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high-frequency use of antibiotics and chemotherapeutics increases the likelihood of acquiring C. difficile-associated disease. Third, as the frequency of disease has increased, hospitals
have become contaminated with spores of C. difficile, making
infection of susceptible patients more probable.
Despite this lack of understanding of the epidemiology of C.
difficile disease, there has been major progress in dissecting this
organism’s mechanism of virulence. Indeed, a great deal has
been learned about the toxins produced by C. difficile. The two
major toxins, TcdA and TcdB, have been studied intensively
since their initial recognition as major C. difficile virulence
factors. The results from a collection of studies strongly suggest
that detailed analysis of TcdA and TcdB activity is providing
one of the quickest inroads to understanding C. difficile-related
disease. In addition to their contribution to disease, TcdA and
TcdB are the primary markers for diagnosis of C. difficile disease and are detected in the stools of patients by antibodybased and cytoxicity assays. For an update on the current state
of C. difficile diagnosis, we recommend a recent review by
Wilkins and Lyerly (182).
In this review, we focus on the progress that has been made
in the study of TcdA and TcdB during recent years. For more
complete details on C. difficile and C. difficile-associated disease, we recommend several excellent reviews (13, 41, 76, 79,
168). In addition, a previous review in this journal, in 1988,
highlights several of the early observations on C. difficile disease and the discoveries of TcdA and TcdB and will also be of
interest (104). The present review provides a comprehensive
update on the major advances made in the understanding of
TcdA and TcdB within the past 15 years and includes impor-

INTRODUCTION
Originally named Bacillus difficilis, the organism now known
as Clostridium difficile was first described in the mid-1930s (62).
For the next 40 years, there were infrequent reports of C.
difficile isolation, with few findings implying that this organism
could cause disease. However, in 1978, C. difficile was identified as the primary cause of pseudomembranous colitis and
shown to be a primary isolate from the feces of patients undergoing clindamycin treatment (10, 57). These seminal observations were followed by a series of reports which further
showed a strong correlation between pseudomembranous colitis, antibiotic therapy, C. difficile colonization, and cytotoxin
production (6, 11, 16, 36, 56, 116, 166, 183). Collectively, these
original studies and observations revealed C. difficile as an
emerging pathogen capable of causing severe gastrointestinal
disease in individuals undergoing antibiotic therapy.
C. difficile is the leading cause of hospital-acquired diarrhea,
known as C. difficile-associated disease, in the United States.
The estimated number of cases of C. difficile-associated disease
exceeds 250,000 per year (182), with total additional health
care costs approaching US$1 billion annually (98). There are
several possible explanations for the increase in C. difficile
disease during the past three decades. First, better detection
methods have almost certainly contributed to the increase in
reported cases of C. difficile-associated disease. Second, the
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TABLE 1. Bacterial host and substrate targets of large
clostridial toxins
Toxin

TcdA
TcdB
TcsH
TcsL
Tcn␣
TcdB-1470a

Organism

C.
C.
C.
C.
C.
C.

difficile
difficile
sordellii
sordellii
novyi
difficile 1470

Size
(kDa)

Intracellular targets

308
270
300
270
250
270

Rho, Rac, Cdc42
Rho, Rac, Cdc42
Rho, Rac, Cdc42
Ras, Rac, Rap, Ral, (Cdc42)b
Rho, Rac, Cdc42
Ras, Rac, Rap, Ral, Cdc42

a
TcdB-1470 is a hybrid between the TcdB cell entry domains and the TcsL
enzymatic domain.
b
Glucosylation of Cdc42 is strain specific in C. sordellii.

GENETICS OF TcdA AND TcdB
The genes encoding TcdA and TcdB, tcdA and tcdB, respectively, have been sequenced and are found in single open
reading frames located within a ⬇19.6-kb pathogenicity locus
(8, 38). As expected, both open reading frames are large, with
tcdA found within an 8,133-nucleotide region and tcdB is 7,098
nucleotides in length.
Both tcdA and tcdB are low-G⫹C (⬍28%) genes, which is
comparable to the G⫹C content (⬇29%) of the C. difficile
genome, and the toxins exhibit a high degree of overall similarity (66%). Given the proximal locations of tcdA and tcdB
and the high sequence and functional homology between the
two proteins, it has been proposed that the two genes may have
arisen as the result of a gene duplication event (173). Furthermore, the similarity in the biochemical activity of TcdA and
TcdB, wherein both toxins use a highly conserved N-terminal
domain to modify identical substrates, supports the notion of
gene duplication. The major regions of homology between
TcdA and TcdB fall within the enzymatic and receptor-binding
domains of the two toxins (172). The N-terminal domains of
TcdA and TcdB show 74% homology, and this homology provides a basis for the similar substrate specificity of these two
toxins.
The C termini of TcdA and TcdB show a number of short,
homologous regions termed combined repetitive oligopeptides
(CROPs) (173). TcdA encodes five groups of CROPs, which
range in size from 21 to 50 residues and can be repeated
throughout the C terminus of the protein. TcdB also encodes
five groups of CROPs, four of which show homology to the
CROPs of TcdA. Yet the CROPs found in TcdB are more
divergent and less frequent than those found in TcdA. CROPs
appear to play a putative role in initial target cell interaction
and receptor binding, but the mechanism explaining the necessity for these repeats in cell binding remains unclear.
In addition to the homology between the two toxins, TcdA
and TcdB exhibit a high degree of similarity to the other large
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tant new findings on the genetics and mechanism of action of
these toxins.
TcdA (308 kDa) and TcdB (270 kDa) are glucosyltransferases, which inactivate Rho, Rac, and Cdc42 within target
cells. TcdA and TcdB are among the largest bacterial toxins
reported to date and are joined by Clostridium sordellii lethal
toxin (TcsL) and hemorrhagic toxin (TcsH) and Clostridium
novyi alpha toxin (Tcn␣) to make up the group of large clostridial toxins (Table 1). TcdA and TcdB are encoded on a
pathogenicity region within the chromosome of C. difficile and
are expressed efficiently during the late log and stationary
phases of growth in response to a variety of environmental
stimuli. As expanded on in subsequent sections, their glycosylating activity allows TcdA and TcdB to modulate numerous
physiological events in the cell and contribute directly to disease.
C. difficile is not amenable to genetic manipulation, making
it difficult to generate isogenic strains deficient in toxin production. Thus, implication of C. difficile toxins in disease has
taken more indirect and surrogate approaches, yet the current
evidence strongly implicates these toxins in disease. For example, early work by Burdon and colleagues demonstrated a
direct relationship between toxin levels and development of
pseudomembranous colitis and duration of diarrhea (16). Furthermore, levels of immunoglobulin G against TcdA correlate
directly with protection from disease following colonization,
indicating that a robust antibody response to this toxin is sufficient for protection from C. difficile-associated disease (99).
More direct evidence for the role of TcdA in C. difficile-associated disease comes from studies showing protection against
disease in gnotobiotic mice with monoclonal antibodies to
TcdA (33). Kurtz et al. have also recently shown that neutralization of C. difficile toxins with an anionic high-molecularweight polymer protected 80% of experimental hamsters exposed to the organism (97). Finally, the hallmarks of
pseudomembranous colitis, including fluid accumulation, inflammation, and cell damage, can be invoked with TcdA in
animal models.
The role of TcdB in disease is not as well understood as the
contributions of TcdA. In fact, an early study found that TcdB
was unable to initiate disease unless TcdA was present (105).
Naturally occurring TcdA- TcdB⫹ strains are occasionally
identified from clinical isolates (87, 96, 101, 130, 148, 149) and
have been useful in characterizing the role of TcdB in C.
difficile-associated disease. Interestingly, these strains are capable of causing disease, and in some cases of extensive

