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(ABSTRACT) 

Clostridium difficile causes pseudomembranous colitis in humans and a similar 

ileocecitis in hamsters. This organism can colonize the intestines after antibiotic 

therapy disrupts the normal intestinal microflora. Once established in the 

intestines, the organism causes disease by producing two toxins, designated toxin 

A and toxin B. Only toxin A is active on intestinal epithelium, thus toxin A is the 

cause of the initial tissue damage in the intestines. In order for a toxin to affect 

a cell, it must first bind to the cell. Toxin A has been shown to bind to Galk1- 

3Galé 1-4GIcNAc on the intestinal epithelium of hamsters. I provide evidence 

that toxin A can use this trisaccharide as a functional receptor on cell lines, and 

that the expression of the carbohydrate receptor increases the sensitivity of the 

cells to toxin A. Furthermore, the intestinal epithelium of infant hamsters bound 

less toxin A at 37C than did the adult tissue, and infants are less sensitive to the 

disease caused by C. difficile than are adults. This provides further evidence that 

the activity of toxin A is increased by the binding of the toxin to Gal 1-3Galg 1- 

4GlcNAc. Even though Gal 1-3Galé 1-4GlcNAc was a receptor for toxin A on 

animal cells, it probably is not a receptor for toxin A in humans, because people



do not normally express this carbohydrate. Instead, I found that toxin A bound to 

the carbohydrate antigens designated I, X, and Y, which are present on the 

intestinal epithelium of humans. These carbohydrates could be receptors for 

toxin A. The possible significance of these receptors is discussed.
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FORWORD 

This dissertation contains seven sections. The first section is a review of 

the literature, which provides an introduction to Clostridium difficile and the 

disease pseudomembranous colitis. Sections II to VI are written in a format for 

submission for publication. Of these sections, sections II to IV, and VI are being 

considered as possible manuscripts; whereas section V is included to present the 

logic that lead to the finding presented in section VI. Section VII contains the 

summation of the dissertation, and additional postulates that are not presented in 

the previous sections. 

Parts of this dissertation previously have been presented. Section III has 

been published (1), and is presented in this dissertation exactly as it was accepted 

for publication. The data in section IV were presented at the 1989 national 

conference for the American Society for Microbiology (K. D. Tucker and T. D. 

Wilkins. Clostridium difficile toxin A uses Gala 1-3Galg 1-4GIcNAc as a functional 

receptor), and also is published (3). The findings presented in section VII are 

covered in a pending patent (4), and also will be presented at the 1990 national 

conference of the American Society for Microbiology (K. D. Tucker and T. D. 

Wilkins. A possible receptor for Clostridium difficile toxin A in humans). This 

section of the dissertation has been submitted for publication with minor changes 

(2).
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A: CLOSTRIDIUM DIFFICILE DISEASE IN HUMANS AND ANIMALS 

The discovery of antibiotics was a major advancement for the field of 

medicine that radically changed the way diseases are treated, and greatly 

improved the prognosis for many maladies. However, like so many discoveries, 

the actual benefits were less than were initially hoped. Some microorganisms 

were resistant to antibiotics, whereas others acquired resistance as a result of 

antibiotic therapy. Further, there were unexpected and unexplained side effects 

with many antibiotics. 

One side effect commonly associated with antibiotic therapy is diarrhea. 

This may range in severity from a mild and self-limiting disease to a life- 

threatening enteritis. Pseudomembranous colitis is one form of a life-threatening 

diarrhea associated with antibiotic treatment. This disease is characterized by the 

formation of pseudomembranes composed of mucin, fibrin, white blood cells, and 

sloughed mucosal cells on the colonic mucosa (8, 14, 61, 167). The 

pseudomembranes initially are sporadically located on the colonic mucosa, with 

each pseudomembrane covering only a 2-5 mm area (14, 61, 167). With time, 

these may fuse to form large patches of pseudomembranes that may be sloughed 

and passed as "casts" of the colon. 

Treatment with a number of antibiotics can cause pseudomembranous 

colitis, but the use of lincomycin, and its derivative clindamycin, cause the highest 

incidence of the disease per patient treated (8, 16, 54, 60, 70, 159, 167, 168, 172). 

As early as 1969 it was known that hamsters treated with lincomycin often



developed an acute and rapidly fatal ileocecitis (160). In the mid to late 1970's 

this hamster disease became the animal model for antibiotic-associated 

pseudomembranous colitis (12, 25). At the microscopic level, the damage to the 

intestinal mucosa of the hamster is similar to that of the human; however, 

pseudomembranes do not form in the hamster (14, 31, 77, 140). This caused 

many researchers initially to reject this animal model for pseudomembranous 

colitis. 

Fortunately, a few researchers studied the hamster disease in hopes of 

understanding the human disease. They found that a sterile filtrate of the cecal 

contents from a hamster with antibiotic-associated enteritis could cause enteritis 

in another hamster following intracecal injection (149). Dialysis of the cecal 

filtrate removed the antibiotic, but did not abolish the toxicity. Thus the 

antibiotic did not directly cause the enteritis, instead a toxin or virus was the 

apparent cause of the disease. Since the disease causing agent could not be 

propagated in tissue culture, this was suggestive of a toxin. After screening 

numerous antitoxins, gas gangrene antitoxin was found to neutralize the toxic 

activity in the cecal filtrate. Gas gangrene antitoxin contains antibodies to a 

number of clostridial toxins, so this indicated a clostridium was the etiological 

agent, but did not identify the actual organism. Further experiments 

demonstrated that the antitoxin to Clostridium sordellii was responsible for 

neutralizing the toxic activity (2, 9, 10, 96, 159). However C. sordellii could not 

be isolated from either hamsters with enteritis or from humans with



pseudomembranous colitis. Instead, it was found that the C. sordellii antitoxin 

also neutralized the toxic activity of C. difficile, and C. difficile was isolated from 

both hamsters and humans with antibiotic associated enteritis (10, 11, 13, 30, 95, 

96, 103, 148, 149, 150). Further, sterile culture filtrates of C. difficile caused 

enteritis in the hamster (10, 95). Thus, C. difficile was identified as the cause of 

pseudomembranous colitis (9, 10, 11, 59, 62, 95, 103). This organism is estimated 

to cause 25% of the reported cases of antibiotic associated diarrhea (24, 165), 

making it second only to Campylobacter jejuni as the major cause of bacterial 

diarrhea in humans. Subsequent research demonstrated that C. sordellii produces 

two toxins ( Hemorrhagic toxin and Lethal toxin) that are similar to the two 

toxins produced by and C. difficile (toxin A and toxin B) (7, 117, 136, 166). Both 

toxins of C. difficile are believed to be involved in the disease. 

C. difficile is not normally present in significant numbers in the intestinal 

microflora of adult humans. In fact, the normal intestinal microflora creates a 

protective barrier that prevents C. difficile from colonizing the intestines (20, 21, 

22, 106, 157, 180, 181); however, antibiotic therapy disrupts the normal intestinal 

microflora. This allows C. difficile, which can be acquired from the hospital 

environment (26, 37, 71, 84, 85, 115, 128), to colonize the intestines and grow to 

high numbers. The organism then produces an enterotoxin that damages the 

intestinal mucosa (6, 7, 75, 99, 101, 102, 108, 123, 124, 125, 166, 175), which 

further perturbs the intestinal microflora and allows C. difficile to continue



colonizing the intestines after antibiotic therapy is stopped. Ironically, this 

antibiotic associated disease is treated with the antibiotic vancomycin, which is 

bacteriocidal to C. difficile (12, 25, 48, 49, 80). Unfortunately, vancomycin also 

disrupts the normal intestinal microflora. So when the vancomycin is 

discontinued, C. difficile may recolonize the intestines, with about 24% of the 

patients relapsing (15). Thus the disease may become ongoing and debilitating. 

Pseudomembranous colitis is most often associated with antibiotic therapy, 

but antibiotic therapy is not absolutely required for pseudomembranous colitis to 

occur. For example, one of the first reports of pseudomembranous colitis was in 

1893 (SO), over 40 years before the advent of antibiotic therapy. The cases of 

pseudomembranous colitis without prior antibiotic therapy commonly involved 

trauma to the intestines such as surgery or intestinal obstruction, but also 

involved trauma that did not directly effect the intestines, such as spinal fracture 

and cardiovascular disease (61). Presumably this trauma affects the normal 

intestinal microflora, allowing C. difficile to colonize the intestines. There are still 

reports of pseudomembranous colitis without prior antibiotic therapy (45, 127, 

137), but since antibiotic therapy is common following bowel surgery, post- 

operative pseudomembranous colitis cannot be distinguished from an antibiotic- 

associated pseudomembranous colitis. 

C. difficile is well established as the cause of pseudomembranous colitis; 

however, in rare cases it can also cause illness by infecting parts of the body 

other than the intestines. This organism has been reported to cause abscesses,



wound infections, septicemia, peritonitis, pleuritis, and osteomyelitis (97, 155, 

163). C. difficile has not been implicated as the cause of necrotizing enterocolitis 

in neonates, inflammatory bowel disease, or Crohn’s disease (18, 27, 41, 66, 83, 

120, 162, 158, 161). 

C. difficile often colonizes the intestines of human infants who have not 

been treated with antibiotics (1, 5, 38, 69, 73, 82, 94, 100, 116, 147, 164, 173, 174). 

This can occur in infants up to two years of age, with as many as 50% of the 

neonates in some hospitals being colonized (1, 82, 147, 176). However, C. difficile 

does not cause any apparent ill effects, even though the toxins can be detected in 

the feces (19, 39, 100, 116, 164). One possible reason for the insensitivity of 

infants to C. difficile is that human colostrum contains antibodies that can 

neutralize the C. difficile toxins (86, 178). Yet, this can not fully explain the 

resistance of infants to the toxins because many infants are not breast-fed. An 

additional explanation was suggested by Chang et al. (32), who found that cells 

from the intestinal mucosa of infants were more resistant to C. difficile toxins 

than were cells from the intestinal mucosa of adults. They suggested that the 

infant cells lack receptors for the toxins, whereas the adult cells contain these 

receptors; however, no supporting evidence was provided. Thus the reason for 

the insensitivity of infants to the C. difficile toxins is not known at this time. 

Infant hamsters also may be colonized by toxigenic C. difficile from the 

fourth to twelfth days of life with no apparent ill effects (151). As seen in 

humans, mother’s milk can confer passive immunity to the infant hamster (50,



87). This is of particular significance in studies with infant hamsters because the 

infants are maintained on mother’s milk. Thus, passive immunization could 

explain why clindamycin-treated infant and just-weaned hamsters are less sensitive 

to toxigenic C. difficile than are adult hamsters (67). In apparent conflict with the 

above study, Iaconis and Rolfe reported that treatment with clindamycin 

increased the number of deaths with infant hamsters colonized with toxigenic C. 

difficile (78). They postulated that this was due to an increase in toxin production 

associated with the clindamycin treatment (78, 130). This increase in toxin 

apparently overwhelmed the passive immunity provided by the mother’s milk. 

Even though infant hamsters provide an animal model to study the insensitivity of 

infants to C. difficile, the work has not progressed beyond suggesting that the 

insensitivity is due to passive immunity. 

Germ-free mice and rats also can be colonized by C. difficile without prior 

antibiotic therapy (35, 36, 37, 132, 177). In these animals C. difficile does cause 

colitis and the formation of pseudomembranes on the colon (177). Thus the 

disease in these animals may be more closely related to the disease in humans. 

Using this model, Corthier et al. (35) found that the proteolytic activity in the 

intestinal tract of these animals reduced the biological activity of toxin A 100-fold 

without effecting the biological activity of toxin B. Further, the inactivated toxin 

A was still detected by immunological assays. These observations provide a 

potential explanation for the insensitivity of human infants to C. difficile. In the 

studies with the human infants, toxin A was assayed with an enzyme linked



immunosorbent assay, and toxin B was assayed with a cytotoxicity assay. Thus the 

assays did not determine if the biological activity of toxin A was reduced. As will 

be discussed later, toxin A must be present for enteritis to occur. So if infants 

inactivate toxin A by proteolysis, they could protect themselves from 

pseudomembranous colitis. 

The use of germ-free animals for research has several disadvantages. 

Monoassociated animals do not have the complex microflora found in 

conventional animals, and this causes the physiology of the intestines to differ. 

The differences between the physiology of germ-free and normal animals, as well 

as the cost and difficulty of using germ-free animals, makes the germ-free animal 

model prohibitive for most researchers. 

Currently, the most widely used model for pseudomembranous colitis is the 

antibiotic-treated hamster. This animal is relatively sensitive to the toxins of C. 

difficile, and is easy to maintain (108). Further, at the histological level, C. 

difficile causes similar tissue damage to the ceca of hamsters as it causes to the 

colon of humans (14, 31, 77, 140); however, since hamsters do not form 

pseudomembranes, their use for the study of pseudomembranous colitis may be 

questionable. C. difficile can cause antibiotic associated enteritis in a number of 

other laboratory animals, including rabbits, guinea pigs, and prairie dogs (88, 144, 

145). Of these, only prairie dogs form pseudomembranes. The introduction of 

this animal model for pseudomembranous colitis has been too recent to evaluate 

any results.



