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A neutralizing antibody that blocks delivery of the enzymatic
cargo of Clostridium difficile toxin TcdB into host cells
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Clostridium difficile infection is the leading cause of hospi-
tal-acquired diarrhea and is mediated by the actions of two
toxins, TcdA and TcdB. The toxins perturb host cell function
through a multistep process of receptor binding, endocytosis,
low pH-induced pore formation, and the translocation and
delivery of an N-terminal glucosyltransferase domain that
inactivates host GTPases. Infection studies with isogenic
strains having defined toxin deletions have established TcdB
as an important target for therapeutic development. Mono-
clonal antibodies that neutralize TcdB function have been
shown to protect against C. difficile infection in animal mod-
els and reduce recurrence in humans. Here, we report the
mechanism of TcdB neutralization by PA41, a humanized
monoclonal antibody capable of neutralizing TcdB from a
diverse array of C. difficile strains. Through a combination of
structural, biochemical, and cell functional studies, involving
X-ray crystallography and EM, we show that PA41 recognizes
a single, highly conserved epitope on the TcdB glucosyltrans-
ferase domain and blocks productive translocation and deliv-
ery of the enzymatic cargo into the host cell. Our study reveals
a unique mechanism of C. difficile toxin neutralization by a
monoclonal antibody, which involves targeting a process that
is conserved across the large clostridial glucosylating toxins.
The PA41 antibody described here provides a valuable tool
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for dissecting the mechanism of toxin pore formation and
translocation across the endosomal membrane.

Clostridium difficile has become a major global healthcare
problem, causing nearly half a million infections each year in
the United States alone (1, 2). C. difficile colonizes and infects
the human colon following antibiotic-induced dysbiosis of the
gut microbiota. Disease symptoms range from mild gastritis to
recurrent diarrhea and can include severe outcomes such as
pseudomembranous colitis, sepsis, and death (1). Traditional
treatments for C. difficile infections (CDIs)* involve the pre-
scription of antibiotics such as metronidazole and vancomycin,
but problems with recurrence are common, and new therapeu-
tic strategies are needed (1). Blocking virulence factors respon-
sible for the pathology of CDI, alone or in conjunction with
traditional treatments that target the pathogen, may be an
effective therapeutic approach.

The pathogenesis of C. difficile is mediated by two large, ho-
mologous, multidomain toxins, TcdA and TcdB, with TcdB
often linked with severe disease phenotypes (3, 4). Although
most pathogenic strains express both toxins, clinical isolates
that express only TcdB (A™B™ strains) have also been observed
(5). Despite their homology, TcdA and TcdB engage different
receptors on the colonic epithelium. TcdA has been proposed
to bind glycosylated receptors through its C-terminal com-
bined repetitive oligopeptides (CROPs) domain (6, 7). TcdB
engages multiple receptors on the host cell surface, but the
binding interactions are not restricted to the CROPs (8 -10).
Upon binding, the toxins are endocytosed and transported to
acidified endosomes where they undergo a conformational
change that is thought to lead to membrane insertion and for-
mation of a “pore” (11-14). The term pore refers to the ion
conductivity and presumed protein-conducting properties
associated with this membrane-associated state, although the
structural character and stability of such a pore have not yet

“The abbreviations used are: CDI, C. difficile infection; GTD, glucosyltrans-
ferase domain; CROPs, combined repetitive oligopeptides; InsP, inositol
hexakisphosphate; CDR, complementarity-determining region; HC,
heavy chain; LC, light chain; SPR, surface plasmon resonance; Bis-Tris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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Figure 1. PA41 binds a single site on TcdB as evaluated by negative-stain electron microscopy. Top, domain organization of TcdB holotoxin, including
residue ranges for each domain (74). A, panel of four representative two-dimensional class averages of TcdB(1-1810) bound by PA41 Fab (with number of
particles in each class in white). B, schematic for TcdB (white) and PA41 Fab (red) for each of the representative classes. C, overlay of a model of TcdB(1-1810)
onto one of the class averages from A (indicated with an asterisk) with the GTD in red, autoprotease domain (APD) in blue, and delivery domain in yellow.

been clearly defined. The cargo of the toxins, an enzymatically
active glucosyltransferase domain (GTD), is translocated
through the newly formed pore into the cytosol of the host cell.
Binding of inositol hexakisphosphate (InsP,) to the autopro-
tease domain of the toxin facilitates cleavage and release of the
GTD into the cell (15). The GTD binds and inactivates host Rho
family GTPases (16). Functional effects of GTPase inactivation
include dysregulation of the actin cytoskeleton and altered sig-
naling events, which are linked to the cell rounding and apopto-
tic cell death phenotypes of intoxication.

The mechanism of cellular intoxication provides multiple
targets for therapeutic intervention. Several studies have dem-
onstrated the effectiveness of toxin-specific monoclonal anti-
bodies (mAbs) in preventing mortality in animal models of CDI
(4, 17-20). Recently, the mechanisms of neutralization for two
such mAbs, actoxumab (anti-TcdA) and bezlotoxumab (anti-
TcdB), have been reported. Both of the mAbs bind the C-ter-
minal CROPs domain of their respective toxins and neutralize
toxicity in cell culture by blocking cell-surface binding (21, 22).
Treatment with bezlotoxumab alone has been shown to reduce
recurrence of CDI in Phase III clinical trials (23) and has been
approved by the United States Food and Drug Administration
(24), validating the use of anti-TcdB antibodies as supportive
therapy.

