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TcdB is one of the key virulence factors of Clostridium difficile that is responsible for causing serious and potentially fatal colitis.
The toxin contains at least two enzymatic domains: an effector glucosyltransferase domain for inactivating host Rho GTPases
and a cysteine protease domain for the delivery of the effector domain into host cytosol. Here, we describe a novel intrabody ap-
proach to examine the role of these enzymes of TcdB in cellular intoxication. By screening a single-domain heavy chain (VHH)
library raised against TcdB, we identified two VHH antibodies, 7F and E3, that specifically inhibit TcdB cysteine protease and
glucosyltransferase activities, respectively. Cytoplasmic expression of 7F intrabody in Vero cells inhibited TcdB autoprocessing
and delayed cellular intoxication, whereas E3 intrabody completely blocked the cytopathic effects of TcdB holotoxin. These data
also demonstrate for the first time that toxin autoprocessing occurs after cysteine protease and glucosyltransferase domains
translocate into the cytosol of target cells. We further determined the role of the enzymatic activities of TcdB in in vivo toxicity
using a sensitive systemic challenge model in mice. Consistent with these in vitro results, a cysteine protease noncleavable mu-
tant, TcdB-L543A, delayed toxicity in mice, whereas glycosyltransferase-deficient TcdB demonstrated no toxicity up to 500-fold
of the 50% lethal dose (LD50) when it was injected systemically. Thus, glucosyltransferase but not cysteine protease activity is
critical for TcdB-mediated cytopathic effects and TcdB systemic toxicity, highlighting the importance of targeting toxin gluco-
syltransferase activity for future therapy.

Clostridium difficile is an anaerobic Gram-positive bacterial spe-
cies that can induce serious and potentially fatal inflammatory

disease of the colon and is the most prevalent cause of antibiotic-
associated diarrhea and pseudomembranous colitis in nosocomial
settings (1, 2). Disease in patients with C. difficile infection is
strongly associated with the two exotoxins, TcdA and TcdB (3).
Both toxins are large, homologous single-chain proteins that con-
tain at least four distinct domains (4–6): the N terminus glucosyl-
transferase domain (GTD), a cysteine protease domain (CPD), a
translocation domain (TD), and a C terminus receptor binding
domain (RBD; also known as combined repetitive oligopeptides,
or CROPs). A recent study suggests that there might also be an
additional receptor binding region besides the N-terminal CROP
region (7) although the specific region has yet to be identified.
Both toxins exert cytopathic effects that include cell rounding af-
ter disruption of the actin cytoskeleton and tight junctions in hu-
man colonocytes (8, 9). Toxin exposure may also trigger potent
cytotoxic and inflammatory effects leading to mucosal cell death,
diarrhea, and colitis associated with C. difficile infections (10, 11).
TcdB appears to be more clinically relevant for C. difficile viru-
lence as it is invariably associated with clinically isolated patho-
genic strains (12–14). The high potency of TcdB is attributed in
part to the efficient enzymatic activities of its GTD and CPD do-
mains (15, 16).

The exact method of toxin entry into target cells remains un-
known, but a molecular model of the toxin mode of action is
emerging (17). Initially, the CROPs are thought to bind to some
unknown molecules on the cell surface, facilitating toxin entry
into cells via receptor-mediated endocytosis (18–20). Once the
endosome is acidified, the toxins undergo a conformational
change (21), inserting the transmembrane region into the endo-
somal membrane and translocating the CPD and GTD into the

cytosol (22, 23). Finally, the cysteine protease self-cleaves the
GTD, releasing it from the rest of the toxin (24, 25). Once in the
cytosol, free GTD inactivates Rho GTPases, leading to the intoxi-
cation of host cells and resulting in cell rounding and apoptosis (8,
11, 26, 27). Evidence that GTD release into the cytoplasm is me-
diated by CPD activity is largely based on in vitro studies. This
autoproteolytic activity in TcdA and TcdB is mediated by alloste-
ric cofactors, inositol hexakis- and heptakisphosphate (InsP6 and
InsP7) (24, 28, 29). We along with others have demonstrated using
cysteine protease activity-deficient TcdB mutants, as well as a
noncleavable TcdA or TcdB, that blocking the release of GTD into
the host cell cytosol delays, but does not prevent, the cytopathic
and cytotoxic activities of TcdA or TcdB (30, 31). Kim et al. re-
ported glucosyltransferase-independent disruption of focal adhe-
sion formation (32) and production of reactive oxygen species
(33) in colonocytes induced by TcdA. Most recently, several stud-
ies have indicated that neither the CPD nor GTD enzymatic activ-
ities of TcdB are required for cellular intoxication at high toxin
doses (34–36), whereas the hydrophobic region in the transloca-
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tion domain and GTD are important for the rapid induction of
cell death (37, 38). These studies utilize toxin mutagenesis, which
is well known to alter protein active-site specificity or conforma-
tional integrity (39). More importantly, clinical relevance of toxin
mutants needs to be validated in animal disease models.

