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(ABSTRACT)

Clostridium difficile is a Gram positive, anaerobic bacterium which
produces two potent protein toxins, A and B. The genes for toxins A and B have
been previously cloned and sequenced and lie within 1.4 kb of each other.

Upstream and downstream boundaries between sequences shared by both
toxigenic and nontoxigenic strains and those sequences which are unique to
toxigenic strains were established.

A toxigenic element was defined in C. difficile strain 10463 which is 19.6 kb
in length and is comprised of five open reading frames, including the toxin A and
B genes. One of these open reading frames is previously unidentified and is
located upstream of toxin B.

Products of Polymerase Chain Reaction (PCR) amplification of three
regions in the toxigenic element: the upstream boundary, the downstream
boundary, and the region between the toxin A and B genes, were all identical in
length in six toxigenic strains, indicating that the toxigenic element is conserved
among these strains. A short fragment unique to nontoxigenic strains and
occupying the same position on the chromosome as the toxigenic element was
identified. PCR products of this region were identical in length in three

nontoxigenic strains.



Transcriptional analyses were undertaken using probes to each of the five
open reading frames in the toxigenic element. Transcripts were detected for four
of the open reading frames which are contiguous and transcribed in the same
direction. In addition, a very large transcript, corresponding to the length of the
four open reading frames and processing intermediates were detected, indicating
that the toxin genes are cotranscribed. A promoter region and processing sites
were identified. Sizes were determined for each of the individual transcripts
which correspond well with the sizes of the open reading frames.

Six toxigenic strains which vary considerably in toxin production were
selected for analysis to determine whether DNA sequence variation could account
for the observed differences in toxin production. DNA restriction fragment
length polymorphisms were examined, toxin-specific transcripts were analyzed,
and sequences of regulatory regions were determined and compared. Whereas
quantitative differences in toxin-specific transcripts were found among the
toxigenic strains, the remaining analyses showed that DNA sequences were

conserved among these strains.
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INTRODUCTION

The advent of the antibiotic era ushered in great hope for controlling
debilitating bacterial infections. However, concommitant with the widespread use of
antibiotics came a number of antibiotic-related maladies, including both antibiotic-
associated diarrhea (AAD) and pseudomembranous colitis (PMC). Estimates
indicate that Clostridium difficile may be the cause of approximately 25% of the
reported cases of antibiotic-associated diarrhea (Lyerly et al., 1988). Furthermore,

C. difficile has been established as the causative agent for pseudomembranous colitis.

Clostridium difficile produces two potent toxin proteins (Taylor et al., 1981;
Sullivan et al., 1982; Banno et al., 1984). Production of these toxins in the gut
ultimately leads to the disease. Pseudomembranous colitis is characterized by initial
diarrhea which then progresses to severe inflammation of the mucosal cells which
line the colon. The disease, which can be fatal, takes its name from the fact that
ultimately, during the course of the disease, sheath-like pseudomembranes are
formed which are composed of mucous, fibrin, white blood cells, and epithelial cells.
The majority of cases of pseudomembranous colitis are nosocomial or hospital-
acquired (McFarland et al., 1989). Diarrhea, which is symptomatic of the disease,
facilitates the spread of C. difficile. In addition, the Gram positive C. difficile forms

spores, which can persist for long periods of time (Mulligan et al., 1979).



Initially, pseudomembranous colitis was correlated with the use of certain
antibiotics, in particular, clindamycin, an antibiotic which had been developed for
treating anaerobic infections (Gurwith et al., 1977; Swartzberg et al., 1977; Allo et
al., 1979; Bartlett, 1979). However, it has now been demonstrated that treatment
with almost any antibiotic can result in the disease. In fact, antibiotic therapy is not
an essential prerequisite for pseudomembranous colitis. One of the first reports of
the disease was in 1893 (Finney), long before antibiotic therapy was in effect. Any
procedure which causes a change in the normal protective bacterial flora such as
intestinal surgery or obstruction, thereby allowing C. difficile to colonize the gut, can
result in pseudomembranous colitis.