Given that some of the reported TcdB receptors bind outside
of the CROPS domain (8 —10), there is a potential that neutral-
izing antibodies against other toxin domains could provide
comparable or enhanced efficacy. A survey of other anti-toxin
antibodies reveals that the GTD-containing N-terminal por-
tion of TcdB can also present neutralizing epitopes (20, 25-28).
This led us to characterize the mechanism of TcdB neutraliza-
tion by the humanized monoclonal antibody PA41, which tar-
gets the N-terminal region of the toxin. PA41 has previously
been shown to effectively neutralize TcdB from multiple histor-
ical and epidemic strains of C. difficile and, in combination with
an anti-TcdA antibody, prevents mortality in an animal model
of CDI (20). Using structural and biochemical approaches, we
show that PA41 binds a single, highly conserved epitope within
the TcdB-GTD but does not affect its enzymatic function.
Functional assays, examining each stage of intoxication in epi-
thelial cells, show that PA41 neutralizes TcdB by interfering
with the delivery of the GTD across the endosomal membrane.
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Results

PA41 binds a single site on TcdB near the GTD as shown by
electron microscopy

To address whether PA41 accesses a single binding site on
TcdB, we imaged TcdB in complex with PA41 Fab using nega-
tive-stain electron microscopy. A previous study indicated that
the TcdB CROPs is flexible relative to the rest of TcdB (29), so
we used TcdB(1-1810), a construct that does not contain the
CROPs domain, to allow clear identification of bound antibod-
ies. Two-dimensional reference-free class averaging was per-
formed on a data set of 8,301 particles of the TcdB(1-1810)-
PA41 Fab complex, and the resulting classes revealed multiple
views of a single Fab bound to one end of the toxin (Figs. 1, A
and B, and S1). A homology model of TcdB(1-1810) was gen-
erated from the crystal structure of TcdA(1-1832) (30) and
superimposed onto a representative class average (Fig. 1C). The
Fab binds near the TcdB-GTD, consistent with the previous
report of a single binding site within the N-terminal region of
TcdB (20).

The crystal structure of TcdB-GTD in complex with PA41 Fab
identifies a distinct and highly conserved epitope

PA41 was shown previously to effectively neutralize TcdB
from multiple strains of C. difficile, including VPI 10463
(ribotype 003) and a set of epidemic and non-epidemic ribotype
027 strains (20). One strain within the 027 ribotype has been
characterized as having higher rates of GTD release during
intoxication and higher cytotoxicity (31). There are minor dif-
ferences in protein sequence between the VPI 10463 and
ribotype 027 GTDs, so crystallization studies were performed
with the GTD sequence from R20291, an 027/BI/NAP1 strain
(32) (TcdB-027-GTD). Purified GTD was crystallized in com-
plex with PA41 Fab, and the structure was determined to 2.8-A
resolution (Table 1). The Fab binds to a single site on a small
subdomain of the GTD composed of several small helices con-
nected by large loops (GTD residues 290 —360) (Fig. 24) with no
interaction with the GTD core structure containing the active
site. The interface between PA41 and the GTD is flat and
encompasses a relatively small surface area on the GTD (806
A?).Itincludes the helix containing GTD residues 340 351 and
the end of the helix containing residues 322—325 (Figs. 2B and

SASBMB


http://www.jbc.org/cgi/content/full/M117.813428/DC1

Table 1
Crystallographic data collection and refinement statistics

Values in parentheses represent the highest-resolution shell. r.m.s.d., root mean
square deviation.

Protein complex

TcdB-GTD + PA41 Fab

Crystallization

0.1 m Bis-Tris, pH 5.5,
1 M NaCl, 11% PEG 3350

Data collection

Space group C222,
Cell dimensions
a,b,c(A) 96.1,251.7, 224.5
@By () 90.0, 90.0, 90.0
Resolution (A) 60.9-2.8 (2.84-2.79)
erge 0.161 (1.526)
. 0.171 (1.665)
CCl/2 0.996 (0.569)
I/al 7.5 (1.0)
Completeness (%) 99.9 (99.9)
Redundancy 8.5(6.3)
Wavelength (A) 0.97872
Total observations 578,506 (21,380)
Unique observations 68,012 (3,378)
Refinement
Resolution (A) 60.9-2.8
No. of reflections 67,920
Ryond Risee 0.241/0.292
No. of non-hydrogen atoms
Protein 15,152
Water 146
Total ) 15,298
Average B-factor (A?) 98.2
r.ms.d. values
Bond lengths (A) 0.002
Angles (%) 0.455
Ramachandran plot (%)
Most favored 92.7
Allowed 6.2
Disallowed 1.2

S2). All of the complementarity-determining regions (CDRs)
from the heavy chain (HC) and light chain (LC) of PA41 con-
tribute to binding with CDR-H3 and CDR-L1 predominating
(Table S1). One salt bridge is located within the interface (HC
Arg-50/GTD Glu-325) and could contribute to binding speci-
ficity (Fig. 2B). GTD Glu-347 is centrally located within the
epitope and potentially shares hydrogen bonds with residues
from both the HC (Ser-103) and LC (Ser-91 and Ser-32) of the
Fab (Fig. 2B).

