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ABSTRACT Clostridium difficile infection (CDI) is a major cause of hospital-associated,
antibiotic-induced diarrhea, which is largely mediated by the production of two
large multidomain clostridial toxins, TcdA and TcdB. Both toxins coordinate the ac-
tion of specific domains to bind receptors, enter cells, and deliver a catalytic frag-
ment into the cytosol. This results in GTPase inactivation, actin disassembly, and cy-
totoxicity. TcdB in particular has been shown to encode a region covering amino
acids 1753 to 1851 that affects epitope exposure and cytotoxicity. Surprisingly, stud-
ies here show that several peptides derived from this region, which share the con-
sensus sequence 1769NVFKGNTISDK1779, protect cells from the action of TcdB. One
peptide, PepB2, forms multiple interactions with the carboxy-terminal region of TcdB,
destabilizes TcdB structure, and disrupts cell binding. We further show that these ef-
fects require PepB2 to form a higher-order polymeric complex, a process that re-
quires the central GN amino acid pair. These data suggest that TcdB1769 –1779 inter-
acts with repeat sequences in the proximal carboxy-terminal domain of TcdB (i.e.,
the CROP domain) to alter the conformation of TcdB. Furthermore, these studies
provide insights into TcdB structure and functions that can be exploited to inacti-
vate this critical virulence factor and ameliorate the course of CDI.

IMPORTANCE Clostridium difficile is a leading cause of hospital-associated illness
that is often associated with antibiotic treatment. To cause disease, C. difficile se-
cretes toxins, including TcdB, which is a multidomain intracellular bacterial toxin that
undergoes conformational changes during cellular intoxication. This study describes
the development of peptide-based inhibitors that target a region of TcdB thought to
be critical for structural integrity of the toxin. The results show that peptides derived
from a structurally important region of TcdB can be used to destabilize the toxin
and prevent cellular intoxication. Importantly, this work provides a novel means of
toxin inhibition that could in the future develop into a C. difficile treatment.
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TcdB is an intracellular bacterial toxin produced by the spore-forming, anaerobic,
human pathogen Clostridium difficile (1). This 2,366-amino-acid (aa) protein binds to

cell surface receptors (CSPG4, PVRL3, and FZD), undergoes endocytosis, and translo-
cates into the cytosol, where it glucosylates small GTPases (2–5). Small-angle X-ray
scattering, electron microscopy, and biochemical analyses indicate that TcdB is orga-
nized into 4 domains, with an amino-terminal glucosylation domain (aa 1 to 543), a
cysteine-protease domain (aa 544 to 801), a cell entry/translocation domain (aa 802 to
1650), and a carboxyl-terminal cell-binding domain (aa 1651 to 2366) that includes
combined repetitive oligopeptide repeats (CROP) from aa 1830 to 2366 (6–15). More
recently, the crystal structure of TcdA, a protein that shares sequence and functional
identity with TcdB, was solved and revealed a distinct structural organization associated
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with the biochemical activities of the protein (16). Specific cellular cues such as
endosomal pH and cellular inositol hexakisphosphate (IP6) trigger conformational
changes that lead to exposure of hydrophobic domains and autoprocessing of TcdB
during distinct steps in cell entry. Premature activation of these functions renders the
toxin inactive; for example, activation of autoprocessing prior to cell entry prevents
TcdB cytotoxicity (17). Thus, TcdB is organized into functional domains that must
become activated or exposed at precise steps during cell entry in order for the toxin to
successfully complete intoxication. An unexplored vulnerability of TcdB may be the use
of select molecules that cause premature conformational changes in the toxin and
thereby prevent toxicity.

One promising destabilizing target in TcdB is the region proximal to the CROP
domain that spans amino acids 1753 to 1852. This region of TcdB appears to be a
critical structural linchpin that is involved in cell entry and structural integrity. For
instance, an internal deletion mutant lacking amino acids 1756 to 1852 is nontoxic and
unable to translocate into cells (14). Smaller internal deletions within this region cause
TcdB to expose hydrophobic regions and become more sensitive to acid-pH-induced
conformational changes (18). In previous studies, we examined the ability of this region
to influence epitope exposure in distal portions of the toxin (19). During comparisons
of the 1753-to-1851 region between variant forms of TcdB, we found that this portion
of TcdB2 (produced by the 027 ribotype, toxinotype III) mediates intratoxin interactions
and shields neutralizing epitopes that are otherwise exposed in TcdB1 (common to
multiple ribotypes, toxinotype 0). This same region in TcdB1 is unable to form strong
intramolecular contacts like those found in TcdB2. By comparing the variant amino
acids in the 1753-to-1851 region of TcdB1 and TcdB2 as well as making appropriate
amino acid swaps, two 8-amino-acid segments were identified in TcdB2 (1773 to 1780
and 1791 to 1798) that were necessary for maintaining strong intramolecular contacts
(19). Given the role that these regions play in maintaining structural aspects of TcdB, we
predicted that disrupting these molecular interactions could cause TcdB to adopt a
conformation that prevents cellular intoxication.

Having identified a putative region of TcdB that influences toxin structure, we began
to explore methods of targeting this region in order to destabilize the toxin and render
it inactive. Here, we pursued an approach in which synthetic peptides based on
sequences from TcdB21753–1851 were designed and tested for TcdB-inhibitory activity.
From this work, we identified 4 peptides with TcdB-inhibitory activity and then used a
series of biophysical approaches to characterize one lead candidate peptide (PepB2).
Experimental results indicate that PepB2 blocks TcdB toxicity by binding the CROP
domain, forming a polymeric complex, and destabilizing the toxin.