pseudomembranous colitis, patients died from disease caused
by a TcdA-deficient strain (5). These observations do not completely reconcile with the studies mentioned above indicating
that monoclonal antibodies to TcdA block disease. Based on
more recent data concerning TcdA⫺ TcdB⫹ strains, one might
predict that TcdB would possibly contribute or substitute for
the neutralized TcdA in these experiments. Other factors, such
as the expression levels of TcdB, in these various strains may
account for the observed differences and should therefore be
the focus of continued investigations. Collectively, these data
indicate that TcdB can contribute to disease, and a detailed
understanding of the molecular mechanisms of action for this
toxin, along with TcdA, will advance our appreciation of C.
difficile-associated disease.
Given their important role in disease, detailed investigations
into the fundamental biology of these toxins have provided
meaningful insight into C. difficile’s mechanism of pathogenesis. Important advances have been made in understanding the
genetics, enzymology, cellular translocation, and impacts on
cell physiology of TcdA and TcdB. In the following sections, we
detail the seminal findings concerning these important virulence factors from C. difficile.
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clostridial toxins. TcdB shows the most homology (85% homology and 74% identity) with TcsL, the cytotoxin produced
by C. sordellii which glucosylates Ras, Rac, Rap, and Ral. The
homology between TcdB and TcsL explains earlier observations on the cross-reactivity of antiserum raised against crude
supernatants of C. sordellii with TcdB (23). Subsequent purification of TcsL demonstrated cross-reactivity between TcsLspecific antiserum and TcdB (132). The major contrasting regions in these two proteins are found at the N termini and are
responsible for the difference in substrate specificity (73).
TcdA is thought to be most similar in function to TcsH, the
enterotoxin produced by C. sordellii, although the sequence of
TcsH is yet to be determined. As is found with TcdB and TcsL,
antiserum to TcdA recognizes TcsH and vice versa (113), further demonstrating the close homology between these large
proteins. The remaining member of the large clostridial toxin
family, Tcn␣, produced by C. novyi, shows the least homology
with the other large clostridial toxins, and this may be due to
significant phylogenetic differences between the organisms.
However, similar to TcdB, TcsH, and TcdA, Tcn␣ glycosylates
Rho, Rac, and Cdc42 and differs only in using UDP-N-acetylglucosamine instead of UDP-glucose as cosusbtrate.
The results from studies on C. difficile strains 1470 and 8864

suggest that genetic exchange and recombination has occurred
between large clostridial toxin-producing strains of clostridia.
For example, strain 1470 (toxinotype VIII) produces a hybrid
of TcdB and TcsL which contains the cell entry portion of
TcdB and the enzymatic domain of TcsL (174). Thus, the strain
1470 toxin targets cells with the efficiency of TcdB yet causes
morphological changes and cell death similar to TcsL. A similar hybrid toxin is encoded by C. difficile strain 8864 (toxinotype X) and, like the toxin-encoding strain 1470, lacks functional TcdA (169). These hybrid-producing strains were
discovered during analysis of clinical isolates, suggesting that
these genetic alterations do not prevent C. difficile from causing disease.
Pathogenicity Locus
TcdA and TcdB are both encoded on the same ⬇19.6-kb
pathogenicity locus (Fig. 1) in C. difficile (63). The two toxin
genes are closely situated, with a 1,350-nucleotide intervening
sequence on this locus, and are transcribed in the same direction. In addition to tcdA and tcdB, three other open reading
frames are located on this pathogenicity locus and are thought
to be involved in regulation of toxin production or release of
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FIG. 1. Genetic arrangement of the C. difficile pathogenicity locus and proposed protein domain structures of TcdA and TcdB. Both TcdA and
TcdB are encoded on the 19.6-kb pathogenicity locus. In addition to the two toxin genes tcdA and tcdB, three additional regulatory open reading
frames are located on this island. tcdD is a proposed positive regulator, tcdE is a putative holin protein, and tcdC is a proposed negative regulator
of toxin gene expression. Through deletion mutagenesis, research combined from multiple research groups has revealed a three-domain structure
of the large clostridial toxins. The glycosyltransferase activity is located at the N terminus of the protein, and the C terminus is involved in receptor
binding. Located in the middle domain of the protein is a putative transmembrane segment that is thought to be involved in membrane
translocation.
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have developed an elegant typing system which distinguishes
the various toxinotypes of C. difficile (146, 148). There are now
at least 22 toxinotypes of C. difficile (59) containing small
sequence variations in the case of toxinotype III, for example,
or large deletions in tcdA, as is seen in toxinotypes X and XVII.
Serogroup typing, of which there are at least 14 groups, has
been useful in distinguishing strains of C. difficile, and the
toxinotyping method may prove particularly useful as it categorizes new strains based on the major virulence factors of C.
difficile. Whether toxinotyping will also be useful in predicting
the degree of virulence of particular isolates is not clear. However, as we learn more about the contributions of each large
clostridial toxin as well as the domains and subdomains of
these proteins to virulence, it may be possible to anticipate the
severity of disease based on the toxinotype.
Environmental Signals Regulating Toxin Expression
The precise environmental signals modulating toxin expression remain unclear, but in vitro studies indicate that toxin
expression may be enhanced by stress (including antibiotics)
and catabolite repression (39). Given the role of antibiotic
therapy in initiating pseudomembranous colitis, early studies
focused on the influence of various antimicrobials on toxin
production and found that subinhibitory levels of penicillin and
vancomycin enhanced toxin production in continuous cultures
of C. difficile (127). While it is appealing to consider antibiotics
specific inducers of toxin expression, this has not been borne
out in several studies, and thus, subinhibitory levels of antibiotics may be one of many ways to provide stress and induce
toxin expression.
Limiting biotin in defined medium enhances toxin production (188), and this phenomenon is striking, with a 64-fold
increase in TcdB production and a 35-fold increase in TcdA
when C. difficile was grown in the presence of 0.05 nM biotin.
Under these biotin-limiting conditions, growth of C. difficile
was reduced, and it is possible that this stress, like other
stresses, triggered toxin production. Yet, in contrast to the
observations on biotin, limiting amino acids, and thereby
growth of C. difficile, does not enhance toxin production (187).
Others have proposed links between purine biosynthesis and
toxin production, while even further studies have argued
against stress and catabolite repression as a mechanism of
regulating the expression of TcdA and TcdB (86, 107). Indeed,
a significant amount is still not understood about the factors
that regulate toxin expression, and this is an area of C. difficile
biology in critical need of further research.