Clostridium difficile was identified as the causative agent for
pseudomembranous colitis during the process of characterization of the disease
(George et al., 1978a; George et al., 1978b; Larson et al., 1978). In the late 1970s
cytotoxic activity was detected in stool samples of patients with pseudomembranous
colitis. A search for the source of this activity ultimately led to a toxin-producing
bacterium (Bartlett et al., 1978; Bartlett et al., 1979). The finding that the cytotoxic
activity was neutralized by gas gangrene antiserum pointed to the genus Clostridium,
since gas gangrene itself is caused by a number of clostridial species and therefore
the antiserum is actually comprised of a mixture of antisera. Antiserum to
Clostridium sordellii neutralized the cytotoxic activity associated with stools from

patients with pseudomembranous colitis, but C. sordellii was not isolated in



significant numbers from pseudomembranous colitis patients (Larson and Price,
1977, Rifkin et al., 1977; Chang et al., 1978; Rifkin et al., 1978a; Allo et al., 1979).
Clostridium difficile was found in high numbers in stools from patients with
pseudomembranous colitis and investigators focused on C. difficile as the causative
agent of pseudomembranous colitis. The cross reaction between C. sordellii
antiserum and C. difficile toxin can be explained by the fact that both C. difficile and
C. sordellii produce toxins with a high degree of similarity (Martinez and Wilkins,
1988; Martinez and Wilkins, 1992).

Both Taylor et al. (1980) and Banno et al. (1981) provided evidence for the
existence of two toxins from Clostridum difficile when they demonstrated an
enterotoxic activity which was separable from the cytotoxic activity by anion-
exchange chromatography. The two toxins were designated A and B, (D-1 and D-2,
respectively, of Banno et al., 1981) based on their order of elution from the anion
exchange resin. Toxin A, the enterotoxin, binds less tightly to the resin and

therefore elutes prior to toxin B.

BIOLOGICAL ACTIVITIES OF TOXINS A AND B

Toxin A and toxin B are both cytotoxins, although it is the toxin B activity
which is detected in stool samples since it is the stronger cytotoxin of the two

(Lyerly, Krivan, and Wilkins, 1988). Both toxin A and toxin B cause a similar



rounding effect on tissue culture cells. Toxin A and B are active against all of the
mammalian cell lines which have been tested (Borriello and Welch, 1984; Lyerly
and Wilkins, 1986), although different cell lines vary in sensitivity to the toxins
(Lyerly and Wilkins, 1988). Most of the research directed toward elucidating the
mechanism whereby the C. difficile toxins cause cell rounding has focused on toxin
B. Toxin B disrupts the cellular actin microfilament system leading to a change in
cell shape (Thelestam and Bronnegard, 1980; Wedel et al., 1983; Thelestam and
Florin, 1984; Mitchell et al., 1987).

Both toxins are lethal toxins in experimental animals. Intraperitoneal or
subcutaneous injections of either toxin A or B cause death in mice, rats, hamsters,
and Rhesus monkeys (Taylor et al., 1981; Sullivan et al., 1982; Arnon et al., 1984;
Lyerly et al., 1986; Lyerly et al., 1988). Since death in these experimental animals
is unaccompanied by significant pathology, the manner in which the toxins act as
lethal toxins remains to be elucidated. Both toxins act as lethal toxins when injected
intracecally in hamsters (Lyerly and Wilkins, 1988). Intragastric doses of toxin A
cause hemorrhage, fluid accumulation, diarrhea, and death in hamsters; however,
toxin B, given intragastrically, elicits no response in hamsters unless it is
administered along with toxin A, or the intestine is damaged in some manner
(Lyerly et al., 1985). These data point to the possibility that toxin A and B may act
in concert, with toxin A causing the tissue damage and facilitating the entry of toxin

B, which can then act as a lethal toxin.



The enterotoxic activity attributed to toxin A (Taylor et al., 1980; Banno et
al., 1981) was first detected through the use of ligated rabbit intestinal loops (Rifkin
et al., 1978b; Humphrey et al., 1979). Ligated ileal loops treated with toxin A are
filled with hemorrhagic fluid, apparently a result of the significant tissue damage to
the mucosal cells caused by toxin A (Lyerly, Krivan, and Wilkins, 1988).
Clostridium difficile toxin A is as potent an enterotoxin as Vibrio cholerae toxin in
loop assays; however, the hemorrhagic fluid response elicited by toxin A differs
from the clear, watery fluid which accumulates subsequent to cholera toxin injection
(Lyerly et al., 1990). The basis for this difference lies in the mechanism of action
of the two toxins. Cholera toxin acts by stimulating the cellular adenyl cyclase
system, resulting in fluid accumulation with essentially no tissue damage.
Conversely, C. difficile toxin A is responsible for extensive damage to the gut
mucosa, and it is the tissue damage which results in the fluid response, although the

precise manner in which the toxin acts remains to be elucidated.

