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Abstract

Clostridium difficile toxin A and B (TcdA and TcdB) are the major virulence factors of the
bacterium, both of which consist of two enzymatic domains: an effector glucosyltransferase
domain (GTD) and a cysteine protease domain (CPD) responsible for autocleavage and release of
GTD. Although the CPDs from both toxins share a similar structure and mechanism of
hexakisphosphate (InsPg) -induced activation, TcdA is substantially less sensitive to the
autocleavage as compared with TcdB. In this study, we provided evidence of inter-domain
regulation of CPD activity of TcdA and its autoprocessing. The C-terminus combined repetitive
oligo peptides (CROPs) of TcdA reduced the accessibility of TcdB CPD to its substrate in a
chimeric toxin TxB-Ar, consequently blocking autoprocessing. Moreover, interference of
antibodies with the CROPs of full-length TcdA efficiently enhanced its GTD release. In
conclusion, by utilizing chimeric toxins and specific antibodies, we identified that the CROPs of
TcdA plays a crucial role in controlling the InsPg-mediated activation of CPD and autocleavage of
GTD. Our data provides insights on the molecular mode of action of the C. difficile toxins.
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1. Introduction

Clostridium difficile infection is the leading cause of antibiotic associated diarrhea for the
past decade in North America and Europe. Two large exotoxins, TcdA (308 kDa) and TcdB
(269 kDa) are the primary virulence factors of the disease. The two proteins are homologous
to each other and have a similar domain structure containing at least four functional domains
[1-3]: the N-terminus glucosyltransferase domain (GTD), a cysteine protease domain
(CPD), a putative translocation domain, and a C-terminus receptor binding domain (RBD,
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also known as combined repetitive oligopeptides or CROPs). The CPDs of TcdA and TcdB
autocleave and release their GTDs upon binding of allosteric cofactors inositol hexakis and
heptakisphosphate (InsPg and InsP7) [4-6], a process that is important but not required for
the cytotoxicity of the toxins [7, 8].

Although TcdA and TcdB share a similar CPD structure and conserved InsPg-induced
activation mechanism [9], the two toxins differ significantly in efficiency to undergo
autoprocessing. InsPg-induced autoprocessing of TcdB holotoxin has been fully
demonstrated in several studies [5, 6, 10, 11]. On the contrary, few reports showed only
autoprocessing of full-length of TcdA in the presence of both InsPg and DTT [8, 12, 13].
Since dithiothreitol (DTT) alone can trigger the autocleavage of TcdA [14], it is unknown
whether TcdA holotoxin is sensitive to InsPg-induced autoprocessing. On the other hand, a
fully autoprocessing was reported in C-terminus-truncated TcdA [8] or CPD fragment of
TcdA containing the cleavage site [15]. The molecular mechanism underlying the
insensitive of TcdA to InsPg-mediated autocleavage is unknown but a recent study indicates
that CROPs may play some roles [12].

In this study, we found that a chimeric TcdB bearing the full-length of receptor binding
domain (RBD) or CROPs from TcdA was no longer sensitive to InsP6-induced
autoprocessing. Monoclonal antibodies that specifically bind to CROPs of TcdA
significantly enhanced the InsP6-mediated autocleavage and the release of its GTD. Our
study thus provided evidence that the C-terminus CROPs from TcdA affect the toxin’s
autoprocessing and understanding on inter-domain interaction that may affect the molecular
mechanism of toxin action.

2. Materials and Methods

2.1. C. difficile wild type toxins and chimera TxB-Ar

The generation and purification of recombinant wild type TcdA and TcdB were reported
previously. The molecular cloning and purification of chimera TxB-Ar were as previously
described [16]. The highly purified recombinant toxins that appeared as a single band on an
SDS-PAGE gel were used in this study. Western blot was performed to detect various
domains of toxins using mouse poly- and mono-clonal antibodies that were reported
previously [17, 18]. These antibodies are: a-TcdA and a-TcdB-1 are antibodies respectively
against C terminus of TcdA and TcdB (BioDesign Inc.); a-TcdB-I11 is alpaca serum raised in
the lab which is against full length of TcdB; monoclonal mouse antibody A1E6 raised in the
lab recognizes the whole C terminus RBD of TcdA.