Toxinotypes of C. difficile Isolates

MECHANISM OF ACTION AND FUNCTIONAL
DOMAINS OF TcdA AND TcdB

While the primary work on TcdA and TcdB has been carried
out on toxins from the reference strain VPI 10463, it is clear
that several genetic variants of these toxins exist in clinical
isolates. Some of these toxin variants include hybrids which
have occurred due to genetic exchange between large clostridial toxin-producing clostridia. More commonly, subtle sequence variations, deletions, and duplications within the
pathogenicity locus account for various toxinotypes of C. difficile. With these sequence variations, Rupnik and colleagues

TcdA and TcdB utilize a well-defined mechanism of action
in order to modulate cell physiology and, consequently, alter
the host environment. As mentioned above, these two toxins,
along with the other members of the large clostridial toxin
family of toxins, target the Ras superfamily of small GTPases
for modification via glycosylation. This irreversible modification inactivates these small regulatory proteins, leading to disruption of vital signaling pathways in the cell. However, in
addition to enzymatic modification of targets, there are several
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the toxins from the cell (63). tcdC lies downstream of tcdA and
is transcribed in the opposite direction from the two toxin
genes, and tcdC is highly expressed in early exponential phase
but declines as growth moves into the stationary phase (75).
This decline in TcdC expression corresponds to increases in
TcdA and TcdB, suggesting that TcdC may function as a negative regulator of toxin production.
tcdD is found upstream of tcdB and is coordinately expressed
with both of the toxin genes. TcdD is similar to DNA-binding
proteins and has been shown experimentally to enhance expression of promoter reporter fusions containing the promoterbinding regions of tcdA and tcdB (119). TcdD is also homologous to TetR and BotR, which serve as positive regulators of
tetanus and botulinum toxin synthesis, respectively (114, 115).
In addition, TcdD shows homology with UviA, which regulates
a UV-inducible bacteriocin gene from Clostridium perfringens
(52). Thus, TcdD may serve as a positive regulator of toxin
expression. In line with this prediction, Mani and Dupuy (108)
recently demonstrated that TcdD functions as an alternative
sigma factor for RNA polymerase but does not directly bind to
the promoter regions of tcdA and tcdB. Expression of TcdD is
responsive to environmental conditions and repressed by glucose and is significantly increased in stationary phase (75).
TcdD has also been reported to autoregulate its own expression in response to various environmental cues, such as the
phase of cell growth and the immediate environmental makeup
(109). Thus, TcdD appears to be a major positive regulator of
tcdA and tcdB expression.
The gene encoding TcdE is positioned between tcdB and
tcdA and shows homology with holin proteins and thus has
been speculated to facilitate the release of TcdA and TcdB
through permeabilization of the C. difficile cell wall (165).
Thus, while still somewhat speculative, toxin expression appears to be dependent on decreases in TcdC, TcdD-enhanced
expression, and TcdE-mediated release from the cell.
The organization of the toxin locus is not suggestive of
polycistronic expression, but a series of studies indicate that
transcriptional readthrough may occur between particular
genes. In an analysis with a reverse transcription-PCR-based
approach, it was reported that bicistronic elements were
present between tcdD/tcdB, tcdB/tcdE, and tcdE/tcdA (75).
These investigators reported a significant level of readthrough
transcripts, while subsequent studies by another group using
primer extensions and RNase protection assays indicated that
bicistronic mRNAs were present but at substantially reduced
levels (39). The explanation for these differences is unclear, but
both instances suggest that multiple forms of mRNA may contribute to expression of the toxins.
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important steps in receptor binding and cell entry which are
important for intoxication.
Cell Surface Receptors for TcdA and TcdB

Receptor-Mediated Endocytosis and
Membrane Translocation
Both TcdA and TcdB enter the cell through receptor-mediated endocytosis and require an acidified endosome for translocation. The cytotoxic effects of large clostridial toxins can be
directly inhibited by a variety of lysosomotropic inhibitors, such
as bafilomycin A and ammonium chloride (46). Furthermore,
conditions that prevent lysosome fusion with the endosome
attenuate TcdB activity (47).
The requirement for low pH appears to be due to important
structural changes which occur in the toxins, leading to exposure of hydrophobic domains prior to insertion into the target
membrane (140). Indeed, Barth and colleagues have observed
the formation of channels in lipid bilayers by TcdB through an
acid pH-dependent process (9).
Until recently, it was not known whether the full toxin translocated to the cytoplasm or only the enzymatic domain. However, recent work by Pfeifer and colleagues showed that, following proteolytic cleavage, only the N-terminal domain of
TcdB exits the endosome and gains access to substrates (129).
While a putative membrane insertion-translocation domain,
located within the middle of the protein, has been proposed for
TcdA and TcdB, this region of the protein has not been definitively shown to promote translocation of the N-terminal
enzymatic fragment.
Modification of Intracellular Targets
Following receptor binding and internalization into the target cell cytosol, TcdA and TcdB elicit specific effects that
modulate host cell physiology. Discoveries from initial studies