The core of the TcdB-PA41 interaction involves a shallow
hydrophobic pocket formed between the GTD and PA41-HC
(Fig. 2C). Ile-101 of CDR-H3 is oriented toward the cleft
between the GTD helices with GTD Leu-350 forming the floor
of the pocket. HC Phe-33 and LC Phe-50 could interact with the
side-chain backbones of several residues (Lys-324/Glu-325 and
Glu-347/Ser-348, respectively) to stabilize either end of the site.
Several other interactions surround Ile-101 to create the
pocket, including possible backbone hydrogen bonds between
Lys-322 and Lys-324 of the GTD and Thr-102 and Thr-100,
respectively, of PA41-HC (Fig. 2C).

Tyr-323 is in the center of the epitope and forms one wall of
the hydrophobic pocket. The phenol group is oriented toward
the side chains of Lys-322 and Glu-347 with the aromatic ring
positioned between the GTD helices (Fig. 2C). Comparison of
the TcdB sequences from multiple C. difficile strains, including
those from the previous PA41 study (20) (Table S2), reveals
Tyr-323 to be the only epitope residue mutated between
strains. The tyrosine is changed to a histidine in the one strain
that was not neutralized by PA41 (ribotype 017 strain F1470)
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D Surface plasmon resonance analysis of TcdB binding to PA41 mAb

Capture  TcdB  pH  ka(M?'s?)  ka(s?) Ko (nM) x*

PA41ImAb  WT 6.0 3.545x10° 2.151x10* 0.607 0.111
PA41mAb  WT 7.4  3.924x10° 1.661x10° 0.423 0.035
PA41mAb Y323H 6.0 6.147x10° 2.807x10° 4.566 0.367
PA41mAb Y323H 7.4 5.016x10° 2.979x10% 5.940 0.087

Figure 2. X-ray crystal structure of TcdB-027-GTD + PA41 Fab and struc-
tural determinants of epitope interaction. A, wide view of complex with
TcdB-027-GTD in dark gray, PA41-HCin gray, and PA41-LCin white. B, residues
within the epitope on the GTD are colored yellow with critical PA41 residues in
green. Side-chain carbons (red) and nitrogens (blue) are also indicated. A salt
bridge is located at one end of the epitope (Glu-325-Arg-50) with GTD Glu-
347 potentially mediating hydrogen bonds with both Fab chains. C, hydro-
phobic pocket accommodating lle-101 of PA41-HC with residues forming all
sides of site labeled (GTD, yellow; Fab, green). D, summary of kinetic rate and
dissociation constants for the interactions of TcdB(WT) and TcdB(Y323H) with
PA41 mAb measured by SPR.

and in strain CH6223 (Table S2). To address whether this single
mutation could have an effect on the ability of PA41 to bind to
TcdB, surface plasmon resonance binding experiments were
performed. Wild-type TcdB holotoxin (VPI 10463) bound
PA41 mAb with subnanomolar affinity at pH 7.5 and 6.0 (0.42
and 0.61 nM, respectively), whereas the Y323H mutant had an
8-10-fold weaker K, at both pH values (4.6 nm at pH 7.5 and
6.0 nm at pH 6.0) (Fig. 2D). The association rates (k) for both
wild-type and mutant TcdB were comparable, so the weaker
affinity results from a faster dissociation rate (k) of the com-
plexes with the Tyr-to-His mutation (Fig. 2D).

PA41 prevents Rac1 glucosylation by TcdB in cells but not in
vitro

The crystal structure reveals that PA41 does not interact
directly with the enzymatic active site of the TcdB-GTD, but
the presence of the antibody could indirectly affect the gluco-
syltransferase activity. To test this, we examined the ability of
TcdB-027-GTD to transfer [**C]glucose onto purified Racl in
vitro in the presence of PA41. Preincubation of the GTD with
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Figure 3.PA41 inhibits TcdB-induced Rac1 glucosylation in Caco-2 cells but notin vitro. A, in vitro glucosylation of GST-Rac1 (2 um) by TcdB-027-GTD
(10 nm) in the presence of ['"*CJUDP-glucose (24 um) and increasing concentrations of PA41 mAb. Controls are shown in lane 1 (GTD with Rac1) and lane
2 (Rac1 only). B, Rac1 glucosylation by TcdB(WT) or TcdB(Y323H) in the presence of isotype control or PA41 mAb was assessed in Caco-2 cells. Cells that
did not receive toxin or antibody were used as controls. C, experiments in B were quantified by densitometry, and the extent of Rac1 glucosylation was
determined by normalizing the unglucosylated and total Rac1 levels. Means = S.D. (n = 3) are shown. D and E, similar experiment performed with Fab
fragments. The antibody concentration was doubled to keep the available number of antigen-binding sites similar between the mAb and Fab experi-

ments. Error bars represent S.D.

increasing concentrations of PA41 mAb had no effect on its
ability to glucosylate Racl in a cell-free system (Fig. 34). How-
ever, glucosylation assays performed in Caco-2 cells, a colonic
epithelial cell line, show a complete lack of Racl modification
by TcdB in the presence of PA41 mAb (Fig. 3, B and C) or Fab
(Fig. 3, D and E). Taken together, our findings indicate that
PA41 does not interfere with the enzymatic activity of the GTD
but prevents TcdB from gaining access to its substrates within
the host cell. Interestingly, in the same cell-based glucosylation
assays, TcdB(Y323H) modifies the majority of the Racl within
the cells irrespective of the presence of PA41 mAb or Fab (Fig.
3, B—E), indicating that this point mutation is sufficient to allow
TcdB to escape neutralization by PA41.