VHHs are characterized as a class of functional variable heavy-
chain immunoglobulins that lack light chains and are produced by
camelid animals, such as alpacas (40, 41). The VH regions of these
VHHs are similar to conventional VH domains but have unique
sequence and structural characteristics. VHHs are small (�15
kDa), easy to produce and manipulate genetically, and generally
more stable than conventional antibody (Ab) fragments (42–44).
VHHs bind to antigen targets with an affinity equivalent to con-
ventional IgG heavy chain-only antibody fragments (45). Because
of their small size, VHHs are often found to have unusual epitope
specificities, particularly an improved capability to bind to active-
site pockets in enzymes in order to inhibit their functions (46, 47).
VHHs have been reported in the treatment of toxin-mediated dis-
ease (48, 49). VHHs against the two C. difficile toxins have also
been generated which possessed toxin-neutralizing activity (42,
50) and potent therapeutic efficacy against fulminant C. difficile
infection (51).

In this study, we explored the potential of using VHHs to in-
vestigate the virulence role of the TcdB enzymatic machinery. We
performed library screening and identified novel VHHs that spe-
cifically inhibit glucosyltransferase activity and CPD-mediated
autoprocessing of wild-type TcdB. By utilizing these VHHs as in-
trabodies, we demonstrated that while inhibition of either enzy-
matic activity in TcdB attenuated its toxicity, glucosyltransferase
was crucial in mediating such cytopathic responses, whereas CPD-
mediated autoprocessing regulates the potency of the toxin activ-
ity. Moreover, in a systemic toxemia model we found that the
toxin glucosyltransferase activity, but not that of cysteine pro-
tease, was an absolute necessity for the systemic toxicity of TcdB in
mice.

MATERIALS AND METHODS
Ethics statement. This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. All animal experiments per-
formed in this study were reviewed and approved by the IACUC commit-
tee at Tufts University Cummings School of Veterinary Medicine
(protocol 2008-GR20) or at the University of Maryland School of Medi-
cine (protocol D120301).

C. difficile toxins, immunogens, and immunization. Bioactive full-
length recombinant TcdB (52) and glucosyltransferase-deficient mutant
aTcdB (TcdB-W102A D288N) (53) were purified using His tag affinity
chromatography as described previously (52). Adult male and female al-
pacas were immunized with purified recombinant aTcdB (50 to 100 �g)
subcutaneously up to five times at intervals of no less than 3 weeks with
alum adjuvant (with CpG in the primary immunization). Blood samples
were collected prior to each immunization for IgG titer determination.
Five days after the final boost, peripheral blood lymphocytes (PBLs) were
harvested.

Construction and screening of the VHH library. The VHH library
generated from PBLs obtained from aTcdB-immunized alpacas has been
described previously (51). Panning for VHH-displayed phage was
achieved by pulldown methods using biotinylated TcdB. TcdB was bio-
tinylated using a Pierce EZ-Link NHS-PEG4 Biotin kit (Pierce Biotech-
nology, Rockford, IL) per the manufacturer’s instructions. For panning,
biotinylated toxin was incubated with 50 �l of phage library in 4% dry
milk in phosphate-buffered saline (PBS) for 1 h, followed by incubation

with streptavidin beads preblocked with 4% dry milk in PBS for 30 min.
Beads were washed 10 times with PBS, phages were eluted with 0.2 M
glycine (pH 2.4), and the buffer was neutralized with 1 M Tris-HCl (pH
7.4). Three decreasing concentrations of toxin (from 500 ng to 6.2 ng)
were used in successive panning cycles to increase the stringency of selec-
tion for toxin binding. Eluted phages were then used to infect bacteria
(Escherichia coli ER2738), which were plated on LB-ampicillin-tetracy-
cline plates. Phage clones were screened for binding by enzyme-linked
immunosorbent assay (ELISA) against wild-type TcdB. Unique VHH
clones displaying the strongest ELISA results were sequenced and ex-
pressed as described below.