indicated that cells exposed to TcdB exhibited marked changes
in the organization of their actin cytoskeleton (117, 167, 178).
This adverse effect on the actin cytoskeleton has since become
a hallmark of the intoxication of cells by TcdA and TcdB and
is thought to be a prelude to cell death in a variety of cell types.
In line with these early observations, Just and colleagues
discovered that Rho from TcdB-treated cell lysates was no
longer subject to ADP-ribosylation by C. botulinum C3 exoenzyme (82). C3 ADP-ribosylates Asn-41 in Rho (156), yet TcdB
was not found to have a similar activity. These observations did
suggest, however, that TcdB was somehow altering Rho within
the cell. Other experiments found that overexpression of Rho
protected cells from TcdB-induced rounding, further implicating this protein as a target for TcdB. TcdA was subsequently
found to exert a similar effect on Rho (83).
These initial studies allowed investigators to focus on Rho as
a putative target of TcdB and TcdA. In a seminal report, Just
and colleagues demonstrated the ability of TcdB to glucosylate
RhoA via transfer of a sugar moiety to Thr-37 of the GTPase
with UDP-glucose as a cosubstrate (84). In the same study, two
other GTPases, Rac and Cdc42, were also found to be glucosylated by TcdB. Additionally, this group observed the ability of
TcdA to modify RhoA with the same UDP-glucose-dependent
mechanism as TcdB (85). In line with these observations, cells
with reduced levels of UDP-glucose are less sensitive to the
toxins (25). Collectively, these studies defined TcdA and TcdB
as glucosyltransferases, capable of inactivating small GTPases
within the cell.
Both TcdA and TcdB target isoforms of Rho (RhoA, -B, and
-C), Rac, and Cdc42, resulting in actin condensation and consequent rounding of the cells, membrane blebbing, and eventual apoptosis and death of the target cell. While both of these
large clostridial toxins exert their activities on a wide range of
cell types, TcdB exhibits a higher rate of enzymatic activity
than TcdA, leading to a quickened rate of cytopathic effects in
some cell types (27). Additionally, Ciesla and Bobak demonstrated that UDP-glucose hydrolysis by TcdB occurs at a rate
⬇5-fold greater than that by TcdA (30).
Small GTPase Proteins as Targets of TcdA and TcdB
The studies highlighted in the previous section clearly defined TcdA and TcdB as glucosyltransferases that inactivate
small GTPases. Thus, to appreciate the role of TcdA and TcdB
in cellular intoxication, it is important to understand Rho proteins and their activities. Rho, which includes mammalian isoforms A, B, and C, is a primary regulator of the actin cytoskeleton and is found ubiquitously in eukaryotic cells (61).
Following expression, Rho is subject to posttranslational modification by prenylation and carboxymethylation, which aid in
localization to the cytoplasmic side of the plasma membrane,
where effective exchange of GTP and GDP occurs (2, 112).
Small GTPases, such as Rho, bind and hydrolyze GTP to
GDP, and it is the alternation between the GTP-bound (active)
and GDP-bound (inactive) states that regulates activity. The
exchange of GDP for GTP is regulated by guanine exchange
factors within the cell (189). Activated Rho intrinsically hydrolyzes GTP, removing the ␥-phosphate group and returning to
the “off” GDP-bound state through a process enhanced by
GTPase-activating proteins (53, 54). Further regulation comes
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In order to elicit cytotoxic effects, TcdA and TcdB must be
internalized into the host cell via endocytosis and require an
acidic endosome for access to the cytosol (46, 68, 117). Receptor binding is the first essential step in the process of cell entry.
The receptors for the large clostridial toxins are thought to be
nonproteinaceous and, for TcdA, show the disaccharide
Gal␤1-4GlcNac. This disaccharide is found on the I, X, and Y
blood antigens present on a variety of cells, and these antigens
have been shown to act as receptors for TcdA (171). Various
animal species susceptible to TcdA may not necessarily show
identical receptors. For example, TcdA is reported to bind to
Gal␣1-3Gal␤1-4GlcNAc (95), yet this receptor does not appear to be present on human cells.
In line with these studies, treatment of cells or tissue with
galactosidase reduces binding by TcdA (31, 32, 95, 159). A
possible protein receptor, sucrase-isomaltase, was found on
cells in the ileum of rabbits, but again, this protein is not found
on cells targeted within the human colon (135). The receptor
for TcdB has been more elusive than that for TcdA. In our
experiments and those of others, TcdB has been shown to
intoxicate a broad range of cell types, indicating that the receptor for this toxin, while undefined, is ubiquitous.
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tions regarding the effects of glucosylation on these small
GTPases.
The RhoA/GDP structure (as shown in Fig. 2) has been
determined to 2.1 Å, while the RhoA/GTP␥S structure has
been determined to 2.4 Å. Upon examination of the RhoA
crystal structure, the impact of glucosylation would appear to
prevent Thr-37 from forming a complex at the ␥ phosphate of
the bound GTP molecule. In the GTP-bound form of Rho,
Thr-37 contributes to Mg2⫹ interactions through the reactive
hydroxyl group (77), which is also subject to glucosylation.
Examination of the Rho three-dimensional structure in the
GTP-bound form indicates that this hydroxyl group is not
readily accessible, as it is complexed with Mg2⫹ and is directed
away from the solvent. However, in the GDP-bound form, the
hydroxyl group of Thr-37 aids in the stabilization of a water
molecule that coordinates the Mg2⫹ ion but is susceptible to
glucosylation.
In fact, the ability of TcdA and TcdB to more easily modify
GDP-bound Rho than the GTP-bound form has been shown
quite convincingly in previous studies (84). Interestingly, Herrmann et al. have shown that, while GTP blocks glucosylation of
Ras by TcsL, glucosylation does not appear to reduce GTP
binding (69). Based on the structure of GTP-bound Ras, it is
difficult to appreciate how this protein is capable of stably
binding GTP without the contributions from the hydroxyl
group of Thr-35 (Thr-37 in Rho). This may suggest that other,
more subtle, yet poorly understood mechanisms are involved in
the process of glucosylating GTPases.
New structural insights have been gained regarding the
mechanism of glucosylation of Rho, Rac, and Cdc42. How
does the addition of a single sugar molecule lead to the inactivation of Rho, Rac, and Cdc42? A straightforward explanation is that glucosylation of Thr-37 in Rho or Thr-35 in Rac
and Cdc42 prevents proper binding of GTP and blocks activation. Based on the structure of GTP-bound Rho and results
from studies on the structure of glucosylated Ras, elimination
of GTP binding appears reasonable; however, it is plausible
that glucosylation could block interaction with downstream
effectors or regulators such as guanine exchange factors or
GTPase-activating proteins. Blocking interaction with GTPaseactivating proteins would enhance Rho activity and, for this
reason, can be eliminated as a possible outcome of glucosylation. The interruption of binding to guanine exchange factors
would have the effect of maintaining Rho in the GDP-bound
form and therefore could have the effect of inactivating Rho.
The Thr-37 and Thr-35 residues are highly conserved among
small GTPases, yet only Rho, Rac, and Cdc42 are targeted by
TcdA and TcdB. As shown in Fig. 2, the reason for this substrate specificity has been shown to be residues 24 to 29 in Rho
(corresponding to residues 22 to 27 in Rac and Cdc42) that lie
just outside the effector loop region and constitute part of the
transition between the ␣1 helix and the switch I region (122).
Through the use of Rho-Rac chimeric protein fusions and
substitution mutagenesis, the importance of specific residues
within this region has been defined, and the results indicate
that the lysine residue at position 27 (25 in Rac and Cdc42)
plays a major part in substrate distinction. The Rho mutant
K27T allowed glucosylation of Rho by TcsL, while native Rho
is not targeted by TcsL. These mutagenesis results have pro-
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from GDP dissociation inhibitors, which block nucleotide exchange and maintain GTPases in the GDP-bound form within
the cytoplasm, preventing association of Rho with the membrane and interactions with guanine exchange factors (51, 71,
118).
Activation of Rho signaling is initiated by factors that promote the dissociation of GDP dissociation inhibitors from
GDP-bound Rho and release the protein for localization to the
cell membrane. Thus, in a model of Rho activation, GDP
dissociation inhibitors maintain inactive Rho within the cytosol, and following dissociation from these inhibitors, Rho
localizes to the membrane, where guanine exchange factors
enhance the dissociation of GDP. As GTP is in excess compared to GDP in the cell, Rho subsequently binds GTP and
becomes activated, promoting downstream signaling events.
Due to inherent GTPase activity and the action of GTPaseactivating proteins, Rho subsequently returns to the off state,
returning to the GDP-bound form. Rac and Cdc42 show similar mechanisms of regulation, and, while subtle differences are
apparent, for the purposes of this review, their regulation can
be considered relatively identical to that of Rho.
It is important to appreciate the downstream effects of Rho
activation, since these can be impacted by TcdA and TcdB.
Rho has several effectors that are activated by the GTP-bound
form of this small GTPase. However, some targets, such as
mitogen-activated protein kinase kinase kinase, can interact
directly with the GDP-bound form of Rho, and GTP activation
does not seem to be required (40). Rho plays a major role in
regulation of stress fiber formation within the cell, and this is
accomplished by interacting with and activating signaling proteins such as Rho-kinase (50), citron K (106), and phosphotidylinositol 4-phosphate 5-kinase (29), following activation
from extracellular signals and integrin binding. Inhibiting
Rho’s ability to interact with these effectors leads to several
changes in the actin cytoskeleton. Important to the role of
TcdA and TcdB in disease is the fact that Rho regulates the
localization of stress fibers at focal adhesion sites (142). Furthermore, Rho controls the formation of perijunctional rings at
the apical side of epithelial cells (125). As discussed in later
sections of this review, inactivation of Rho and subsequent loss
of perijunctional rings and focal adhesions may lead to increased permeability of the epithelial layer of the intestines.
While Rho regulates stress fiber formation, motility, and
focal adhesions, Rac and Cdc42 are more specifically involved
with lamellipodium and filopodium formation (124). Lamellipodia and filopodia are important structural extensions at the
leading edge of migrating cells and are essential to movement
and sensing the environment during cell migration. It is worth
noting TcdA and TcdB have been implicated in cellular chemotactic responses during pseudomembranous colitis inflammation (136, 161). Thus, paradoxically, TcdA and TcdB seem
to promote cell migration while inactivating the primary cellular factors, Rho, Rac, and Cdc42, that are necessary for this
process.
Predictably, the inactivation of Rho proteins by TcdA and
TcdB could occur at various steps, including blocking membrane localization, guanine exchange factor interaction, or
contact with downstream effectors. The elucidation of the crystal structures of RhoA/GDP (179) and RhoA/GTP␥S (77)
have provided the information necessary for making predic-
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vided a strong basis for the substrate specificity observed
among the large clostridial toxins.
Several interesting questions remain unanswered regarding
the mechanism of Rho modification by TcdA and TcdB within
the cell. For example, Rho proteins are complexed with GDP
dissociation inhibitors within the cytoplasm and are in the
conformation optimal for glucosylation, yet Rho-GDP dissociation inhibitor complexes cannot be modified by large clostridial toxins (55). This hindrance is due to the direct interaction
between the OH group of Thr-37 with Asp-45 of Rho-GDP
dissociation inhibitor (72). Due to this interference with Thr37, the underlying implication of the absence of Rho-GDP
dissociation inhibitor glucosylation is that the toxins must be
accessing substrate at the plasma membrane. Yet, as pointed
out above, GTP-bound Rho is not a good substrate for glucosylation. This further suggests that, of Rho’s possible states,
only the membrane-localized, GDP-bound form is a target of
glucosylation. This raises additional questions regarding how
TcdA and TcdB might be involved in posttranslocation trafficking to the cytoplasmic side of the inner membrane. Furthermore, it has still not been shown definitively if loss of
interaction with downstream effectors is due simply to the fact
that glucosylated Rho cannot bind GTP, and thus be activated,
or if the glucose molecule directly blocks effector interaction.
The biological outcome of both scenarios would be similar, yet
continued studies dissecting this event may provide new insights into Rho proteins as well as TcdA and TcdB.