B: CLOSTRIDIUM DIFFICILE TOXINS 

1) Physicochemical properties 

The properties of toxin A and B are summarized in Table 1. Both toxins 

are large proteins with a molecular mass near 300,000 that do not dissociate into 

smaller subunits (6, 7, 107, 119, 165, 166). This large size for toxin A has been 

verified from the cloning and sequencing of the toxin A gene (42, 156), and 

preliminary results from the toxin B gene also support its large size (personal 

communication from Lisa Barroso). Both toxins may exist as dimers in solution, 

as determined from the estimated molecular mass on native and denaturing 

polyacrylamide gels (6, 7, 107, 165, 166). Toxin A migrates much slower in an 

electric field than its pI would dictate when agarose gels are used (107). A 

possible explanation for this is that the toxin may interact with a-linked galactose 

in the agarose, thus retarding the movement of the toxin (91). Of practical 

importance, toxin A precipitates at pH values near its isoelectric point in low 

ionic strength buffers; this can be used to purify the toxin (165). Both of the 

toxins are inactivated by the oxidizing agents N-bromosuccinimide, H,O,, KO,, 

and O, (107). Since these oxidizing agents may affect tyrosine, this suggests why 

it is difficult to iodinate toxin A without affecting its biological activity. Reducing 

agents do not affect the biological activities of either toxin, which suggests that 

disulfide cross-linkages are not involved in their activities (107).
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2) Biological activities 

Toxin A is a potent enterotoxin in rabbits, hamsters, mice, and suckling- 

mice (6, 7, 99, 101, 102, 107, 108, 111, 124, 125, 166, 174, 175). Either feeding or 

directly injecting the toxin into the intestinal lumen causes disruption of the 

intestinal epithelium, and erosion of the villus tips (99, 101, 102, 124, 125, 175). 

This destroys the permeability barrier that normally is formed by the intestinal 

epithelium (75, 123, 124), so that body fluids, including serum, may seep into the 

intestinal lumen (102). If an animal systemically produces antibodies to toxin A, 

the toxic activity can be neutralized at this point as the circulating antibodies seep 

into the intestines with the other serum proteins (125). However, if the toxin is 

not neutralized, it may continue damaging tissue into the lamina propria, which 

contains the blood vessels that supply the intestines. Once the blood vessels are 

exposed, both toxin A and toxin B increase the vascular permeability which 

results in blood leaking into the intestinal lumen (6, 7, 111, 124, 125, 166). 

The extensive tissue damage caused by toxin A results in inflammation in 

the intestines (77, 99, 101, 102, 174, 175). Furthermore, toxin A is a 

chemoattractant for granulocytes, and stimulates granulocytes to release factors 

that cause secretion in the intestines (137, 138). These observations have 

prompted some researchers to postulate that toxin A does not directly affect the 

intestines; instead, they believe that toxin A causes the granulocytes to release 

factors that damage the intestinal epithelium and cause fluid secretion (175). 

Activated granulocytes can damage intestinal mucosa and release factors that
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cause secretion in the intestines (68), so the activity of toxin A on the 

granulocytes probably does contribute to the tissue damage caused by toxin A. 

However, toxin A also disrupts intestinal epithelium in organ culture and tissue 

culture (75, 102, 123), which demonstrates that toxin A has enterotoxic activity 

independent of the granulocytes. So toxin A does act directly on intestinal 

epithelium. 

Toxin A and toxin B are about equally lethal when injected subcutaneously 

or intraperitoneally into animals (3, 6, 7, 107, 111, 165, 166). However, the signs 

before and after death do not indicate the cause of death. Oral administration of 

toxin A also results in death of hamsters (108). Toxin A disrupts the intestinal 

epithelium, and apparently enters the body where it may exert its lethal activity. 

Toxin B alone has no observable effect on the intestinal epithelium, and is not 

toxic when fed to animals (5, 6, 102, 107, 111, 165, 166). However, oral doses of 

toxin B are lethal if the integrity of the intestinal mucosa has been damaged, such 

as by bruising or by the enterotoxic activity of sub-lethal amounts of toxin A 

(108). This suggests that toxin A and toxin B act synergistically, with toxin A 

damaging the intestinal mucosa and exposing cells that are sensitive to toxin B. 

Both toxin A and toxin B are cytotoxic to all mammalian cell lines that 

have been tested and each toxin causes a similar affect to the cells (6, 7, 40, 102, 

111, 165, 166). The most readily observed response of cells to the toxins is 

rounding. However, the cells do not die immediately, as determined by trypan 

blue exclusion from the cell. Instead the cells merely seem to be prevented from
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growing, and begin to die after several days. Analysis at the subcellular level also 

demonstrates that each toxin has a similar effect on cells. Each causes a decrease 

in the synthesis of proteins, ribonucleic acids, and deoxyribonucleic acids (139, 

146, 153). Further, after exposure to either toxin, cells show a decrease in 

filamentous actin and a corresponding increase in globular actin (33, 52, 75, 93, 

133, 169, 170). This apparent conversion of filamentous actin to globular actin is 

believed to cause disruption of the cytoskeletal structure, and rounding. 

However, toxin B does not act directly on purified actin in vitro (122), so 

modification of actin may not be the mechanism of action for the toxin. The 

similar effects on cells caused by toxin A and toxin B suggests that the toxins may 

have the same mechanism of action; however, this has not been confirmed 

because the mechanism of action for neither toxin is known. 

Even though toxin A and toxin B have similar effects on cells, their 

cytotoxic activities are very different: toxin B is about 1,000 to 10,000 times more 

cytotoxic than is toxin A on a molar basis (109, 133, 165, 166). In fact toxin B is 

one of the most potent cytotoxins known, with as little as 10°’ moles of toxin B 

being able to cause a cell to round. One possible explanation for the difference 

in the cytotoxic activities of toxin A and toxin B is that the toxins may be 

processed differently after entering the cells (53, 169, 170, 171). Alternately, the 

toxins may have different receptors, with the receptor for toxin B being more 

effective than the receptor for toxin A at binding and internalizing the toxin. The 

actual reason for the different cytotoxic activities is not known.
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3) Immunochemical properties 

Serology has played a major role in research concerning C. difficile; it was 

the fortuitous cross-neutralization of the toxins of C. difficile with C. sordellii 

antisera that led to the discovery that C. difficile causes pseudomembranous 

colitis. Ironically, the further significance of this cross-reaction was overlooked: it 

took three years to discover that the organism produced two toxins, even though 

it had been known for a decade that C. sordellii produced two protein toxins (4). 

Now it is known that toxin A and toxin B have partial immunological identity 

with Hemorrhagic and Lethal toxins, respectively, from C. sordellii (117, 136). 

Antisera to toxin A or toxin B have been used to determine if these two 

toxins share any antigenic determinants. Affinity purified antibodies to toxin A or 

toxin B do not cross react as determined by western blots, Ouchterlony assays, or 

neutralization of biological activity (6, 7, 98, 110, 112, 165, 166). This indicates 

that toxin A and toxin B are not antigenically related. 

The monoclonal antibody designated PCG-4 has been particularly useful 

for characterizing toxin A. This monoclonal antibody reacts with the portion of 

toxin A that binds to the carbohydrate receptor for the toxin, and neutralizes the 

enterotoxic activity of the toxin (102, 109, 141). Yet, this monoclonal does not 

reduce the cytotoxic activity of toxin A on Chinese hamster ovary cells (102, 109). 

This suggests that either the receptor for toxin A is different between hamster 

intestines and Chinese hamster ovary cells (109), or that the low cytotoxic activity
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of toxin A on Chinese hamster ovary cells is due to pinocytosis of the toxin by 

the cells and does not involve a receptor. One property of PCG-4 that is unusual 

for most monoclonal antibodies is that it precipitates toxin A, which indicates that 

toxin A contains repeating epitopes for PCG-4 (109). This was the first evidence 

that toxin A did contain repeating amino acid sequences, which was later 

confirmed by the nucleic acid sequence of the toxin (42, 156). Like the affinity 

purified antibodies to toxin A, PCG-4 does not react with toxin B (109). 

At the same time PCG-4 was being characterized, a number of monoclonal 

antibodies that cross-reacted with toxin A and toxin B were found (109, 152). 

This was in apparent conflict with the results obtained with polyclonal antibodies, 

and suggested that toxin A and B shared many antigenic determinants. This 

paradox was explained by Lyerly et al. (105) who found that toxin A and toxin B 

can bind several types of monoclonal antibodies non-specifically. Thus, the 

apparent serological cross-reaction between toxin A and toxin B doubtful. Even 

so, Since both toxin A and toxin B bind antibodies non-specifically, this suggests 

that toxin A and toxin B do share a similar functional domain.
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4) Genetics 

The genes for both toxin A and toxin B have been cloned, and have now 

been completely sequenced (42, 156, Lisa Barroso, personal communication). 

Toxin A and toxin B have 6 domains that share as much as 60% identity at the 

amino acid level, and are similar in their relative position in each toxin (Lisa 

Barroso, personal communication). This indicates that the two toxins may be the 

result of a gene duplication, and that toxin A and toxin B could have the same 

mechanism of action. Further, this suggests that the toxins may have similar 

receptors, as will be discussed later. However, despite the identity between the 

toxins at the genetic level, the genes have diverged enough so that the proteins 

are antigenically unique; therefore, the functional properties of the toxins, such as 

enzyme activities and receptor recognition sites may also have diverged. So the 

similarity between the genes must be interpreted with caution. The sequence for 

the toxin B gene is preliminary, so will not be considered any further, however, 

the gene for toxin A is well characterized. 

The toxin A gene is a single open reading frame that codes for a protein 

with a deduced molecular mass of 308,103 or 307,972, depending on the strain of 

C. difficile used (42, 156). The 3’ end of the gene for toxin A codes for repeating 

amino acid sequences that comprise about 30% of the total protein (42). These 

repeats are involved in the binding of toxin A to a carbohydrate receptor present 

on the membrane of cells (Gak 1-3Galg 1-4GlcNAc) (141). Antisera to this 

portion of toxin A neutralizes
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the enterotoxic activity of toxin A in rabbit ileum and hamster cecum (42). 

Further, this is the portion of toxin that reacts with the monoclonal antibody 

PCG~-4, which also neutralizes the enterotoxic activity of toxin A (102, 109).



17 

5) Receptors 

a: Toxin A 

An enterotoxin must bind to the intestinal epithelium, and toxins often 

accomplish this by binding to specific carbohydrate structures on the membranes 

of cells. Likewise, toxin A binds to carbohydrates that contain Gal 1-3Gals 1- 

4GIcNAc (34, 91, 92). The discovery that this carbohydrate is a receptor for toxin 

A was based on the observation that toxin A agglutinates rabbit erythrocytes 

(which contain Gal 1-3Gals 1-4GIlcNAc), and that the agglutination is inhibited by 

bovine thyroglobulin (which also contains Gal 1-3Galg 1-4GIcNAc). Enzymatic 

removal of the a-linked galactose completely abolishes the binding of toxin A to 

the carbohydrate, which demonstrates the importance of the a-linked galactose 

for the binding of toxin A (34, 91). However, related carbohydrates that contain 

an a 1-4-linked galactose do not bind the toxin (34, 91). Furthermore, blood type 

B erythrocytes do not bind toxin A, even though these cells contain the 

trisaccharide receptor with a fucose on the sub-terminal galactose (Gak1- 

3[Fuc 1-2]Gals 1-4GlcNAc) (91). Thus toxin A appears to bind specifically to 

Gala 1-3Gals 1-4GIcNAc. 

The amount of toxin bound to Gal 1-3Galé 1-4GlcNAc decreases with 

increasing temperatures, such that undetectable amounts of toxin A bind to the 

rabbit erythrocytes or bovine thyroglobulin at 37C (91, 92). This temperature 

effect is used to purify toxin A by binding the toxin to immobilized bovine 

thyroglobulin at 4C and eluting the toxin at 37C (92). Although the temperature 

dependant binding of toxin A is useful in research, this is an apparent
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disadvantage for the toxin in vivo, because little toxin may bind at body 

temperature. The binding of toxin A at 37C can be increased by increasing the 

density of the receptor for the toxin (91, 92). A possible explanation for this 

observation is that as the number of receptors increase, the number of binding 

sites on a molecule of toxin A that actually bind a receptor also increases. ‘This 

causes the avidity of toxin A for Gal 1-3Gals 1-4GlcNAc to increase because the 

avidity of toxin for its receptor is the summation of the individual affinities of 

each binding site that is actually bound to a receptor. Thus with high densities of 

receptor, significant amounts of toxin A may bind at 37C. This appears to be the 

case on the hamster intestinal mucosa, which contains large amounts of Gal 1- 

3Gals 1-4GlcNAc and binds toxin A at 37C in amounts that are similar to that 

observed with cholera toxin (91). Thus Gak 1-3Gals 1-4GIcNAc can be a receptor 

for toxin A at physiological temperatures. 

The importance of toxin A binding to Gal 1-3Gals 1-4GIcNAc is 

demonstrated by the observation that antibodies to the carbohydrate binding 

portion of toxin A neutralize the enterotoxic activity of the toxin (42, 102, 109). 

The trisaccharide receptor for toxin A is expressed by almost all mammals (55); 

however, humans do not normally express this carbohydrate (55, 58). In humans 

this trisaccharide has been demonstrated only on cancerous mammary cells, and 

on a genetically transformed human cell line (28, 58, 79). The expression of 

Gala 1-3Galg 1-4GlcNAc by normal cells in the human body also is limited by the 

fact that most people express antibodies that react with this trisaccharide (56, 57). 

Thus the expression of Gala 1-3Gal¢ 1-4GlcNAc in the human body may result in
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an autoimmune disease (28, 58). Therefore, toxin A probably does not use 

Gals 1-3Gals 1-4GlcNAc as a receptor in humans. 

b: Toxin B 

The similar nucleic acid sequence between toxin A and toxin B suggests 

that toxin B also may bind a carbohydrate receptor that is similar to the receptor 

for toxin A. However, toxin B does not bind to Gals 1-3Gals 1-4GIcNAc, 

otherwise toxin B would co-purify with toxin A on immobilized bovine 

thyroglobulin (92). Even so, the high level of cytotoxic activity of toxin B 

indicates that cell lines have a receptor. This high cytotoxic activity on a large 

number of cell lines suggests that the receptor for toxin B must be ubiquitous. 