CHARACTERIZATION OF THE TOXIN A AND B PROTEINS

The toxin A and B proteins from Clostridium difficile strain 10463 have been
purified and characterized (Banno et al., 1981; Taylor et al., 1981; Sullivan et al.,
1982; Banno et al., 1984; Rihn et al., 1984; Lyerly et al., 1986; Pothoulakis et al.,

1986; Krivan and Wilkins, 1987). Toxins A and B are very large proteins. Under



denaturing conditions, both toxins demonstrate an apparent molecular weight (M,) of
250,000 - 300,000. These data are in good agreement with the sizes of the open
reading frames for both of the toxins (Barroso et al., 1990, Dove et al., 1990;
Eichel-Streiber et al., 1990; Sauerborn and Eichel-Streiber, 1990).

Both of the toxins are acidic molecules. Lyerly et al. (1986) determined
isoelectric points for toxin A of 5.2-5.7 and toxin B of 4.1-4.5.

There are four conserved cysteine residues between toxin A and toxin B
(Wilkins, pers. comm.). Treatment of either toxin A or B with oxidizing agents can
lead to inactivation. The inactivation of oxidized toxin is irreversible; however,
addition of reducing agents such as dithiothreitol prior to or concurrent with the
oxidizing agents can protect against the inactivation (Lyerly et al., 1986a). In this
same study cytotoxic activity of the toxins was assayed in the presence of
sulfhydryl-inactivating agents as well. The biological activities of the toxins
remained unaffected by either sulfhydryl-inactivating or reducing agents, indicating
that sulfhydryl moieties are not involved in the activity of either toxin.

A hydrophobic region comprised of approximately fifty amino acids occurs
near the midpoint of each protein (Eichel-Streiber et al., 1992a; Wilkins, pers.
comm.). It remains to be determined whether this region serves a membrane-
spanning function for toxins A and B.

The two toxins show an overall 44.8 percent amino acid identity. Including

structurally equivalent residues in this calculation, increases the amino acid similarity



of the two toxins to 63 percent (Eichel-Streiber et al., 1992a). These data point to
evolutionary conservation between the two toxin proteins.

The carboxy-terminal portion of toxin A is comprised of a series of repeating
units (Dove et al., 1990; Eichel-Streiber et al., 1990). Toxin B, likewise, consists of
a repetitive carboxy-terminus and a nonrepetitive amino-terminus. Eichel-Streiber
(1992) has proposed that both toxin A and toxin B show structural and functional
dualism; that is, that they are each comprised of an amino-terminal nonrepetitive
toxic portion and a carboxy-terminal repetitive ligand region. Eichel-Streiber et al.
(1992b) compared the predicted amino acid sequence of toxin A and toxin B with
the glucosyltransferases GTF-I and GTF-SI from Streptococcus mutans and GTF-I
and GTF-S from S. downei. The sequences showing similarity mapped in the
carboxy-terminal repeat region of each of the proteins. Interestingly, results from
experiments which were directed at deletion of this repeat region in the streptococcal
glucosyltransferases indicate that this repeat region serves as a carbohydrate-binding
region (Feretti et al., 1987; Kato and Kuramitsu, 1990).

Toxins A and B are immunologically distinct molecules. Polyclonal
antibodies to toxin A and toxin B do not cross-react. Antibodies against toxin A are
not capable of neutralizing the cytotoxic activity of toxin B. Similarly, antibodies to
toxin B do not neutralize the cytotoxic and enterotoxic activity of toxin A (Libby

and Wilkins, 1982).



CLONING OF THE TOXIN A GENE

Initially, Muldrow et al. (1987) reported cloning of a fragment of the toxin A
gene in the bacteriophage eipression vector lambda gtll. The cloned 7aql fragment
of Muldrow et al. (1987) was small, 0.3 kb; however, the expressed peptide reacted
with polyvalent antiserum to toxin A. In addition, when the cloned fragment was
used as a labelled hybridization probe, it hybridized to a PsfI fragment of
Clostridium difficile genomic DNA which was estimated to be 4.5 kb. Wren et al.
(1987a) also reported a lambda gtl1 clone of toxin A. Their expressed polypeptide
had an estimated moleculq weight of 235,000. Both the clones of Muldrow et al.
and Wren et al. proved unstable in Escherichia coli host cells (Eichel-Streiber,
1993).