VHH expression and purification. Selected VHH coding sequences
were cloned into the pET32b expression vector (Novagen) for cytosolic
expression of VHHs fused to thioredoxin in E. coli Rosetta-gami 2(DE3)/
pLacI (Novagen). VHH monomers contain a carboxyl-terminal epitope
tag (E tag) for detection and a hexahistidine tag (His tag) for purification.
The E. coli culture pellet (from 100 ml of culture) was resuspended in 5 ml
of lysis buffer, and cells were disrupted by a One-Shot cell disruptor (Con-
stant Systems, Kennesaw, GA). The supernatant was passed through a
0.2-�m-pore-size sterile syringe filter (VWR) before being passed
through a nickel-charged Hi Trap chelating high-performance column
(GE Healthcare). Purification of recombinant His-tagged VHHs from
bacterial lysate was performed by Ni-affinity chromatography.

Identifying VHHs binding to native GTD from TcdB. To screen for
GTD-binding VHHs, the chimeric toxin TxA-Bgt consisting of the GTD of
TcdB and the CPD, TD, and RBD from TcdA was generated. To generate
the chimera TxA-Bgt, a unique BamHI site was introduced in between the
GTD and CPD without changing the sequence of amino acids in both
pHis-TcdA and pHis-TcdB by overlap PCR. The gene encoding GTD of
TcdB was introduced into pHis-TcdA through BsrGI/BamHI digestion to
generate the plasmid pHis-TxA-Bgt. The plasmid was used to transform
Bacillus megaterium, and TxA-Bgt was expressed and purified using meth-
ods described previously (52). TxA-Bgt is fully cytotoxic to CT26 cells,
indicating that the protein contains a functional GTD from TcdB. Puri-
fied VHHs were screened against TxA-Bgt using standard ELISA. Specific
binding of the VHHs against GTD was further verified by immunoblotting
against autoprocessed TcdB in the presence of InsP6 as described below.

InsP6-induced autocleavage of toxins. InsP6-induced autocleavage of
toxins was carried out as described previously (29, 54). TcdB was diluted
in 10 mM Tris (pH 7.5) buffer to a concentration of 10 �g/ml in a final
volume of 20 �l in the presence or absence of VHHs (10 �g/ml). The
reaction was initiated by addition of InsP6 (10 �M), and the mixture was
incubated for 2 h. Reactions were stopped by the addition of 5 �l of 5�
SDS sample buffer, and products were analyzed by standard Western blot-
ting using VHHs or alpaca anti-TcdB polyclonal antibodies (generated in
this laboratory) or anti-E tag antibodies to visualize VHHs.

Glucosyltransferase activity of toxins. GTD activity of TcdB was
measured by the ability of GTD to glucosylate Rho GTPase Rac1 in a
cell-free assay (30, 54). For this assay, the cytosolic fractions of Vero cells
were incubated with TcdB (10 �g/ml) or TcdB plus VHH (100 �g/ml) at
37°C for 30 min. The reaction was terminated by the addition of SDS
sample buffer and heating the mixture at 100°C for 5 min before the
product was loaded onto a 12% SDS-PAGE gel. An antibody that specif-
ically recognizes the nonglucosylated form of Rac1 (clone 102; BD Biosci-
ence) was used to assess Rac1 glucosylation in a standard Western blot
analysis. Anti-�-actin (clone AC-40; Sigma) antibody was also used to
detect �-actin as a loading control.

ELISAs. For ELISAs, plates were coated with 0.5 �g/ml of TcdB over-
night at 4°C. Plates were blocked with 5% milk (100 �l/well) in PBS and
incubated with serial dilutions of antibodies (VHH Abs or VHH plus pep-
tide at 100 �l/well; concentrations as indicated in the figure legends) in
PBS– 0.1% (vol/vol) Tween 20 (PBST) at room temperature (RT) for 1 h.
The plates were washed with PBST and incubated with a goat anti-E tag-
IgG-horseradish peroxidase (HRP) conjugate (Bethyl Laboratories,
Montgomery, TX) at RT for 1 h for VHH titration. After three washes with
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PBST, TMB (3,3=,5,5=-tetramethylbenzidine) substrate (100 �l/well; KPL,
Gaithersburg, MD) was added to each well for 5 min. The reaction was
stopped by the addition of 50 �l/well 1 M H2SO4 and read on a Bio-Rad
plate reader (Hercules, CA) at 450 nm. Reported values are representative
of three independent experiments.

