasts and H€La cells 17,30
Gastrointestinal mucosa cells 10,13
Mycoglasma pneumoniae 9a,23
Listeria monocytogenes 23
Stregtococcus ggg 23

Body fluids containing 1,1 activity
Plasma 3
Saliva . 8,20Milk 20
Amniotic fluid 5
Ovarian cyst fluid 34
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is clear that toxin A and cold agglutinins have much

in common. Both require cold temperatures to agglutinate

cells and both appear to bind to the same kind of receptors,

the I,i antigens. But what is the explanation for their

thermal dependency?

Molecular basis of cold agglutination

The nature of the temperature dependency*of'cold agglutinins

is not yet fully understood. Clearly, either the cold

agglutinin or its receptor or water structure must be

affected by the changes in temperature. If the receptor

changes, it may either be a property of the receptor itself

or the membrane that bears it. There have been conflicting

reports in this regard. One group of investigators postulated

that temperature—dependent changes in the membrane were

responsible for thermal variation (28) and that the I antigen

became hidden in the membrane at 37°C and therefore could not

react with the cold agglutinin. Other investigators have

suggested that the thermal characteristics of the reaction of

cold agglutinins with I,i antigens does not always depend on

changes in membrane conformation, but that it is either the I

antigen or the cold agglutinin that changes in conformation

(14).

Tsai and coworkers (33) have proposed a completely different

hypothesis to explain thermal variation in cold agglutinins.

These investigators isolated and characterizedaanmnoclonal IgM
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isolated from a patient with Waldenstrom's macroglobulinemia

(31,32). The membrane receptors for this Waldenstrom's

macroglobulin are sialic acid—containing glycoproteins in human

erythrocytes and sialic acid—containing glycolipids in dog

cells. These investigators reported that human erythrocytes

are agglutinated only in the cold while dog erythrocytes are

also agglutinated at 37°C, though less strongly than at o°c.

Their explanation for this "thermal amp1itude" was attributed

to cooperative binding due to the multivalency of the cold

agglutinin and the density of the receptors on the cell

surface. A subsequent paper by this same group confirmed

these results. Tsai and coworkers (33) showed that treatment

of both human and dog erythrocytes with neuraminidase

abolished the binding activity of the cold agglutinin;

however, when the cells were allowed to adsorb large amounts

of exogenous ganglioside receptor, both types of cells could

agglutinate at both 0°C and 37°C. These investigators have

calculated that 7 x 104 to 106 molecules of receptor per cell

are required for agglutintion to occur at o°c, but that greater

than 106 per cell are needed for agglutination to occur at

27°c.
The cooperative binding inherent in a multivalent

ligand/receptor (7) may be the mechanism by which toxin A

interacts with its binding site. Multivalent binding between

toxin A and it carbohydrate binding site has been demonstrated

by the ability of toxin A to agglutinate rabbit erythrocytes
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and bind to agarose beads containing covalently attached calf

thyroglobulin. There is also evidence to support that toxin

A may require a high density of receptors to bind at 37°C,

The finding that the percentage recovery of thermal eluted

toxin A was inversely related to the amount of thyroglobulin

coupled to the gel was unexpected (Section III), but it may

be related to the density of the toxin binding sites in the

gel. At high concentrations of calf thyroglobulin there may

be an irreversible interaction of the toxin with its binding

site at 37°C, and hence less toxin was eluted off the column

at this temperature. Like the Waldenstrom's macroglobulin

receptors on human erythrocytes, the density of the toxin

binding sites on rabbit erythrocytes may not be high enough

to allow multivalent attachment and agglutination of cells at

37°C. The brush border membranes, on the other hand, may

contain areas that are densely packed with receptors (like

the calf thyroglobulin affinity column) accounting for the

binding of the toxin at 37°C.

Multivalent binding has also been shown to exist with other

bacterial toxins. Using fluorescein-labeled cholera toxin,

Craig and Cuatrecasas (6) demonstrated that a

temperature—dependent redistribution of cell surface receptors

occurred in rat lymph node cells. They showed that once

lymphocytes incubated at o°c with labeled cholera toxin were

warmed to 37°C, the surface fluorescence, which was initially

diffuse and patchy, redistributed and became concentrated
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preferentially at one pole of the cell. These investigators

pointed out that although receptor mobility in the plane of

the membrane is critical for "patch and cap formation", it is

equally important that the toxin is multivalent so as to

"cross1ink" the concentrated receptors. These investigators

concluded that multivalent binding of cholera toxin to cells

with few receptors requires lateral movement of the receptors

and is time and temperature dependent. Multivalent binding

to cells with many receptors is rapid and occurs at low

temperatures where lateral diffusion is minimal. Thus,

multivalent binding appears to be essential for cholera toxin

action but lateral redistribution may only be required to

achieve multivalent binding of the toxin to cells with few

receptors.