RESULTS
Peptides based on sequences from amino acids 1753 to 1851 of TcdB2 inhibit

cytotoxicity. As shown in Fig. 1, a series of water-soluble peptides spanning amino
acids 1753 to 1851 of TcdB2 (highlighted in Fig. 1A) were designed and tested for
inhibitory activity. Each peptide was tested against TcdB1 and TcdB2 using CHO-K1
cells, which are highly sensitive to TcdB. In addition to the 1753-to-1851 peptides, 3
peptides (numbered 11 to 13) derived from the proximal 1851-to-2366 region of TcdB2
were included for comparison. This screen identified 4 inhibitory peptides. Three
peptides were derived from the 1761-to-1787 region, and another inhibitory peptide
with weaker activity was located at residues 1846 to 1866 (Fig. 1B). Each of the three
peptides exhibiting the most potent inhibition included amino acids 1769 to 1779
(Fig. 1C), which contain a sequence that we previously identified as necessary for
supporting intratoxin interactions in TcdB2 (19).

The next set of experiments examined the inhibitory activity of the 19-amino-acid
peptide spanning amino acids 1769 to 1787 of TcdB2 (termed PepB2). In the first
experiment, the MIC of PepB2 was found to be between 25 �M and 50 �M when TcdB1
was incubated with CHO-K1 cells for 2 h in the presence of the peptide (Fig. 2A). Next,
we examined the ability of PepB2 to provide long-term protection from TcdB1 and
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TcdB2 over a range of toxin concentrations (Fig. 2B and C). In these experiments,
CHO-K1 cells were exposed to TcdB, plus or minus PepB2, and toxicity was quantified
after 24 h. Results from this study demonstrated that PepB2 increased the 50% toxic
concentration (TC50) of TcdB1 500-fold and the TC50 of TcdB2 200-fold (Fig. 2B and C).
In addition to the inhibitory effects on CHO-K1 cells, PepB2 prevented TcdB-mediated
disruption of transepithelial resistance (Fig. 2D) in a polarized human epithelial cell line
(T84 cells). In contrast to PepB2, a peptide (PepB1) based on the 1769-to-1787 region
of TcdB1 did not inhibit the cytotoxicity of TcdB1 or TcdB2 (Fig. 2B to D). In contrast to
the inhibition of TcdB1 and TcdB2, PepB2 did not block cytotoxicity of C. difficile TcdA
or Bacillus anthracis lethal toxin (see Fig. S1 in the supplemental material).

PepB2 does not inhibit TcdB enzymatic activities. In the final step of cellular
intoxication, TcdB glucosylates small GTPases such as Rac1. Using an antibody that
reacts only with nonglucosylated Rac1, the in vivo and in vitro glucosyltransferase
activity of TcdB was measured in the presence and absence of PepB2. As shown in
Fig. 3A, PepB2 prevented Rac1 glucosylation by TcdB in treated cells. In comparison,
however, PepB2 did not suppress the in vitro glucosylation of Rac1 by TcdB but instead
appeared to increase enzymatic activity (Fig. 3B). This did not appear to be the result
of PepB2 targeting the glucosyltransferase domain (GTD) directly because the peptide
had no effect on the glucosyltransferase activity of purified recombinant GTD (TcdB aa
1 to 543 [Fig. 3C]). The impact of PepB2 on TcdB autoprocessing was also examined
using an in vitro assay in the presence of inositol hexakisphosphate 6 (IP6). Similarly to
the effect on in vitro glucosylation, PepB2 enhanced the efficiency of IP6-induced TcdB
autoproteolysis (Fig. 3D). These results suggest that PepB2 might increase susceptibility
to enzymatic activity possibly by introducing conformational instability into TcdB.
To determine if PepB2 alters TcdB structural integrity, thermal stability profiles were
generated using differential scanning fluorimetry (DSF). As shown in Fig. 3E, the
melting temperature (Tm) for TcdB alone was found to be 50.9°C while the addition of
PepB2 substantially reduced the Tm of TcdB to 40.8°C. Overall, these results suggest that

FIG 1 Screen identifying TcdB-inhibitory peptides. (A) Domain layout of TcdB highlighting the region
where the screen for inhibitory peptides was focused (red segment of TcdB). This schematic also presents
the sequence of TcdB2 that is rich in inhibitory peptides and provides a comparison of the same sequence
in TcdB1. (B) Peptides from TcdB2 were synthesized and screened for inhibition of TcdB1 or TcdB2 activity
in CHO-K1 cells. The bar graph represents the percent cellular viability after treatment for 24 h with 0.2 pM
TcdB in the presence and absence of 50 �M peptide. Data are presented as means (n � 3) � standard
deviations. Asterisks indicate significant increases above toxin-treated controls. *, P � 0.001. (C) List of
peptide sequences tested in this screen. The underlined sequence reveals a consensus sequence shared by
3 inhibitory peptides.
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PepB2 does not block TcdB enzymatic activities but could remove structural constraints
that limit the enzymatic activities of TcdB.

PepB2 disrupts the ability of TcdB to engage cells. Because PepB2 did not inhibit
the enzymatic activities of TcdB in vitro, we reasoned that PepB2 could alter how TcdB
engages cells. To explore this, cells were exposed to TcdB for 10 or 30 min in the
presence or absence of PepB2, and total cellular association was then measured by
immunoblotting. Using this assay, we made two important observations. First, at the
early time point, associations between TcdB and cells are significantly reduced in the
presence of PepB2 but not in the presence of PepB1 (Fig. 3F). Second, with a longer
incubation, TcdB interaction with cells is not reduced by PepB2; however, PepB2 causes
TcdB to become susceptible to proteolytic cleavage (Fig. 3G). These data suggest that
PepB2 slows the temporal course of TcdB binding to cells and increases toxin sensitivity
to intracellular proteolytic cleavage.