Cytopathic effect and cytotoxicity. Human ileocecal adenocarci-
noma cell line HCT-8 and African green monkey kidney Vero cells
(ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen, Carlsbad, CA) with 10% fetal bovine serum, 1
mM sodium pyruvate, 2 mM L-glutamine, 100 U/ml penicillin, and 40
�g/ml streptomycin sulfate. Cytopathic assays were carried out as previ-
ously described (53). Serially diluted VHHs and toxins were premixed
using toxin at a concentration of 0.2 ng/ml before being added to each
well, and cell rounding was measured by phase-contrast microscopy. Cy-
totoxicity of Vero cells was measured by a lactate dehydrogenase (LDH)
cytotoxicity kit (Pierce) according to the manufacturer’s instructions.
Vero cells were exposed to wild-type TcdB, autoprocessing mutant TcdB-
L543A, or glucosyltransferase-deficient TcdB-W102A D288N at either 10
or 1 ng/ml for different days before the supernatant was harvested for
LDH assays.

Intracellular expression of VHH intrabodies and inhibition of cellu-
lar intoxication. To express functional VHHs in the cytosol of host cells,
red fluorescent protein (RFP)-VHH fusions were constructed within
pCS2-mRFP-N3 vectors (Addgene). Vero cells were transfected with 4 �g
of pCS2-mRFP-VHH fusion plasmids using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. Empty pCS2-
mRFP-N3 plasmid vectors were used as a control. Transfected Vero cells
were incubated for 24 to 48 h, RFP expression was determined by fluores-
cence microscopy, and VHH expression from cytosolic fractions was an-
alyzed by Western blotting and ELISA. To test whether intrabody activity
can block cytopathic effects in cells, Vero cells transfected with VHH vec-
tors were incubated with TcdB (1 ng/ml), and cell rounding was analyzed
as described above. In some experiments, cells were exposed to an auto-
processing-deficient mutant, TcdB-L543A (kindly provided by Aimee
Shen, University of Vermont), at 10 ng/ml before cell rounding was ana-
lyzed. Cell rounding in both transfected and nontransfected cells was
quantitated as described previously (30).

Systemic challenge of mice with purified toxins. Six-week-old CD1
mice were purchased from Jackson Laboratory (MI, USA) and housed in
a dedicated pathogen-free facility. Mice were handled and cared for in
accordance with Institutional Animal Care and Use Committee guide-
lines. For systemic challenge, purified wild-type TcdB, TcdB-L543A, and
aTcdB (TcdB-W102A D288N) in PBS were injected intraperitoneally into
mice at either 20 ng or 100 ng per mouse for TcdB and TcdB-L543A and at
10 �g per mouse for aTcdB. Control mice were injected with PBS only.
Five mice were used per group and were closely monitored for signs of
systemic disease as described previously (55), and moribund animals were
sacrificed.

Statistical analysis. Data were analyzed by Kaplan-Meier survival
analysis with a log rank test of significance, analysis of variance (ANOVA),
and one-way (ANOVA) followed by Bonferroni posttests using the Prism
statistical software program. Results are expressed as means � standard
errors of means. A P value of �0.05 was regarded as indicating a signifi-
cant difference between groups.

RESULTS
VHHs 7F and E3 bind to GTD of TcdB. In order to identify and
characterize VHHs that inhibit C. difficile toxin enzymatic activi-
ties, we generated a TcdB-specific VHH phage library and screened
for VHHs that bound strongly to functional domains of the toxin
(51). The VHHs were overexpressed in E. coli, purified, and further
analyzed for domain-specific binding efficiency (51). A chimeric
toxin, TxA-Bgt, was generated that consisted of the GTD of TcdB
(amino acids [aa]1 to 543) with the rest of the domains derived
from TcdA. TxA-Bgt was fully cytotoxic, with activity similar to

that of the wild-type TcdA in cultured Vero cells, suggesting that it
has a native form of GTD. We identified four VHHs (5D, E3, 7F,
and C6) (51) that bound with high affinity to TxA-Bgt; two clones,
7F and E3, showed selective binding to TcdB, but not TcdA, by
ELISA (Fig. 1A and B). Western blot analysis confirmed that 7F
and E3 bound specifically to the TcdB GTD domain because both
of the antibodies recognized the full-length toxin (270 kDa; aa 1 to
2366) and the inositol hexakisphosphate (InsP6)-GTD cleavage
fragment (63 kDa; aa 1 to 543) but not the C-terminal fragment
lacking the GTD (207 kDa; aa 544 to 2366) (Fig. 1C). Thus, the
binding epitopes for VHHs 7F and E3 are contained within the
GTD of TcdB.