Conversely, the ineffectiveness of toxin B on intestinal epithelium suggests that 

this tissue may lack a receptor for toxin B. Currently, the receptor for toxin B is 

identified.
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C: CARBOHYDRATE COMPLEXITY AS RECEPTORS 

The binding of many bacterial toxins to carbohydrate receptors is well 

established, and the subject of several excellent reviews (44, 81). Some of the 

properties that make carbohydrates suitable receptors for toxins are their 

presence on all eucaryotic cell membranes and their structural complexity. 

1) Complexity of structure 

A few different monosaccharides may be used to synthesize an unlimited 

number of carbohydrate structures. However, unlike nucleic acids and amino 

acids, a single monosaccharide can covalently bond to any of the hydroxylated 

carbons on another carbohydrate. This exponentially increases the possible 

number of receptors that may be synthesized from a given number of 

monosaccharides. This also means that oligosaccharides and polysaccharides can 

be branched . Thus, if given the same number of amino acids or 

monosaccharides, many more receptors can be synthesized from the 

monosaccharides. For example, a tripeptide of glycine forms only one possible 

configuration, but a trisaccharide of galactose can occur in at least 88 unique 

configurations. 

The actual number of different carbohydrate structures found on cells is 

limited by the requirement for enzymes to synthesize the structures (89, 90, 129, 

154, 179). All oligosaccharides and polysaccharides present on the membrane of 

a cell are synthesized by glycosyl-transferases, and each glycosyl-transferase
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synthesizes a specific carbohydrate configuration (90, 154, 179). Thus the possible 

number of carbohydrate structures are limited by the ability of a cell to produce 

enzymes that can synthesize the structures. Since cells can synthesize only a 

limited number of enzymes, polysaccharides tend to have only a few common 

core structures, which are attached to either lipids or proteins (90, 113, 154). The 

structural diversity of carbohydrates is maintained by specific glycosyl-transferases 

which add additional monosaccharides to these core structures. The core 

structures commonly found on lipids are presented in Table 2.
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TABLE 2: Carbohydrate core structures of glycolipids 

  

  

Prefix Core Structure 

Lacto Galf1-3G1cNAc£1-3Galf1-4G1cf1-1 

Lactoneo GalB1-4G1cNAc£1-3Galf1-4G1cB1-1 

Muco Galf1-3Galf1-4GalB1-4Glcf1-1 

Gala GalNAc?1-3Gal?1-4Galal1-4Galf1-1 

Globo GalNAcf1-3Galal-4Galf1-4G1cf1-1 

Globoiso GalNAc£1-3Galal1-3Galf1-4Glcf1-1 

Ganglio GalB1-3GalNAcf1-4Galfh1-4G1c£1-1 
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Sialic acid, fucose, or galactose can be a-linked to these cores to form a vast 

array of receptors (17, 47, 113). Furthermore, these core structures may be 

branched, and each branch may have different monosaccharides attached to it to 

create additional diversity of structure (113). 

Carbohydrates may be attached to proteins via nitrogen on asparagine (N- 

linked), or to oxygen on threonine and serine (O-linked) (89, 90, 154). The O- 

linked carbohydrates can occur in a large range of sizes, from only one 

monosaccharide up to large and complex polysaccharides that dwarf the carrier 

protein (154). The configuration of the O-linked carbohydrates are diverse, but 

the smaller oligosaccharides often resemble the carbohydrates found on 

glycolipids (154). The N-linked carbohydrates all share a branched core that is 

high in mannose, and which is attached to the asparagine by two N- 

acetylglucosamines (89, 90). This carbohydrate may either be unaltered to form a 

high mannose structure, or each of the branches may have lactosamine 

(galactosyl- 1,4-N-acetylglucosamine) added to it to form a complex structure (90, 

126). A hybrid structure is produced when lactosamine is added to only one or a 

few of the branches of a high mannose structure (90, 126). The presence of 

lactosamine on a N-linked carbohydrate makes the carbohydrate similar to the 

lactoneo-glycolipids. Likewise, glycoproteins with the lactosamine structure may 

be modified by the addition of a-linked sialic acid, fucose, and galactose. Hence, 

glycoproteins and glycolipids have a number of structures in common (142).
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2) Diversity of expression 

All mammalian cells are sugar-coated with a vast and complex assortment 

of carbohydrates being expressed on the membrane of a cell and forming the 

glycocalyx. These structures are the first part of a cell that are encountered by 

any molecule approaching the cell (81). Therefore, carbohydrates provide the 

first opportunity for a toxin to bind to a cell. 

The particular carbohydrate structures can differ between cells. Cells from 

different species usually express different carbohydrates (55, 113, 142). Further, 

different animals within a species also may express unique carbohydrates, as is 

exemplified by people having different blood types which are due to carbohydrate 

antigens (63, 72). Even the tissues within the same animal will contain 

carbohydrates that are unique to the specific tissue (23, 129). Since tissues are 

made of several cell types, even the cells within a tissue may contain 

carbohydrates that are different from the carbohydrates of the cells adjacent to it 

(74, 76, 131, 143). Even further, the physiological state of a cell effects the 

expression of carbohydrates, so that the same cell types may express different 

carbohydrates at different times (46, 114, 129, 134, 182). Thus, by binding to a 

specific carbohydrate, toxins may target to specific cells within the body. This 

segregation of carbohydrates on certain types of cells causes different cells to 

have different sensitivities to the same toxin (29, 43, 65). 

As if targeting to a specific cell were not enough, toxins may target to 

specific domains of a cell by using carbohydrate receptors. That is, carbohydrates
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may be localized to specific parts of the membrane of a cell, as seen with 

polarized cells (118, 121). For example, the membrane of intestinal cells is 

separated into two functional domains: the mucosa faces the lumen of the 

intestines and the serosa faces the underlying tissue. Some of the carbohydrates 

present on the mucosal domain are not present on the serosal domain, and vise 

versa. Thus toxin binding can depend on the orientation of the cell, with 

different domains being exposed by different orientations. Therefore, 

carbohydrates serve as extremely selective binding sites for toxins, and target the 

toxins to sites that provide the greatest benefit to the organism producing the 

toxin.
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D. INTRODUCTION TO THE THESIS 

When I started these studies, Gal 1-3Gals 1-4GIlcNAc was the only 

carbohydrate receptor known for toxin A (34, 91, 92). The binding of toxin A to 

this carbohydrate is dependent on the presence of the a1-3-linked galactose (91), 

which is a relatively unique carbohydrate configuration, so other receptors for the 

toxin appeared to be unlikely. At that time, reports demonstrating the lack of 

Gal: 1-3Gals 1-4GlcNAc in humans had not been published; therefore, I focused 

my studies on the importance of toxin A binding to Gab 1-3Galé 1-4GIcNAc. 

First, I found that the intestinal epithelium of infant hamsters bound less toxin A 

than did the same tissue from adult hamsters (section II). This provided an 

apparent explanation for why adult hamsters are more sensitive to disease caused 

by C. difficile than are infant hamsters (67, 153). Furthermore, I provided 

evidence that Gal 1-3Galé 1-4GlcNAc acted as a biological receptor for the toxin 

on cells (sections III and IV). These findings supported the postulate that Gale 1- 

3Galg 1-4GlcNAc was a biological receptor for toxin A in animals. 

By this time in my research, I had started work with human colonic cell 

lines (section V), and had access to human intestinal tissue. Results using these 

tissues and cells convinced me that toxin A was indeed binding to human tissue, 

but I could not demonstrate a-linked galactose. Further, a survey of the literature 

revealed that Gals 1-3Galg 1-4GIcNAc is not normally expressed in humans (28, 

55, 58, 79). These observations led me to conclude that the binding of toxin A to 

Gala 1-3Galg 1-4GIlcNAc was not involved with the activity of toxin A in the 

human body. This resulted in a shift in the emphasis of my research, changing
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the focus to identifying possible alternate receptors for toxin A in humans. 

Again, the cell lines provided the clue that led to the identification of other 

receptors for toxin A (section V): toxin A bound to the I, X, and I antigens, 

which are a group of similar carbohydrate receptors found on human intestinal 

epithelium (section VI). Fortunately, a large body of literature concerning these 

carbohydrates already existed, so that a number of conclusions could be made 

based on the identification of these new receptors.
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ABSTRACT 

Clostridium difficile can cause a severe diarrheal disease in both hamsters and 

humans following antibiotic therapy. However, the infants of both species may be 

colonized by C. difficile without prior antibiotic therapy, and apparently with no ill 

effects. Previously, toxin A has been shown to bind to carbohydrates that contain 

Gal 1-3Gals 1-4GIcNAc on hamster intestinal epithelium. I have found that toxin 

A bound to the intestinal epithelium of both infant and adult hamsters by this 

receptor. Yet, the amount of toxin A that bound to the infant tissue at 37C was 

10-fold less than the amount of toxin A that bound to the adult tissue. This 

suggests that the insensitivity of infant hamsters to toxin A could be due to the 

relatively low binding of toxin A to their intestinal epithelium.
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INTRODUCTION 

Clostridium difficile causes pseudomembranous colitis in humans. This 

organism can colonize the intestines and grow to high numbers if antibiotic 

therapy has disrupted the normal microflora. Once established in the intestines, 

the organism can cause diarrhea by producing a protein toxin, toxin A, that 

erodes the intestinal epithelium (23, 24, 25). Further tissue damage may be 

caused by a second toxin, toxin B, which is not active on intestinal mucosa (23, 

24), but is toxic to the underlying tissue that is exposed by the action of toxin A. 

Infant humans also may be colonized by C. difficile, but do not require prior 

antibiotic therapy for this to occur (1, 3, 6, 7, 16, 21, 22, 26, 27, 29, 30). Yet C. 

difficile causes no obvious ill effects in infants, even though infants may be 

colonized by toxigenic C. difficile. Chang et al. (5) reported that human infant 

intestinal cells are less sensitive to both toxin A and toxin B than are adult 

intestinal cells. This indicates the low activity of toxin A and toxin B on the 

intestinal cells results in the insensitivity of infants to the toxins. However, the 

reason for the apparent insensitivity of the cells to toxin A and toxin B is not 

known 

Like humans, adult hamsters also may be colonized by C. difficile after 

antibiotic treatments, and this results in a severe and fatal diarrhea in this animal 

(13, 28). Also like humans, infant hamsters may be colonized by C. difficile 

without prior antibiotic treatments, and with no obvious ill effects (13, 15, 28). 

Yet, the reason for the lack of sensitivity of the infants to toxin A is not known.
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In this study, I examined the binding of toxin A to intestinal tissue from 

both infant and adult hamsters to determine if lack of toxin binding is a possible 

explanation for the infants’ insensitivity to toxin A. Since toxin A is known to 

bind to carbohydrates that contain Gale 1-3Gals 1-4GIcNAc on adult hamster 

intestinal tissue (19), I also determined if toxin A bound to this receptor. I found 

that toxin A bound to Gal 1-3Gals 1-4GlcNAc on the intestinal mucosa of both 

adult and infant hamsters, but only the adult tissue bound toxin A at body 

temperature.
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MATERIALS AND METHODS 

Toxin A purification: Cultures of C. difficile VPI strain no. 10463 were grown in 

dialysis flask cultures of brain heart infusion as previously described (25). Toxin 

A was purified by affinity chromatography using immobilized bovine thyroglobulin 

(20). The toxin A was determined to be homogeneous using procedures 

previously described (25). The concentration of toxin A was estimated with the 

method of Bradford (4) using bovine gamma globulin as a reference. 

Tissue preparation: Adult golden Syrian hamsters between 9-14 weeks of age, 

and infant hamsters at 8 days of age were obtained from a colony at the 

laboratory animal facilities at Virginia Polytechnic Institute and State University. 

Intestinal epithelial brush border membranes were prepared as previously 

described (9). In the infants the thinness of the tissue prevented the separation 

of the mucosa from the serosa, so the entire intestine was used to prepare the 

brush border membranes. This should not have affected the results because the 

purification procedure removes connective tissue, so the serosa was removed from 

the mucosa later in the procedure. Both the adult and infant tissue preparations 

contained predominantly brush border membranes, as determined by observation 

with phase contrast microscopy. The tissues were quantitated based on the 

amount of protein present in each preparation, as determined by the method of 

Bradford (4) using bovine gamma globulin as a reference. 

Binding assay: The binding of toxin A to the adult and infant tissues was assayed 

in parallel at 4C and at 37C using an ELISA to quantitate the residual toxin as
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previously described (19). The lectin Griffonia simplicifolia 1 isolectin B, (GSI- 

B,), which specifically binds to carbohydrates that contain Gale 1-3Gal on their 

non-reducing end (12), was used to ascertain that the receptor to which toxin A 

bound was the proposed Gals 1-3Gals 1-4GIcNAc receptor for the toxin. The 

results presented in this paper are from one experiment that was representative 

of the results from three repeats of the binding assay.
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RESULTS AND DISCUSSION 

Intestinal epithelium from either adult or infant hamsters bound similar 

amounts of toxin A at 4C (Figure 1). In both adults and infants the binding of 

toxin A was blocked by the lectin GSI-B,, which indicates the toxin was binding 

via the previously described receptor for the toxin (Gal 1-3Gale 1-4G]cNAc). 

Both the infant and adult tissue bound much less toxin at 37C than at 4C; 

however, the adult tissue bound much more toxin at 37C than did the infant 

tissue (Figure 1). This suggests that the apparent insensitivity of infant hamsters 

to toxin A, relative to adult hamsters, may be due to the amount of toxin A 

bound to the epithelium of each at 37C. 

