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Background: Bezlotoxumab is a neutralizing antibody targeting toxin B of Clostridium difficile.
Results: The structure of bezlotoxumab bound to a fragment of toxin B reveals its epitopes and mechanism of neutralization.
Conclusion: The epitopes overlap with two of the presumed carbohydrate binding pockets, preventing binding of the toxin to

target host cells.

Significance: The data provide a molecular basis for neutralization by this clinically important antibody.

The symptoms of Clostridium difficile infections are caused
by two exotoxins, TcdA and TcdB, which target host colonocytes
by binding to unknown cell surface receptors, at least in part via
their combined repetitive oligopeptide (CROP) domains. A combi-
nation of the anti-TcdA antibody actoxumab and the anti-TcdB
antibody bezlotoxumab is currently under development for the
prevention of recurrent C. difficile infections. We demonstrate
here through various biophysical approaches that bezlotoxumab
binds to specific regions within the N-terminal half of the TcdB
CROP domain. Based on this information, we solved the x-ray
structure of the N-terminal half of the TcdB CROP domain bound
to Fab fragments of bezlotoxumab. The structure reveals that the
TcdB CROP domain adopts a 3-solenoid fold consisting of long
and short repeats and that bezlotoxumab binds to two homolo-
gous sites within the CROP domain, partially occluding two of
the four putative carbohydrate binding pockets located in TcdB.
We also show that bezlotoxumab neutralizes TcdB by blocking
binding of TcdB to mammalian cells. Overall, our data are con-
sistent with a model wherein a single molecule of bezlotoxumab
neutralizes TcdB by binding via its two Fab regions to two
epitopes within the N-terminal half of the TcdB CROP domain,
partially blocking the carbohydrate binding pockets of the toxin
and preventing toxin binding to host cells.

Clostridium difficile is an anaerobic Gram-positive bacillus
that infects the colon of susceptible patients, mainly in hospital
settings but also increasingly in the community. C. difficile
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infections (CDI)* are typified by severe diarrhea, pseudomem-
branous colitis, and in extreme cases colonic rupture, sepsis,
and death (1). Current treatments for CDI include vancomycin,
metronidazole, and the recently approved antibiotic fidaxomi-
cin (2). Despite excellent initial cure rates with these therapies,
up to 30% of patients experience at least one recurrence and
may require multiple rounds of treatment that can last several
weeks to months, negatively impacting quality of life and cost-
ing the health care system at least $1 billion a year in the United
States alone (2). For these reasons, the Centers for Disease Con-
trol have recently classified C. difficile as one of only three
microorganisms that are “an immediate public health threat
and that require urgent and aggressive action” (44). There is
therefore a pressing need for new treatments against C. difficile,
in particular ones that address the high rates of recurrence.
The pathogenic nature of C. difficile results from production
of two exotoxins, toxin A (TcdA) and toxin B (TcdB), that are
thought to target colonocytes via similar mechanisms that ulti-
mately lead to cell death and disruption of the trans-epithelial
resistance that normally exists across the gut wall (3). Damage
to the gut epithelium results in fluid leakage into the gut lumen
and release of proinflammatory mediators, such as IL-1f,
TNFa, and IL-8, leading to an inflammatory response that
includes recruitment of neutrophils and macrophages to the
site of injury, further aggravating the disease (4). Extensive
structural and functional work over the past several years has
led to a basic understanding of the molecular events that lead to
toxin-mediated cell death, as recently reviewed by Pruitt and
Lacy (5). Following binding to specific receptors on the host
cell, the toxins are internalized via endocytosis into clathrin-
coated vesicles (6). Acidification of the endosome leads to con-

“The abbreviations used are: CDI, C. difficile infection(s); CROP, combined
repetitive oligopeptide; GTD, glucosyl transferase domain; HDX, hydro-
gen/deuterium exchange; LR, long repeat; SEC-MALLS, size exclusion chro-
matography coupled with multiangle laser light scattering; SPR, surface
plasmon resonance; SR, short repeat; TdF, temperature-dependent fluo-
rescence; PDB, Protein Data Bank.
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formational changes in the toxins (7, 8), allowing for transport
of the glucosyltransferase domain (GTD) across the endosomal
membrane via a poorly defined translocation process. The final
steps of the cascade involve autocleavage of the toxin (catalyzed
by a cysteine protease domain), leading to release of the GTD
domain into the cytosol (9), where it glucosylates and inacti-
vates small GTPases, such as Rac and Rho, which play a critical
role in maintaining cellular morphology and in multiple other
aspects of cellular homeostasis.