PA41 does not block TcdB from binding or entering the host
cell

To gain access to its GTPase substrates, the toxin must bind
the host cell, enter, insert into the endosomal membrane, and
translocate the GTD into the host cytosol. It is likely that PA41
interferes with one or more of these cell intoxication mecha-
nisms, which could lead to the observed defect in downstream

944 | Biol. Chem. (2018) 293(3) 941-952

modification of Racl by TcdB. To test the impact of PA41 on
the binding and uptake of TcdB, we developed a toxin entry
assay where the bound and internalized toxins can be distin-
guished by using a surface-stripping procedure. We used
3xFLAG-TcdB(C698A), a mutant that is deficient in autopro-
cessing but can still translocate across the endosomal mem-
brane and glucosylate Racl in cells (33), and detected the toxin
using an anti-FLAG antibody. The 3xFLAG tag is at the N ter-
minus, which would typically get cleaved and released into the
cytosol upon toxin entry and thus result in two detectable toxin
bands (uncleaved holotoxin and free GTD) in the cell lysates. In
contrast, the autoprocessing mutant will be detected as a single
holotoxin band, which simplifies quantification of the total
internalized toxin within the cells. Cell viability assays con-
firmed that the 3xFLAG tag does not affect TcdB function (Fig.
S3, Supporting Methods). Additionally, inhibition of entry
using Dynasore, an inhibitor of dynamin GTPases, prevented
the uptake of 3xFLAG-TcdB(C698A) and the subsequent tox-
in-induced Racl glucosylation in cells (Fig. S4, Supporting
Methods). These results, consistent with the known role of
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Figure 4. PA41 does not affect binding or entry of TcdB in Caco-2 cells, but it does inhibit Rac1 modification. A, TcdB binding and entry in the presence
of isotype control or PA41 mAb were assessed in toxin entry assays. Cells that did not receive any toxin or antibody were used as controls. Comparison of bound
toxin levels between —strip (lanes 2 and 3) and +strip (lanes 4 and 5) conditions confirms efficient removal of surface-bound toxin by this procedure. B,
experiments in A were quantified by densitometry, and the relative binding of TcdB to cells was determined by normalizing bound TcdB levels to that of GAPDH
(lanes 2 and 3). Means = S.D. (n = 3) are shown and were analyzed using two-tailed t test. ns, not significant. G, the internalized TcdB signal (lanes 6-9) was
normalized to the corresponding GAPDH levels to obtain the relative entry signal, which was then normalized to the relative bound toxin levels and expressed
as the percentage of internalized TcdB. Means = S.D. (n = 3) are shown and were analyzed using two-tailed t test. ns, not significant. D, the extent of Rac1
glucosylation by TcdB was determined by normalizing the unglucosylated and total Rac1 levels. Means = S.D. (n = 3) are shown and were analyzed using
one-way analysis of variance. p values were generated using Dunnett’s multiple comparisons test. ***, p < 0.0005. E-H, similar experiments performed with the

Fab fragments. Error bars represent S.D.

dynamin in TcdB entry (34, 35), show that the assay is capable
of differentiating between cell surface— bound and internalized
toxin.

We then performed this assay in the presence of PA41 mAb
(Fig. 4A) or Fab (Fig. 4E), which enabled us to simultaneously
monitor toxin binding, entry, and toxin-induced Rac1 glucosy-
lation within cells. Our results show that preincubation of
3XxFLAG-TcdB(C698A) with either PA41 mAb or Fab has no
effect on toxin binding to the cell surface (Fig. 4, B and F) or
uptake into the cell (Fig. 4, C and G), but toxin-induced Racl
glucosylation is still completely inhibited (Fig. 4, D and H).
These data indicate that the lack of Racl modification by TcdB
in the presence of PA41 is not due to defects in toxin binding or
uptake.

PA41 inhibits low pH-induced rubidium release by TcdB and
the cargo delivery into the host cytosol

We hypothesized that PA41 was restricting TcdB’s access to
its substrates by interfering with pore formation and/or trans-
location across the endosomal membrane. Such a mechanism is
possible given that PA41 remains bound to TcdB-GTD in the
surface plasmon resonance (SPR) and crystallization studies
where the pH conditions used (6.0 and 5.5, respectively) resem-
ble that within an endosome. To investigate whether PA41
interferes with TcdB pore formation, we acid-activated toxin
only or toxin-PA41 complexes that were bound to Chinese
hamster ovary (CHO)-K1 cells preloaded with rubidium
(®*Rb™). PA41 mAb and Fab did not affect TcdB binding to
CHO-K1 cells (Fig. S5, Supporting Methods) but significantly
reduced low pH-induced **Rb* release by surface-bound
TcdB (Fig. 5A4). We next examined the effect of PA41 on deliv-
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ery of the GTD into the host cell, a process that requires pore
formation and translocation. Toxin cleavage assays in Caco-2
cells performed using 3xFLAG-TcdB(WT) show a reduction in
the fraction of the internalized holotoxin that is processed and
released into the cytosol when the toxin was preincubated with
either PA41 mADbD (Fig. 5, Band C) or Fab (Fig. 5, D and E), and
this reduction in toxin processing correlated with a decrease in
Racl modification by the toxin (Fig. 5, B and D). A reduction in
GTD cleavage and release could result from either an inhibition
of translocation or a defect in the InsP,-dependent autopro-
cessing of the toxin within the cytosol. We performed in vitro
autoprocessing assays and observed no difference in the InsP-
induced autocatalytic cleavage of TcdB in the presence of PA41
(Fig. S6, Supporting Methods), suggesting that this antibody
inhibits GTD release by blocking transport of the enzyme
across the endosomal membrane. In sum, our findings support
a neutralization mechanism for PA41 wherein the antibody
binds the TcdB-GTD and is carried along with the toxin into
the endosome where it prevents pore formation and/or trans-
location of the GTD across the membrane (Fig. 6).