The temperature dependent binding of toxin A to hamster intestinal 

epithelium was initially observed by Krivan et al. (19), who postulated that the 

temperature dependent binding was due to the density of the receptor. Receptor 

density is developmentally regulated in humans with a specific example being the 

il antigen system (11, 14). The i antigen is a linear carbohydrate that ends with 

Gals 1-4GlcNAc (8), which is the biosynthetic precursor of the receptor for toxin 

A (2). This antigen is commonly found in infants up to 2 years of age (11). The 

I antigen (Gals 1-4GIcNAq 1-3[Gals 1-4GIcNAq 1-6]Gal) is a branched form of 

the i antigen (8). The I antigen begins to appear as the i antigen starts to 

disappear (11, 14). The branching of the I antigen creates a large number of i 

antigens on a single carbohydrate core, thus creating a higher density of receptor. 

If this developmental regulation of the iI antigens also occurs in hamsters, this
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could explain why only the adult hamster intestinal epithelium bound toxin A at 

37C. 

Some researchers have suggested that infant humans and hamsters are 

passively immunized against toxin A by mother’s milk, and that this provides 

protection from the activity of toxin A (17, 18, 31). This could be one reason 

infant hamsters are resistant to toxin A because they are always breast fed, but 

infant humans are not. In addition to passive immunization, my results indicate 

that infants may evade the activity of toxin A by not binding the toxin to their 

intestinal epithelium. 

Humans have not been shown to express Gal: 1-3Gals 1-4GIcNAc (10). 

Even so, the density of any carbohydrate receptor with the core structure Gals 1- 

4GIcNAc (i.e., the il antigen system) would be under developmental regulation 

in humans. Thus the apparent insensitivity of human infants may be related to 

the reduced binding of the toxin on low density receptors.
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3Gal and was used to competitively inhibit the binding of toxin A to the BBM, 
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ABSTRACT 

Clostridium difficile is the cause of antibiotic associated colitis in humans. The 

organism produces toxin A, which is generally known as the enterotoxin, and 

toxin B, which is known as the cytotoxin. Toxin A has been reported to have 

slight cytotoxic activity; in this study we show that cell lines (F9, OTF9-63 and 

P19) which express a carbohydrate to which toxin A binds are more sensitive to 

the toxin. These cell lines can be used as research tools for determining 

concentrations of biologically active toxin A and should also prove useful for 

studies of the mechanism of action of the toxin.
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INTRODUCTION 

Clostridium difficile, which causes antibiotic associated pseudomembranous 

colitis in humans, produces two toxins, A and B. Toxin B is one of the most 

potent cytotoxins known; only a picogram is required to cause a cytotoxic effect 

on cultured cells (1,11,13,14). Because of the high cytotoxic activity of this toxin, 

the neutralization of the cytotoxic activity by specific antisera is the "gold 

standard” for diagnosis of the disease. Interestingly, although toxin B is the toxin 

detected by the neutralization assay, it is not the toxin thought to be responsible 

for most of the symptoms of pseudomembranous colitis. Toxin A is thought to 

cause both the diarrhea and the destruction of the colonic mucosa which is 

characteristic of this disease (1,10,13,14). Toxin B appears to have no effect on 

undisturbed colonic mucosa (1,10,13,14). 

Toxin A is not a classical enterotoxin in that the fluid response is not a 

clear liquid but rather a hemorrhagic exudate composed of serum components 

and cellular debris (10). There is some controversy over whether toxin A also is 

cytotoxic to cultured cells. Banno et al. (1) reported that toxin A had no 

cytotoxic activity; other laboratories reported the activity of the toxin to be 1,000- 

to 10,000-fold less than the activity of toxin B on the same cell lines (5,11,13,14). 

Preparations of either toxin A or toxin B cause the same change in morphology 

of cultured cells, thus increasing the suspicion that the cytotoxic activity of the 

toxin A preparations might be due to contamination with toxin B. The main fact 

which would refute this concept is that specific antibodies to toxin B do not
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neutralize the cytotoxicity of toxin A (13). However, a direct demonstration that 

toxin A has cytotoxic activity independent of toxin B has not been presented. 

In this paper, we show that some cell lines are much more sensitive to 

toxin A than those that have been tested previously. The morphological effect on 

these cultured cells appeared to be the same for each toxin, and these effects 

were neutralized by antibodies specific for the toxin tested.
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MATERIALS AND METHODS 

C. difficile VPI 10463 was grown in brain heart infusion dialysis flasks as 

previously described (13). Toxin A was purified by affinity chromatography using 

immobilized bovine thyroglobulin (8). Toxin B was purified by ion exchange 

chromatography on DEAE-Sepharose CL-6B and immunoadsorption (11). The 

purity of the toxins was demonstrated by crossed immunoelectrophoresis and 

polyacrylamide gel electrophoresis as previously described (13). Protein 

concentrations were estimated by the method of Bradford (2) with bovine gamma 

globulin as a standard. 

Affinity-purified antibodies to toxin A were purified as previously 

described using homogeneous toxin A coupled to AffiGel 10 (Bio-Rad 

Laboratories, Richmond, Calif.) (12). Affinity purified antibodies to toxin B were 

prepared similarly using immobilized toxin B. The concentration of the affinity- 

purified antibodies was estimated using an E,,,, of 14. For neutralization assays, 

the antibodies to the toxins were mixed 1:1 with serial dilutions of toxin, and the 

mixtures were incubated for one hour on ice before addition to the culture wells 

(7). 

The cytotoxic activities of toxins A and B on the mouse teratocarcinoma 

cell lines F9, OTF9-63, P19, and P19S1801A1 were determined by using the 

Chinese hamster ovary-K1 (CHO) cell line as a reference as previously described 

(7). The F9 cells were grown in Dulbecco modified Eagle medium containing 

15% heat inactivated fetal bovine serum on tissue culture plates coated with 0.1%
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gelatin. The OTF9-63, P19, and P19S1801A1 cells were grown in Dulbecco 

modified Eagle medium containing 10% fetal bovine serum. The CHO cells were 

grown in Ham F12 medium containing 2% fetal bovine serum. A cytotoxic unit 

was defined as the least amount of toxin that caused rounding of 90% of the cells 

after 18 hours of exposure to the toxin.



62 

RESULTS 

Our initial hypothesis was that cell lines which expressed the trisaccharide 

to which toxin A binds would be more sensitive to the toxin than other cell lines. 

We chose to test three mouse teratocarcinoma cell lines which had been reported 

to express this carbohydrate structure on their membranes (4,6). We compared 

the activity of toxin A on these cell lines to the cytotoxicity on CHO cells, which 

are not known to express this trisaccharide. Toxin A was 100-fold more active on 

these three cell lines than on CHO cells (Figure 1). 

We also tested the effect of toxin A on a subclone of the P19 cell line 

(P19S1801A1) which has been reported to express less of the trisaccharide than 

the other cell lines do (6). This cell line was 16-fold less sensitive than the 

parent P19 cell line. The sensitivity of four other cell lines to toxin A has been 

reported previously by Donta et al. (5) (Table 1). The Y1 cells were the most 

sensitive of these cell lines, but they are ten fold less sensitive than the most 

sensitive cell lines reported on in this paper. 

All of the cells we tested reacted to toxin A in the same manner as cells 

react to toxin B: they lost all of their distinctive morphology and became round, 

with very little attachment to the plastic. Cells treated with toxin A were thus 

indistinguishable on a morphological basis from the same cells treated with toxin 

B.
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FIGURE 1. Cytotoxic units (the least amount of toxin to cause rounding of 90% 

of the tissue culture cells after 18 hours of exposure to the toxin) per microgram 

of toxin.



TABLE 1. Activities of toxins A and B previously reported?® 

  

  

  

Cell line Minimal cytotoxic dose Reference 

Toxin A Toxin B 

(ng/ml) (pg/ml) 

Y1 3 1.5 5 
CHO 50 5 5 
HeLa 200 5 5 
MHC 13 5 5 
WI-38 200 5 14 

  

* Because of differences in the assays used in reference 5, 
activities of the toxins were normalized by using the CHO cell 
line as a reference to determine the relative sensitivities of 
the other cell lines. This table is limited to cell lines that 
were assayed for sensitivity to toxin A.
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TABLE 2. Minimal dose of toxin A required for positive reaction 

  

  

Assay Organism Minimum dose (ng) Reference 
or for positive 

cell line reaction 

Enterotoxicity Rabbit 1000 10 
Lethality (LD,,° ) Mice 50 11 
Cytotoxicity CHO 10 11 
Indirect ELISA? 1 12 
Cytotoxicity F9,OTF9-63, or P19 0.1 This article 
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DISCUSSION 

Our results support my initial hypothesis that cell lines which express the 

trisaccharide (4,6) to which toxin A binds (3,9) will be more sensitive to the toxin 

than other cell lines. The fact that a subclone of one of these cell lines which 

expresses less of this trisaccharide was eight-fold less sensitive than the parent 

clone also strengthens this argument. This is not proof that this trisaccharide is a 

functional receptor for the toxin, but it is suggestive; considerably more work will 

have to be done to determine if this is the case, and we are now involved in this 

investigation. 

The increase in cytotoxic activity of toxin A in these cell lines with no 

increase in the activity of toxin B demonstrates that toxin A definitely has a 

cytotoxic activity. The cytotoxic response of cells to toxin A appear to be very 

similar if not identical to the responses to toxin B. The mechanism of action of 

these toxins has not been defined at the molecular level, so there is currently no 

way to determine whether these toxins have the same enzymatic mechanism of 

action. We believe that the enterotoxicity of toxin A could be the result of the 

same cytotoxic response that we report here. The enterotoxicity could result from 

disorganization of cells in the brush border, which would allow serum proteins 

and fluids to pass into the lumen. 

The cell lines we tested should prove useful to investigators who desire to 

determine levels of biologically active toxin A. These cells are much more 

sensitive than the rabbit ileal loop test for enterotoxicity and are more sensitive 

than the enzyme linked immunosorbent assay which our laboratory previously
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used to detect toxin A (Table 2). The cytotoxicity assay, when performed with 

any of these three cell lines, is the most sensitive test for the toxin thus far 

reported. The cytotoxicity test for toxin B is also the most sensitive method 

available for detecting this toxin. The cytotoxicity test for toxin B is about 100- 

fold more sensitive than the toxin A cytotoxicity test when these more sensitive 

cell lines are used; thus, the cytotoxicity of toxin B would still mask the effect of 

toxin A unless specific antibody is used to neutralize toxin B. 

The cytotoxicity assay for toxin B in feces is the standard to which other 

methods for diagnoses of C. difficile colitis are compared. Toxin B does not 

initiate the diarrhea and colitis and, in fact, has no effect on normal intestinal 

mucosa. Assaying for toxin B is useful because a positive test indicates that both 

toxins are present. From about 150 isolates, our laboratory has never found a 

case of a strain producing toxin B without also producing toxin A, and in general 

about equal amounts of both toxins are produced in culture media. Because of 

the lack of sensitive tests for active toxin A, there have not been any studies of 

the levels of active toxin A versus levels of active toxin B in the feces of patients. 

The tissue culture cell lines we describe here could be used for such 

determinations. If these studies showed that the levels of active toxin A 

correlated better with the clinical course of the patient than did concentrations of 

toxin B, then assays for toxin A could be developed for routine use in clinical 

laboratories.
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ABSTRACT 

Clostridium difficile causes pseudomembranous colitis in humans, and ileocecitis in 

hamsters. Toxin A from this organism has cytotoxic, enterotoxic, and lethal 

activities. Previous reports from this laboratory demonstrated that toxin A binds 

to the carbohydrate Gab 1-3GalB1-4GlcNAc on rabbit erythrocytes and a similar, 

if not identical, carbohydrate on the hamster ileum. However, Gals 1-3Gal81- 

4GIcNAc has not been shown to be a physiological receptor (i.e., a binding site 

on the cell surface that facilitates the activity of a toxin). I found that the mouse 

teratocarcinoma cell line F9, which expresses large amounts of Gal 1-3GalB1- 

4GIcNAc, is 100-fold more sensitive to toxin A than cell lines which lack the 

carbohydrate. I studied the role of Gal 1-3Gal81-4GIcNAc in the sensitivity of 

the F9 cell line to toxin A, and provide evidence that Gal 1-3GalB1-4GIcNAc 

acts as a physiological receptor for toxin A on the F9 cells.
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INTRODUCTION 

Clostridium difficile is the cause of pseudomembranous colitis in humans 

and ileocecitis in hamsters. This microorganism can colonize the intestines after 

antibiotic therapy has disrupted the normal intestinal microflora. In the intestines 

C. difficile produces two potent cytotoxins, designated toxin A and toxin B. Toxin 

B does not appear to be toxic to intact intestinal mucosa, whereas toxin A causes 

extensive tissue damage to intestinal mucosa (1, 14, 16, 20, 26). This tissue 

damage caused by toxin A destroys the normal permeability barrier formed by the 

intestinal epithelium so that body fluids seep into the intestinal lumen resulting in 

diarrhea (11, 14). Furthermore, the disruption of the intestinal epithelium allows 

toxin B to exert its toxic activities (17). Therefore toxin A is believed to be 

responsible for the initial pathology in the diarrheal disease caused by C. difficile. 

Before a toxin can exert its toxic effect on a cell, it must bind to its 

physiological receptor on the cell. A physiological receptor has been described 

By Eidels et al. (6) as "the binding component on the cell surface that is involved 

in the initial step which ultimately leads to the productive expression of the 

toxicity of a particular toxin." The carbohydrate sequence Gal 1-3Gal81- 

4GIcNAc is a binding component on cell membranes for toxin A (3, 12, 13). 

Furthermore, toxin A binds to this carbohydrate on the intestinal epithelium of 

hamsters (13), but it has not been proven to be a physiological receptor for toxin 

A. In this report, I present evidence that Gale 1-3GalB1-4GlcNAc can be a 

physiological receptor for toxin A.
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MATERIALS AND METHODS 

Toxin preparation: C. difficile VPI 10463 was grown in dialysis flasks (24) 

containing brain heart infusion. Toxin A was purified by affinity chromatography 

using immobilized bovine thyroglobulin (12). The purity of the toxin was 

demonstrated by crossed immunoelectrophoresis and polyacrylamide gel 

electrophoresis as previously described (19). The concentration of toxin A was 

estimated by the method of Bradford (2) using bovine gamma globulin as a 

standard. 