Protein Domain Structure of the Large Clostridial Toxins
Based on the known activities of TcdA and TcdB, the proteins were predicted to have enzymatic, translocation, and receptor-binding domains, each serving a specific function during
cellular intoxication (Fig. 1). The N-terminal enzymatic and
C-terminal receptor-binding domains are the best understood
regions of these proteins, while the membrane-inserting translocation domain remains undefined.

Organization of the Enzymatic Domain
The activities necessary for glucosylation are found within a
546-residue N-terminal region of TcdB (74). This region can
effectively complete glucosylation of substrates in vitro but
lacks any detectable cytotoxic activity. Furthermore, our group
has shown that delivery of this enzymatic domain, with surrogate cell entry systems, results in cytotoxic effects similar to
that observed with full-length TcdB (163). It is worth noting
546 residues is still as large as or larger than most full-length
intracellular bacterial toxins, yet even minor deletions (e.g., 30
residues) from the C-terminal end of this fragment dramatically reduce activity. Conflicting with these studies, Wagenknecht-Wiesner et al. reduced the enzymatically active portion
of TcdB to residues 1 to 467, a region that retained the ability
to glucosylate Rho, Rac, and Cdc42 in vitro (175). In our
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FIG. 2. Crystal structure of GDP-bound RhoA. In the GDP-bound form of Rho, the Mg2⫹ ion is coordinated by the ␤ phosphate group of GDP
and a water molecule that interacts with T37 for stabilization. The OH group of T37 is glucosylated by the large clostridial toxins, inactivating this
regulatory protein. The region involved in substrate specificity is in purple and includes residues 24 to 29 (22 to 27 in Rac and Cdc42). This figure
was generated and rendered with PyMOL (34).

254

VOTH AND BALLARD

Receptor-Binding Domain
The C-terminal receptor-binding domain of TcdA makes up
roughly one-third of the toxin and contains up to 38 repeating
CROP modules. However, as noted by Rupnik et al., the
CROP region of TcdA has isolate-specific repeats and deletions, suggesting that this region of the toxin may be derived
from multiple duplication and recombination events within the
gene (146). The CROP sequences vary in length by up to 50
amino acids but contain a consensus triad (YYF) and an overall hydrophilic stretch of residues indicative of a solventexposed region of the protein (186). This high degree of repetition may explain the agglutinating activity of TcdA. Furthermore, the CROP regions are similar to those of other proteins,
including those from Streptococcus downei and Streptococcus
mutans, which function as saccharide-binding proteins (185).
The experimental evidence for receptor binding by the C
terminus of TcdA comes from a series of studies showing the
neutralizing capacity of monoclonal antibodies to this region of
the protein (48) and the ability of recombinant fragments from
this region to protect against the toxin. A fragment of the C
terminus containing the repeat moieties in TcdA was constructed by Sauerborn et al. and shown to block TcdA-induced
cytotoxicity in cell culture by competitive inhibition of receptor
binding (152). The same protein fragment was also found to
immunize mice against TcdA. In recent studies, the entire
C-terminal receptor-binding domain has been shown to be
necessary for both receptor binding and effective endocytosis
of the holotoxin (49).
INFLUENCE OF TcdA AND TcdB ON
CELL PHYSIOLOGY
TcdA and TcdB have a dramatic influence on mammalian
cell physiology, altering events ranging from cell signaling to
ultrastructure maintenance. In many cases, cells do not survive

intoxication by TcdA and TcdB, even at relatively low doses in
comparison with other cytotoxins. Thus, cell death is one of the
most obvious impacts of these toxins on cell physiology. Early
studies demonstrated TcdA and TcdB’s broad cell tropism and
found TcdB to be a more effective cytotoxin. In an initial study
by Donta et al., the researchers indicated that TcdB could
intoxicate mouse adrenal cells, hamster ovary cells, rat hepatic
cells, and human cervical epithelial cells (37). Depending on
the cell type, TcdB ranged from 4-fold to 200-fold more cytotoxic than TcdA in these studies. Subsequent studies found
that mouse teratocarcinoma cells were more sensitive than
CHO cells to TcdA, possibly due to increased levels of TcdAspecific carbohydrate receptors (170).
Impact on Cell Morphology
The first and most obvious impact on cell physiology is the
loss of structural integrity, which results from the decline in
F-actin in cells exposed to TcdA and TcdB. Chang et al. were
among the first investigators to examine ultrastructural
changes in intoxicated cells and reported alterations in cell
surface projections and rearranged microvilli (24). Upon closer
examination, it was found that TcdA altered the ultrastructure
of CHO cells, and distinct actinomorphic changes were identified by electron microscopy (44). TcdA-intoxicated cells also
demonstrate a distinct cell retraction phenotype, and this is
linked to changes in the microfilament system (44). In the same
study, marginalization of the nucleus was observed, and again,
this was likely a reflection of changes in the cytoskeleton.
Similar studies have been performed with TcdB, and the cytopathic effects observed are like those induced by TcdA. Mechanistically, the loss of structural integrity in TcdA- and TcdBtreated cells is expected, since Rho, Rac, and Cdc42 each
regulate structural processes dependent on actin polymerization.
Results from our group indicate that cell rounding and cell
death are temporally distinct events (139). TcdB is capable of
inducing cell rounding in less than 2 h, but cell death, as
assayed by a variety of methods, does not occur until almost
24 h following treatment. Thus, as these events relate to disease, cytopathic effects may be more relevant than actual cell
death, since cells with considerable loss of actin cytoskeleton
integrity are unlikely to carry out their roles within the host.
Impact on GTPase Signaling Pathways
The substrate targets of TcdA and TcdB, Rho, Rac, and
Cdc42, also regulate cellular events outside the actin cytoskeleton (Fig. 3A). For example, Rho, Rac, and Cdc42 are involved in regulation of the cell cycle and signaling through
mitogen-activated protein kinase kinases. It is reasonable to
assume that these toxins exert effects on cell physiology that
may not involve the actin cytoskeleton. Furthermore, the temporal differences between cell rounding and cell death indicate
that other events downstream of actin condensation can contribute to cell death. Indeed, TcdB alters levels of phospholipase A2 activity in toxin-treated cells, and the data indicate
that this process is modulated independently of the events
linked to the cytoskeleton (158).
Along these lines, TcdB has been found to inhibit receptor-
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hands, deletions down to residues 1 to 500 are completely
devoid of enzymatic activity (162).
The substrate recognition region of TcdB has been narrowed to residues 364 to 516 by using chimeric hybrids between
this toxin and TcsL, which targets a different subset of small
GTPases (73). By swapping this region between the two toxins,
it was possible to change the substrate specificity between TcsL
and TcdB and identify the region important for substrate modification. In addition to delineating the region responsible for
substrate specificity, Busch and colleagues found that the glucosyltransferase activity of these large clostridial toxins is dependent on the presence of a DXD motif in the enzymatic
domain (18). Mutations in this vital motif rendered forms of
the toxin deficient in the ability to modify small GTPases via
glucosylation in vitro. Although this research was conducted
with TcsL, the DXD motif is conserved among all of the large
clostridial toxins, indicating its importance in this toxin family.
Continuing the investigation of critical regions involved in
TcdB-induced glucosylation, Busch et al. determined that Trp102 is involved in UDP-glucose binding, and mutants lacking
this residue were no longer toxic to cells (17). The combined
work of these groups has provided a strict basis for the regions
of TcdA and TcdB involved in substrate specificity and enzymatic activity.
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FIG. 3. (A) Overview of intracellular modifications by TcdA and TcdB. Both TcdA and TcdB act intracellularly as glycosyltransferases. Each
toxin modifies and inactivates Rho, Rac, and Cdc42 via transfer of a sugar moiety, with UDP-glucose as a cosubstrate. The effects of these
modifications include actin condensation, transcriptional activation, and apoptosis. (B) Downstream effects of TcdA and TcdB in intestinal cells
during disease. Exposure of intestinal epithelial cells to TcdA leads to neutrophil infiltration, substance P production, chemokine production,
reactive oxygen intermediate production, disruption of tight junctions, and apoptosis. TcdB activity leads to disruption of tight junctions and
apoptosis. A combination of one or more of these activities leads to fluid accumulation in the host and inflammatory responses.
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ROLE OF TcdA AND TcdB IN DISEASE
The signs of C. difficile disease range from mild diarrhea to
fulminant colitis in patients undergoing antibiotic treatment.
The disease occurs almost exclusively in the large bowel and
shows distinguishing microscopic and gross lesions. Microscopic pathology reveals the “volcanic eruption” characteristics
of the pseudomembranous lesion observed in pseudomembranous colitis, although this is not a defining pathology of all C.
difficile-associated disease (76). Gross pathology shows hallmark raised plaques within the intestines, which correspond to