PepB2 multivalent interactions with the CROP region of TcdB. Our previous
work demonstrated that the PepB2 sequence within intact TcdB is necessary for
preserving strong intramolecular contacts that influence the exposure of epitopes in
the CROP region of the toxin (19). This observation led us to hypothesize that PepB2
binds to TcdB in a way that mimics the structural interactions mediated by the
1769-to-1787 region of TcdB. Thus, surface plasmon resonance (SPR) was used to
characterize PepB2-TcdB interactions. In Fig. 4A, a series of sensorgrams reveals that
PepB2, but not PepB1, binds TcdB conjugated to a sensor chip. PepB2 did not bind a
bovine serum albumin (BSA)-coated reference channel. When we examined the change
in response units as PepB2 bound immobilized TcdB, we calculated that approximately
250 molecules of PepB2 bound a single molecule of TcdB. The large number of PepB2
molecules binding TcdB was confirmed by the observation that 100 nM soluble TcdB
was sufficient to block 50 �M PepB2 binding to sensor chip-immobilized TcdB. The
large ratio of PepB2 to TcdB detected by SPR suggested that oligomers of PepB2 may

FIG 2 TcdB inhibition with a peptide derived from TcdB2 but not TcdB1. (A) Cell rounding assay
examining different concentrations of PepB2 that inhibit 4 pM or 0.4 pM TcdB1. The graph represents the
percentage of cells rounding after 2 h, and data are presented as the mean from 6 different fields �
standard deviation. (B and C) Cytotoxicity assay demonstrating that PepB2 protects CHO-K1 cells from a
wide range of TcdB1 or TcdB2 concentrations. The graph represents the percent cellular viability after
treatment for 24 h with TcdB in the presence and absence of 50 �M PepB2 or PepB1. Data are presented
as means (n � 3) � standard deviations. (D) PepB2 prevents TcdB-induced damage to tight junctions as
shown by measuring transepithelial resistance in T84 cells. T84 cells were grown in a transwell plate until
the formation of tight junctions and then exposed to 40 pM TcdB1 in the presence and absence of 50 �M
PepB2 or PepB1. Electrical resistance values were then recorded at the indicated time points. Data are
presented as means (n � 4) � standard deviations. A decrease in resistance values indicates that tight
junctions are disrupted.
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be binding TcdB (see Fig. 6) and suggested that PepB2 could be targeting a repeating
structure such as the CROP domain.

To determine if PepB2 targets the CROP domain, experiments were designed to test
if PepB2 binding to TcdB could be inhibited in the presence of purified CROP domain
(TcdB21851–2366). As shown in Fig. 4B, the sensorgram reveals that the CROP domain
blocks binding between PepB2 and TcdB. We also conjugated TcdB21851–2366 to the
sensor chip and obtained results that indicated a similar binding mechanism as
observed with full-length TcdB (Fig. 4C and D). Since PepB2 appeared to interact with
the CROP region of TcdB, we next tested whether adding purified CROP to a cytotox-
icity assay could counteract the TcdB-inhibitory activity of PepB2. In control experi-
ments, purified CROP (TcdB21851–2366) did not cause cytotoxicity and did not alter the
level of TcdB-induced cytotoxicity. However, TcdB21851–2366 blocked PepB2 inhibition
of TcdB (Fig. 4E). Interestingly, the amount of CROP (1 �M) needed to block PepB2
activity was far below the molar concentration of PepB2 (50 �M), providing further
evidence of a multivalent interaction between PepB2 and the CROP domain. Further
supporting the specificity of this interaction, we were unable to compete away PepB2
inhibitory activity with BSA, glutathione S-transferase (GST), Bacillus anthracis edema
factor (EF), or purified GST-tagged GTD (Fig. 4E). To determine if PepB2 binds a distinct
region of the CROP domain, we tested GST-tagged forms of shorter CROP sections such

FIG 3 Impact of PepB2 on TcdB enzymatic activity, thermal stability, and cell association. (A) Immunoblot analysis of intracellular Rac1
glucosylation in CHO-K1 cells exposed to TcdB (0.037 pM, 0.37 pM, and 3.7 pM) for 25 h with and without PepB1 (50 �M) or PepB2 (50 �M). (B
and C) In vitro Rac1 glucosylation assay. In these assays, purified Rac1 and UDP-glucose were combined with TcdB (1.2 nM, 2.4 nM, 12 nM, and
24 nM) (B) or GTD (0.5 nM, 1 nM, 5 nM, and 25 nM) (C). These experiments were carried out in the presence and absence of 50 �M PepB1 or PepB2,
and Rac1 glucosylation was analyzed by immunoblotting. In the bar graph, the immunoblot data were quantified by densitometry analysis for
TcdB (n � 3) and GTD (n � 2). (D) In vitro autoprocessing assay. TcdB autoprocessing was triggered by incubating TcdB (37 pM) for 1 h at 37°C
with 500 �M IP6 in the presence and absence of 50 �M PepB1 or PepB2. Autoprocessing activity was evaluated by immunoblotting using an
antibody that recognizes the amino-terminal domain of TcdB. Densitometry analysis was performed on the bands corresponding to the GTD
cleaved from full-length TcdB (n � 4). (E) Differential scanning fluorimetry (DSF) was used to determine the thermal stability (Tm) of TcdB (740 nM)
with and without 500 �M PepB1 or PepB2. The graph depicts increases in relative fluorescence units (RFU) as SYPRO Orange binds to hydrophobic
regions of proteins that undergo temperature-induced unfolding. From these data, the Tm was calculated and is displayed as mean (n � 4) and
standard deviation. (F) Immunoblot analysis of TcdB associating with cells for 10 min. CHO-K1 cells were exposed at 37°C to 4 nM TcdB in the
presence and absence of 50 �M peptide. The cells were then washed, and total cell lysates were examined by immunoblotting. The bar graph
represents densitometry analysis of the immunoblot data (n � 4) from the 10-min exposure to TcdB. (G) Immunoblot analysis of TcdB associating
with cells for 30 min. CHO-K1 cells were exposed at 37°C to 4 nM TcdB in the presence and absence of 50 �M peptide. The cells were then washed,
and total cell lysates were examined by immunoblotting. In this figure, all bar graphs represent the mean densitometry value � standard
deviation, and asterisks indicate significant change. *, P � 0.01; **, P � 0.001.
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as TcdB21840 –2171 (14 repeats) and TcdB22164 –2366 (8 repeats). As shown in Fig. 4E, both
TcdB21840 –2171 and TcdB22164 –2366 blocked PepB2 inhibitory activity, suggesting that
multiple sections of the CROP domain are able to bind PepB2. As a last test of CROP
dependence, we examined the PepB2 sensitivity of a form of TcdB2 that is truncated at
amino acid 1853 (TcdB2Δ1853–2366). This truncated toxin has all but two CROP repeats
removed and is 1,000-fold less cytotoxic than full-length TcdB2 (Fig. 4F). As shown in
Fig. 4F, TcdB2Δ1853–2366 was 10-fold less sensitive to PepB2 than full-length TcdB2. To