7F and E3 inhibit TcdB-induced Rac glucosylation and auto-
cleavage, respectively. TcdB exerts its cytopathic effects via glu-
cosylation of Rho family GTPases in the cytoplasm in a GTD-
dependent manner (8, 26). To analyze whether VHH binding to
GTD interferes with this critical step in cellular intoxication, both
E3 and 7F were assessed for inhibiting activity in a cell-free Rac1
glucosylating assay. Wild-type TcdB induced Rac1 glucosylation
in Vero cell lysates (Fig. 2A). This activity was inhibited by addi-
tion of E3 but not by 7F or the other VHHs tested (Fig. 2A). We
next studied whether InsP6-mediated autoprocessing of TcdB is
inhibited by VHH addition. Western blot analysis demonstrated
that InsP6 induced TcdB autocleavage, with release of the 63-kDa
GTD from the full-length toxin, whereas addition of 7F abolished
this autocleavage (Fig. 2B). E3 did not block this autocatalytic
cleavage (Fig. 2C). Thus, 7F and E3 specifically inhibit CPD-me-
diated autocleavage and glucosyltransferase activity, respectively.
We utilized these VHH tools to study the importance of GTD and
CPD enzymatic activities in cellular intoxication.

7F binds to an amino acid sequence of GTD directly adjacent
to the CPD cleavage site. Because 7F shows binding specificity to
the GTD of TcdB yet inhibits autoprocessing activity associated
with the toxin’s cysteine protease domain, we further investigated
the mechanism of autocleavage inhibition. In silico studies of 7F
binding epitopes on TcdB predicted antibody binding in a GTD
region immediately adjacent to the CPD cleavage site between aa
543 and 544 (56). To test this, we synthesized the peptide SFDDA
RAKAQFEEYKRNYFEGSL consisting of TcdB aa 520 to 543 and
measured this for specific binding to 7F by ELISA. As a control we
used peptide NDFNTTTNTFIDSIMAEA consisting of TcdB aa
422 to 439. As shown in Fig. 2D, 7F bound to aa 520 to 543 in a
dose-dependent fashion, whereas the control VHH 5D that also
binds GTD (51) did not. Neither 7F nor 5D bound to the control
peptide, aa 422 to 439 (Fig. 2D), suggesting that the binding of 7F
to aa 520 to 543 is specific. Epitope specificity was further con-
firmed by competitive peptide inhibition of 7F binding to TcdB
(Fig. 2E). The specific (aa 520 to 543) or control (aa 422 to 439)
peptide was added to 7F and control VHH 5D before the peptides
were analyzed for specific binding to TcdB by ELISA. The peptide
consisting of aa 520 to 543 significantly reduced 7F binding,
whereas it had no effect on 5D-specific binding to TcdB. As
expected, the control peptide consisting of aa 422 to 439 had no
inhibitory effects on the binding of either 7F or 5D to TcdB.
These data demonstrate that 7F does not inhibit cysteine pro-
tease activity directly, but binding to the toxin region directly
adjacent to the CPD autocleavage site prevents autoprocessing
and release of free GTD.

Expressing functional intracellular VHHs (intrabodies). Be-
cause both 7F and E3 have the capacity to inhibit the functional

Li et al.

504 iai.asm.org February 2015 Volume 83 Number 2Infection and Immunity

http://iai.asm.org


consequences of the two respective enzymatic domains of TcdB,
we tested whether the VHHs could be expressed as intrabodies
within the cytosol of host cells to study the intracellular mode of
toxin action. To demonstrate that both 7F and E3 are functionally
expressed within the cytosol of target cells, RFP-VHH fusion vec-
tors were transiently transfected into Vero cells. Cells were lysed,
and cytosolic fractions were tested for VHH binding to TcdB. Cy-
tosolic fractions from 7F-, C6-, and E3-transfected cells showed
dose-dependent binding to TcdB but not to TcdA by ELISA (Fig.
3A). Intact VHHs accumulated at equivalent levels in these respec-
tive cytosolic fractions when expressed in Vero cells (Fig. 3B).
More importantly, both E3 and 7F intrabodies significantly re-
duced TcdB-induced Rac 1 glucosylation, whereas control intra-
bodies 5D and C6 had no inhibitory effect (Fig. 3B and C). Thus,
VHHs can be successfully transfected to produce neutralizing in-
trabodies in cultured cells that are sensitive to TcdB intoxication.