the nodules observed by endoscopy. These pathologies may
explain the malabsorption and resulting diarrhea in patients
with pseudomembranous colitis. Most of these pathologies can
be ascribed to inflammatory events, which are likely modulated
by TcdA and TcdB.
Both TcdA and TcdB are capable of mimicking the physiological events occurring in C. difficile-related pseudomembranous colitis (100, 153). With the rabbit or rat ileal loop model,
the inflammatory response that occurs in pseudomembranous
colitis can be triggered by isolated toxin; however, most of
these studies have focused on TcdA. As shown in Fig. 3, inflammation, including increased epithelial permeability (42),
cytokine and chemokine production (21, 65), neutrophil infiltration (89), activation of submucosal neurons (123), production of reactive oxygen intermediates (65), mast cell activation
(180), substance P production (111), and direct damage to the
intestinal mucosa, seems to contribute to the pathologies observed in pseudomembranous colitis. It should also be noted
that, while pseudomembranous colitis-associated inflammation
can be induced by toxin alone, isogenic strains lacking both
toxins have not been investigated in these models. Furthermore, direct links between inactivation of Rho proteins and
induction of inflammation have not been reported. For this
reason, it should be acknowledged that other toxin activities
(e.g., cell surface interactions) could contribute to inflammation.
One of the most direct events attributed to TcdA and TcdB
during pseudomembranous colitis is the toxins’ ability to disrupt tight junctions of epithelial barriers (42). This is likely due
to inactivation of Rho proteins, since these small GTPases are
known to be important in maintaining tight junctions (125).
Initial studies by Hecht and colleagues found that TcdA reduced epithelial monolayer resistance within 8 h following
exposure to this toxin (67). This appeared to occur prior to loss
of confluency, suggesting that disruption of cell-cell contact
occurs before contraction of the cell. Similar studies also found
that TcdB was capable of disrupting epithelial integrity, which
occurs due to a decline in F-actin and disruption of the perijunctional actomyosin ring (66). Subsequent studies have further defined the loss of epithelial tight junctions and demonstrated the loss of apical and basal F-actin, which is associated
with loss of intact occludin and ZO-1 in the tight junction
membrane (126). Thus, it seems reasonable to suggest that the
loss of epithelial barrier integrity during pseudomembranous
colitis inflammation may be due to the toxins’ ability to act
directly on these cells.
In addition to directly altering the integrity of the epithelium, loss of tight junctions may provide a convenient conduit
for migration of neutrophils into the intestines (Fig. 3). Neutrophil accumulation is a hallmark of pseudomembranous colitis, and these cells contribute significantly to pseudomembrane formation (161). Recruitment of neutrophils to the site
of infection during pseudomembranous colitis is proposed to
occur in response to direct interaction with TcdA and as a
result of secondary events mediated by inflammatory molecules (89). Studies in a rabbit model found that TcdA-induced
inflammation involved direct binding of TcdA to neutrophils
and this most likely involved a G protein-linked receptor (89).
Blocking CD18 (a leukocyte adhesion molecule) prevented
TcdA-triggered migration of neutrophils in rabbit ileal loops

Downloaded from http://cmr.asm.org/ on January 18, 2021 by guest

coupled signaling through phospholipase D via inactivation of
Rho proteins (155). It is unclear how modulation of these
phospholipases may contribute to overall events during intoxication. TcdA is capable of increasing the permeability of colonic epithelial layers by inactivating RhoA through a process
involving protein kinase C (28). This increase in permeability
may further enhance the inflammatory events observed in
pseudomembranous colitis by increasing access of polymorphonuclear cells to the colonic epithelium. TcdA activates differential expression of chemokines in human intestinal epithelial cells, and this may also serve as a mechanism to increase
the inflammatory response (90). Furthermore, TcdA has been
shown to activate mitogen-activated protein kinases in human
THP-1 monocytes, in a process that appear to be independent
of Rho inactivation and linked to production of interleukin-8
(176).
Apoptosis likely accounts for the mechanism of death in
cells exposed to TcdA and TcdB. Rho inactivation in an endothelial cell line resulted in activation of caspase-3 and
caspase-9, key components of the apoptotic cell death pathway
(70). Brito and colleagues observed that TcdA induced the
apoptotic pathway in T84 intestinal cells via caspases-3, -6, -8,
and -9 and Bid activation (15) and further demonstrated the
disruption of mitochondrial membrane potential and release
of cytochrome c. However, there are both temporal and spatial
reasons to suggest that TcdA can induce apoptosis outside of
inactivating Rho proteins. Treatment of cells with TcdA results
in accumulation of the toxin at the mitochondria within 5 min
following exposure, and this localization event occurs before
detectable glucosylation of Rho proteins (64). Thus, TcdA may
induce apoptosis by disrupting mitochondria, which promotes
proapoptotic events.
TcdB is also capable of triggering apoptosis. Our group has
shown that HeLa cells intoxicated by TcdB undergo caspase3-dependent apoptosis with a concurrent loss in host cell vimentin (139). The same study also found that TcdB was able to
not only to induce caspase-dependent cell death, but also to
induce caspase-independent apoptosis specifically due to substrate inactivation. The proteome of TcdB-treated cells contains fragments of intermediate filaments that result from
cleavage by caspase-3. Since intermediate filaments, such as
vimentin, are involved in maintaining the cell’s structural integrity, the loss of these proteins may also account for changes
in cell morphology. Together, these results demonstrate some
of the potential effects of GTPase inactivation on the host cell
due to intoxication by the large clostridial toxins and implicate
apoptosis as a major method by which the toxins induce cell
death.
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TcdA-Negative Strains Causing
C. difficile-Associated Disease
Despite the consistent evidence described above that TcdA
plays an important, if not the major, role in C. difficile-associated disease, there has been a substantial increase in the number of reported TcdA⫺ clinical isolates (4, 5, 7, 12, 14, 81, 87,
93, 103, 120, 130, 131, 148, 151, 177, 181). Each of these TcdA⫺