FIG 4 PepB2 binds TcdB at the CROP domain. (A to D) Surface plasmon resonance (SPR) analysis of PepB2 binding
TcdB or the CROP domain (TcdB21851–2366). TcdB2 or CROP domain was flow cell immobilized, and PepB2 or PepB1
was injected at a flow rate of 5 �l/min at 25°C. The sensorgrams presented are subtracted from a reference cell
containing immobilized BSA. For the competition experiments, 100 nM TcdB2 or CROP domain was combined with
PepB2 before injection. (E) Cytotoxicity activity of TcdB in the presence of PepB2 with proteins that absorb the
peptide inhibitory activity. The bar graph shows the percent viability of CHO-K1 cells after treatment for 24 h with
0.75 pM TcdB in the presence of 50 �M PepB2. In this assay, PepB2-absorbing proteins were tested at a 1 �M
concentration. Data are presented as means (n � 3) � standard deviations. Asterisks indicate significant decreases
in cytotoxicity compared to the TcdB-plus-PepB2 condition. *, P � 0.001. (F) Cytotoxicity assay comparing TcdB2
and TcdB2Δ1853–2366 in CHO-K1 cells. These graphs represent the percent cellular viability after treatment for 24 h.
Data are presented as means (n � 3) � standard deviations. (G) SPR analysis comparing binding of PepB2 to equal
moles of TcdB2 and TcdB2Δ1853–2366. Toxins were flow cell immobilized, and 40 �M PepB2 was injected at a flow
rate of 20 �l/min at 25°C.
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support these cytotoxicity results, levels of PepB2 binding to equal molar amounts of
TcdB2 and TcdB2Δ1853–2366 were compared using SPR. Results from this analysis
revealed that much higher levels of PepB2 bound TcdB2 than TcdB2Δ1853–2366 (Fig. 4G),
which correlated with the cytotoxicity data.

The GN5-6 amino acid pair in PepB2 is critical for structure and function. To help
dissect PepB2 structural elements, experiments were designed to uncover key amino
acids in PepB2 necessary for the inhibition of TcdB. To guide these experiments, we
took advantage of sequence differences between the inhibitory PepB2 and the non-
inhibitory PepB1 that is unable to bind TcdB (alignment in Fig. 5A). A series of peptides
were designed in which amino acids that differ between PepB2 and PepB1 were
substituted to reflect those found in the reciprocal peptide (Fig. 5A). These variant
PepB2 peptides were then tested for their ability to inhibit TcdB cytotoxicity (Fig. 5B).
As shown in Fig. 5B, when GN5-6 from PepB2 was replaced with DK5-6 from PepB1
(PepB2-GN5-6DK), the resulting peptide no longer inhibited the toxin. Conversely,
inhibitory activity was gained in PepB1 by the reciprocal substitution producing
PepB1-DK5-6GN (Fig. 5B). To determine if G5 is necessary for the activity of PepB2, we
replaced G5 with the D5 from PepB1 (PepB2-G5D) and found that this single substitu-
tion was sufficient to abrogate inhibitory activity (Fig. 5B). We also replaced N6 in PepB2
with K6 from PepB1 (PepB2-N6K) and found that TcdB-inhibitory activity disappeared
(Fig. 5B).

Since the GN5-6 pair in PepB2 appeared to be crucial for toxin inhibition, we next
determined if the GN5-6 pair was required for PepB2 to form an organized structure.
Thus, circular dichroism (CD) analysis was utilized to gain structural insight into PepB2
and determine if the GN5-6-to-DK5-6 switch resulted in an altered peptide structure. As
shown in Fig. 5C, the CD spectra of PepB1 and PepB2 were markedly different. PepB1
appeared to be unstructured, while PepB2 adopted an ordered structure that produces

FIG 5 Identification of PepB2 residues necessary for inhibiting TcdB. (A) Sequence alignment comparing
PepB1, PepB2, and variant peptides. Green residues are found only in PepB2, red residues are found only
in PepB1, and black residues are found in both peptides. (B) Comparison of the TcdB-inhibitory activities
of the variant peptides in CHO-K1 cells. The bar graph shows the percent cellular viability after treatment
for 24 h with 0.4 pM TcdB1 in the presence of 50 �M (each) variant peptides. Data are presented as
means (n � 3) � standard deviations. Asterisks indicate significant increases above toxin-treated
controls. *, P � 0.001. (C and D) Comparisons of CD spectra from PepB1, PepB2, and variant peptides
described in panel A. The y axis is presented in molar ellipticity [�]. CD spectra were obtained with 40 �M
peptide in PBS at 25°C.
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a CD spectrum with a minimum near 217 nm, suggesting a significant level of �-sheet.
Analysis of PepB2-GN5-6DK revealed a CD spectrum similar to that of PepB1 and not
PepB2 (Fig. 5C). Thus, PepB2-GN5-6DK is disordered and the GN5-6 pair is critical for
PepB2 adopting an ordered structure. Further examination of the GN pair in PepB2
revealed that switching the G5 with D5 (PepB2-G5D) resulted in a CD spectrum showing
some structural organization but lacking the PepB2 conformation (Fig. 5D). Replacing
N6 with K6 in PepB2 (PepB2-N6K) resulted in a disordered conformation resembling
PepB1. As shown in the supplemental material, other variant forms of PepB2 were
examined, and the results revealed that TcdB-inhibitory activity was dramatically reduced
or completely lost when the length of PepB2 was slightly reduced (Fig. S2) or when
phenylalanines were exchanged for alanines, tyrosines, or tryptophans (Fig. S3). CD
analysis of these variant peptides (Fig. S2 and S3) also demonstrated a correlation
between TcdB-inhibitory activity and peptide conformation.