Cell lines: The OTF9-63, P19, P19S1801A1, and PA1 cell lines were maintained 

in Dulbecco modified Eagle medium containing 10% heat-inactivated fetal bovine 

serum. The F9 cells were grown in Dulbecco modified Eagle medium containing 

15% heat-inactivated fetal bovine serum on tissue culture plates coated with 0.1% 

gelatin. CHO cells were grown in Ham F12 medium containing 2% heat- 

inactivated fetal bovine serum. Cells were removed from the tissue culture plates 

with either 0.25% trypsin in Hanks balanced salt solution (P19, P19S1801A1, 

PA1, and CHO) or with 2 mM EDTA in Hanks balanced salt solution with 2% 

heat-inactivated fetal bovine serum (F9 and OTF9-63). All cells were grown in 

an atmosphere of 5% CO, at 37C. 

Antibodies: PCG-4, an IgG2a monoclonal antibody to toxin A (15), was purified 

from ascites fluid with immobilized protein A. The concentration of PCG-4 was 

estimated by the method of Bradford (2) using bovine gamma globulin as the
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standard. An IgG2a monoclonal antibody (UPC-10, Sigma Chemical Co., St. 

Louis, Mo.) was used as a neutral monoclonal antibody. 

Cytotoxicity assay: All assays were performed at least three times, with 

representaative results being reported in this paper. Cytotoxicity assays were 

performed in 96 well microtiter tissue culture plates as previously described (25). 

Briefly, cells were plated at approximately 1000 cells per well in 0.18 ml of the 

media. Cells were allowed to attach for at least 18 hours before additional 

reagents were added. For all cytotoxicity assays, toxin A was serially diluted 1:2 

in Dulbecco modified Eagle medium containing 10% heat-inactivated fetal bovine 

serum, and 0.02 ml of this stock was added to the wells of the microtiter plate. A 

cytotoxic unit was defined as the least amount of toxin A that caused rounding of 

at least 90% of the cells in a microtiter well after 18 hours of exposure to the 

toxin. The activity of toxin A on a given cell line, or with a given treatment, was 

reported relative to the activity of toxin A on F9 cells. This was calculated by 

dividing the number of cytotoxicity units per ug of toxin A on a given cell line by 

the number of cytotoxicity units per »g of toxin A on F9 cells, then multiplying by 

100. 

Cell treatments: All assays were performed at least three times, with 

representative results from a single experiment being presented in this paper. 

(i) tunicamycin: PA1, CHO and F9 cells were treated with 

tunicamycin by replacing the original media with media containing tunicamycin
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(S ug/ml). The cells were incubated for 12 hours, then serially diluted toxin was 

added to the plate. To control for the effect of tunicamycin on toxin A, the 

media in a second set of wells containing tunicamycin was replaced with normal 

media before the addition of the toxin. These plates were read 8 hours after the 

addition of toxin. 

(ii) lectin: Four yg of the lectins GS1-B, or DBA were added to 

the test wells of a 96 well plate containing either CHO, PA1 or F9 cells. As a 

control, cells not treated with a lectin were also exposed to toxin A. The cultures 

were incubated for five minutes, then the serially diluted toxin A was added to 

the wells. After a five minute incubation period, all the media was removed and 

the cells were washed twice with 0.2 ml of media. Then 0.2 ml of media was 

added back to each well and the cytotoxic effect was read after 18 hours. 

(iii) Monoclonal antibody: Serially diluted toxin A was mixed 

1:1 with either a monoclonal antibody to toxin A (PCG-4) or neutral a IgG2a 

(UPC-10) to yield a final concentration of 0.4 mg IgG per ml. The mixture was 

incubated for 30 minutes before being added to culture wells containing either 

CHO, PA1, or F9 cells. The cytotoxic effect was read after 18 hours. 

Hemagglutination inhibition assay: Hemagglutination assays were performed as 

previously described (13). Toxin A was serially diluted 1:2 in TBS. An equal 

volume of PCG-4 (0.8 mg/ml, or 0.08 mg/ml) was added to each dilution of 

toxin. This mixture was incubated for 30 minutes on ice. Then 50 ul of toxin A 

or 50 ul of toxin A with PCG-4 was added to the wells of a 96 well V-bottom
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microtiter plate that was chilled on ice. Fifty wl of 1.5% rabbit erythrocytes was 

added to each well and the plate was incubated 3 hours at 4C. Hemagglutination 

is reported as the least amount of toxin required for hemagglutination. 

Binding assay. Cells were grown until about 40% of the tissue culture plate was 

covered. Cells were removed from the tissue culture plate on the same day as 

the binding assay using 2 mM EDTA in Hanks balanced salt solution containing 

2% heat-inactivated fetal bovine serum. The cells were washed once in two 

volumes of media. Cell numbers were estimated using a hemacytometer. The 

binding of toxin A to the cells was determined as previously described (13). 

Briefly, various numbers of cells, not exceeding 5 x 10° cells, were exposed to 7.5 

ng of toxin A contained in 0.3 ml of TBS-BSA at 4C for ten minutes. The cells 

were pelleted by centrifugation, and the unbound toxin A was quantitated by an 

ELISA (19). Binding of toxin A to cells treated with tunicamycin was assayed 

using F9 cells grown in the presence of tunicamycin (Sug/ml) for 12 hours. 

Competitive binding assays with GS1-B, were performed by exposing the cells to 

25 wg of lectin in one ml of TBS-BSA for ten minutes before exposing the cells to 

toxin A.
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RESULTS 

To determine if Gal 1-3GalB1-4GlcNAc could be a physiological receptor 

for toxin A, I examined the cytotoxic activity of toxin A on cell lines that either 

had large amounts of the carbohydrate, or undetectable amounts (Table 1). I 

found that the activity of toxin A on cell lines that do not express Gale 1-3GalB1- 

4GIcNAc (i.e., CHO and PA1) was only about 1% of the activity of the toxin on 

the cell lines that express large amounts (i.e., F9, OTF9-63, and P19) (Figure 1). 

Furthermore, a subclone of the P19 cell line (i.e., P19S1801A1) that expresses 

less Gal 1-3GalB1-4GIcNAc than the P19 cell line (5) was less sensitive to toxin 

A than was the P19 cell line (Figure 1). The correlation of an increase in the 

cytotoxic activity of toxin A with cell lines that express Gal 1-3GalB1-4GIcNAc 

suggests that the trisaccharide is a physiological receptor for toxin A. 

I focused my further work on the F9 cell line because this cell line 

produces large amounts of Galo 1-3GalB1-4GIcNAc (4, 5), and because it was very 

sensitive to toxin A. Furthermore, many of the carbohydrates on F9 cells are well 

characterized. For comparative purposes, I also studied two cell lines (CHO and 

PA1) which apparently do not express Gals 1-3GalB1-4GlcNAc. First I treated 

the cells with tunicamycin, which is an antibiotic that reduces glycosylation of 

proteins on eucaryotic cells (23). F9 cells treated with tunicamycin bound less 

toxin A (Figure 2) and were 75% less sensitive to toxin A than were untreated F9 

cells (Figure 3). Since CHO and PAI! cells did not bind detectable amounts of 

toxin A, the binding of toxin A to tunicamycin treated CHO or PA1 cells was not 

assayed. Tunicamycin did not affect the activity of toxin A on the PA1 cells.
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FIGURE 3. Sensitivity of F9 cells to toxin A after the cells had undergone various 

treatments. Tunicamycin is an antibiotic that reduces glycosylation of protein in 

eucaryotic cells (23). PCG-4 is a monoclonal antibody to toxin A that reacts with 

the carbohydrate binding portion of toxin A (22). The neutral monoclonal 

antibody was the same class as PCG-4, but does not react with toxin A in an 

antibody/antigen reaction. See text for the parameter of the treatments and 

discussion.
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CHO cells did not remain attached to the culture plate after the tunicamycin 

treatment, so the activity of toxin A on tunicamycin treated CHO cells could not 

be determined. Leaving tunicamycin in the tissue culture, or removing it before 

the addition of toxin A had no effect on the cytotoxicity results, which indicates 

tunicamycin did not directly interact with toxin A. Therefore, the results with the 

F9 and PA1 cell lines suggest that a carbohydrate receptor that bound toxin A to 

the F9 cells was responsible for the relatively high activity of toxin A on F9 cells. 

I then assayed the cytotoxic activity of toxin A after treating the toxin with 

PCG-4, which is a monoclonal antibody that reacts with the carbohydrate-binding 

portion of toxin A (22). I found that treating serially diluted toxin A with 200 

pg/ml of PCG-4 increased the amount of toxin A required to hemagglutinate 

rabbit erythrocytes (which contain large amounts of Gab 1-3GalB1-4GIcNAc; 7, 

10) from 3 pg/ml without PCG-4 to 50 ng/ml with PCG-4. This indicated that 

the monoclonal antibody inhibited the binding of toxin A to the carbohydrate 

receptor. PCG-4 also reduced the cytotoxic activity of toxin A on F9 cells by 

87% (Figure 3), but did not affect the activity of toxin A on CHO or PAI cells. 

The neutral monoclonal antibody (UPC-10) did not affect the cytotoxic activity of 

toxin A on any of the cell lines. This provides further evidence that the high 

activity of toxin A on F9 cells is due to toxin A binding to a receptor. 

To further define the nature of the carbohydrate that was acting as a 

physiological receptor for toxin A on F9 cells, I attempted to competitively 

prevent the binding of the toxin to the cells by using the lectins GS1-B, or DBA. 

Since receptors may be recycled by cells, I limited the time of the competition,
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and removed the toxin after a short exposure time. This short incubation period 

reduced the cytotoxic activity of toxin A 100-fold relative to the 18 hour 

incubation with toxin A. Treating the cells with DBA, which binds to a-linked N- 

acetylgalactosamine (9), did not reduce the activity of toxin A on any of the cell 

lines nor did it prevent the binding of toxin A to the F9 cells (Figure 2). 

Furthermore, when the CHO or PA1 cells were treated with GS1-B,, which binds 

to a-linked galactose (9, 21), there was no reduction in the cytotoxic activity of 

toxin A. However, treating the F9 cells with GS1-B, reduced the cytotoxic 

activity of toxin A by 87% (Figure 4), and GS1-B, prevented toxin A from 

binding to the cells (Figure 2). This indicated that a carbohydrate which 

contained a terminal a-linked galactose bound toxin A to the F9 cells, and was 

responsible for the high activity of toxin A on the F9 cells.
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FIGURE 4. The sensitivity of F9 cells to toxin A after the cells had been treated 

with lectins to competitively prevent the binding of toxin A to the cells. GS1-B, 

and DBA are lectins that bind to carbohydrates that contain a-linked galactose or 

a-linked N acetylgalactosamine, respectively (9, 21). See text for the parameters 

of the treatments and discussion.
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DISCUSSION 

Previously, this laboratory demonstrated that toxin A binds to 

carbohydrates that terminate with Gab 1-3Gal81-4GIcNAc (3, 13). This study was 

undertaken to determine if toxin A could use Gale 1-3GalB1-4GlcNAc as a 

physiological receptor. I found that toxin A has a 100-fold higher cytotoxic 

activity on cell lines that express Gal 1-3GalB1-4GIcNAc than on cell lines that 

do not express this carbohydrate. The high activity of toxin A on these cell lines 

was due to toxin A binding to a carbohydrate receptor on the cells, and this 

carbohydrate receptor contained a terminal a-linked galactose. Since toxin A 

binds to carbohydrates that terminate with Gal: 1-3GalB1-4GIcNAc, but does not 

bind to other carbohydrate structures that contain an a-linked galactose, I believe 

the data demonstrates that toxin A uses Gah 1-3GalB1-4GIcNAc as a 

physiological receptor. 

The monoclonal antibody PCG-4 neutralizes the enterotoxic activity of 

toxin A in vivo (14, 18), as well as the cytotoxic activity on F9 cells. This suggests 

that the cytotoxic activity of toxin A on the F9 cell line may be related to the 

enterotoxic activity of the toxin in vivo. Since PCG-4 prevents the binding of 

toxin A to Gala 1-3GalB1-4GlcNAc, and this carbohydrate binds toxin A to both 

F9 cells and hamster intestinal mucosa, I believe this is further evidence that 

Gal 1-3GalB1-4GIcNAc can act as a physiological receptor for toxin A in vivo. 

This is the first demonstration that the monoclonal antibody to toxin A, 

designated PCG-4, can neutralize the cytotoxic activity of toxin A (18). 

Apparently, the neutralization is the result of PCG-4 preventing toxin A from
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binding to the carbohydrate receptor on the F9 cells. The ineffectiveness of 

PCG-4 at neutralizing toxin A on some cell lines (e.g., CHO) indicates these cell 

lines may not contain a receptor for toxin A, and that the cytotoxic activity of 

toxin A on these cells may be the result of non-specific up-take of toxin A, such 

as by pinocytosis. However, the possibility of a second binding site on toxin A 

that is not affected by PCG-4 cannot be excluded at this time. 

Gal 1-3GalB1-4GIcNAc is expressed on the cells of most mammals (8); 

therefore, toxin A could use this carbohydrate as a physiological receptor in most 

animals. However, old world monkeys, apes and humans do not normally express 

this trisaccharide (8), thus toxin A must use an alternate receptor in humans. 

The presence of an alternate receptor is supported by the observation that the 

human colonic cell line T84 is 10 times more sensitive to toxin A than are the 

CHO cells, and PCG-4 reduces the cytotoxic activity (see section V of this 

dissertation). Therefore, an unidentified receptor for toxin A apparently exists on 

human intestinal epithelium.