Discussion

We have defined the TcdB epitope for the neutralizing
monoclonal antibody PA41 and the mechanism of neutraliza-
tion. Electron microscopy confirmed that PA41 recognizes a
single site on the TcdB-GTD, and the crystal structure of the
complex details the structural features mediating the interac-
tion of PA41 with a small subdomain of the GTD. Cell assays in
epithelial cells were used to probe each functional step along
the TcdB intoxication pathway and to identify the mechanism
of PA41 neutralization. The antibody does not inhibit cell bind-
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(Normalized to control)

ing, cell entry, or the enzymatic activities of TcdB (glucosyl- conductive pore and/or physical translocation of the GTD
transferase or toxin autoprocessing). Notably, PA41 signifi- across the endosomal membrane are the apparent targets of
cantly reduces both TcdB-dependent rubidium release on neutralization by PA41.

biological membranes and the release of free GTD in intoxi- Based on the current paradigm for AB pore-forming toxins
cated cells. The molecular events involved in formation of a (36, 37), cell intoxication by TcdB would rely on pH-dependent
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pore formation and/or translocation. B, a comparison of the two potential
mechanisms through which PA41 could prevent cargo transport during
intoxication (7). TcdB normally forms a channel through the endosomal mem-
brane, allowing translocation of the enzymatic toxin domains (2). In the pres-
ence of PA41, formation of the pore could be directly blocked through steric
hindrance of conformational changes within the toxin. Although an Rb™-
conductive pore can be formed in the absence of the GTD (14), binding of
PA41 may restrict individual domain movements or overall toxin conforma-
tion (3). PA41 could also prevent unfolding of the GTD for transport, which
would trap the GTD at some point within the toxin pore. Either of these mech-
anisms could result in the decreased cargo transport observed in the pres-
ence of PA41. TcdB domains are colored as shown previously (GTD, red; auto-
protease domain, blue; delivery domain, yellow; CROPs, green) with PA41 in
purple.

+ PA41

I

conformational changes within the toxin structure that facili-
tate the formation of a membrane-spanning structure through
which the GTD can be delivered and processed for release (Fig.
6). Although it remains unclear whether TcdB forms a defined
transmembrane structure, rubidium release experiments imply
formation of a functional pore, one where the ion conductivity
properties correlate with conditions that promote protein
translocation across the endosomal membrane (12-14).
Although several residues and structural regions within the
TcdB delivery domain have been implicated in membrane
insertion and/or cargo delivery processes (12, 14, 38, 39), it is
not immediately apparent how binding of the TcdB-GTD by
PA41 could block delivery of the toxin cargo. A GTD-less TcdB
construct has been shown to be competent in forming a pore in
the rubidium release assay (14), suggesting that the GTD itself
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is not required for this process. For other AB pore-forming
toxins (such as anthrax toxin, botulinum neurotoxin, and diph-
theria toxin), the cargo must be at least partially unfolded for
translocation to occur (40—42). The GTD subdomain contain-
ing the PA41 epitope may be involved in essential unfolding
events, and PA41 could directly stabilize the tertiary structure
of the protein. A similar model for antibody-mediated stabili-
zation of a target antigen has been proposed for neutralizing
single-domain antibodies against the catalytic domain of ricin
(43).

The rubidium release assay is a standard technique used for
monitoring toxin-mediated pore formation in biological mem-
branes. Although the absence of rubidium release in the pres-
ence of antibody could suggest that pore formation has been
inhibited, it is also possible that the decrease in signal is due to
occlusion of the pore. Studies on botulinum and anthrax toxins
using antibody Fabs, cross-linking, or biochemical modifica-
tion have demonstrated that trapping the toxin cargo in the
pore during translocation can lead to a loss of conductance
through the pore (44 —47). GTD trapped within the TcdB pore
during translocation, due to either incomplete unfolding or
the presence of bound antibody, could result in reduction of
both rubidium release and cytosolic GTD delivery. Because we
know that the GTD is not required for pore formation (14), we
favor a model where PA41 is preventing translocation of the
GTD across the membrane.

For PA41 to obstruct processes within the endosome, the
antibody needs to remain bound to TcdB through the pH
changes inherent to endosomal maturation. The complex of
TcdB with PA41 retains stable, high affinity in the pH range
5.5—6.0 as illustrated by the crystal structure and SPR binding
experiments (Fig. 2), conditions consistent with early-to-late
endosomes (48). Although we could not assess the binding
affinity at lower pH values due to TcdB aggregation, we note
that the antibodies blocked Rb™ release when cells were
exposed to pH 4.5 (Fig. 5A). We therefore anticipate that PA41
will remain bound to TcdB even at the pH of late endosomes.
Given the theoretical pK,, of 6.8 of histidine, we considered a
mechanism of pH-dependent release of PA41 for the
TcdB(Y323H) mutant inside the endosome. The binding data,
however, indicate that the affinity of the mutant complex is
effectively unchanged in moving from pH 7.4 (K, = 5.9 nm) to
pH 6.0 (K, = 4.7 nm) (Fig. 2D). In both cases, the K, is 10-15-
fold weaker than what was observed with the wild-type
sequence. The ability of the TcdB(Y323H) mutant to glucosy-
late Racl, even in the presence of PA41 (Fig. 3), suggests that a
5-6 nM affinity interaction is below the affinity threshold for
what is needed to neutralize TcdB function, at least in cells.