PepB2 forms an oligomer. The SPR data from Fig. 4 suggest that PepB2 may be
binding TcdB as an oligomer; thus, we examined this possibility in the next series of
experiments. In preliminary work, mass spectrometry (MS) analysis confirmed the
expected mass of monomeric PepB2 (2,161.38 Da) when analyzed in the presence of
organic solvents. However, when PepB2 was placed in buffer resembling physiological
conditions, we observed PepB2 oligomers (Fig. 6). As shown in Fig. 6A, treatment of
PepB2 with the amine-reactive cross-linker bis(sulfosuccinimidyl)suberate (BS3) resulted
in a form of PepB2 unable to migrate by SDS-PAGE (Fig. 6A). In contrast, cross-linked
PepB1 migrated into the gel in a similar pattern as uncross-linked control peptides
(Fig. 6A). Variant peptides from Fig. 5 were also cross-linked and analyzed. As shown
in Fig. 6A, PepB2 is unable to oligomerize when the GN5-6 is replaced with DK5-6

(PepB2-GN5-6DK), and PepB1 gains the ability to oligomerize when DK5-6 is switched
with GN5-6 (PepB1-DK5-6GN). Further evaluation of the GN5-6 pair revealed that replac-
ing G5 with D5 (PepB2-G5D) did not abolish oligomerization, but swapping N6 with K6

(PepB2-N6K) resulted in loss of oligomerization (Fig. 6A). These data support the idea
that PepB2 forms oligomers and reveal that N6 influences the ability of this peptide to
oligomerize.

Next, we determined if the oligomeric form of PepB2 possesses TcdB-inhibitory
activity. In these experiments, PepB2 was extensively dialyzed using 50-kDa-cutoff
dialysis membranes, and the molecules retained within the dialysis tube were then
tested for TcdB-inhibitory activity. As shown in Fig. 6B, TcdB-inhibitory activity was not
removed when PepB2 was dialyzed, demonstrating that inhibitory PepB2 was forming

FIG 6 PepB2 functions as an oligomer and is enhanced when conjugated to albumin. (A) Comparison of
oligomerization of PepB1, PepB2, and variant peptides described in Fig. 5A. Peptide oligomers were detected by
exposing peptides to a cross-linking agent, BS3. The resulting cross-linked peptides were then analyzed by 4 to 20%
gradient SDS-PAGE and stained with Coomassie blue. (B) PepB2, PepB1-DK5-6GN, and methyl cholate were placed
in serum-free medium and dialyzed using 50-kDa-cutoff membranes. After extensive dialysis, the molecules
contained within the dialysis tube were tested for TcdB-inhibitory activity in a cytotoxicity assay. The bar graph
shows the percent viability of CHO-K1 cells after treatment for 24 h with 0.4 pM TcdB in the presence of either
controls, nondialyzed inhibitor, or dialyzed inhibitor. Data are presented as means (n � 3) � standard deviations.
Asterisks indicate significant increases above toxin-treated controls. *, P � 0.001. (C) TcdB-inhibitory activity of
1.5 �M BSA-N-PepB2 or 1.5 �M PepB2-C-BSA in CHO-K1 cells. The bar graph indicates percent viability of cells after
treatment for 24 h with 0.2 pM TcdB1 or TcdB2. Data are presented as means (n � 3) � standard deviations.
Asterisks indicate significant increases above toxin-treated controls. *, P � 0.001.
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an oligomer larger than 50 kDa. We also dialyzed the variant PepB1 peptide (PepB1-
DK5-6GN) that gains TcdB-inhibitory activity when DK5-6 is replaced with GN5-6 (Fig. 5).
These results revealed that TcdB-inhibitory activity from PepB1-DK5-6GN was not re-
moved by dialysis (Fig. 6B). As a control in Fig. 6B, methyl cholate (422.6 Da), a
small-molecule TcdB inhibitor (20), was also subjected to dialysis, and the toxin-
inhibitory activity was lost.

PepB2 is enhanced by BSA conjugation. Because the bulky nature of oligomeric
PepB2 may be necessary to inactivate TcdB, the function of PepB2 may be improved by
conjugating the peptide to a large molecule such as albumin. Furthermore, albumin is
an established drug carrier that is utilized by several peptide-based drugs that are
currently approved for clinical usage (21, 22). To this end, PepB2 was chemically
attached to bovine serum albumin (BSA) either through the amino-terminal domain of
PepB2 (BSA-N-PepB2) or through the carboxyl-terminal domain of PepB2 (PepB2-C-
BSA). As shown in Fig. 6C, BSA-N-PepB2 did not protect cells from TcdB cytotoxicity;
however, PepB2-C-BSA was able to inhibit TcdB-induced cytotoxicity. Moreover, BSA
conjugation to the carboxyl terminus of PepB2 appeared to improve PepB2 effective-
ness because PepB2-C-BSA inhibited TcdB at approximately 1.5 �M (Fig. 6C) while
nonderivatized PepB2 inhibited in the range of 25 to 50 �M (Fig. 2).