Future research areas

As is often the case, a research problem is really never

completed but instead leads to other questions and areas that

require investigation. For example, it will be important to

determine if the toxin A binding site which has been identified

in brush border membranes is the physiological receptor to

which the toxin binds during disease. Does the binding of

toxin A to this receptor result in the tissue damage and

fluid seen during the disease? A receptor for toxin B has

not been identified and it remains to be determined whether

toxins A and B act on organs outside the intestine. Once the
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toxins bind to their respective target tissues, what is their

mechanism of action? The structure of toxin A is not known

but evidence which has already been discussed suggests it is

an aggregate. Does the entire toxin aggregate enter the cell

and shut off some vital function or are small fragments or

subunits of each toxin responsible for the toxicity?

Another area that requires investigation is to test

. the receptor density hypothesis with toxin A. If it is

assumed that toxin A binds to its receptor in a multivalent

fashion, it would be of interest to determine whether lateral

redistribution of the toxin-receptor complex occurs with

brush border membranes or intestinal epithelial cells of the

hamster. One way of doing this would be to take the approach

of Craig and Cuatrecasas (9) and use fluorescein-labeled

toxin A and look for the same patching and capping phenomena.

It is important to note that the exudative plaques on the

colonic mucosa (pseudomembranes) of patients with Q. difficile

disease are localized in patches.

Another experiment that would support the receptor

density hypothesis would involve treatment of rabbit

erythrocytes with alpha—galactosidase, which was shown in

Section II to abolish toxin binding, and then to subsequently

restore binding activity by treatment of the cells with

exogenous decasaccharide ceramide, which contains the toxin A

binding sequence Gal¤l—3Galßl—4GlcNAc. Following the same

approach as Tsai et al. (33), when large amounts of
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decasaccharide are adsorbed the cells are tested for

agglutination in the cold and at 37°C. Agglutination of

rabbit erythrocytes by toxin A at 37°C would demonstrate that

the density of receptors on the rabbit erythrocyte could

influence the thermal amplitude of toxin A.

At present there is an ongoing collaborative effort between

Dr. David F. Smith's laboratory in the Department of

Biochemistry and Nutrition and with Dr. Tracy D. Wilkin's

laboratory where the research contained in this dissertation

was conducted. Research in Dr. Smith's laboratory concerns

the elucidation of the different structures on glycolipids

that contain the toxin A binding site Gal¤l—3Galpl-4GlcNAc.

Future research areas between the two laboratories hopefully

will lead to an understanding of the nature of the physiological

receptor for toxin A in both hamsters and humans.

The results of the research presented in this dissertation

provide the framework for further studies in the molecular

mechanism of action of toxin A and Q, difficile disease. The

carbohydrate binding site and thermal dependency of toxin A have

other potential uses in Microbiology, particularly in the field

of diagnostics. Toxin A can also be regarded as a highly

specific probe for terminal alpha-linked galactose residues,

which may be important in other areas of membrane biology and

carbohydrate biochemistry. Hopefully the work included in this

dissertation will be helpful to other investigators interested

in these areas.



134 I

LITERATURE CITED

1. Angevine, C.D., B.R. Andersen, and E.V. Barnett. A cold
agglutinin of the IgA class. J. Immunol. 9§:578-586.

2. Ambrus, M., and G. Bajtai. 1969. A case of a IgG—type
cold agglutinin disease. Haematologica 9:225-235.

3. de Boissezon, J.F., Y. Marty, J. D0=¤C08. 1970.
Presence constante d'un substance inhibitrice de
'anticorps anti-i dans le serum humain normal.
C.R. Acad Sci. (paris). 271:1448-1451.

4. Charlwood, P.A. 1957. Ultracentrifugal studies on sera
containing cold haemagglutinins. Br. J. Haemoatol.
9:273-275.

5. Cooper, A.G. 1970. Soluble blood group I substance in
human amniotic fluid. Nature 227:508-509.

6. Craig, S.W., and P. Cuatrecasas. 1975. Mobility of
cholera toxin receptors on rat lymphocyte membranes.
Proc. Natl. Acad. Sci. 1;:3844-3848.

7. Crothers, D.M., and H. Metzger. 1972. The influence
of polyvalency on the binding properties of antibodies.
Immunochemistry 9:341-351.

8. Dzierzkowa-Borodej, W., H. Seyfried, M. Nichols. 1970.
The recognition of water soluble I blood group
substance. Vox Sang. 19:222-234.

9. Elliotson, J. 1832. Diseases of the heart united with
ague. Lancet 9:500-501.

9a. Feizi, T. 1982. The blood group Ii system: a
carbohydrate antigen system defined by naturally
monoclonal or oligoclonal autoantibodies of man.
Immunol. Commun. 19:127-156.