88 

ABBREVIATIONS 

Gal, galactose 

GlcNAc, N-acetylglucosamine 

CHO, Chinese Hamster Ovary cell line K1 

DBA, Dolichos biflorus agglutinin 

GS1, Griffonia simplicifolia \ectin I 

GS1-B,, Griffonia simplicifolia lectin I, isolectin B, 

TBS 100 mM Tris, 150 mM NaCl, 5 mM CaCl, 5mM MgCl, ph 7.0 

TBS-BSA 100 mM Tris, 180 mM NaCl, 0.2% bovine serum albumin, 5 mM 

CaCl, 5mM MgCl, ph 7.0.
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INTRODUCTION 

Many bacterial toxins are cytotoxins, but the specific activity of the toxin 

can differ depending on the cell line used to assay the cytotoxic activity. There 

are several factors that can cause a toxin to have different specific cytotoxic 

activities on different cells lines, including uptake and processing of the toxin by 

the cell. One factor that often increases the cytotoxic activity is the expression of 

a receptor for the toxin on the membrane of the cell (7). Such a receptor serves 

to target the toxin to the cell, which increases the interaction of the toxin with the 

cell. Conversely, a relatively high cytotoxic activity for a toxin is indicative that 

the cell line expresses a receptor for the cell line. Such cell lines may then be 

use to characterize and identify the receptor for the specific toxin. 

Both toxin A and toxin B of Clostridium difficile are cytotoxins (15, 18, 19), 

and the specific activity of each toxin can differ depending on the cell line used 

to determine the cytotoxic activity. To gain insights into the receptors of toxin A 

and toxin B, I assayed the cytotoxic activities of the toxins on a variety of cells. I 

also used a monoclonal antibody to toxin A, PCG-4, as an aid in this study. 

PCG-4 reacts with the carbohydrate binding portion of toxin A (17), and prevents 

the binding of toxin A to carbohydrate receptors (see section IV in this 

dissertation), thereby neutralizing the cytotoxic activity of the toxin. Thus PCG-4 

was used to indicate if toxin A bound to carbohydrate receptors on the different 

cell lines. This provided the preliminary evidence that toxin A may bind to the X 

antigen.
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MATERIALS AND METHODS 

Cultures of C. difficile were grown in dialysis flask cultures as previously 

described (18). Toxin A was purified by affinity chromatography on immobilized 

bovine thyroglobulin (10). Toxin B was purified by ion exchange chromatography, 

and affinity adsorption chromatography (15). Each toxin was determined to be 

homogeneous using procedures previously described (15). The concentration of 

the toxins were estimated using the method of Bradford (1) with bovine gamma 

globulin as a reference. 

Cell lines were grown as previously described(5, 7, 12, 13), or as 

recommended by the American Type Culture Collection. Cell lines were kindly 

provided by the following: CaCo2 and T84 by Cynthia Weikel at Johns Hopkins 

University; 3T3 and chinese hamster ovary cell line K1 (CHO) by Brian Storrie, 

and F9 by David Smith at Virginia Polytechnic Institute and State University; 

OTF9-63, P19, and P19S1801A1 by Pamela Stanley at Yeshevia University; and 

Ehrlich Lettre ascites carcinoma strain E (EAT), PA1, and TIB85 from the 

American Type Culture Collection. 

Cytotoxicity assays were performed in 96 well microtiter plates as 

previously described (18). The ability of PCG-4 to neutralization of the cytotoxic 

activity of toxin A was assayed by mixing 200 »g/ml of PCG-4 with serially 

diluted toxin A and incubating one hour on ice before adding the toxin to the 

tissue culture. All results are expresses as the number of cytotoxic units (CTU) 

contained in 1 »g of toxin, with a CTU being defined as the least amount of toxin 

that caused 90% of the cells to round after 18 hours of exposure to the toxin.
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RESULTS AND DISCUSSION 

Many bacterial toxins use carbohydrates as receptors; likewise toxin A 

binds to the carbohydrate Gals 1-3Gals 1-4GIcNAc (2, 10, 11). The use of Gak1- 

3Galp 1-4GIcNAc as a physiological receptor for toxin A was suggested by the 

observation that the cell lines EAT, 3T3, F9, OTF9-63, and P19, which express 

Gah 1-3Gale 1-4GlcNAc (4, 7, 8), were more sensitive to toxin A than were cell 

lines that do not express this carbohydrate (i.e. CHO and PA1) (Figure 1). 

Furthermore, the monoclonal antibody to toxin A (PCG-4) reduced the cytotoxic 

activity of toxin A on the cell lines that express the carbohydrate receptor, but did 

not affect the cytotoxic activity of toxin A on cell lines that do not express Gak1- 

3Galp 1-4GIcNAc (Figure 2). However, two other cell lines (i.e., CaCo2 and T84) 

that should not express Gak 1-3Gals 1-4GIcNAc (8) were also more sensitive to 

toxin A than were the CHO and PAI cell lines. PCG-4 also reduced the 

cytotoxic activity of toxin A on the T84 cell line. This suggested to me that toxin 

A had a receptor other than Galr 1-3Gal¢ 1-4GIcNAc. 

The cytotoxic activity of toxin A on specific cell lines suggested a possible 

alternative receptor for the toxin. The cell lines that expressed Gal 1-3Gal 1- 

4GIcNAc could be separated into two groups based on their relative sensitivity to 

toxin A with the EAT and 3T3 cell lines being less sensitive to toxin A than the 

F9, OTF9-63, and P19 cell lines. Interestingly, all the cell lines in the latter 

group were mouse teratocarcinomas (the origin of each cell line is summarized in 

Table 1) which express large amounts of Gals 1-4(Fuc: 1-3)GIcNAc (9, 16), 

whereas the EAT and 3T3 cell lines do not express this carbohydrate. This
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suggested that Gals 1-4(Fum 1-3)GlcNAc could be acting as a receptor for toxin 

A. Further, Gals 1-4(Fua 1-3)GIcNAc (i.e., X antigen) is also on the membrane 

of T84 and CaCo2 cells as part of the glycoprotein carcinoembryonic antigen (3). 

Thus this was the first suggestive evidence that the X antigen may be a receptor 

for toxin A on human colonic epithelial cells.
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Table 1. Origin of cell lines 

  

  

Cell line Derived from: 

CHO Chinese hamster ovary tumor 

PA1 Human ovary tumor (human teratocarcinoma) 

TIB85 Mouse epithelial cells 

EAT Mouse ascites tumor 

3T3 Mouse epithelial cells 

T84 Human intestinal epithelium tumor 

CaCo2 Human intestinal epithelium tumor 

P19 Mouse embryo (mouse teratocarcinoma) 

F9 Cell line OTT 6050 (mouse teratocarcinoma) 

OTF9-63 Cell line F9 (mouse teratocarcinoma) 

 



100 

The gene for toxin A has been cloned and sequenced (6). The 3’ end of 

this gene codes for the carbohydrate binding portion of toxin A (17). 

Interestingly, the 3’ end of the toxin A gene shows a striking identity (i.e., greater 

than 50%) with the 3’ end of the toxin B gene, which has also been cloned and 

sequenced (Lisa Barroso, personal communication). The similarity between toxin 

A and toxin B suggests that toxin B also may have a carbohydrate receptor that 

could be very similar to the receptor for toxin A. However, since toxin B has a 

high cytotoxic activity on almost every cell line tested, the receptor for toxin B 

must be ubiquitous. Even so, it is interesting to note that the only cell line that 

was relatively insensitive to toxin B was the T84 cell line, which is derived from 

human intestinal epithelium, and toxin B has little or no activity on intact 

intestinal epithelium in vivo (13, 14, 19, 20).
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ABSTRACT 

Clostridium difficile causes pseudomembranous colitis in humans. The enterotoxin 

(i.e., toxin A) from this organism is believed to be responsible for the initial 

intestinal pathology associated with this disease. Previous work shows this toxin 

binds to carbohydrates that contain Gal 1-3Gals 1-4GlcNAc. However, this 

carbohydrate is not present on normal human cells. Therefore, this study was 

undertaken to identify potential receptors for toxin A that do exist on human 

intestinal epithelium. I found that toxin A bound to the carbohydrate antigens 

designated I, X, and Y. Each of these carbohydrates exist on the intestinal 

epithelium of humans.
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INTRODUCTION 

Clostridium difficile is one of the most common causes of bacterial diarrhea 

and colitis among hospitalized patients. The organism can not compete 

successfully with the normal microflora of the adult colon, but can grow to high 

numbers when the colonic flora has been disturbed by antibiotic treatments 

(51,63). C. difficile then keeps the colonic flora from reestablishing by producing 

an enterotoxin, toxin A, which causes destruction of the colonic epithelium 

resulting in fluid secretion into the intestine (38, 39, 41). A second toxin 

produced by C. difficile, toxin B, has no effect on undisturbed intestinal 

epithelium, but is an extremely active cytotoxin on non-epithelial cells (3, 38, 39, 

55, 56, 58). This toxin may gain access to the underlying cells through the 

destructive action of toxin A on the epithelial cells (39). Hamsters are the most 

susceptible laboratory animal to this disease and in these animals the two toxins 

seem to act synergistically. Toxin B alone has no effect when given orally to 

hamsters, but kills them when it is combined with sublethal amounts of toxin A 

(39). 

An enterotoxin must bind to the intestinal epithelial cells, and toxins often 

accomplish this by binding to specific carbohydrate structures on the membrane 

of the epithelial cells. Previous work from this laboratory has shown that toxin A 

binds to a trisaccharide (Gal 1-3Gals 1-4GlcNAc) which occurs in large amounts 

on the intestinal cells of hamsters (11, 32). Hamsters can be protected from this 

disease by immunizing them with a recombinant peptide which contains the
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carbohydrate binding portion of toxin A (14). This recombinant protein contains 

repeating amino acid domains which bind multiple copies of the trisaccharide 

receptor for the toxin (14, 49). Recently, I have shown that cell lines which 

express large amounts of this carbohydrate on their cell membranes are more 

sensitive to the cytotoxic action of toxin A than other cell lines (59, 63). This 

evidence taken together led me to speculate that Gal 1-3Galp 1-4GIcNAc was the 

biological receptor for toxin A in humans as well as hamsters. 

A search of the literature revealed that there was a problem with this 

postulate. Normal human cells do not express this trisaccharide (18). 

Furthermore, most people produce antibodies against this carbohydrate (19). 

Preliminary experiments showed that toxin A did bind to human intestinal 

epithelium; therefore, I started to test for the binding of toxin A to carbohydrate 

structures that have been reported to exist on human intestinal mucosa. The first 

structure I tested was a carbohydrate (Gals 1-4[Fum 1-3]GlcNAc) which appeared 

to be conformationally similar to the reported receptor for toxin A (Gal1- 

3Galp1-4GIlcNAc). I found that toxin A bound to this carbohydrate, and this 

finding lead to the identification of two other oligosaccharides which bind toxin 

A. I report here that toxin A binds to three well described carbohydrates which 

exist on human intestinal epithelial cells: the I, X, and Y antigens.
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MATERIALS AND METHODS 

Biochemicals: Carbohydrates isolated from human milk and chemically 

conjugated to human serum albumin (HSA) were kindly provided by Dr. Howard 

Krivan of BioCarb Chemicals, or were purchased from BioCarb Chemicals (Lund, 

Sweden). See Table 1 for a description of the oligosaccharides and their names. 

In order to determine if toxin A from Clostridium difficile bound to these 

oligosaccharide-HSA conjugates, I preformed two assays: crossed 

immunoelectrophoresis (IEP), and enzyme linked immunosorbent assay (ELISA) 

as described below. I also assayed the binding of toxin A to bovine thyroglobulin 

(Sigma Chemical Co., St. Louis, Mo.), which contains Gals 1-3Gale 1-4GIcNAc 

(53), and to the following human proteins: secretory component (Chemicon, 

Temecula, Calif.) and carcinoembryonic antigen (CEA) (Calbiochem, San Diego, 

Calif.), which contain the X antigen (9, 45). 

Toxin purification: C. difficile VPI 10463 was grown in dialysis cultures (55). 

Culture filtrate was prepared by filtering the contents of the dialysis sac with a 

0.45 um pore size filter. Toxin A was purified from the culture filtrate by affinity 

chromatography using immobilized bovine thyroglobulin (33). The toxin was 

determined to be homogenous using procedures previously described (55). The 

concentration of toxin A was estimated using the method of Bradford (7) with 

bovine gamma globulin as the standard. 

Antiserum: Antiserum to culture filtrate of C. difficile was prepared in goats (15). 

Affinity purified antibody to toxin A was prepared as previously described (42).
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The affinity purified antibody to the toxin was biotinylated with 

biotinamidocaproate N-hydroxysuccinimide ester (Sigma Chemical Co.) (23). The 

biotin-antibody conjugate was used at a 1:1000 dilution. 

IEP: The binding of toxin A to glycoproteins was assayed using crossed 

immunoelectrophoresis (32) by mixing 100 ug toxin A with 500 ug/ml of 

glycoprotein, and incubating on ice for 10 minutes before loading on the gel. The 

migration of toxin A with the glycoprotein was compared to the migration of 

toxin A alone. Interpretation of the results is based on the fact that toxin A 

normally migrates slowly in IEP. If toxin A binds to a glycoprotein that migrates 

rapidly on IEP, then the bound toxin will be pulled by the more rapid migrating 

glycoprotein, thus causing an increase in the migration of toxin A on IEP. If 

toxin A does not bind to the glycoprotein, then the mixture does not affect the 

migration of the toxin. 