Within the pore-forming toxin family, there are other exam-
ples of antibodies that neutralize at discrete mechanistic steps
(49). Specific antibodies against a-hemolysin from Staphylo-
coccus aureus and Shiga toxin from Escherichia coli have been
isolated that halt the toxins at the plasma membrane of the cell
(50, 51). The prepore-to-pore transition of anthrax toxin is
inhibited by an antibody against the protective antigen compo-
nent of the toxin (52). Stabilization of the conformational
changes required for endocytosis is the proposed mechanism
for anti-ricin antibodies (43). Remarkably, a mAb against
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S. aureus a-toxin has been shown to inhibit not only membrane
binding through receptor blockade but also the heptameric oli-
gomer association needed for pore formation, providing a dual
mechanism and potent neutralizing activity (53, 54).

When considering how antibodies against the C. difficile tox-
ins neutralize their targets, PA41 occupies a unique mechanis-
tic niche. The anti-TcdA mAb actoxumab binds the TcdA
CROPs and interferes with toxin binding to cells, most likely
through receptor blockade (21). Bezlotoxumab recognizes the
CROPs domain of TcdB and blocks Vero cell binding (22). In
light of the multiplicity of cellular receptors for TcdB and their
distribution of binding sites, it is possible that some toxin will
escape neutralization from an anti-CROPs antibody. The more
general strategy of blocking toxin translocation from within the
endosome provides an additional mechanism to exploit in the
effort to treat and prevent CDI. In addition, the PA41 antibody
provides a novel tool for dissecting the mechanism of toxin pore
formation and translocation across the endosomal membrane.

Experimental procedures
Expression and purification of recombinant TcdB constructs

Constructs for full-length TcdB(WT) (pBL377) and N-ter-
minal 3xFLAG-TcdB(WT) (pBL705) (corresponding to the
gene from C. difficile strain VPI 10463) were expressed in
Bacillus megaterium with C-terminal Hisg tags and purified
as described previously (8, 29). TcdB(WT) and N-terminal
3XxFLAG-TcdB(WT) were used as templates for generating
TcdB(Y323H) (pBL833) and the 3xFLAG-TcdB(C698A) auto-
processing mutant (pBL751), respectively, by site-directed
mutagenesis. The construct for TcdB(1-1810) (pBL832), which
does not contain the CROPs domain, was made by loop-out
mutagenesis on the TcdB(WT) gene using the primers
5'"-GAGGATGGATTGATTATTAGTGAAGGTACCCATC-
3" and 5'-GATGGGTACCTTCACTAATAATCAATCCA-
TCCTC-3'. The sequence for the TcdB-027-GTD construct is
from C. difficile 027/BI/NAP1 (32) and was subcloned from the
full-length toxin construct into the B. megaterium expres-
sion vector pHis1622 (BMEG20, MoBiTec, Gottingen, Ger-
many) with a C-terminal His, tag (pBL834). The TcdB-027-
GTD was expressed and purified using the same protocol as
for the full-length toxin. Final proteins were analyzed for
purity by SDS-PAGE, and concentrations were determined
by absorbance (TcdB holotoxin: €; ;¢ 250 nms 1-067; molecu-
lar weight, 269,710; TcdB(Y323H) holotoxin: € 16280 nms
1.061; molecular weight, 269,686; TcdB(1-1810): €; 19 50 nm 0-886;
molecular weight, 205,728; TcdB-027-GTD: €, 14, 250 nm
1.124; molecular weight, 62,903). Proteins for structural
studies were stored in 20 mm Tris, pH 8.0, 100 mMm NaCl, and
proteins for cellular studies were stored in 20 mm HEPES, pH
6.9, 50 mMm NaClL

Construction, expression, and purification of PA41 mAb and
PA41 Fab

DNA constructs for the light chain and heavy chain of PA41
were cloned into a CMV promotor—driven expression vector
with secretion controlled by the native immunoglobulin light
chain signal peptide to produce both the PA41 mAb and Fab.
For the Fab, the heavy chain consists of the variable region, the
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CH1 domain, and a partial hinge region (including the EPKSC
sequence). The antibodies were transiently expressed in a
CHO-derived cell line. Cell cultures were fed with a nutrient
mixture until expression was terminated 10—13 days post-
transfection (55). Fabs were purified by « light chain affinity
purification (KappaSelect resin, 17-5458-02, GE Healthcare),
whereas mAb was isolated by protein A affinity (HiTrap Protein
A HP, 17-0403-01, GE Healthcare) according to the manufactu-
rer’s instructions.

Electron microscopy of TcdB(1-1810) with PA41 Fab

Complexes of TcdB(1-1810) (100 nm) with PA41 Fab (100
nM) were set up in 20 mm Tris, pH 8.0, 100 mm NaCl and incu-
bated for 30 min at room temperature. Samples were diluted in
the same buffer to 5 ng/ul toxin and immediately applied to
glow-discharged, carbon-coated copper grids. Grids were
stained with 0.75% uranyl formate for negative-stain imaging
(56). Micrographs for two-dimensional class averaging of TcdB
in complex with PA41 Fab were collected at X62,000 magnifi-
cation on a Tecnai F20 (200 keV; FEI) transmission electron
microscope equipped with a Gatan US4000 charge-coupled
device camera. Images were converted to mixed raster contentand
binned by 2, giving a final value of 3.5 A/pixel. Individual particles
were manually selected in Boxer/EMAN (57) (box size, 128 X 128
pixels), and image stacks were generated in SPIDER (58). Refer-
ence-free two-dimensional class averaging was performed in
Scipion (59) using the Xmipp3-CL2D algorithm (60).