10. Feizi, T., and R.A. Childs. 1985. Carbohydrate
structures of glycoproteins and glycolipids as
differentiation antigens, tumor-associated antigens
and components of receptor systems. Trends
Biochem. Sci.

11. Feizi, T., R.A. Childs, K. Watanabe, and S. Hakomori.
1979. Three types of blood group I specificty among
monoclonal anti-I autoantibodies revealed by analogues
of a branched eythrocyte gycolipid. J. Exp. Med.
999:975-980.



135

12. Feizi, T., E.A. Kabat, G. Vicari, et al. 1971.
Immunochemical studies on blood groups. XLVII. The
I antigen complex precursors in the A, B, H, Lea,
and Le blood group system--hemagglutination inhibition
studies. J. Exp. Med. 133:39-52.

13. Feizi, T., C. Tuberville, and J.H. Westwood. 1975.
Blood group precursors and cancer-related antigens.
Lancet 2:391-393.

14. Feizi, T., and W.L. Marsh 1970. Demonstration of
I—anti—I interaction is a precipitin system. Vox
Sang. lg:379-382.

15. Peizi, T., D. Taylor—Robinson, and M.D. Shields.
1969. Production of cold agglutinins in rabbits
immunized with human erythrocytes treated with
Mycoplasma pneumoniae. Nature 222:1253-1256.

16. Fekuda, M., and M.N. Fukuda. 1984. Cell surface
glycoproteins and carbohydrate antigens in development
and differentiation of human erythroid cells,
p. 183-234. In R.J. Ivatt (ed.). The biology of
glycoproteins, Plenum Press, New York

17. Franks, D. 1966. Antigenic markers on cultured human
cells, Ii, Tja, Donath-Landsteiner, and "non-specific"
autoantigens. Vox Sang. 12:674-685.

18. Goldstein, I.J., R.C. Hughes, M. Monsigny, T. Osawa, and
N. Sharon. 1980. What should be called a lectin?
Nature 285:66.

19. Handfland, P., H. Egge, U. Dabrowski, S. Kuhn,
D. Roelcke, and J. Dabrowski. 1981. Isolation and
characterization of an I—active ceramide decasaccharide
from rabbit erythrocyte membranes. Biochemistry
2Q:53l0-5319.

— 20. Marsh, W.L., M.E. Nichols, F.H. Allen, Jr. 1970.
Inhibition of anti—I sera by human milk. Vox Sang.
2§:149—l54.

21. Lau, F.O., W.F. Rosse. 1975. The reactivity of red
blood cell membrane glycophorin with "cold-reacting"
antibodies. Clin. Immunol.Immunopathol. gzl-8

22. Lalezari, P., G.B. Murphy. 1967. Cold reacting
leukocyte agglutinins and their significance, p. 421-427.
In E.S. Curtoni, P.L. Mattiuz, R.M. Tosi (ed.).
Histocompatability testing, Copenhagen, Munksgaard.



136

23. Lind, K. 1973. Production of cold agglutinins in
rabbits induced by mycoplasma pneumoniae, listeria
monocytogenes or streptococcus MG. Acta Pathol.
Microbiol. Scand. §1B:487-496.

24. Nieman, H., K. Watanabe, S. Hakomori, R.A. Childs, and
T. Feizi. 1978. Blood group i and I activities of
"lacto-N-norhexaosylceramide" and its analogues: The
structure requirement for i specificities. Biochem.
Biophys. Res. Commun. 81:1286-1293.

25. Pruzanski, W., K. Delmage. 1977. Cytotoxic and
cytolytic activity of homogeneous cold agglutinins on
peripheral blood monocytes. Clin. Immunol.
Immunopathol. 1:130-138.

26. Pruzanski, W. and K.H. Shumak. 1977. Biologic activity
of cold-reacting autoantibodies. New Engl. J. Med.
131:583-589.

27. Roelcke, D. 1974. Cold agglutination. Antibodies and
antigens. Clin. Immunol. Immunopathol. 1:266-280.

28. Rosse, W.F., and P.K. Lauf. 1970. Reaction of cold
agglutinins with I antigen solubilized from human red
cells. Blood 16:777-784.

29. Spiro, R.G., and V.D. Bhoyroo. 1984. Occurence of
¤-galactosyl residues in the thyroglobulins of several
species. Localization in the saccharide chains of the
complex carbohydrate units. J. Biol. Chem. 259:
9858-9866.

30. Thomas, D.B. 1974. The i antigen conplex: a new
specificity unique to dividing cells. Eur. J. Immunol.
_4_:8l9—824.

3l. Tsai, C-M., D.A. Zopf, R. Wistar, Jr., and V. Ginsburg.
1976. A human cold agglutinin which binds lacto-N-
neotetraose. J. Immunol. 111:717-721.