2.2. Cell lines and toxicity assay

The African green monkey kidney Vero cell line and mouse intestine carcinoma CT26 cell
line were obtained from American Type Culture Collection (ATCC). Cells were maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate. The
cytopathic/cytotoxic effects of toxins on cultured cells were assessed by cell rounding assays
[16]. Vero or CT26 cells seeded in 96-well plates were treated with either wild type toxins
or the chimera. Cell rounding was visualized by phase-contrast microscopy. Each toxin
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concentration was tested in triplicate for overall cell rounding, and the experiments were
repeated three times. The glucosyltransferase activity was measured by detecting the
glucosylation of Racl of Vero cells after toxin exposure as described previously [7, 19].
Vero cells seeded in 24-well plates were incubated with various doses of toxins for 4 hours.
Then, cell pellets were collected and lyzed by SDS-loading buffer and heating at 95 °C for 5
minutes. Non-glucosylated Racl was detected by immunoblot. f-actin was using as an equal
loading control.

2.3. InsPginduced autoprocessing

TcdB and TxB-Ar were diluted in 20 uM Tris (pH 7.0) buffer to a concentration of 10 ng/uL
in a final volume of 20 pL. Autoprocessing was initiated by the addition of 25 UM InsPg.
Following incubation at 37 °C for 1 hour, the reactions were stopped by SDS sampling
buffer and analyzed by Western blot using a VyH antibody E3 against GTD of TcdB [18].
Autoprocessing of TcdA induced by 100 uM InsPg in 20 mM HEPES (pH8.0) in the
presence or absence of 20 ng/uL of individual anti-CROPs of TcdA monoclonal antibodies
or their mixture (20 ng/uL each) at 37 °C for 1 hour. These antibodies included mouse
monoclonal antibody A1H3 and A1E6 [20], VyH antibodies AB8, A11G, AE1, AC1 and
A3H [18]. An anti-GTD of TcdA VyH AH3 was used to detect the cleaved GTD fragment
in a western blot [18]. All the antibodies used in this experiment were generated in this
laboratory [18, 20].

2.4. AWP19 labeling

For CPD-activity based-labeling, 0.1 pg/uL of TcdB or TxB-Ar was incubated with different
doses of AWP19 in 20 uM pH 7.0 Tris buffer in the presence of 25 uM InsPg at 37 °C for 1
hour. Carboxytetramethylrhodamine (TAMRA) labeled and non-fluorescent AWP19 [21]
were gifts from Dr. Aimee Shen (University of Vermont). The reaction was terminated with
heating at 95 °C for 5 minutes in SDS-loading buffer. Samples were separated by 4-20%
SDS-PAGE. AWP19-TAMRA labeled bands were detected using a G-Box Chemi
(Syngene) with Green LED lights (520-550 nm) and UV06 filter (572-625nm ban pass).
Coomassie blue staining was used to visualize total amount of loaded proteins and cleaved
fragment.

3. Results

3.1. Structure and activity of chimera TxB-Ar

The chimera TxB-Ar is TcdB with its intact CROPs replaced by that from TcdA (Figure 1A)
with a molecular weight of 300 kDa. TxB-Ar was recognized by antibodies against the
CROPs of TcdA (a-TcdA and ALE6) but not antibody against the CROPs of TcdB (a-
TcdB-I) (Figure 1B). TxB-Ar was also recognized by the poly-serum against full-length
TcdB (aTcdB-11). TXB-Ar is less potent than TcdB in inducing cell rounding in either Vero
(Figure 1C) or CT26 cells (Figure 1D), but comparable to TcdA. We further examined Racl
glucosylation of Vero cells after exposure to the chimeric and wild type toxins. Consistent
with the results of cytotoxicity assay, TcdA or TxB-Ar at 100 ng/mL was able to cause
glucosyltation of most Rac1 whereas TcdB at 1 ng/mL induced a similar Racl glucosylation
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(Figure 1E). Furthermore, TxB-Ar is proinflammatory and capable of inducing TNF-a
production by DCs [16]. These data indicate that TxB-Ar is a fully functional toxin.

3.2. InsPg induced autoprocessing of TxB-Ar is abolished

Since TxB-Ar is fully functional and has intact GTD and CPD as wild type TcdB, we expect
that the chimera acts similarly as TcdB in response to InsPg exposure. In the presence of
InsPg, TcdB efficiently released its GTD after 10 min of incubation (Figure 2A).
Surprisingly, the autoprocessing and releasing GTD from TxB-Ar were not detectable even
after 60 min of InsPg incubation (Figure 2A). Furthermore, a fluorescent probe AWP19 that
mimics the substrate and specifically binds to the enzymatic pocket of TcdB cysteine
protease [10, 21, 22] failed to bind to TxB-Ar whereas a dose-dependent binding showed in
wild type TcdB, suggesting CPD activity sites of TxB-Ar were not accessible to its substrate
(Figure 2B upper panel). As the result, the autocleavage and release of GTD from TcdB was
inhibited by AWP19 in a dose-dependent manner whereas no autocleavage was seen in any
conditions tested for TxB-Ar (Figure 2B lower panel).