DISCUSSION

Data from this work support three important conclusions. First, TcdB can be deac-
tivated using 17- to 20-amino-acid peptides derived from a region of the toxin that is
necessary for forming intramolecular contacts. Second, TcdB is inhibited by PepB2
through a mechanism that depends on CROP domain targeting that results in toxin
destabilization and delayed cell binding. Third, inhibition strongly correlates with the
ability of PepB2 to oligomerize and adopt an organized conformation. Taken together,
these findings reveal a class of antitoxin peptides that inhibit a critical C. difficile
virulence factor.

The concept of developing peptide-based inhibitors against bacterial toxins is not
unprecedented. For instance, Abdeen et al. enriched for random peptides that inhibit
TcdA glucosyltransferase activity (23). Also, using a phage display enrichment ap-
proach, Mourez et al. identified a peptide with low affinity to the anthrax protective
antigen heptamer and designed a polyvalent form of the peptide that blocked anthrax
toxin in vivo (24). However, our approach differs substantially from these screening and
enrichment strategies. In contrast to those studies, we selected candidate peptides
based on biochemical data pointing to the 1753-to-1851 region as a promising target
in TcdB. Whether this approach to selecting peptide-based inhibitors will be applicable
to other multidomain toxins or if this effect is unique to TcdB remains to be determined.
However, because many intracellular bacterial toxins must undergo large synchronized
structural rearrangements and insert into membranes, these proteins are predicted to
be inherently unstable (25). Thus, 17- to 20-amino-acid peptides that mimic elements
in the toxin necessary for forming intramolecular contacts may provide enough desta-
bilization that the toxin becomes deactivated.

The data support the notion that PepB2 inhibits TcdB by causing structural changes
to the toxin that disrupt steps in the intoxication process. As shown in Fig. 3, PepB2
reduced the Tm of TcdB and enhanced enzymatic activities known to be structurally
constrained in large clostridial toxins (17, 26, 27). As a result of the PepB2-mediated
changes to the TcdB structure, the toxin exhibited lower rates of cell binding and
increased susceptibility to cell-associated proteolytic activity (Fig. 3). PepB2-associated
changes in TcdB binding to cells are not surprising considering that the CROP domains
influence the extent of TcdB cytotoxicity (Fig. 4F). The ability of TcdB to bind cells after
longer exposures is also not unexpected, because receptors such as Frizzled bind TcdB
by utilizing regions outside the CROP domain (5). Therefore, PepB2 may inhibit TcdB by
changing the dynamics of cellular association, but we suspect that this is only one part
of the overall inhibitory effect. Our observation that PepB2 causes increased suscepti-
bility to cell-associated proteolytic activity suggests the peptide could invoke confor-

Toxin-Derived Peptides Inactivate TcdB ®

May/June 2017 Volume 8 Issue 3 e00503-17 mbio.asm.org 9

http://mbio.asm.org


mational changes that expose protease-sensitive sites in the toxin. Alternatively, PepB2-
induced conformational instability may prevent the toxin from executing structural
transitions necessary for membrane translocation during endocytosis and consequently
result in extended exposure time to vesicular proteases.

The high ratio of PepB2 to TcdB detected by SPR binding experiments is indicative
of multiple binding sites and perhaps other higher-order interactions between the
peptide and toxin. Given the repeat sequence characteristics of the CROP domain, we
suspected that this region could display multiple PepB2 binding sites. This idea of CROP
domain targeting was verified by our SPR experiments (Fig. 4) and further reinforced
using a cell-based competition experiment (Fig. 4E). This cell-based assay also corrob-
orated the multivalent binding observed with SPR because the amount of CROP
domain (1 �M) required to block PepB2 activity is far below the molar concentration of
PepB2 (50 �M). This assay also demonstrated that multiple regions of the CROP domain
(TcdB21840 –2171 and TcdB22164 –2366) are capable of binding PepB2 (Fig. 4E). However,
this experiment did not demonstrate if all CROP repeats must bind PepB2 or if only a
certain subset of CROP repeats must bind PepB2 in order for toxin inhibition to occur.
We did begin to address this issue using a truncated form of TcdB (TcdB2Δ1853–2366)
that retained 2 CROP repeats of a total of 25 repeats. TcdB2Δ1853–2366 was found to be
10-fold less sensitive to PepB2 inhibition than full-length TcdB2 (Fig. 4F). This decrease
in sensitivity to PepB2 inhibition also correlated with the SPR data demonstrating that
PepB2 bound TcdB2 much better than TcdB2Δ1853–2366 (Fig. 4G). Thus, two CROP
repeats are sufficient to retain some toxin activity and remain sensitive to PepB2. While
the presence of the complete CROP region significantly impacts PepB2 binding and this
peptide can clearly bind to CROP sequences, we cannot yet rule out that PepB2 might
also bind to other TcdB regions. This possibility could not be tested because highly
purified recombinant TcdB with the entire CROP region deleted could not be obtained.

Evaluation of variant peptides revealed that the GN pair in PepB2 is necessary for the
formation of an ordered structure as well as the inhibitory activity of the peptide.
Because glycines as well as asparagines are commonly found in turn motifs (28–30), the
GN pair may be stabilizing a turn motif in PepB2. CD analysis of PepB2 suggests that the
peptide contains a significant level of �-sheet due to the occurrence of a 217-nm
minimum in the spectrum. The CD data together with the essential nature of the GN
pair suggest that PepB2 may be organizing into a �-hairpin structure. Further evalua-
tion of the individual residues in the GN pair demonstrates that N6 is needed for
oligomerization while G5 is dispensable (Fig. 6A). The CD data suggest that N6 makes
a more substantial contribution to the PepB2 structure than G5 (Fig. 5D); however, both
N6 and G5 are necessary for PepB2 to form an inhibitory peptide (Fig. 5B). Taken
together, the ability to form oligomers combined with the ability to adopt a specific
structure is required for PepB2 to inhibit TcdB. Therefore, oligomerization appears to be
necessary for PepB2 function but is not a sole determinant of a TcdB-inhibiting peptide.