7F delays TcdB cytopathic activity by inhibiting toxin auto-
processing. To examine whether inhibition of TcdB enzymatic
functions prevents intoxication, both HCT-8 and Vero cells were
transiently transfected with either 7F, E3, or GTD-specific VHH
control (C6 and 5D) fusion plasmids before exposure to 1 ng/ml
TcdB. Because the VHH fusion plasmids also contain functional
red fluorescent protein (RFP), fluorescent and phase-contrast mi-
croscopy images were simultaneously recorded, and cytopathic
effects of TcdB were quantified in transfected (white/red cells) and
nontransfected (dark) cells in the same toxin-exposed wells (Fig.
4). In control experiments without TcdB exposure, no aberrant
cell morphology resulted from transfection with intrabodies (Fig.
4A, B, and C). Following intoxication, TcdB rapidly induced cell
rounding in C6- or 5D-transfected and nontransfected Vero con-

trol cells (Fig. 4A). In contrast, cytopathic effects were not re-
corded in cells successfully transfected with 7F or E3, whereas
nontransfected cells in the same wells rounded (Fig. 4A).

We have recently reported that blockage of GTD autoprocess-
ing as a result of toxin mutagenesis delays but does not completely
inhibit TcdB cytopathic effects (30). To examine whether cell cy-
totoxicity is similarly delayed after inhibition of toxin autocleav-
age by 7F intrabody, we monitored cell rounding in VHH-trans-
fected cells with time after TcdB intoxication (Fig. 4B, C, and D).
Nontransfected and VHH 5D-transfected HCT-8 and Vero cells
began rounding within 40 min, with virtually all cells showing
cytopathic effects by 1.5 h (Fig. 4B and C). In contrast, cells trans-
fected with 7F intrabody did not show any cell rounding until 1.5
to 2 h after TcdB exposure, with most cells showing cytopathic
effects by 2.5 h (Fig. 4C). Quantitative analysis of transfected and
nontransfected cells in the same toxin-exposed wells demon-
strated that 7F intrabody significantly delayed cell rounding up to
1.5 h after TcdB exposure (Fig. 4D). No significant differences
were recorded after this time.

To confirm that the delay in TcdB-mediated cytopathic effects
was due to binding of 7F to GTD and prevention of toxin auto-
cleavage inside cells, we utilized an autoprocessing-deficient TcdB
mutant in the cellular cytotoxicity assays. In this mutant, the leu-
cine at the substrate recognition site for CPD has been replaced
with an alanine (L543A), thus preventing enzymatic release of
GTD from TcdB (30, 57). This single amino acid mutation did not
change the binding affinity of 7F to the toxin as the wild type and
mutant TcdB bound similarly to 7F by ELISA (Fig. 5A). To inves-
tigate the effects of 7F intrabody on TcdB-L543A-mediated intox-
ication, Vero cells were transfected with VHH plasmids prior to
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intoxication with 10 ng/ml of TcdB-L543A. 7F did not exhibit any
significant inhibitory effects on TcdB-L543A-induced cell round-
ing over control 5D transfections (Fig. 5B). Thus, 7F intrabody
does not inhibit or further delay cellular cytotoxicity by TcdB-
L543A. Since 7F is expressed in the cytosol and does not access
endosomes, our data provide the first experimental demonstra-
tion that toxin autoprocessing occurs following exposure to the
host cytosol.

E3 intrabody inhibits TcdB cytopathic activity. Interestingly,
cells transfected with E3 intrabody (inhibiting GTD activity) did
not demonstrate cytopathic effects upon either wild-type or auto-
processing-deficient TcdB at any of the times investigated (Fig. 4
and 5B and C). The E3 transiently transfected cells never rounded
with over 24 h of toxin exposure during the entire experiment
period. This protective effect of E3 intrabody correlated well
with a glucosyltransferase-deficient TcdB mutant (TcdB-W102A
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D288N, designated aTcdB), which fails to exhibit cytotoxicity at
either significantly higher toxin concentrations over 72 h of incu-
bation time (53) or at 1 ng/ml (Fig. 6A) or 10 ng/ml (Fig. 6B). On
the other hand, low doses of TcdB and TcdB-L543A induced cy-
topathic effects on host cells and eventually led to cell death at
comparable levels after longer times of toxin exposure (Fig. 6). To
confirm that E3 is targeting the GTD catalytic site and is not in-
terfering with toxin autocleavage, cytopathic effects in E3-trans-
fected cells remained significantly blocked after addition of TcdB-
L543A (Fig. 5B and C). These data strongly support the idea that
TcdB-mediated cytopathic effects are dependent on the toxin glu-
cosyltransferase activity but that prevention of autoprocessing
only delays the onset of cytopathic effects that eventually lead to
cell death.