isolates produce TcdB but contain deletions in tcdA and encode truncated forms of the protein. C. difficile strain 8864 was
the first TcdA⫺ isolate to be characterized and was shown to
have a ⬇5.9-kb deletion in the 3⬘ end of the tcdA region (160).
This strain now makes up the toxinotype X form of C. difficile,
which also contains an insertion in tcdE (146). However, toxinotype X appears to be rare, and a majority of TcdA⫺ strains
occur due to a ⬇1.8-kb deletion in the 3⬘ CROP region of tcdA
(146, 148). To date, among the 22 toxinotypes of C. difficile,
nine have been found to contain deletions in the 3⬘ end of the
tcdA gene (146-148). The absence of the CROP region not
only reduces cytopathic activity but prevents recognition of
TcdA by most detection systems which use antibody against
this region of the protein.
TcdA⫺ mutants are isolated with different frequencies
throughout the world and have been found in a variety of
different patients, ranging from infants to the elderly (80, 148).
An analysis by Sambol et al. found only seven TcdA⫺ isolates
out of 5,000 screened, suggesting that TcdA⫺ strains occur at
a very low frequency (149). In contrast, a survey by Pituch and
colleagues reported that TcdA⫺ strains made up 11% of their
clinical isolates (130). This is consistent with the report of
Geric and colleagues, which also found that 11% of isolates
lacked functional TcdA (59). In addition to these findings,
Samra et al. showed a high occurrence of TcdA⫺ strains
(56.5%) in their study of 530 stool specimes taken from individuals with severe disease (151). It is also clear that these
TcdA⫺ strains are being identified more frequently, as almost
all of the publications describing these isolates have appeared
within the past 4 years. Thus, TcdA⫺ strains represent a substantial number of C. difficile isolates.
The occurrence of TcdA⫺ strains is a conundrum, since, as
previously described, TcdA has been shown to mimic many of
the gastrointestinal signs of C. difficile-associated disease.
TcdA neutralizing antibodies have also been found to protect
against C. difficile-associated disease (91). Furthermore, earlier
work by Lyerly et al. found that TcdB was ineffective unless
TcdA was administered first, indicating that TcdB was not only
lacking the ability to cause intestinal damage but also required
TcdA to gain access to target cells (105). Curiously, TcdA is
the potent enterotoxin from C. difficile, while there are only
limited reports of TcdB’s having any impact on cells of the
gastrointestinal tract (43, 143, 153). Examination of the clinical
course of disease for the TcdA⫺ strains compared to the normal TcdA strains provides very little insight into this enigma.
Indeed, the clinical disease is remarkably similar between
TcdA⫺ and TcdA⫹ strains of C. difficile (80). Therefore, the
detection of TcdA⫺ strains at such a high frequency is contradictory to the proposed mechanisms of C. difficile pathogenesis
reported during the past two decades.
There are several possible explanations for the detection of
TcdA⫺ strains as clinical isolates of C. difficile. First, TcdB may
play a more prominent role in C. difficile-associated disease
than previously suspected, or TcdB could substitute in the
absence of TcdA. In one very recent report, TcdB has been
shown to function as a potent enterotoxin (153). Second, TcdB
may function more effectively in the presence of other C.
difficile factors. Third, the detection of TcdA⫺ strains may
represent a selection event within the host.
It is interesting that most of the tcdA deletions occur within
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(89). TcdA also indirectly recruits neutrophils to the site of
infection by increasing the expression of macrophage inflammatory protein 2 (MIP-2) (21). This is in line with other studies
showing that CC chemokine receptor-1, a receptor for MIP-2,
contributes to inflammation (121).
In addition to increases in the permeability of the epithelial
barrier and recruitment of neutrophils, there is clear evidence
that primary sensory neurons are also modulated by TcdA.
Initial studies by Pothoulakis and colleagues found that a substance P antagonist attenuated the rat intestinal response to
TcdA (111). Substance P is a small peptide associated with
sensory neurons that line the submucosal regions of the intestinal epithelium and has been shown to be involved with inflammatory diarrhea (134). The mechanism by which TcdA
modulates substance P production is not completely clear, but
treatment of rat ileal loops with this toxin leads to increased
substance P production (110). Furthering the inflammatory
event, lamina propria macrophages are activated by substance
P and release tumor necrosis factor alpha (20). Consequently,
there is increased recruitment of neutrophils and inflammation
via this substance P-dependent mechanism. In addition to substance P, dorsal root ganglia have also been found to express
the neuropeptide calcitonin gene-regulated peptide in response to TcdA (88). Further studies have now shown that
deletion of neural endopeptidase, a protein important for turnover of substance P, exacerbates the TcdA-induced inflammatory response (92). Collectively, these studies clearly indicate
neuronal contributions to inflammatory pseudomembranous
colitis.
TcdA has been shown to stimulate cytokine production, and
this may contribute to early stages of inflammation in
pseudomembranous colitis. TcdA triggers interleukin-8 secretion and the production of reactive oxygen intermediates by
human colonocytes (65). Activation of interleukin-8 is dependent on TcdA’s ability to enter the target cell and activate
NF-B and AP-1 (78). In line with these observations is the
fact that interleukin-11 can inhibit TcdA-related damage by
blocking the release of inflammatory mediators such as tumor
necrosis factor alpha and MIP-2 (22). Intestinal secretory factor has also been found to be released by intestinal macrophages following exposure to TcdA through an interleukin-1␤dependent mechanism, and this is likely to cause further
inflammation (145). During TcdA-induced enteritis, responding neutrophils release reactive oxygen metabolites and exacerbate inflammation (141). In addition to neutrophil infiltration, macrophages and mast cells respond to TcdA, which
furthers the inflammatory response through production of factors such as tumor necrosis factor alpha (19). Indeed, mast
cell-deficient mice are attenuated in neutrophil recruitment
and show reduced levels of fluid accumulation following treatment with TcdA (180).
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the CROP region, which, due to the repeat sequences, would
be susceptible to deletions by recombination. Thus, the disease
could be initiated by a TcdA⫹ strain, but there is a selection for
strains that have lost the ability to produce TcdA. Arguing
against this possibility are statements in reports on the TcdA⫺
strains (12, 149, 150) which indicate that these isolates are able
to cause disease in hamster models, although delayed death is
observed compared to infection with TcdA⫹ strains. Unfortunately, the possibility of resolving this paradox is not likely
without the advancement of genetic tools for C. difficile. Without the ability to directly generate isogenic strains lacking
TcdA or select deletions within tcdA, it will continue to be
difficult to address this issue in a hypothesis-driven manner.