Price et al. (1987) were successful in cloning 4.7 kb of the toxin A gene.
Genomic DNA from C. difficile strain 10463 was digested with the restriction
endonuclease PsfI and ligated into the vector pBR322. Escherichia coli Chi 1776
served as the host. From the 2,000 colonies which were screened, five reacted with
affinity-purified antibody to toxin A. The five clones were identical, each
containing a 4.7 kb fragment of the toxin A gene. One recombinant clone was
chosen for characterization and designated pCD11. Cell lysates and supernatant
fluid from the recombinant clones were not toxic, either in cytotoxicity assays with

Chinese Hamster Ovary cells or in enterotoxicity assays with hamsters; however, the



same lysates reacted with the monoclonal antibody to toxin A, PCG-4, in an
enzyme-linked immunosorbent assay (ELISA) (Price et al., 1987). Furthermore,
there was partial identity between the protein expressed by the recombinant clone
and purified toxin A in an Ouchterlony assay (Price et al., 1987). The PsfI fragment
identified by Muldrow et al. (1987) was apparently the same fragment as that which
was cloned by Price et al. (1987). Chromosome walking techniques were employed
to clone the remainder of the toxin A gene utilizing the pCD11 clone as a probe
(Johnson et al., 1988; Dove et al., 1990). The five overlapping clones covered a 15
kb region and included the toxin A gene in its entirety. The (5’) clone contained 1.2
kb of the toxin B gene, a small open reading frame (approximately 500 bp) located
between the toxin B and A genes, and the 5’ end of the toxin A gene. The clone
containing the 3’ portion of the toxin A gene included approximately 4.1 kb of
sequence downstream of the toxin A gene. In addition to the 3’ end of the toxin A
gene, two small open reading frames and a portion of a third open reading frame
were contained within this sequence. DNA sequencing of the primary clones
yielded an open reading frame for toxin A which was 8133 nucleotides in length
(Dove et al., 1990).

Eichel-Streiber et al. (1989) generated a library from C. difficile strain 10463
genomic DNA that had been digested with both A/ul and Haelll restriction
endonucleases. Fragments in the size range of 3-8 kb were selected and cloned into

the vector pUC12. The library was screened with polyclonal antiserum to toxin A.



Positive clones identified in this manner and an additional clone identified by
chromosome walking techniques encompassed the complete toxin A gene (Eichel-
Streiber, 1990). The toxin A gene was also sequenced by this group (Sauerborn and
Eichel-Streiber, 1990). The deduced amino acid sequences for toxin A from the two
groups are identical.

The toxin A gene is 8133 nucleotides in length, 26.9 % G + C, and encodes a
polypeptide of 2710 amino acid residues (Dove et al., 1990). The deduced protein
has a molecular weight of 308,103 (Dove et al., 1990). Results from an amino-
terminal amino acid analysis of toxin A are identical with the amino acid sequence
deduced from DNA sequencing, indicating that processing does not occur in this
portion of the protein (Dove et al., 1990). Likewise, a hydropathy plot derived for
the deduced protein provides no evidence for a signal peptide at the amino-terminal
end of toxin A (Dove et al., 1990). Conversely, Eichel-Streiber and Sauerborn
(1990) identified a hydrophobic region at the carboxy-terminus of toxin A and point
out the potential for a carboxy-terminal signal for export.

Both Dove et al. (1990) and Eichel-Streiber and Sauerborn (1990) analyzed
the untranslated upstream region of toxin A for regulatory sequences. Both groups
identified a Shine-Dalgarno sequence (AGGAGQG), the first nucleotide of which is
located 11 bases upstream of the ATG initiation codon. Through sequence
inspection Eichel-Streiber and Sauerborn (1990) also proposed promoter and

transcription termination signals for the toxin A gene.
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Approximately one third of toxin A is comprised of contiguous, repeating
DNA sequences located at the 3’ end of the gene. Dove et al. (1990) designated 38
repeat units which they assigned to one of two classes, I or II, based on DNA
sequence similarity. There are seven class I repeat units which are 90 nucleotides in
length. The 31 members of class II are further divided into four subclasses. With
one exception, class II repeat units are either 60 or 63 nucleotides long. A
comparison of deduced amino acid sequences for the class I repeat units reveals that
seventy percent of the amino acids are conserved among the seven class I units. The
two amino acids tyrosine and phenylalanine are found in all thirty eight of the repeat
units at the same position within the members of each class. The repeating units are
arranged in such a manner that one class I combined with either three, four, or five
class II repeating units comprise a large repeating unit.

The classification scheme for the repeating units derived by Eichel-Streiber et
al. (1990a) differs from the Dove et al. (1990) classification in the number of
repeating units. There are fewer repeating units in the Eichel-Streiber et al. (1990a)
classification due to the fact that sequences of one of the five classes designated by
Eichel-Streiber et al. as ALICE are comprised of contiguous class I and class ITA
sequences of Dove et al. (1990) linked together. In addition, the 3’ repeating unit
IID; of Dove et al. (1990) is eliminated from the classification of Eichel-Streiber et
al. (1990a).

