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ABSTRACT

The Clostridium difficile toxin B is one of the main virulence factors and plays an important role in the pathogenesis of C.
difficile infection (CDI). We recently revealed crucial residues in the translocation domain of TcdB for the pore formation and
toxin translocation. In this study, we investigated the effects of mutating a critical site involved in pore formation, Leu-1106,
to residues that differ in size and polarity (Phe, Ala, Cys, Asp). We observed a broad range of effects on TcdB function in vitro
consistent with the role of this site in pore formation and translocation. We show that mice challenged systemically with a
lethal dose (LD100) of the most defective mutant (L1106K) showed no symptoms of disease highlighting the importance of
this residue and the translocation domain in disease pathogenesis. These findings offer insights into the structure function
of the toxin translocation pore, and inform novel therapeutic strategies against CDI.
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INTRODUCTION

Clostridium difficile (C. difficile) is the major cause of antibiotic-
associated diarrhea and pseudomembranous colitis and is as-
sociated with significant morbidity and mortality as well as
financial costs. The incidence of C. difficile infections (CDI)
has dramatically increased in the past two decades partially
due to the emergence of hypervirulent strains that are resis-
tant to antimicrobial therapy (McDonald et al. 2005; Kelly and
LaMont 2008).

CDI pathogenesis is mainly mediated by the disruption of
colonic microflora due to antibiotic usage leading to C. diffi-
cile colonization and the production of two large toxins, toxin

A (TcdA) and toxin B (TcdB) (Lyerly et al. 1985; Voth and Bal-
lard 2005). Both toxins consist of at least four key domains,
the N-terminal glucosyltransferase domain (GTD), cysteine pro-
tease domain (CPD), translocation domain (TD) and C-terminal
receptor-binding domain (Jank and Aktories 2008). Toxins may
enter cells by clathrin-mediated endocytosis (Papatheodorou
et al. 2010) where acidification causes conformational changes
that result in the ion-conductive pore formation (Qa’dan et al.
2005; Zhang et al. 2014). Both GTD and CPD are translocated
into cytosol (Li et al. 2013) where inositol hexakisphosphate ac-
tivates CPD leading to the autoprocessing and the release of
GTD (Egerer et al. 2007; Reineke et al. 2007). In the cytosol, the
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GTD inactivates host Rho-GTPases regulatory proteins leading to
disorganization of the actin cytoskeleton and cell death (Jank
and Aktories 2008).

Our previous work focused on identifying the elements in
pore formation of TcdB. We have identified several single-point
mutations within the hydrophobic region of TD that result
in major defects in pore formation and translocation. Among
those point mutations, position L1106K displayed the most de-
fective in toxicity with over 3 logs relative to wild-type TcdB
(Zhang et al. 2014). L1106K mutant showed a defect of pore
formation both in an in vitro system (planar lipid bilayer elec-
trophysiology) and on biological membranes (86rubidium re-
lease of ions from CHO-K1 cells upon binding to the cell mem-
brane). In this study, we further investigated the role of defective
pore formation mutations within translocation of TcdB in CDI
pathogenesis.

MATERIALS AND METHODS

Generation of recombinant wild-type TcdB and TD
mutants

Recombinant TcdB wild type was made from a Bacillus mega-
terium expression vector pHis1522 encoding strain VPI10463
(Yang et al. 2008). Proteins were expressed and purified as
previously described (Zhang et al. 2014). Single-point muta-
tions at 1106 site with residues differing in size and/or polar-
ity were made in the TcdB sequence using QuikChange light-
ning multimutagenesis kit (Agilent Technologies). Sequenced
plasmids with confirmed mutations were transformed and ex-
pressed as wild type. The purity of toxins was tested on
Coomassie blue stained Novex R© 4–20% Tris-glycine protein gel
(Invitrogen).

Cell viability assay

Chinese hamster ovary cells CHO-K1 cells were cultured in
Ham’s F-12 medium supplemented with 10% FBS and 1% peni-
cillin and streptomycin (all from Wisent) and seeded in 96-well
CellBind plates (Corning). The next day, mediumwas exchanged
with serum-free medium and cells were intoxicated with either
wild-type TcdB or TD mutant toxins at a serial dilution of one-
third starting at 1 nM for 48 h. The cell viability was assessed
by PrestoBlue Cell Viability Reagent (Life Technologies). Fluores-
cence was read on a Spectramax M5 plate reader (Molecular De-
vices).

Mouse systemic toxin challenge

Six- to eight-week-old female CD1 mice were purchased from
Harlan Laboratory (IN, USA). Mice were housed in pathogen-free
facilities. The animal study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. The
protocolwas approved by the Committee on the Ethics of Animal
Experiments of the University of Maryland Dental School (proto-
col #06-14-007). Mice were euthanized when became moribund
after toxin challenge, and all efforts weremade tominimize suf-
fering. To assess in vivo toxicity of the toxins (TcdB and L1106K),
groups of mice were challenged intraperitoneally (IP) with ei-
ther lethal dose (LD100) of wild-type TcdB (5 μg kg−1 mouse) or
(0.5 g kg−1 mouse) of L1106K (100× LD100 of TcdB). Mouse sur-
vival was monitored and data were analyzed by Kaplan–Meier
survival analysis with Log rank test of significance.