The ability of PepB2 to form oligomers is not unexpected considering that the
sequence comprising PepB2 (TcdB21769 –1787) was previously found to support multi-
merization when evaluated within the isolated carboxyl-terminal domain of TcdB2 (19).
As shown by chemical cross-linking/SDS-PAGE, PepB2 forms high-molecular-weight
oligomers under physiological conditions while PepB1 does not (Fig. 6A). Results from
the dialysis experiments also provide evidence that PepB2 oligomerization is necessary
for TcdB inhibition (Fig. 6B). Thus, we postulated that large oligomers are needed to
facilitate toxin destabilization and that attaching PepB2 to a large protein could
potentially improve toxin inhibition. To test this idea, we conjugated PepB2 to albumin
and found that this PepB2 modification reduced the molar amount required to inhibit
TcdB (Fig. 6C). Indeed, formation of a polymeric structure may be a fortuitous charac-
teristic of PepB2 that allows the peptide to not only interact with contact regions but
also insert a molecule of sufficient size to sterically disrupt the TcdB structure and
prevent the toxin from executing the steps required for cell entry.
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MATERIALS AND METHODS
Toxins and peptides. Peptides used in this study were synthesized and purified to 90% by GenScript

(Piscataway, NJ). Peptide quality was assessed by high-performance liquid chromatography (HPLC) and
mass spectrometry (MS). The theoretical and observed mass did not differ by more than 0.3 Da for any
peptide used in this study. Conjugation of the amino-terminal domain of PepB2 to BSA was performed
using glutaraldehyde, and conjugating the carboxyl-terminal domain of PepB2 to BSA was achieved
using EDC [1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide hydrochloride]. SDS-PAGE was employed to
demonstrate that PepB2 was conjugated to BSA.

As previously described, recombinant TcdB1 (pC-His1622-TcdB1; gift from B. Lacy) and TcdB2
(pC-His1622-TcdB2) were produced in a Bacillus megaterium system (MoBiTec, Göttingen, Germany) and
affinity purified by Ni2� chromatography (19). TcdB2 mutants and truncations were generated in
pC-His1622-TcdB2 using the QuikChange II XL site-directed mutagenesis kit (Agilent). The CROP domain
(TcdB21851–2366), smaller CROP domain fragments (TcdB21840 –2171 and TcdB22164 –2366), and the GTD
(TcdB21–543 and TcdB11–543) were cloned from the tcdB gene (codon optimized for Escherichia coli) into
the pET61Dest vector or pDest15 vector. The pET61Dest vector allowed for protein expression with an
amino-terminal Strep-His tag in E. coli. The pDest15 vector permitted protein expression with an
amino-terminal GST tag in E. coli. These expression plasmids were transformed into E. coli BL21 Star(DE3),
and the resulting cultures were grown to an A600 of 0.8. Then, these cultures were induced with 300 �M
isopropyl-1-thio-�-D-galactopyranoside for 16 h at 16°C, and protein was purified by affinity chromatog-
raphy (19). Recombinant TcdA was obtained as a gift from B. Lacy. Bacillus anthracis lethal factor, edema
factor, and protective antigen were purchased from List Biological Laboratories.

Cell rounding and cytotoxicity assays. CHO-K1 cells (ATCC) were cultured at 37°C in the presence
of 6% CO2 with F-12–K medium containing 10% fetal bovine serum (FBS), 100 units/ml penicillin, and
100 �g/ml streptomycin. For cell rounding assays, the cells were seeded in 24-well plates at a density of
5.0 � 104 cells/well and allowed to attach overnight. On the next day, TcdB with and without PepB2 was
diluted into complete culture medium and then added to cells. Cells were incubated with toxin for 2 h
and then fixed for 10 min with phosphate-buffered saline (PBS) containing 4% formaldehyde. After
imaging fixed cells, both nonrounded and rounded cells were counted. For each data point, approxi-
mately 200 cells were counted from 6 fields taken from 2 separate wells.

In cytotoxicity assays, CHO-K1 cells were seeded in 96-well plates at a density of 1.0 � 104 cells/well
and allowed to attach overnight. Cells were incubated with toxin or toxin plus peptide for 24 h, and then
cell viability was quantified by the cell counting kit 8 (CCK-8) assay (Sigma), a WST-8 dye-based
colorimetric reaction.

TER. Transepithelial electrical resistance (TER) was measured in a human carcinoma cell line (T84;
ATCC). T84 cells were cultured in medium consisting of a 1:1 mixture of F-12–K medium (ATCC) and
Dulbecco’s modified Eagle’s medium (DMEM) (ATCC; modified with 4 mM L-glutamine, 4,500 mg/liter
glucose, 1 mM sodium pyruvate, and 1,500 mg/liter sodium bicarbonate). This 1:1 mixture of culture
media also included 5% FBS, 100 units/ml penicillin, and 100 �g/ml streptomycin. T84 cells were seeded
at a density of 6.0 � 104 cells/well in a transwell plate with a growth area of 0.3 cm2 and a membrane
composed of tissue culture-treated polyethylene terephthalate with a pore size of 3 �m. These cells were
cultured until tight junctions formed (about 1 week). Electrical resistance values for the T84 cells were
then recorded at the experimental time points indicated on the graph in Fig. 2D.

Analysis of intracellular Rac1 glucosylation. CHO-K1 cells were cultured as described above and
were seeded the day before the experiment in 24-well plates at a density of 5.0 � 104 cells/well. TcdB
was then combined with peptide in complete culture medium and added to cells. Following this
exposure, total proteins were extracted by removing culture medium and adding cold lysis buffer (1%
SDS, 50 mM Tris-HCl [pH 7.4], 5 mM EDTA, and a protease inhibitor mixture). For each condition, equal
amounts of total protein were analyzed by immunoblot probing with a mouse monoclonal antibody to
total Rac1 (EMD Millipore; catalog no. 05-389) or a mouse monoclonal antibody recognizing nongluco-
sylated Rac1 (BD Bioscience; catalog no. 610651).