32. Tsai, C-M., D.A. Zopf, R.K. Yu, R Wistar, Jr. and
V. Ginsburg. 1977. Waldenstrom macroglobulin that
is both a cold agglutinin and a cryoglobulin because
it binds N—acetylneuraminosyl residues. Proc. Natl.
Acad. Sci. 15:4591-4594.

33. Tsai, C-M., D.A. Zoph, and V. Ginsburg. 1978. The
molecular basis for cold agglutination: effect of
receptor density upon thermal amplitude of a cold
agglutinin. Biochem. Biophy. Res. Commun. @:905-910.



137

34. Vicari, G., B.A. Kabat. 1970. Structures and activities
of oligosaccharides produced by alkaline degradation
of a blood group substance lacking A, B. H. Lea, and Leb
specificities. Biochemistry 9:3414-3421.

35. Watanabe, K., S. Hakomori, R.A. Childs, and T. Feizi.
1979. Characterization of a blood group I-active
ganglioside: Structural requirements for i and I
specificities. J. Biol. Chem. 254:3221-3228.

36. Watanabe, K., R.A. Laine, S. Hakonori. 1975. On neutral
fucoglycolipids having long branched carbohydrate
chains: H—active and I-active glycosphingolipids of
human erythrocyte membranes. Biochemistry l$:2725-2733.

37. Watkins, S.P. Jr., N.R. Shulman. 1970. Platlet cold
agglutinins. Blood 36:153-158.

38. Wiener, A.S., J. Moor-Jankowski, E.B. Gorden et al.,
1965. The blood factors I and i in primates including
man and in lower species. Am J. Physiol. Antropol.
23:389-396.

39. Wiener, A.S., L.J. Unger, L. Cohen. 1956. Type—specific
cold auto-antibodies as a cause of acquired hemolytic
anemia and hemolytic transfusion reactions: biologic
test with bovine red cells. Ann. Intern. Med.
$$:221-240.



5



The 5 page vita has been 
removed from the scanned 

document 



The 5 page vita has been 
removed from the scanned 

document 



The 5 page vita has been 
removed from the scanned 

document 



The 5 page vita has been 
removed from the scanned 

document 



IDENTIFICATION AND CHARACTERIZATION OF A RECEPTOR

FOR CLOSTRIDIUM DIFFICILE ENTEROTOXIN

by
Howard C. Krivan

(ABSTRACT)

Clostridium difficile and its toxins are implicated as

the cause of pseudomembranous colitis in patients undergoing

antibiotic therapy. Very little information is known about

how these toxins bind to cells and cause disease. In an

attempt to understand how these toxins work this dissertation

research was undertaken to determine whether a receptor for

Q. difficile enterotoxin (toxin A) exists in the brush border

membranes (BBMs) of the hamster, an animal known to be

extremely sensitive to the action of the toxin.

Toxin A was the only antigen adsorbed by the BBMs from

the culture filtrate of Q. difficile. Erythrocytes from

various animal species were also examined for binding

activity. Only rabbit erythrocytes could bind the toxin, and

the cells agglutinated. A binding assay based on an enzyme-

linked immunosorbent assay method for quantifying Q, difficile

toxin A was used to compare binding of the toxin to hamster

BBMS, rabbit erythrocytes, and to BBMs from rats, which are

less susceptible to the action of Q, difficile toxin A than

hamsters. Results of this comparison indicated the following

order of toxin binding frequency: rabbit erythrocytes >



hamster BBMs > rat BBMs. Binding of toxin A to BBMS from

hamsters at 37°C was comparable to what has been observed

with cholera toxin, but binding was enhanced at 4°C. A

similar binding phenomenon was observed with rabbit

erythrocytes.

Examination of the cell surfaces of hamster BBMs and

rabbit erythrocytes with lectins and specific glycosidases

revealed a high concentration of terminal a-linked galactose.

Treatment of both membrane types witk1a—galactosidase destroyed

the binding activity. The glycoprotein, calf thyroglobulin,

also bound the toxin and inhibited toxin binding to cells.

An efficient, single-step method for isolation of highly

purified toxin A from Q. difficile culture filtrate has been

developed based on toxin association with calf thyroglobulin.

Toxin A did not bind to human erythrocytes from blood

group A, B, or O donors. However, after fucosidase treatment

of human erythrocytes, only blood group B erythrocytes could

bind the toxin. This indicated that toxin A was likely

binding to Galal-3Galßl-4GlcNAc, a carbohydrate sequence also

found on calf thyroglobulin and rabbit erythrocytes.

All of the results indicate that hamster BBMs contain a

carbohydrate binding site for toxin A that has at least a

Gal¤1—3Galßl-4GlcNAc nonreducing terminal sequence.
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