3.3. Antibody binding to the CROPs affect autoprocessing of TcdA

The results that chimera TxB-Ar did not undergo detectable autoprocessing in response to
InsPg exposure prompt us to investigate the potential interaction of the CROPs from TcdA
with the CPD thus affect the autoprocessing of the toxin. To test this hypothesis, we utilized
a panel of antibodies specifically recognizing CROPs from TcdA [18, 20]. As shown in
Figure 3, wild type TcdA underwent autoprocessing in response to InsPg treatment and the
GTD fragment was clearly detected when the toxin was incubated with ALE6, ABS, or the
antibody mixture containing all the tested antibodies. A1H3, A11G, and A3H antibodies
seemed to have partial effects whereas antibodies AE1 and AC1 had no detectable effects on
triggering the autoprocessing of TcdA holotoxin. These data demonstrated that antibodies
specific to CROPs of TcdA rendered the toxin sensitive to InsPg-induced autocleaveage,
suggesting that the CROPs domain at the C-terminus of TcdA affects the function of CPD
by blocking InsPg-mediated activation of the CPD and the subsequent autocleavage and
release of N-terminal GTD fragment.

4. Discussions

The cysteine protease domains of TcdA and TcdB have been identified to mediate InsPg-
induced autocleavage and release GTDs [6, 8, 14]. However, unlike TcdB, TcdA is highly
resistant to InsPg-mediated autoprocessing while the two toxins share structurally similar
CPDs and the same mechanism of InsPg-induced activation [8, 12, 14]. In this study, we
found that the full-length RBD containing CROPs of TcdA regulates the InsPg-mediated
activation of CPD and autocleavage of its GTD. Our data provides insights on the molecular
mode of action of the C. difficile TcdA and TcdB.

To study whether other domains of the toxins affect InsPg-mediated autoprocessing, we
compared the autocleavage and release of GTD from wild type TcdB and chimeric TcdB
bearing the CROPs (TxB-Ar) from TcdA. We found that the chimera TxB-Ar was
insensitive to InsPg exposure, suggesting that the CROPs from TcdA may affect the InsPg-
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mediated CPD activation. To confirm whether this can be a potential mechanism underlying
the insensitivity of wild type TcdA to InsPg-mediated activation, we exposed TcdA with a
panel of monoclonal antibodies that binds to the CROPs of the toxins while treating with
InsPg. Our results showed that the binding of specific antibodies to the CROPs of TcdA
allowed the InsPg-mediated activation of CPD and subsequently autoprocessing and release
GTD of the toxin.

Crystal structure studies revealed that InsPg binding to both TcdA and TcdB could markedly
shift the inactive CPD to an active and stable form exposing catalytic residues and
intramolecular substrate docking [15, 22]. Thus, InsPg treatment allows a fluorescent probe
AWP19 mimicking CPD substrate to covalently modify the catalytic cysteine 698 residue of
TcdB CPD [22]. The fact that TxB-Ar could not be labeled by AWP19 suggested that the
protein was somehow folded to enclose the catalytic residues even in the presence of InsPg,
indicating that the CROPs from TcdA might either affect InsPg binding or the access of
AWP19 to the CPD of TcdB.

In this study, the chimeric toxin TxB-Ar failed to efficiently undergo autocleaveage in the
presence of InsPg, suggesting that CROPs from TcdA may affect CPD-mediated
autoprocessing. Previously, Genisyuerek et al found a TcdB chimera with its C-terminus
replaced by the receptor-binding domain of diphtheria toxin (DTRD) can efficiently undergo
autoprocessing in the presence of InsPg [23], thus the suppression of the autoprocessing in
TxB-Ar may be specific to the CROPs from TcdA. Most recently, Olling et al. [12] reported
a similar chimeric toxin as TcdB1-1852.T¢cdA1875-2710 ynderwent autoprocessing induced by
InsPg in the presence of DTT at a concentration alone can sufficiently induce autoprocessing
of either TcdA or TcdB [14]. In addition, the CROPs from Olling et al study is shorter than
TxB-Ar (TcdA849-2710) jn our study which may also account for its inability to block
autoprocessing of the chimeric toxin.