Analysis of TcdB associating with cells. CHO-K1 cells were cultured as described above and were
seeded the day before the experiment in 12-well plates at a density of 1.0 � 105 cells/well. These cells
were then exposed for 10 min or 30 min at 37°C to 4 nM of TcdB in the presence and absence of peptide.
After this exposure, the cells were then washed twice with 1 ml of complete medium, and then total
proteins were extracted by adding cold lysis buffer (1% SDS, 50 mM Tris-HCl [pH 7.4], 5 mM EDTA, and
a protease inhibitor mixture). For each condition, equal amounts of total protein were analyzed by
immunoblot probing with antibodies to the amino-terminal domain of TcdB (R&D Systems; catalog no.
AF6246) or an antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam; catalog no.
AB8245).

In vitro glucosylation assay. To determine how PepB2 influences the glucosylation activity of TcdB,
400 nM purified GST-Rac1 and 40 �M UDP-glucose were combined with a range of concentrations of
TcdB (1.2 nM to 24 nM) or GTD (0.5 nM to 25 nM). These reactions were performed in 20 �l of buffer
consisting of 50 mM HEPES (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM MnCl2, and 100 �g/ml BSA. The
reactions were carried out at 37°C for 1 h and were stopped by heating the samples at 95°C for 7 min
in sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% �-mercaptoethanol, and 0.001%
bromphenol blue). An immunoblotting assay was then performed by probing with a mouse monoclonal
antibody to total Rac1 (EMD Millipore; catalog no. 05-389) or a mouse monoclonal antibody recognizing
nonglucosylated Rac1 (BD Bioscience; catalog no. 610651).

In vitro autoprocessing assay. TcdB autoprocessing was activated by incubating 37 pM TcdB with
500 �M inositol hexakisphosphate (IP6) for 1 h at 37°C in a buffer consisting of 50 mM HEPES (pH 7.5),
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150 mM NaCl, and 20 mM dithiothreitol (DTT). After the reaction was stopped by heating the samples
at 95°C for 7 min in SDS-PAGE sample buffer, cleavage of TcdB was evaluated by an immunoblot assay
probing with antibodies to the amino-terminal domain of TcdB (R&D Systems; catalog no. AF6246).

DSF. The thermal stability (Tm) was determined by combining purified TcdB with SYPRO Orange dye
and then monitoring fluorescence emissions as dye bound to hydrophobic regions of proteins that
became exposed during temperature-induced unfolding. An Applied Biosystems 7500 real-time PCR
system was used to monitor fluorescence emission as temperature was stepped from 25°C to 99°C. These
reactions were performed in quadruplicate in a buffer consisting of 20 mM HEPES (pH 8.0) and 150 mM
NaCl. Tm values are the temperatures at the midpoint of the transition from folded to unfolded and are
found by plotting the first derivative of fluorescence versus temperature.

SPR. Surface plasmon resonance (SPR) analysis was performed using a Biacore 3000 instrument
(OMRF Biacore Core Facility). TcdB2, TcdB2Δ1853–2366, TcdB21851–2366, or BSA was captured on a CM5
sensor chip via amine coupling chemistry based on EDC/N-hydroxysuccinimide (NHS) activation of the
carboxymethyl groups of the sensor chip surface. For TcdB2 conjugation, 1 �M TcdB2 or TcdB2Δ1853–2366

was injected at a flow rate of 10 �l/min. TcdB21851–2366 was injected at a concentration of 2.5 �M with
a flow rate of 10 �l/min. After protein conjugation, ethanolamine was passed over the sensor chip to
deactivate unreacted NHS esters. The running buffer used for the binding experiments consisted of
25 mM HEPES (pH 7.4), 150 mM NaCl, and 0.01% Tween 20, and the chip regeneration buffer consisted
of 50 mM NaOH and 1 M NaCl.

CD. The circular dichroism (CD) spectra of these peptides were recorded on a Jasco J715 spectro-
polarimeter (Jasco Corp., Tokyo, Japan) in a cuvette with a path length of 0.1 cm. Each spectrum was
recorded at a wavelength range of 200 to 260 nm at 0.1-nm intervals with 3 accumulations per spectrum.

Cross-linking. Peptides were cross-linked using bis(sulfosuccinimidyl)suberate (BS3), which is a
water-soluble homobifunctional cross-linking agent that reacts with primary amine groups. The cross-
linking reaction was performed with 1.4 mM peptide and 5 mM BS3 in a buffer consisting of 25 mM
HEPES (pH 7.4) and 150 mM NaCl. The reaction proceeded for 30 min at 25°C and then was quenched
with 100 mM Tris, pH 8.0.

Dialysis. Inhibitors were diluted to 125 �M in F-12–K medium lacking FBS. Then, 1 ml of the diluted
inhibitor was dialyzed with a 50-kDa-cutoff membrane into 2 liters of PBS while stirring. After 3 h, the PBS
was discarded and replaced with an additional 1.5 liters of PBS. After 2 more hours of stirring dialysis, the
inhibitors were removed from the dialysis tube and diluted into F-12–K medium containing 20% FBS. This
produced an inhibitor concentration of approximately 62.5 �M that was then tested for TcdB inhibition
using a cytotoxicity assay described above. As controls, a portion of the diluted inhibitors were subjected
to mock dialysis conditions and also tested in a cytotoxicity assay.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.00503-17.
FIG S1, TIF file, 2 MB.
FIG S2, TIF file, 2.9 MB.
FIG S3, TIF file, 2.8 MB.
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