Rubidium release assay

86Rb+ release assay was performed as previously reported
(Genisyuerek et al. 2011) with slight modifications. Briefly, CHO-
K1 cells were seeded in 96-well plates in the medium (Ham’s
F-12 with 10% FBS), supplemented with 1 μCi mL−1 86Rb+

(PerkinElmer) at a density of 1 × 104 cells per well. Cells were
incubated at 37◦C, 5% CO2 overnight. Medium was exchanged
with fresh growth medium with 100 nM bafilomycin A1 (Sigma)
and continued to incubate for another 20 min. Then, cells were
chilled on ice and ice-coldmedium containing TcdBmutants (10
nM) was added. Cells were kept on ice for toxin binding for 1 h at
4◦C before they were washed with ice-cold PBS twice to remove
unbound toxins. pH-dependent insertion into the plasmamem-
brane was induced by warm, acidified growthmedium (37◦C, pH
4.5 or pH 7.5) for 5 min at 37◦C. After 1 h of further incubation on
ice, medium containing released 86Rb+ was removed from the
cell plate and the amount of 86Rb+ released was determined by
liquid scintillation counting with TopCount NXT (PerkinElmer).

Differential scanning fluorometry

Differential scanning fluorometry was performed in a similar
manner as described previously (Tam et al. 2015). TcdB protein
was diluted in phosphate buffer (100 mM KPO4, 150 mM NaCl,
pH 7) containing 5× SYPROOrange (Invitrogen). A Bio-Rad CFX96
qRT-PCR thermocycler was used to establish a temperature gra-
dient from 15◦C to 95◦C in 30 s increments, while simultaneously
recording the increase in SYPROOrange fluorescence as a conse-
quence of binding to hydrophobic regions exposed on unfolded
proteins. The Bio-Rad CFX Manager 3.1 software was used to in-
tegrate the fluorescence curves to calculate the melting point.

Glucosyltransferase activity of the toxins

The wild-type and mutant toxins were assessed their glucosyl-
transferase activity by assaying glucosylation of the Rho GTPase
Rac1, both intracellularly and in cell-free assays (Zhang et al.
2013). In intracellular assay, Vero cells in 12-well plates were ex-
posed to different concentrations of toxins for 4 h at 37◦C. Cells
were lysed with SDS sampling buffer. In cell-free assays, Vero
cell pellets were resuspended in glucosylation buffer (50 mM
HEPES, pH 7.5, 100 mM KCl, 1 mM MnCl2 and 2 mM MgCl2) and
lysed with a syringe (25G, 40 passes through the needle). After
centrifugation (15 000 rpm, 15min), the cell lysatewas incubated
with different doses of TcdB, or L1106K at 37◦C for 1 h. The reac-
tion was terminated by heating at 100◦C for 5min in SDS sample
buffer. In both cell-free and intracellular assays, Rac1 glucosy-
lation was detected using antibody that specifically recognizes
the non-glucosylated form of Rac1 (clone 102, BD Bioscience).
Anti-β-actin (clone AC-40, Sigma) was used to detect β-actin and
ensure that samples were loaded evenly on the SDS polyacry-
lamide gels.

RESULTS
Generation of the functional residues at amino acid
1106

We investigated the role of residues of different size and/or po-
larity at 1106 on function.

CHO-K1 cells were treated with TcdB wild type or mu-
tants for 48 h, and cell viability was assessed by measur-
ing the fluorescence of cell treated with PrestoBlue cell viabil-
ity reagent. Substitutions to hydrophobic residues of any size
(Leu, Ala, Phe) had the least impact on TcdB translocation, fol-
lowed by polar/uncharged (Cys), then acidic (Asp) and thenbasic
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Figure 1. In vitro and in vivo toxicity ofmutant TcdB. (A) CHO-K1 cellswere treated
with TcdB wild-type or mutants and cell viability was measured by fluorescence
of cells treated with cell viability reagent (PrestoBlue). (B) CD1 mice were chal-
lenged IP with either LD100 of toxins (5 μg kg−1 mouse) or 100× LD100 of L1106K

(0.5 g kg−1 mouse). Mouse survival was monitored and data were analyzed by
Kaplan–Meier survival curve with Log-rank test of significance. (n = 5, P < 0.0001,
between wild-type and mutant toxin groups).

substitutions (Lys) (Fig. 1A). This is consistent with the idea that
this residue is a key site for membrane insertion; the more po-
lar the residue at this position, the greater the impact on pore
formation/translocation and thus intoxication.

L1106K mutation diminishes its activity in vivo

Reduced cellular in vitro toxicity of L1106K mutant led us to as-
sess toxicity of wild-type TcdB and the most defective mutant-
L1106K by challenging the mice systemically (IP). Mice chal-
lenged with LD100 (5 μg kg−1 mouse) of TcdB developed signs
of systemic disease rapidly and all became moribund and died
within six hours. In contrast, none of mice challenged with
L1106K mutant at the same dose showed any systemic disease
symptoms, while mice challenged with 100× LD100 (0.5g kg−1

mouse) of L1106K mutant showed signs of disease 48 h post-
challenge (Fig. 1B). This data clearly demonstrate that mutation
at 1106 residue is critical for TcdB toxicity and L1106K mutant is
substantially attenuated in in vivo toxicity.