ELISA: ELISA were performed in Immulon II 96 well microtiter plates 

(Dynatech Laboratories, Inc., Alexandria, Va.). Each well was coated with 150 ul 

of 1:2 serially diluted glycoprotein, starting at 20 ng/ml of glycoprotein in 50 mM 

carbonate buffer (pH 9.6). Plates were incubated 16 hours at 4C then washed 

twice with PBS-T (0.8% NaCl, 0.02% KH,PO,, 0.22% Na, HPO,, 0.02% KCl, 

0.05% tween 20, 0.02% NaN,, pH 7.4). The plates were blocked with 0.5% 

casein in 100 mM Tris, 150 mM NaCl, pH 7.0 for 1 hour at 22C and then were 

washed twice with PBS-T. To each well was added 100 ul of toxin A at 10 »g/ml 

in PBS-T. The plates were incubated at either 4C or at 37C for 3 hours. After 

this step, all buffers were at 4C and all treatments were performed in a 4C cold
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room, unless otherwise stated. The plates were washed twice with PBS-T, and 

100 wl of a 1:1000 dilution of biotinylated antibody to toxin A in PBS-T was 

added to each well, and was incubated for 1 hour. The plates were washed twice 

with PBS-T, and 100 ul of 0.1 U/ml of alkaline phosphatase conjugated to avidin 

(Sigma Chemical Co.) was added to each well. The plates were incubated for 1 

hour, then washed twice with PBS-T. Then the plates were moved to room 

temperature, and 100 u! of 1 mg/ml of para nitrophenylphosphate in 100 mM 

diethanolamine buffer (pH 9.8) was added to each well. All assays were 

developed for 90 minutes at room temperature before the absorbance was read at 

405 nm. Control wells included wells without toxin A and/or without 

glycoprotein. The highest A,,, obtained with wells that either did not contain 

toxin A or glycoprotein was used as the value for background, which was 

subtracted from the values presented in the figures. 

The possibility that mono- or disaccharides could inhibit the binding of 

toxin A to the Y antigen was assayed at 37C using the ELISA procedure 

described, except the Immulon II plates were coated with 2 ug/ml of Y antigen- 

HSA. One yg of toxin A was added to each well either alone or with 1 mg of 

carbohydrate. See Table 2 for the sugars used in this experiment. 

Latex agglutination: In order to confirm the reaction of toxin A with 

carbohydrates that contain the X antigen, I assayed the binding of toxin A to 

chemically synthesized carbohydrates linked to latex beads (Chembiomed Ltd., 

Edmonton, Canada). The oligosaccharide-latex reagents were blocked with 0.5% 

casein for 4 hours. Five ul of latex beads was added to either 10 1 of toxin A
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(100 ug/ml) or 1041 of TBS (100 mM Tris, 150 mM NaCl, pH 7.0) on a glass 

plate. This was incubated on ice for 2 minute, then 10 ul of a monoclonal 

antibody to toxin A (i.e., PCG-4 at 1 mg/ml; 40) was added to the mixtures. The 

plate was rocked for 3 minute, and then observed for agglutination. 

Toxin A isolation: Isolation of toxin A from all other C. difficile antigens was 

attempted using the basic protocol developed for the affinity purification of toxin 

A on immobilized Gals 1-3Gal¢ 1-4GlcNAc (33) however, I substituted the X 

antigen in place of Gal 1-3Gals1-4GlcNAc. Culture filtrate was concentrated 

five-fold on a MiniCon concentrator (Amicon; Danvers, Ma.), then 25 yl of this 

was mixed with a 20 yl pellet of latex beads containing the X antigen. This was 

incubated on ice for 10 minutes, then the latex beads were pelleted by 

centrifugation. The supernatant was saved, and the pellet was washed three times 

with ice cold TBS. The latex beads were then warmed to 37C in 25 yl of TBS, 

then pelleted by centrifugation. Each step of the isolation was monitored using 

TEP with 5 «1 of sample in the first dimension, and 100 ul of antiserum to culture 

filtrate of C. difficile in the second dimension.
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RESULTS 

Examination of molecular models suggested to me that the X antigen 

(Gals 1-4[Fua 1-3]GIlcNAc) was conformationally similar to the previously 

identified receptor Gal 1-3Galg 1-4GlcNAc (Figure 1). This carbohydrate 

structure is present on two commercially available glycoproteins: 

carcinoembryonic antigen, and the secretory component of antibodies (9, 45). 

When I mixed these proteins with toxin A, they caused an alteration in the 

migration of toxin A in an electric field; this was most easily observed in crossed 

immunoelectrophoresis. I then confirmed that toxin A was binding to these two 

glycoproteins by using an ELISA. This assay showed that toxin A was binding at 

4C, but not at 37C. Similar results were obtained with bovine thyroglobulin 

which contains the previously described trisaccharide receptor (Gal 1-3Gal 1- 

4GIlcNAc; Figure 2). 

Although the binding of toxin A to these proteins was suggestive that the 

toxin was binding to the X antigen, there was a possibility that toxin A was 

binding to other carbohydrate structures shared by these two glycoproteins (e.g., 

BiAO, see Table 1 for structure; 9, 45). The X antigen trisaccharide also exists 

as part of the pentasaccharide LNF III. Therefore, I tested the binding of toxin 

A to the purified pentasaccharide which had been conjugated to human serum 

albumin (HSA). This pentasaccharide conjugate also altered the migration of 

toxin A in immunoelectrophoresis (data not shown) and bound to the conjugate 

in ELISA (Figure 2): the BiAO conjugate did not bind toxin A. Further, a
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Gala1—3 GalB1— 4GIcNAc 

   
Figure 1: CPK space filling models showing a somewhat similar conformation _ 

between Gala 1-3Galg 1-4GlcNAc and Gal 1-4(Fuar1-3)GlcNAc. Oxygen is 

represented by red, nitrogen by blue, hydrogen by white, and carbon by black. 

The left hand column contains schematic representations of the models 

illustrating the position of the monosaccharides in these oligosaccharides.
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Figure 2: ELISA with toxin A binding to the glycoconjugates at 4C. CEA and 

LNF III-HSA contain the X antigen, and thyroglobulin contains Gak 1-3Galé 1- 

4GlcNAc. The assay was developed for 90 minutes at room temperature before 

the A,; was recorded. The A,, for toxin incubated with the glycoproteins at 37C 

was insignificant. See Table 1 for carbohydrates that did not bind toxin A as 

determined by the IEP and ELISA.
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Table 1: The oligosaccharide-HSA glycoconjugates tested for the binding of toxin A. 

  

  

Name® Trivial name> Structure‘ Binding of 
toxin A‘ 

LNF I Le? Gal&1-3G1cNAc&1-3Gal81-4(Glc) No 
2 

Fucal/ 

LNF II Le® Gal8&1-3G1lcNAc&1-3Gal81-4(Glc) No 
4 

Fucal/ 

LND I Le® GalB1-3GlcNAcf1-3Galf1-4(Glc) No 
2 4 

Fucal/ Fucal/ 

LNF III xX Gal&1-4G1cNAc8&1-3Gal81-4(Glc) Yes 

Le* 3 
Fucal/ 

Le Y GalfB1-4GlcNAc£1 Yes 
2 3 

Fucal’ Fucal/ 

LNnT i Gal&1-4G1cNAc8&1-3Gal81-4(Glc) No 

LNnH I Gal&1-4G1cNAc&1-3Gal81-4(Glc) Yes 

6 
Gal8&1-4G1cNAcB£1/ 

BiAO Gal&1-4G1cNAc&l -2Manal -3Man&1-4(G1cNAc) No 

6 
Gal&1-4G1cNAc8&1- 2Manal/ 

  

Abbreviations: Gal, galactose; Glu, glucose; GlcNAc, N- 

acetylglucosamine; Fuc, fucose 

* The names used in this table are the conventional abbreviations used for these carbohydrates. 
> The X and Y antigens are also referred to as the Lewis X (Le’) and lewis Y (Le’) antigens, 
respectively. I use the designation X and Y because these antigens are not actually members of the 
Lewis blood group (62). The X antigen is also designated by several other names, including My-1 
(26), VEP8- and VEP9-antigen (22), and stage specific embryonic antigen 1 (21). 
© Q around carbohydrates indicate the carbohydrate was chemically modified during the linking of 
the oligosaccharide to HSA. 
* Binding of toxin A to oligosaccharides was determined by IEP and by ELISA.
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number of other carbohydrates linked to HSA did not bind toxin A; so the 

binding of toxin A to the LNF III conjugate appears to be specific for the 

carbohydrate. 

LNF III contains two carbohydrates more than the X antigen, which is 

defined by a trisaccharide. To determine if toxin A would bind to the X antigen 

alone, I tested for agglutination of latex beads to which this trisaccharide had 

been attached. Toxin A agglutinated these coated beads, and the beads 

specifically removed the toxin from culture filtrate at 4C. Warming the beads to 

37C eluted the purified toxin (Figure 3). 

I then tested the Y antigen which is similar to the X antigen except that it 

contains an additional a1-2-linked fucose. Y antigen (conjugated to HSA) altered 

the migration of toxin A in immunoelectrophoresis (Figure 4), and in an ELISA 

toxin A bound to this antigen in a temperature dependent manner (Figure 5). 

Over ten times more toxin was bound to the Y antigen than to LNF III at 4C, 

and significant amounts of toxin also were bound at 37C, whereas I could not 

detect binding of toxin to LNF III at 37C. 

All of the carbohydrates which bound toxin A share only one structure in 

common: Galg1-4GlcNAc. This laboratory previously reported that toxin A did 

not bind to the i antigen which contains this type 2 core structure (Gal 1- 

4GIcNAc) (11). Unexpectedly, I found that toxin A did bind to the branched 

form of this antigen, which is called the I antigen (Figure 2). The I antigen 

contains two type 2 core structures per oligosaccharide (Table 1). The toxin did
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Figure 3: IEP showing the stages of the isolation of toxin A using immobilized X 

antigen. The arrow marks the position of toxin A. The second dimension of 

each plate contains antisera to culture filtrate of C. difficile. Culture filtrate of C. 

difficile before exposure to the immobilized X antigen (A). Culture filtrate of C. 

difficile after exposure to the immobilized X antigen at 4C (B): only toxin A was 

removed from the culture filtrate. The eluant obtained by warming the 

immobilized X antigen that had bound toxin A (C): only toxin A was detected.
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Figure 4: TEP of toxin A (A), or toxin A mixed with Y antigen-HSA (B). The 

arrow indicates the position of the leading edge of toxin A without the Y antigen. 

The Y antigen-HSA glycoconjugate caused an increased migration of toxin A. 

This was also observed using either I, or X antigen glycoconjugates, as well as 

when carcinoembryonic antigen or secretory component were mixed with toxin A. 

Other carbohydrates conjugated to HSA (Table 1) did not alter the migration of 

toxin A.
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Figure 5: ELISA with toxin A binding to either LNF III, which contains the X 

antigen, or Y antigen conjugated to HSA. The assays were performed in parallel 

at either 4 or 37C. The assay was developed for 90 minutes at room temperature 

before recording the A,,..
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not bind to any of the oligosaccharides I tested that contain the similar type 1 

core structure (Galé 1-3GlcNAc: Table 1). 

Binding of proteins to complex oligosaccharides sometimes can be 

inhibited by simple sugars or by disaccharides; therefore, I tested a number of 

these for the ability to inhibit the binding of toxin A to the Y antigen at 37C 

(Table 2). Of the sugars tested, only N-acetyllactosamine (Gals 1-4GlcNAc) had 

any effect on the binding. This compound, which is similar to the type two core, 

inhibited the binding by over 20%.
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Table 2: Carbohydrates which did not inhibit the binding of toxin A to 
the Y antigen as determined by ELISA® 

  

  

Carbohydrate 

Glucose Galactose 
N-acetylglucosamine N-acetylgalactosamine 
Mannose Fucose 

Sucrose Fructose 

Xylose Mannitol 
Lactose Melibiose 
Arabinose Stachyose 

2'-Fucosyllactose 

  

* Only N-acetyllactosamine (Gal8 1-4GIcNAc) inhibited the binding of toxin A to the Y antigen. All 

carbohydrates were tested at a concentration of 0.5%.
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DISCUSSION 

All of the carbohydrates that bound toxin A contain the type 2 core 

(Gals 1-4GlcNAc). The £1-4-linkage of the type 2 core produces oligosaccharides 

with a conformation that is very different from oligosaccharides with the ¢ 1-3- 

linkage present in the type 1 core (Galp1-3GlcNAc; Figure 6). This suggests that 

the binding of toxin A to the carbohydrates was dependent on the conformation 

of the type 2 core. Supporting this belief is my observation that N- 

acetyllactosamine (Galg 1-4GlcNAc) inhibited the binding of toxin A to the Y 

antigen, whereas the monosaccharides present in the type 2 core did not effect 

the binding. The specificity of toxin A for the type 2 core is further indicated by 

the observation that lactose did not inhibit the binding of toxin A. Lactose has a 

conformation that is identical to N-acetyllactosamine, except that lactose does not 

contain an N-acetyl amine (Figure 6). This indicates that toxin A requires the N- 

acetyl amine in order to bind to carbohydrates. Thus Gals 1-4GIcNAc appears to 

be the minimum carbohydrate structure that is bound by toxin A. However, the i 

antigen and BiAO did not bind toxin A, even though they also contain the type 2 

core. 

The difference between the oligosaccharides which contain the type 2 core 

and that bound toxin A (I, X, Y antigens), and the ones that did not bind toxin A 

(i antigen, BiAO) is that the former contain a branch either on or immediately 

adjacent to the type 2 core. These branches sterically hinder changes in the 

conformation of the core; this may hold the carbohydrate in a conformation that 

favors the binding of toxin A. Conversely, the conformations
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Type 1 core 

   GlcNAc 
Type 2 core 

   
Figure 6: CPK space filling models of the type 1 core structure (Gals 1- 

3GIcNAc), type 2 core structure (Gals 1-4GIlcNAc), and lactose (Galé 1-4Glc). 