The repeating units in the carboxy-terminus of toxin A are significant in that

11



several of the properties of the toxin can be attributed to this region. The
recombinant protein expressed by the 3’ end of the toxin A gene binds to the
trisaccharide sequence, Gala1,3GalB1,4GlcNAc (Price et al.,, 1987). This
carbohydrate sequence is found on brush border membranes in hamsters,
experimental animals which are extremely sensitive to toxin A. Krivan et al. (1986)
have demonstrated that this carbohydrate moiety is a receptor for toxin A. The
monoclonal antibodies, PCG-4 (Lyerly et al., 1986b) and 1337C8 (Eichel-Streiber et
al., 1987), inhibit the binding of toxin A to this trisaccharide sequence.

Furthermore, both the PCG-4 antibody and the 1337C8 antibody neutralize the
enterotoxic activity of toxin A (Lyerly et al., 1986b; Eichel-Streiber, 1993). In
addition, Tucker and Wilkins (1991) have identified carbohydrate antigens on human
intestinal epithelial cells which are similar in structure to the
Gala1,3Galp1,4GlcNAc moiety which binds toxin A. These data point to the
carboxy-terminal repeat region of toxin A as the binding or ligand portion of the

toxin which interacts with the cellular receptor for the toxin.

CLONING OF THE TOXIN B GENE

The 5’ clone from the cloning of toxin A, pCD19, contained both a small
open reading frame upstream of the toxin A gene and a partial open reading frame

(Dove et al., 1990). The protein expressed from the partial open reading frame
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reacted with antibodies to toxin B (Johnson et al., 1990). Johnson et al. (1990),
utilizing chromosome walking techniques and a fragment of pCD19 as a
hybridization probe, cloned a 6.8 kb Xbal / Sphl fragment which they designated
pCDI19L. The lysates from the Escherichia coli host cells which contained the
recombinant plasmid were both cytotoxic and lethal in the respective assays and
were neutralized by antibody to toxin B (Johnson et al., 1990). The two clones
pCD19 and pCD19L contained the toxin B gene in its entirety and the DNA
sequence for the toxin B gene was completed by this group (Barroso et al., 1990).

Schulze and Eichel-Streiber (1990) designed oligonucleotide probes based on
a published amino-terminal amino acid sequence of toxin B (Meador and Tweten,
1988). Through a combination of techniques which included oligonucleotide
screening of a genomic library and chromosome walking, they produced three clones
encompassing the toxin B gene that were subsequently sequenced (Eichel-Streiber et
al., 1990b). The toxin B sequences from both groups are identical (Eichel-Streiber,
1993).

The toxin B gene i1s 7098 bp in length, 27.4% G + C, and encodes a
polypeptide of 2366 amino acid residues. The deduced protein has a molecular
weight of 269,696 (Barroso et al., 1990).

The 5’ untranslated region of toxin B was examined for the presence of
regulatory signals. The first nucleotide of a Shine-Dalgarno sequence (AGGAGA)

is positioned 13 nucleotides upstream of the ATG translation initiation codon. A
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promoter-like structure and a potential transcription terminator stem-loop structure
for toxin B were identified through DNA sequence inspection (Sauerborn and

Eichel-Streiber, 1990; Eichel-Streiber et al., 1992; Eichel-Streiber, 1993).

TOXINS A AND B IN STRAINS OF CLOSTRIDIUM DIFFICILE

The vast majority of investigations with toxigenic Clostridium difficile have
focused on strain 10463 from the Anaerobe Collection, Department of Biochemistry
and Anaerobic Microbiology, Virginia Polytechnic Institute and State University.
This strain produces high titers of both toxins A and B, as analyzed by ELISA and
cytotoxicity assays, respectively, and the genes are located in close proximity (less
than 1.5 kb from each other) on the chromosome.

A large number of additional strains of Clostridium difficile have been
examined for the presence or absence of the toxin genes and proteins. Lyerly et al.
(1983) and Laughon et al. (1984) surveyed a large number of toxigenic isolates
using assays for the two toxin proteins. In both studies, all toxigenic isolates
produced both toxin A and B.

Price et al. (1987), using a fragment of the toxin A gene as a hybridization
probe, showed that the toxin A gene was present in six toxigenic strains and absent
in the four nontoxigenic strains examined. Fluit et al. (1991), using oligonucleotide

primers for toxin A taken from the sequence which precedes the repetitive region of
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