Characterization of L1106X activities in vitro

In an attempt to ascribe a molecular mechanism to functional
consequences observed on toxin function, we conducted
further in vitro studies on the various L1106X mutants. Wild-
type toxin and mutant were tested for the ability to release
86Rubidium ions from CHO-K1 cells upon binding to the cell
surface and acidification of the medium to trigger insertion
into the plasma membrane. As shown in Fig. 2A, a remarkable
range of effects on pore formation are seen upon substituting
residues position 1106. To show that these effects were not due
to toxin misfolding, the protein thermal stability of each toxin

Figure 2. Characterization of mutant TcdB. (A) Pore formation on biological membranes. Pore formation of purified mutant toxins was tested on CHO cells preloaded

with 86Rb+. Pore formation was induced by acidification of the external medium (control pH 7.5; black bars, pH 4.5; gray bars)—see the section ‘Materials and Methods’
for details of assay (n = 2). (B) Temperature-dependent fluorescence measurements of TcdB melting temperature (Tm). Values represent the mean ± SD from three
independent experiments. (C) Glucosyltransferase activity of the mutant toxins. Vero cells were exposed to different concentrations of TcdB-WT or L1106K mutant for
4 h. (D) Vero cell cytosolic fraction was collected and exposed to wild-type and mutant toxins at the indicated concentrations for 1 h. In both C and D, western blot

was performed using monoclonal antibody (Clone 102) that only binds to non-glucosylated Rac1. β-actin was used as an equal loading control.
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was tested (Fig. 2B). To check for the translocation ability of
TcdB and L1106K mutant, we performed for Rac1 glucosylation
intracellularly and in cell-free assays. Glucosylated Rac1 levels
in Vero cells did not change with increasing concentration
of TcdB mutant (Fig. 2C). On the other hand, L1106K showed
similar activity in Rac1 glucosylation in cell-free assay (Fig. 2D).
These data suggest that L1106K mutant has an intact glucosyl-
transferase activity and structure as wild type but is defective
in pore formation that is essential for cytosolic translocation of
glucosyltransferase domain of TcdB.

DISCUSSION
TcdB is one of the essential virulence factors of C. difficile as a
number of pathogenic, clinically isolated strains express func-
tional TcdB alone (Johnson et al. 2001; Drudy, Fanning and Kyne
2007). The role of enzymatic domains of TcdB in disease patho-
genesis has been studied recently (Li et al. 2015; Yang et al. 2015);
however, information regarding the TD and pore formation in
pathogenesis has not yet been reported.

In this study, we demonstrate that defective variants of TcdB
are defined by impaired pore formation, which results in re-
ducing toxicity to cells and animals. We have identified several
residues located between amino acids 1035 and 1107 that when
individually mutated, markedly reduced the toxic activity by
over 1000-fold. Therefore, this sensitive segment appears to be a
crucial structure for the function of TcdB translocation and pore
formation (Zhang et al. 2014). The observation that L1106K toxi-
city is substantially reduced in vitro and in vivo yet maintains its
cellular binding, internalization and glucosyltransferase activi-
ties. Zhang et al. (2014) highlights the importance of this domain
in translocating TcdB across the endosomal membrane into the
cytosol and CDI pathogenesis.

We have previously demonstrated that pore-defective mu-
tants have reduced toxicity in cell culture (Zhang et al. 2014). In
this study, we further assessed the role of residues that differs
in size and/or polarity at 1106 on function. Reduced cellular tox-
icity was seen in cells treated with hydrophobic residues (Leu,
Ala, Phe), followed by Cys, then Asp and then basic substitutions
(Lys) (Fig. 1A). This is consistent with the idea that this residue
is a key site for membrane insertion; more polar, more defective
in pore formation resulting in an inability to intoxicate cells.

CDI is the leading cause of healthcare-associated diarrhea
in Europe and North America (Poutanen and Simor 2004; Elliott
et al. 2007). Colonization of C. difficile in the intestinal mucosa
leads to toxins production and leakage to the systemic circu-
lation (Steele et al. 2012; Yu et al. 2015) causing adverse effects
which includes disruption of cytoskeleton, diarrhea, colitis and
death (Voth and Ballard 2005). In this study, we observed typ-
ical signs of systemic disease in mice challenged with LD100

(5 μg kg−1 mouse) of wild-type TcdB while a similar dose of
L1106K exhibited no disease symptoms. Only at a dose of 100×
LD100 (0.5 g kg−1 mouse), L1106K caused 40% death rate. Thus,
mutations in TD not only hold a great promise to understand
the mechanism of toxin translocation through pore formation,
but also provide insights in the development of putative vac-
cines against hypervirulentmultidrug-resistant bacteria such as
C. difficile.
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