Systemic toxicity by TcdB requires functional glucosyltrans-
ferase activity. To investigate the pathophysiological validity of
our in vitro toxin findings, we used a well-characterized systemic
TcdB toxemia model (55, 58) to test enzyme-deficient toxin mu-
tants. Mice challenged intraperitoneally with mutant TcdB dem-
onstrated significantly attenuated systemic virulence responses.
At a TcdB 50% lethal dose (LD50) (20 ng/mouse), no mortality
was evident with TcdB-L543A although all mice showed signs of
systemic disease (Fig. 7). At a higher lethal toxin dose (100 ng/
mouse), both wild-type TcdB- and TcdB-L543A-challenged ani-
mals developed fulminant disease although a significant delay in
clinical symptoms was evident with the toxin autocleavage mutant
(Fig. 7). In contrast, no clinical symptoms were evident with up to

10 �g/mouse of aTcdB (500-fold TcdB LD50) (Fig. 7). These data
demonstrate that the autoprocessing-deficient TcdB-L543A is at-
tenuated, whereas the TcdB glucosyltransferase mutant is com-
pletely atoxic in vivo.

DISCUSSION

The major virulence factors of the C. difficile toxins are the gluco-
syltransferases (8, 59). Both toxins also contain a cysteine protease
domain that facilitates delivery of the glucosyltransferase domain
into the target cell (24, 25). Recent in vitro studies have challenged
this consensus by reporting enzyme-independent cytopathic and
cytotoxicity activities of the toxins by assessing the effects of TcdB
mutants on different cell lines (30, 31, 34–36). A major limitation
of these studies is the general failure to validate experimental find-
ings using an independent approach that does not alter toxin ac-
tive-site specificity or conformational integrity. In this study, we
describe a novel intrabody approach that critically tests the role of
the glucosyltransferase and cysteine protease in TcdB virulence.
Our studies demonstrated a regulatory role of the cysteine pro-
tease of TcdB in cellular intoxication and an essential role of the
toxin glucosyltransferase in its cytopathic effects and systemic tox-
icity.

To examine whether the toxin glucosyltransferase and auto-
processing are required for in vitro cytotoxicity, we utilized spe-
cific VHH intrabodies as biological tools that inhibit the native
form of TcdB enzymatic machinery inside host cells. After a li-
brary screening, we identified two unique VHHs, 7F and E3, that
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bind with high affinity to GTD yet inhibit distinct TcdB enzymatic
activities located in different functional domains. Specifically, E3
interferes with the ability of TcdB to glucosylate Rac1 in cell-free
assays, whereas 7F blocks toxin autocleavage by allosteric cofactor
InsP6. The inhibitory action of 7F binding likely impedes toxin
self-cleavage by interfering with catalytic processing of substrate
in the CPD. Computer simulations indicated that steric hindrance
may play a role by binding an epitope immediately juxtaposed to
the cleavage site on the interdomain linker arm (aa 520 to 543),

which we confirmed experimentally. When expressed at high lev-
els in both Vero and HCT-8 cells, 7F attenuated the cytopathic
response to TcdB, whereas E3 expression completely abolished
cell rounding. These studies provide both the first evidence that
intracellular autocleavage and release of GTD regulate the toxin’s
activity and independent experimental validation of the key viru-
lence role of glucosyltransferase in wild-type TcdB. Our study also
demonstrates more generally a role for VHH technology in assay-
ing the virulence functions of intact holotoxins. Antitoxin VHH
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intrabodies have been explored as potential therapeutics to neu-
tralize intracellular toxins (60); this intrabody approach has not
previously been utilized to study toxin intracellular trafficking and
mechanisms of action. Given the relatively small size, high solu-
bility, and specificity of VHHs (42–44), the use of intrabodies may

represent a powerful new approach to study the intracellular
mode of action of the C. difficile toxins. Indeed, the current viru-
lence model shows that toxins are actively internalized and that
following acidification in endosomal compartments, the N termi-
nus is translocated into the cytosol. However, it is unknown
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whether CPD-mediated autoprocessing occurs before or after the
translocation of the toxins. It is reasonable to assume that InsP6 or
other activators may accumulate in both cytosol and endosome to
concentrations that are sufficient to cause activation of the cys-
teine protease leading to autoprocessing. Because the intrabodies
are expressed in the cytosol and are unlikely reach into endo-
somes, our data thus provide experimental evidence indicating
that autoprocessing occurs after toxin translocation from endo-
somes into the cytosol.