To investigate whether the CROPs of TcdA indeed affect the holotoxin’s autoprocessing, we
utilized a panel of monoclonal antibodies that recognize the CROPs of TcdA. The binding of
several antibodies to CROPs, especially A1E6 and ABS, led to a significant increase of
autocleavage and release of TcdA GT fragment in the presence of InsPg. Other antibodies
such as AC1 that also bind to the CROPs but have no effects on CPD autoprocessing,
suggesting that the interaction of CROPs with CPD or cleavage sites may be specific. The
future study to identify the exact binding epitopes of these monoclonal antibodies may help
us to elucidate the precise regions that affect CPD autoprocessing.

It is unclear how exactly the CROPs affect autoprocessing of TcdA. Negative stain EM
showed a two-tailed structure of the two toxins [24]. One tail is corresponding to CROPs
while the other is N-terminal GTD and CPD. The two tails are spatially adjacent to each
other. Compared with TcdB, TcdA has longer CROPs that seems to interact with the
glucosyltransferase (1-542) or intermediate (1102-1847) domain of TcdA [12]. It is likely
that the long CROPs from TcdA may block the binding sites of InsPg, subsequently
abolishing conformational reorganization and CPD activation induced by InsPg [21]. The
other potential mechanism is that the CROPs does not affect the InsPg binding but the
cleavage. CROPs from TcdA may interact CPD catalytic residue(s) or affect the access of
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substrate to the cleavage pocket. In the future studies, it is important to elucidate the exact
mechanism that the CROPs of TcdA affects the toxin’s autoprocessing. Given our recent
finding that CPD-mediated autoprocessing is not necessary for cytotoxicity of TcdB to
cultured cells [7, 8], further study is needed to reveal the physiological importance of the
differential regulation of CPD-mediated autoprocessing between these two toxins in relevant
animal disease models.

In summary, we reported new evidence to support the potential functional inter-domain
regulation in C. difficile toxins that the CROPs of TcdA may regulate CPD autoprocessing
function. Our finding provides insights on the molecular mode of action of Clostridium
difficile toxins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

St?ucture and activities of the chimera TxB-Ar. (A) Domain structure of TxB-Ar. TxB-Ar is
TcdB with its the C-terminus CROPs replaced by the full-length CROPs from TcdA. (B)
Western blot analysis of TxB-Ar. Western blot was performed to detect the domains of
TcdA, TcdB, and TxB-Ar with various antibodies. Lane 1: TcdA, Lane 2: TcdB, and Lane
3: TxB-Ar. (C, D): Cytopathic effects of the chimera TxB-Ar, TcdA, or TcdB to Vero cells
(C) or CT26 cells (D). The serially diluted toxins were applied to the sub-confluent cells for
16 hours. The percentage of rounding cells was examined under a phase contrast
microscope. The experiments were performed three times and error bars indicate the
standard error of mean (SEM). (E) Vero cells were incubated with the indicated doses of the
toxins for 4 hours. Cells were collected and lysed by SDS sampling buffer for western blot
to detect Racl glucosylation.
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Fig. 2.

Autoprocessing of chimera TxB-Ar. (A) InsPg induced autoprocessing of TcdB and TxB-Ar.
10 ng/uL of TcdB or TxB-Ar was incubated in the reaction buffer containing 25 uM InsPg at
37 °C for the indicated time. The reaction was terminated by SDS-sampling buffer and
heating at 95 °C for 5 min. A VyH antibody (E3) against the GTD of TcdB was used for
western blot analysis. (B) CPD conformational change probed by fluorescent AWP19. TcdB
(0.1 pg/pL) was incubated with the indicated doses of AWP19 in 20 uM pH8.0 Tris buffer
containing 25 pM InsPg at 37 °C for 1 hour. The reactions were stopped by SDS sampling
buffer and the samples were loaded on a SDS-PAGE. Fluorescence was measured using G-
Box Chemi system and the total proteins were visualized on the gel after coomassie blue
staining. The arrow indicates the cleaved GTD fragment.
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Fig. 3.
Antibody interference with the autoprocessing of TcdA. TcdA was incubated with different

antibodies and their mixture at 37°C for 1 hour in autoprocessing reaction buffer containing
25 UM InsPg. The reaction was terminated by SDS-sampling buffer and heated at 95 °C for

5 min. Western blot was performed for detecting cleaved GTD fragment from TcdA using a
GTD-specific VyH antibody AH3.
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