X-ray crystallography of TcdB-027-GTD with PA41 Fab

TcdB-027-GTD (60 uM) was incubated with a 1.1-fold molar
excess of PA41 Fab (66 uM) in 20 mMm Tris, pH 8.0, 100 mMm NaCl
for 30 min at room temperature. The complex was isolated
from unbound Fab over a Sephadex 200 size exclusion column
(1 X 25 cm; GE Healthcare) in the same buffer. The resulting
pool was concentrated to 8.6 mg/ml complex and set up in
broad matrix crystallization screens to identify crystal growth
conditions. After optimization, final crystallization conditions
were in 0.1 M Bis-Tris, pH 5.5, 1 M NaCl, 11% polyethylene
glycol 3350, and crystals were harvested and cryoprotected in
mother liquor with 20% ethylene glycol. X-ray diffraction data
were collected at the LS-CAT beamline (Advanced Photon
Source, Argonne National Laboratory). Data were processed
with Xia2 through the XDS pipeline using programs within
CCP4 (Pointless/Aimless) for indexing and scaling (61-64).
Molecular replacement was performed in Phaser (65) with the
structures of the TcdB-GTD from C. difficile VPI 10463 (Pro-
tein Data Bank code 2BVM) and a humanized antibody Fab
fragment (Protein Data Bank code 3L5X) as search models to
phase the data. The electron density maps allowed construction
of a model containing residues 2—529 of the GTD and 1-222
and 1-214 of the Fab HC and LC, respectively. The Fab HC
loops containing residues 135-140 were not included in the
model due to poorly resolved electron density. Refinement was
performed in Phenix (66), including TLS (translation-libration-
screw-rotation) refinement and NCS (non-crystallographic
symmetry) restraints in the strategy. Coot was used for model
building (67). All structure figures were made in UCSF Chimera
(68) or PyMOL (The PyMOL Molecular Graphics System, ver-
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sion 1.8, Schrodinger, LLC). Software was curated by SBGrid
(69). Epitope characteristics in the final refined crystal struc-
ture were analyzed with ePISA (70) and PDBSum (71).

SPR assays

Kinetic rate constants (k, and k,) for binding of PA41 to
purified TcdB(WT) and TcdB(Y323H) were measured using an
IgG capture assay on a BIAcore T200 instrument. Mouse anti-
human IgG-Fc was immobilized on a CM4 sensor chip with a
final surface density of 1700 resonance units. A reference flow
cell surface was also prepared on this sensor chip by use of an
identical immobilization protocol. PA41 mAb was prepared at
5 nM in instrument buffer (HBS-EP buffer (0.01 m HEPES, pH
7.4,0.15 M NaCl, 3 mm EDTA, 0.005% P-20) or MES-EP buffer
(0.05 M MES, pH 6.0, 0.15 M NaCl, 3 mm EDTA, 0.05% Tween
20)) along with 3-fold serial dilutions of TcdB(WT) and
TcdB(Y323H) (0.0025-50 nMm) in instrument buffer. A sequen-
tial approach was utilized for kinetic measurements. PA41-hu-
man [gG1 was first injected over the capture surface at a flow
rate of 10 pl/min. Once the binding of the captured PA41 sta-
bilized, a single concentration of TcdB was injected over both
surfaces at a flow rate of 75 pl/min. The resulting binding-
response curves yielded the association phase data. Following
the injection of TcdB, the flow was switched back to instrument
buffer for 10 min to permit the collection of dissociation-phase
data with a subsequent 1-min pulse of 3 M MgCl, to regenerate
the IgG capture surface on the chip. Binding responses from
duplicate injections of each concentration of TcdB were
recorded against PA41. In addition, several buffer injections
were interspersed throughout the injection series. Select buffer
injections were used along with the reference cell responses to
correct the raw data sets for injection artifacts and/or nonspe-
cific binding interactions, commonly referred to as “double ref-
erencing.” Fully corrected binding data were then globally fit to
a 1:1 binding model (Biacore T200 Evaluation 2.0 software, GE
Healthcare) that included a term to correct for mass transport—
limited binding should it be detected. These analyses deter-
mined the kinetic rate constants k, and k, from which the
apparent dissociation constant (K,,) was calculated as k/k,.

In vitro glucosylation assay

Assays were performed as described previously (72) with
minor modifications using TcdB-027-GTD (10 nm) and GST-
Racl (2 um) in the presence of [**C]UDP-glucose (24 um final
concentration; PerkinElmer Life Sciences, NEC403050UC). GST-
tagged Racl (pBL436) was expressed in BL21-CodonPlus-RIL
E. coli (Agilent Technologies) and purified as described previously
over glutathione-Sepharose and by size-exclusion chromatogra-
phy (72). TcdB-027-GTD was preincubated with increasing con-
centrations of PA41 mAb (50 —250 n final) at room temperature
for 30 min, and reactions were set up in glucosylation buffer (50
mum HEPES, pH 7.5, 100 mu KC, 2 mm MgCl,,1 mm MnCl,, 0.1
mg/ml BSA) and incubated at 37°C for 1 h. Reactions were
quenched by addition of hot sample buffer and boiling for 5 min,
and proteins were separated by reducing SDS-PAGE on a 12%
polyacrylamide gel. Radiolabeled Racl was visualized after 42-h
phosphorimaging screen exposure by autoradiography on a phos-
phorimaging system (FLA700 Typhoon, GE Healthcare). Three
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independent replicates were performed with a representative
experiment shown in the figure.