Oxygen is represented by red, nitrogen by blue, hydrogen by white, and carbon by 

black. The left hand column contains schematic representations of the models 

illustrating the position of the saccharides in these oligosaccharides. The 

conformations in this figure are based on previously published predictions (35, 

36). See text for discussion.
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of the type 2 core in non-branched oligosaccharides may be too dynamic to bind 

toxin A. If this postulate is correct, it raises the question of how could the 

disaccharide N-acetyllactosamine inhibit the binding of toxin A? The answer may 

be that the molar concentration of N-acetyllactosamine used to inhibit the 

binding of toxin was at least 10,000-fold more than the concentration of either 1 

antigen or BiAO used to assay the binding of the toxin. With such a high 

concentration of N-acetyllactosamine, it is possible that a small percentage of the 

molecules were in the correct conformation to bind to toxin A, thereby inhibiting 

the binding of toxin A to the Y antigen. Therefore, I believe that for toxin A to 

bind to a carbohydrate, the carbohydrate must contain the type 2 core. 

Toxin A contains multiple binding sites for the carbohydrate receptors 

(14,49). Increasing the number of receptors will increase the number of binding 

sites on a molecule of toxin A that are actually bound to a receptor. Therefore, 

increasing the density of the receptor will increase the avidity of toxin A for the 

receptor because the avidity is determined by the summation of the affinities of 

the individual binding sites that are actually bound to the receptor. One way to 

increase the density of a carbohydrate receptor is to increase the number of 

branches on an oligosaccharide that contain a receptor. Initially this appeared to 

explain why the branched I antigen, which contains two copies of the type 2 core, 

bound toxin A, whereas the linear i antigen, which contains only one copy of the 

type 2 core, did not bind the toxin. However, BiAO did not bind toxin A, and 

this carbohydrate also contains two copies of the type 2 core. Therefore, a high
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density of the type 2 core is not enough to bind toxin A. Instead, a receptor for 

toxin A apparently also must be branched immediately on or adjacent to the type 

2 core. 

The binding of toxin A to the I, X, and Y antigens suggests to me that 

these carbohydrates may be receptors for toxin A on human intestinal epithelium. 

Toxin A has the greatest affinity for the Y antigen, but the I and X antigens also 

may function as receptors even though I could not detect binding to the I and X 

antigens at 37C. After all, toxin A binds to the I antigen, X antigen, and Galr1- 

3Gals 1-4GIcNAc equally, and toxin A appears to use Gale 1-3Gal¢ 1-4GIlcNAc as a 

receptor on hamster and rabbit intestinal mucosa (32, 46). 

The I, X, and Y antigens are present on normal human intestinal 

epithelium (4, 6, 9, 16, 17, 25, 27, 29, 30, 44, 52, 62), but the I and Y antigens are 

segregated within certain subgroups of the population (62). These subgroups are 

defined by the expression of the Se gene, which is believed to code for an @1,2- 

fucosyltransferase in human epithelial cells (63). This transferase attaches a 

fucose onto the galactose of the type 2 core. The resulting carbohydrate then can 

be converted to the Y antigen by another fucosyltransferase. Thus people with 

an active Se gene (i.e., secretors) convert the I antigen to blood group substances 

and to the Y antigen (4, 17, 25, 62). This conversion effectively eliminates the I 

antigen from the intestinal mucosa of secretors. People with an inactive Se gene 

(i.e., non-secretors) do not convert the I antigen to the Y antigen, thus the I
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antigen is present in non-secretors (17, 62). The X antigen is present in both 

secretors and non-secretors (17, 25, 62). So both secretors and non-secretors 

have two possible receptors for toxin A on their intestinal epithelium. 

Furthermore, certain neoplastic tissue can express large amounts of the I, X, or Y 

antigens independent of the secretor status of the individual (17, 52). Thus 

carbohydrates to which toxin A binds probably are present in all individuals. 

Each of the receptors for toxin A are associated with hyperplasia or 

neoplasia (1, 6, 9, 16, 17, 27, 29). Furthermore, the expression of Gala 1-3Gal 1- 

4GIicNAc by human cells is limited to tumor cells (8, 20, 28). Thus, some 

hyperplastic or neoplastic tissues have a high density of receptors for toxin A. 

This suggests that toxin A may target to these tissues. I have no evidence to 

support this, but it could explain the observation that pseudomembranous colitis 

is observed predominantly in elderly patients, where the incidence of colonic 

hyperplasia and neoplasia is much higher than it is in infants or young adults. 

The potential targeting of toxin A to these tissues suggests that toxin A might 

even be a useful therapeutic agent. This would be particularly useful for 

maladies that are difficult to treat, such as colonic polyposis. 

Human granulocytes express large amounts of the X antigen (26, 22, 54), 

which indicates that toxin A may be targeted to these cells. This may be of 

significance because large numbers of granulocytes occur in the 

pseudomembranes that are characteristic of pseudomembranous colitis. 

Furthermore, toxin A causes granulocytes to release factors that can cause
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intestinal secretion, and enteritis (47, 48). This has led some researchers to 

speculate that toxin A is not directly active on intestinal epithelium, but that the 

factors released from the granulocytes cause the tissue damage and diarrhea 

associated with toxin A in vivo (58). I believe toxin A does act directly on 

intestinal epithelium because toxin A is toxic to cell lines in vitro that are 

physiologically similar to intestinal epithelium (24). Even so, I agree that some of 

the symptoms associated with pseudomembranous colitis may be due to the 

factors released by the granulocytes. These factors may add to the tissue damage 

associated with toxin A, thus increasing the severity of the disease. 

Most human infants apparently are insensitive to toxin A since they can be 

colonized by toxigenic C. difficile with no ill effects (2, 5, 12, 13, 31, 34, 37, 43, 50, 

57, 60, 61). Previously, this laboratory proposed that the insensitivity of infants to 

toxin A may be due to either the lack of a receptor for toxin A, or a low density 

of the receptor (10, 32). However, human infants express the Y antigen on their 

intestinal epithelium (29, 30), and the Y antigen binds toxin A at 37C. 

Therefore, the absence of a receptor for toxin A apparently is not the reason for 

the insensitivity of infants to the toxin. 

In summary, I have found that toxin A binds to three carbohydrate 

antigens (I, X, and Y) that are present on human intestinal cells. These antigens 

may be receptors for toxin A on the human intestinal mucosa.
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CONCLUSION 

Krivan et al. (18) demonstrated that Clostridium difficile toxin A binds to 

carbohydrates that contain Gal 1-3Gals 1-4GlcNAc. I have found that this 

carbohydrate acts as a physiological receptor for toxin A on cell lines, and this 

indicates that Gal 1-3Galg 1-4GIcNAc may act as a physiological receptor in vivo. 

However, Gal 1-3Galg 1-4GlcNAc is not found on normal human cells (10, 11), so 

it is unlikely that this is the receptor for toxin A in humans. 

In addition to binding to Gal 1-3Gals 1-4GIcNAc, I have found that toxin 

A binds to similar carbohydrate antigens, designated I, X, and Y. These antigens 

are found on human intestinal epithelium (3, 4, 8, 9, 14, 15, 24, 27); therefore, 

these carbohydrates may be receptors for toxin A on the colonic epithelium of 

humans. 

Infants appear to be less sensitive to the effects of colonization by C. 

difficile than are adults (1, 2, 6, 7, 13, 19, 22, 23, 25, 28, 29). Further, Chang et 

al. (5) reported that intestinal cells from human infants are more resistant to 

toxin A compared to intestinal cells from adults. Like human infants, infant 

hamsters also appear to be less sensitive to the effects of colonization by C. 

difficile than are adults (12, 26). I have found that the intestinal epithelium from 

infant hamsters binds less toxin A at 37C than does the same tissue from adult 

hamsters. Thus, the lack of sensitivity of cells from human infants to toxin A may 

be due to less toxin A binding to these cells. However, even though toxin A 

binds to Gal: 1-3Galg 1-4GIcNAc in hamsters, this carbohydrate is not normally 
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found in humans (10, 11). Instead in humans toxin A may bind to the I, X, and 

Y antigens. The Y antigen will bind large amounts of toxin A at 37C, and this 

receptor is present on the intestinal epithelium of human infants (16, 17). 

Each of the carbohydrates to which toxin A binds share only the type 2 

core structure (Gals 1-4GIcNAc), thus this structure could be the actual receptor 

for toxin A. However, the binding of toxin A to the type 2 core appears to 

depend on the conformation of the carbohydrate, because not all carbohydrates 

with a type 2 core will bind toxin A. Toxin A has the highest affinity for the Y 

antigen, and large amounts of toxin A bind to this structure at body temperature. 

This suggests that the Y antigen may be the most important receptor for toxin A 

in humans. Even so, toxin A uses Gal 1-3Galg 1-4GIcNAc as a physiological 

receptor, and toxin A binds to the I and X antigens as well as it does to Galx1- 

3Galp1-4GlcNAc. Thus the I and X antigens also may serve as receptors for 

toxin A in humans. 

The stabilization of the type two core by branches on the carbohydrates 

could explain why toxin A binds to the I, X, and Y antigens, but this would not 

explain why toxin A has such a high affinity for the Y antigen. The only 

difference between the X and Y antigens is the presence of an a 1-2-linked fucose 

on the Y antigen (Figure 1). Since Gals 1-4(Fua1-3)GlcNAc has a similar 

conformation in both the X and Y antigens, the a1-2-linked fucose makes the Y 

antigen a high affinity receptor for toxin A. I believe that the «1-2-linked fucose 

actually fits into the binding site of toxin A. If this is true then toxin A binds to
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both the type 2 core and the a1-2-linked fucose on the Y antigen, but only to the 

type 2 core on the X antigen. The o1-2-linked fucose on the Y antigen is 

conformationally similar to the o1-3-linked galactose on Gala 1-3Galé 1-4GIcNAc 

(Figure 1). This suggests to me that the a1-3-linked galactose also may directly 

interact with the binding site of toxin A, so toxin A would bind to both the a1-3- 

linked galactose and the type 2 core on Gal 1-3Galg1-4GlcNAc. Thus, this could 

explain why toxin A binds to Gal 1-3Galg 1-4GlcNAc even though this 

carbohydrate does not contain a branch to stabilize the type 2 core: the a1-3- 

linked galactose may directly interact with the binding site on toxin A, thus 

promoting the binding of toxin A even with the non-stabilized type 2 core. 

Toxin A does not bind to blood group B antigen (Gale 1-3[Fum 1-2]Gals 1- 

4GIcNAc) (18). The B antigen contains both an a1-3-linked galactose and an a1- 

2-linked fucose, both linked to the penultimate galactose. The conformation of 

the type 2 core in this oligosaccharide is similar to the conformation in both the 

Y antigen and Gals 1-3Gale 1-4GIicNAc (Figure 1); however, the a 1-2-linked 

fucose and the a1-3-linked galactose are shifted as compared to the Y antigen 

and Gal 1-3Gals 1-4GIcNAc, respectively (Figure 1). Apparently, the shift in the 

orientation of the a1-3-linked galactose and the a1-2-linked fucose, as well as the 

possible stearic hinderance produced by the presence of both monosaccharides, 

prevents toxin A from binding to the blood type B antigen.
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Figure 1: CPK space filling models of the X antigen, Y antigen, Gale 1-3Galé 1- 

4GIcNAc, blood group B antigen (Gal 1-3[Fum 1-2]Gals 1-4GIcNAc), and the 

blood group H antigen (Gal 1-3[Fum 1-2]Gals 1-4GlcNAc). Also presented is a 

CPK space filling model of a theoretical oligosaccharide designated B’X antigen 

(Gak 1-3Gals 1-4[Fua: 1-3]GlcNAc). The conformation of the I antigen is 

identical to the type 2 core structure shown in figure 6 in section VI. The left 

hand column contains schematic representations of the models illustrating the 

position of the saccharides in these oligosaccharides, with the shaded area 

marking the type 2 core. A given carbohydrate can assume many different 

conformations, but the preferred conformation can be determined by analyzing 

nuclear magnetic resonance data and using HSEA calculations. The 

conformations in this figure, with the exception of the B’X antigen, are based on 

previously published predictions (20, 21). See text for discussion.
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The conformation of blood type H antigen is almost identical to the Y 

antigen (Figure 1) except that the H antigen (Fuca 1-2Gals 1-4GIcNAc) does not 

have the branch formed by the a1-3-linked fucose on the Y antigen. Thus the 

conformation of the H antigen is not stabilized . Even so, the conformational 

similarity between the H antigen, Y antigen, and Gal 1-3Gal¢ 1-4GlcNAc suggests 

that the H antigen should also bind toxin A; yet this carbohydrate does not bind 

the toxin. Thus, the a 1-2-linked fucose on this non-branched carbohydrate does 

not promote the binding of toxin A. Since the a1-3-linked galactose on Gala 1- 

3Gale 1-4GlcNAc does appear to promote the binding of toxin A, this suggests the 

a 1-3-linked galactose on the type 2 core favors the binding of toxin A more than 

the a 1-2-linked fucose. If this is true, then toxin A should bind to Gal 1-3Gals 1- 

4(Fuam 1-3)GlcNAc with a higher affinity than it binds to the Y antigen. This 

postulate is based on the premise that the type 2 core is stabilized by an a 1-3- 

linked fucose in both, but the a1-2-linked fucose of the Y antigen is replaced by 

the preferred a1-3-linked galactose on Gal 1-3Gals 1-4(Fuar 1-3)GlcNAc. 

However, this suggestion can not be tested at this time because this carbohydrate 

is not available. Since Gal 1-3Gals 1-4(Fua 1-3)GIcNAc has not been identified 

on any mammalian cells, I conclude that the Y antigen is the only high affinity 

receptor for toxin A on human cells.
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