In this study, we chose low to medium doses of TcdB (1 to 10
ng/ml) to treat the cultured cells since TcdB is an extremely potent
toxin. TcdB induces cytopathic effects on most cultured cells in a
dose range of pg/ml and has an LD50 of 1 �g/kg in CD1 mice.
Several recent reports demonstrated that TcdB induces rapid cell
death that is independent of enzymatic activities of the toxin (34–
38). Such a glucosyltransferase-independent activity is, however,
dependent upon exposing cultured cells or tissue explants at high
doses (at �g/ml ranges) of TcdB. The exact mechanism of the
glucosyltransferase-independent cell death induced by TcdB is
not clear, but it appears that the cell death relies on the pore-
forming activity of TcdB (38). Interestingly, Wohlan et al. found
that the cytotoxicity induced by high doses of TcdB is dependent
upon the translocation of GTD into host cells (37). Therefore, at
this stage we cannot dismiss the possibility that the GTD or CPD
may possess other unknown functions that are important for cel-
lular intoxication and C. difficile infection. Because the toxin en-
zymatic domains are conserved over divergent microbial species,
it seems likely that they serve an important functional role. Patho-
genic bacteria generally have evolved to rapidly eliminate biolog-
ical functions that are unnecessary for pathogenesis, survival, or
gaining a competitive advantage. Studies in animal models are
therefore urgently warranted to delineate the clinical relevance of
these in vitro findings.

Although an animal intestinal disease model testing enzymat-
ically deficient holotoxins has not yet been established, a systemic
TcdB toxemia model has been reported (53, 58). Because TcdB
disseminates systemically during C. difficile infection and causes
toxemia (55, 61, 62), we investigated systemic toxicity of wild-type
and mutant toxins by challenging mice intraperitoneally with de-
fined toxin concentrations. The TcdB LD50 in mice is 20 ng (1 �g

kg�1), with 100 ng causing fulminant disease in all animals. We
confirmed that the noncleavable mutant TcdB-L543A is attenu-
ated in vivo as no mice developed fulminant disease at the TcdB
LD50. However, this mutant is still inherently toxic since all mice
developed severe toxemia when 100 ng of TcdB-L543A was ad-
ministered although onset of clinical disease was significantly de-
layed. This result is consistent with recently reported in vitro find-
ings that toxin autoprocessing is not an essential requirement for
cytotoxicity but regulates its potency (30). A recent report that
TcdB from hypervirulent strains is more cytotoxic than TcdB
from historical strains because of its increased efficiency in auto-
processing supports this hypothesis (16). In contrast, glucosyl-
transferase-deficient TcdB was not cytotoxic in mice up to a dose
500-fold higher than the LD50 of wild-type TcdB. This is consis-
tent with our previous finding that both glucosyltransferase-defi-
cient TcdA and TcdB lost their systemic toxicity (53). The in vivo
data thus demonstrate that TcdB autoprocessing is not essential
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for TcdB systemic toxicity, whereas glucosyltransferase activity is
an absolute requirement.

Our previous results (30, 53) and results from this study fur-
ther clarify the role of CPD-mediated autoprocessing and gluco-
syltransferase in TcdB’s cytopathic effects and in vivo toxicity, and
an updated model for domain activation can be proposed (Fig. 8).
After TcdB endocytosis, both GTD and CPD are translocated
through the endosomal membrane into the cytosol, presumably
through pores created by the toxin transmembrane domain.
Membrane-associated InsP7 and cytosolic InsP6 bind to the CPD,
thus activating the cleavage of GTD in a CPD-dependent process.
Liberated GTD is able to bind to Rho GTPases throughout the cell
cytosol, inducing rapid cytopathic effects and cytotoxicity. How-
ever, when the CPD activity is low or there is a deficiency in auto-
processing (whether by genetic mutation, physical blockage by
intrabodies, or some other mechanism), the full-length toxin stays
tethered to the membrane of endosomes after their translocation.
While tethered, the toxin GTD may only interact with and modify
smaller numbers of Rho GTPases, such as those bound to mem-
branes or those within the cytosol that contact the endosome, as
proposed earlier by Kreimeyer et al. (31). The reduced amount of
GTPase glucosylation that occurs in this scenario delays the onset
of toxin-mediated cytopathic effects as more time is required for
glucosylation to reach critical levels. These data support the con-
clusion that CPD-mediated autoprocessing of C. difficile toxins is
not necessary for cytopathic effects and systemic toxicity of the
toxin but acts only to accelerate the rate in which hosts become
intoxicated, an action dependent upon glucosyltransferase activ-
ity of the toxins.

In summary, we utilized two specific intrabodies (E3 and 7F) as
novel tools to study TcdB enzymatic functions and demonstrated
a key role of glucosyltransferase and a regulatory role of cysteine
protease in TcdB virulence. Using a systemic toxin challenge
model, we consistently demonstrated that although TcdB cysteine
protease activity potentiates disease pathogenesis, in vivo potency
is critically dependent on the glucosyltransferase activity, high-
lighting the importance of targeting this enzyme activity for future
therapy.
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