Cell culture

Caco-2 cells (ATCC HTB-37) were maintained in minimum
essential medium supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals), 1% minimum essential medium
non-essential amino acids (M7145, Sigma), 1% HEPES buffer
(15630080, Gibco), and 1% sodium pyruvate (S8636, Sigma).
CHO-K1 (ATCC CCL-61) cells were grown in Ham’s F-12
medium supplemented with 10% FBS.

Cell-based Rac1 glucosylation assay

Caco-2 cells were seeded at a density of 500,000 cells/well in
35-mm dishes and incubated at 37 °C for 48 h. For the glucosy-
lation assay, Caco-2 monolayers were switched to 4 °C for 1 h
and then intoxicated with 10 nm TcdB (wild type or Y323H
mutant) that was preincubated for 30 min at room temperature
with equimolar (10 nM) concentrations of isotype control mAb
or PA41 mADb. For assays with Fab fragments, the antibody con-
centration was doubled to keep the available number of anti-
gen-binding sites similar between the mAb and Fab experi-
ments. Toxins were allowed to bind at 4 °C for 1 h and then to
internalize at 37 °C for 20 min. Cells that did not receive toxin
or antibody were used as controls. Cells were harvested, and cell
pellets were homogenized in lysis buffer (10 mm Tris, pH 7.4,
250 mM sucrose, 3 mM imidazole) supplemented with protease
inhibitor mixture (1:100; Sigma, P8340). Lysates were subjected
to SDS-PAGE and Western blot analyses. The blot was probed
with antibodies against the unglucosylated Racl (610650, BD
Biosciences), total Racl (05-389, Millipore), and GAPDH.
Binding of anti-mouse (7076S, Cell Signaling Technology) or
anti-rabbit (7074S, Cell Signaling Technology) HRP-linked sec-
ondary antibodies was detected using ECL Western Blotting
Substrate (32106, Pierce). Densitometry quantifications were
performed using Fiji (73).

Toxin entry and cleavage assays in cells

Caco-2 cells were seeded at a density of 500,000 cells/well in
35-mm dishes and incubated at 37 °C for 48 h. For entry assays,
cells were moved to 4 °C for 1 h and then intoxicated with 25 nm
3xFLAG-tagged TcdB(C698A) preincubated with 25 nm mAb
or 50 nm Fab for 30 min at room temperature. For assays with
Fab fragments, the antibody concentration was doubled to keep
the available number of antigen-binding sites similar between
the mAb and Fab experiments. Toxin binding occurred at 4 °C
for 1 h. To allow toxin entry, medium containing unbound
toxin was removed and replaced with fresh medium containing
antibody, and cells were then switched to 37 °C for the indi-
cated time points. To assess the bound toxin levels, cells were
washed twice with PBS, dislodged using a cell scraper, collected,
and homogenized to obtain lysates. To assess internalized toxin
levels, the medium was removed, and cells were washed once
with PBS and then incubated with an acid solution (0.2 M acetic
acid, 0.5 M NaCl in PBS) for 45 s. The acid solution was then
removed, and cells were washed twice with PBS and further
treated with trypsin solution to facilitate proteolysis and
removal of any toxin still bound to the surface post-acid treat-
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ment. Cells were then collected, and lysates were prepared for
SDS-PAGE and Western blotting. The blot was probed with
antibodies against the toxin (anti-FLAG), unglucosylated and
total Racl, and GAPDH. The efficiency of the stripping proce-
dure was assessed by comparing the total bound toxin levels
before and after acid wash and trypsin treatment. For cleavage
assays, cells were intoxicated with 3XFLAG-TcdB(WT) prein-
cubated with various antibodies. To determine the levels of
internalized holotoxin and cleaved GTD, cells were subjected
to the surface-stripping procedure described above, and lysates
were prepared for SDS-PAGE and Western blotting. Because
the 3xFLAG tag is at the N terminus, the anti-FLAG primary
antibody can detect the holotoxin and the cleaved GTD in cell
lysates simultaneously.

Rubidium release assay

The ®“Rb* release assay was performed as reported previ-
ously (12) with slight modifications. Briefly, CHO-K1 cells were
seeded in 24-well plates in medium (Ham’s F-12 with 10% FBS)
supplemented with 1 wCi/ml %Rb* (PerkinElmer Life Sci-
ences) at a density of 8 X 10* cells/well. Cells were incubated at
37 °C in 5% CO, overnight. Medium was exchanged with fresh
growth medium containing 100 nM bafilomycin Al (Sigma),
and incubation continued for another 20 min. TcdB wild-type
toxin (1 nm) was incubated with 10 nm of antibody (PA41 mAb
or Fab) in serum-free medium at 4 °C for 20 min. Then cells
were chilled on ice, and medium was exchanged with ice-cold
medium containing TcdB and antibody. 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 plasma membrane was induced by warm, acidified growth
medium (37 °C, pH 4.8 or 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 **Rb ™" released was
determined by liquid scintillation counting with TopCount NXT
(PerkinElmer Life Sciences).

Statistical analyses

No statistical method was used to predetermine the sample
size. The statistical tests used and the number of independent
biological replicates for each experiment are indicated in the
figure legends. The error bars are also defined in the figure
legends. A p value of =0.05 was considered significant.
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