In addition to TcdA and TcdB, a limited number of isolates
have also been found to produce binary toxins that exhibit
ADP-ribosyltransferase activity. Originally, C. difficile strain
CD196, a strain isolated from a pseudomembranous colitis
patient, was shown to produce a ⬇43-kDa protein that was
capable of modifying actin via its ADP-ribosyltransferase activity (133), similar to that of C. perfringens iota toxin and C.
spiroforme toxin. This toxin, however, was not found to be
cytotoxic. The toxin responsible for this activity was subsequently identified and found to be a two-component ADPribosyltransferase toxin encoded by the genes cdtA and cdtB
(128). The proteins, termed CDTa and CDTb, show 81% and
84% identity, respectively, with the same two components from
iota toxin.
Analysis of several strains of C. difficile found CDTa and
CDTb only occasionally in particular strains of the organism.
An examination of 24 clinical C. difficile isolates for the presence of cdtA and cdtB found the genes present in only three
strains (128). A more exhaustive analysis found cdtA and cdtB
in ⬇6.4% of the 170 isolates taken from hospitals in the United
Kingdom (164). Other studies have suggested that the ADPribosyltransferase is found in about 15% of C. difficile isolates
(58). Interestingly, Florin and Thelestam identified a clinical
isolate of C. difficile that did not produce either TcdA or TcdB
yet appeared to produce the ADP-ribosyltransferase (45).
It appears that cdtA and cdtB are present due to genetic
exchange among several clostridial species, and CDTa can bind
to the cell entry component of iota toxin from C. perfringens
due to these similarities (60). Strains encoding TcdA and TcdB
as well as CDT do not appear to be more virulent, nor does the
binary toxin seem to have any notable effects in animal models.
Thus, while the roles of TcdA and TcdB seem to be well
established and essential to C. difficile virulence, the possible
contribution of CDT is not well understood.
In addition to the binary-toxin-producing strains of C. difficile, strains of C. difficile that contain variant toxin genes and
thus produce hybrid toxins have been identified. One wellcharacterized example of these hybrid toxins is produced by C.
difficile strain 1470 (26, 174). This toxigenic strain produces a
toxin (TcdB-1470) that is closely related to TcdB produced by
normal, nonhybrid strains in that it binds to the same receptor
as TcdB and shows 99% homology in the C terminus and
middle domain of the toxin. The major difference between
TcdB-1470 and TcdB is that TcdB-1470 also has the ability to

modify Ras, Rac, Rap, and Ral, which are the unique targets of
TcsL from C. sordellii, making it a unique hybrid between TcsL
and TcdB. This difference is accompanied by only 79% homology between the enzymatic domains of TcdB and TcdB-1470.
Additionally, TcdB-1470 induces cytopathic effects in Swiss
3T3 fibroblasts similar to TcsL, with cell rounding being the
main effect of toxin treatment. However, TcdB-1470 was found
to be a more potent cytotoxin than TcsL, suggesting that this
hybrid toxin could play a versatile role in disease.
Many other reports have investigated numerous strains of C.
difficile that produce either TcdA and no TcdB or vice versa (5,
101). The impact of these strains on disease, as in the case of
the ADP-ribosyltransferase toxins, is still unclear; however, the
ability of these strains to vary their toxin expression may allow
differential effects in disease that have not yet been identified.
TcdA AND TcdB AS TOOLS IN CELL BIOLOGY
A fortuitous outcome of dissecting the mechanism of action
of large clostridial toxins is that these proteins are now important tools in cell biology. TcdA and TcdB are sold commercially for the purpose of inactivating Rho, Rac, and Cdc42 in a
variety of experiments. The ability of large clostridial toxins to
exert their effects on most cells in tissue culture makes them
attractive candidates for use as a tool in this respect. Several
cellular processes, including phagocytosis, cell proliferation,
actin cytoskeleton regulation, cell mobility, and exocytosis,
have been studied with large clostridial toxins. Most if not all
of these studies utilized these toxins at a subtoxic dose to
achieve inactivation of the GTPase of interest while leaving the
cell in a viable, functioning state.
Schmidt et al. used TcdB to demonstrate a vital role for Rho
in receptor signaling to phospholipases D and C, which are
important signaling events in many cell types (154, 155). Prepens et al. demonstrated the importance of Rho family proteins in secretion from rat leukemia cells with TcdB (138). This
secretion was later found, through the use of TcdB, to be
regulated via a mechanism independent of the actin cytoskeleton (137). TcdA was also used to demonstrate the involvement of the Rho proteins in cytoskeletal rearrangement in
endothelial cells (3). The involvement of Rho proteins in exocytosis and Ca2⫹ mobilization was also studied with TcdB (35).
Most recently, these large clostridial toxins have been used to
demonstrate the importance of the Rho family of proteins in
neuron survival, cell adhesion, and regulation of nitric oxide
synthase expression (102, 144, 184). The results from these
studies and others indicate that understanding the mechanism
of action of TcdA and TcdB will have impacts beyond the field
of infectious disease.
CONCLUDING REMARKS AND FUTURE DIRECTIONS
C. difficile-associated disease is an interesting example of the
impact that modern medicine has on a pathogen poised to
cause new disease. Although significant advances have been
made in the understanding of C. difficile biology and C. difficileassociated disease, this organism is still among the most important emerging pathogens. Antibiotic therapy has brought C.
difficile to the forefront of bacterial pathogenesis but is unlikely
to be the selective pressure responsible for the evolution of this
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organism’s virulence. Interestingly, Shim et al. have shown in
one study that over 25% of patients admitted to the hospital
were colonized with C. difficile, and these individuals were less
likely to develop C. difficile-associated disease while hospitalized (157). Yet there was no correlation between the propensity to get C. difficile-associated disease and whether these
individuals were colonized with toxigenic or nontoxigenic
strains. It is likely that a significant portion of the population is
colonized with C. difficile yet will never develop disease unless
they encounter a combination of conditions, including hospitalization, antibiotic therapy, and primary exposure to C. difficile.
As antibiotic therapy is the primary cause of pseudomembranous colitis, it seems reasonable to expect that the most
successful treatments against this organism will be those outside the traditional realm of antimicrobials. Indeed, approaches such as vaccination may hold the most promise for
the long-term management of C. difficile-associated disease. To
this end, there has been at least one reported study on the
phase 1 efficacy of a formalin-inactivated toxoid of TcdA and
TcdB (94). Initial findings suggest that this vaccine is safe and
elicits a toxin-specific antibody response which can be detected
in the serum of treated subjects. While a comprehensive study
on the protective effects of this vaccine in humans has not been
completed, a recent report indicates that serum levels of antiTcdA exceed that found in asymptomatic carriers of C. difficile
(1). Thus, vaccination against the toxins of C. difficile is a future
direction for prevention of C. difficile-associated disease that is
worth continued consideration.
The primary focus of this review has been TcdA and TcdB,
and the intention has been to emphasize the major advances in
the understanding of these toxins. Research focused on these
toxins has provided insight into the genetics, expression, cytotoxic mechanisms, and role in disease of both TcdA and TcdB,
yet much remains to be learned about these toxins. One does
not have to look far in toxin research to notice that major
advances are often made following elucidation of high-resolution structures. Such a structure for TcdA or TcdB would likely
reveal a great deal about the functional domains of these toxins
and lead to new testable hypotheses, yet given the remarkably
large size of these toxins, it will be interesting to see how easily
such a structure can be solved.
In addition to the structure of the toxin, our understanding
of C. difficile-associated disease will be enhanced by delineating
the factors regulating C. difficile toxin production within the
bowel. High levels of toxin from stationary-phase growth are
obtained from in vitro cultures, but whether such levels are
present under similar conditions in the host is not clear. Finally, there are numerous aspects of intracellular activity, including translocation, localization, and substrate interactions,
that remain largely undefined. While understanding these
events at the molecular and atomic level will improve our
appreciation of TcdA and TcdB’s mechanism of action, such
observations may also lead to new therapies against C. difficile
disease.
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