One aspect of toxin function that is still poorly understood is
how TcdA and TcdB bind to host cells or, more specifically,
what is the nature of the receptors to which the toxins bind. For
TcdA, the receptor has been proposed to consist of a mem-
brane-associated carbohydrate based on the following lines of
evidence: (i) TcdA binds specifically to various galactose- and
N-acetyl-glucose-containing carbohydrate molecules, includ-
ing sugars known to be expressed on the extracellular surface of
toxin-sensitive mammalian cells (10-16), and (ii) treatment
with galactosidase abolishes TcdA binding (13-15). Evidence
that the receptor for TcdB is also a carbohydrate is currently
limited to the observation that this toxin is structurally highly
homologous to TcdA (7, 17) and that it binds to carbohydrates
that are structurally related to the TcdA ligands (10, 11). It is
thought that toxin binding to receptor(s) on the cell surface
occurs via the C-terminal domain of the toxins (known as the
combined repetitive oligopeptide (CROP) domain) (12, 17-19),
although recent data suggest that other domains within the
toxins may also be involved in binding (20, 21). Analysis of the
sequences of the TcdA and TcdB CROP domains shows that
they consist of ~20-30 short repeats (SRs) interspersed with a
smaller number (seven in TcdA and four in TcdB) of homolo-
gous long repeats (LRs) (12, 17, 22, 23). Although a high-reso-
lution structure of the intact toxin is still lacking, many of the
individual toxin domains have been crystalized, including
C-terminal fragments of the TcdA and TcdB CROP domains
(12, 23-25). The structures of the TcdA/B CROPs display a
recurring B-solenoid structural unit (defined herein as a “CROP
unit”) containing one LR flanked by 2—3 SR B-hairpins on either
side, consistent with the motifs uncovered through sequence
analysis. Modeling based on a high-resolution structure of a
peptide spanning the extreme C-terminal end of the TcdA
CROP domain predicts an overall S-shaped elongated rodlike
CROP domain for TcdA and a shorter horseshoe-shaped
domain for TcdB (5, 23), supported by recent work from Lacy
and co-workers using electron microscopy (7). A high resolu-
tion structure of a peptide spanning two CROP units of the
TcdA CROP domain in complex with the carbohydrate
a-Gal-(1,3)-B-Gal-(1,4)-B-GIctNAcO(CH,),CO,CH; was also
obtained by the Ng group (12), demonstrating that the residues
involved in carbohydrate binding are indeed located within the
CROP domain, specifically centered around the LRs. More
recently, the same group reported structures of C-terminal
fragments of both TcdA and TcdB CROP domains bound to
various camelid-neutralizing and non-neutralizing single-do-
main antibodies (nanobodies) (25).

The use of toxin-deficient strains of C. difficile in hamster
models (26 -28) and the observations that active and passive
immunization against the C. difficile toxins is protective both in
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animal models (29-32) and in humans (33) demonstrate that
TcdA and TcdB are indeed the primary contributors to disease.
Based on this premise, a combination of the two monoclonal
antibodies actoxumab (also known as MK-3415, GS-CDA1,
and MDX-066) and bezlotoxumab (also known as MK-6072,
MBL-CDBI1, and MDX-1388), specific for TcdA and TcdB,
respectively, is currently in phase III development for the treat-
ment of recurrent CDI. In phase II trials, the actoxumab/bezlo-
toxumab combination reduced the rate of recurrence among
CDI patients treated with standard of care therapy by 73% (33).

In this study, we have structurally characterized the interac-
tions between the TcdB CROP domain and the neutralizing
antibody bezlotoxumab. Following refinement of the bezlotox-
umab epitopes using a number of biophysical approaches, we
obtained the x-ray crystal structure of the N-terminal half of the
TcdB CROP domain in complex with Fab fragments of bezlo-
toxumab, providing insight into the mechanism of neutraliza-
tion of bezlotoxumab.

EXPERIMENTAL PROCEDURES

TcdB Protein Expression and Purification—The CROP
domain fragments (Bl (residues 1834-2366), B2 (residues
1834-2101), B3 (residues 1949 —2275) and B4 (residues 2102—
2366)) and the catalytic domain (GTD) from C. difficile strain
VPI 10463 were cloned into pET28a(+) vector (Invitrogen),
which encodes a C-terminal His tag. TcdB fragments, including
B2, were expressed in Escherichia coli BL21(DE3) (Novagen-
EMD Millipore, Billerica, MA) in Terrific Broth supplemented
with 50 wg ml~! kanamycin for 18 h at 16 °C with 1 mm isopro-
pyl 1-thio-B-p-galactopyranoside. The cells were harvested by
centrifugation for 15 min at 6000 X g, and pellets were resus-
pended in 50 mM Tris, pH 8.0, 0.3 M NaCl, 1 mm DTT, 1 mg/ml
protease inhibitor mixture III (EMD Millipore) and then lysed
with a microfluidizer. The cell lysate was clarified by centrifu-
gation at 100,000 X g for 1 h at 4°C. The supernatant was
filtered and loaded onto a Ni**-immobilized metal ion affinity
chromatography (Qiagen) column equilibrated with 50 mm
Tris, pH 8.0, 0.3 M NaCl, 10% glycerol, and 1 mm DTT. The
protein was eluted using an imidazole gradient (0 —0.25 M) con-
taining 50 mm Tris, pH 8.0, 0.3 M NaCl, 10% glycerol, and 1 mm
DTT. Fractions containing TcdB proteins were pooled, diluted
to 50 mm NaCl, and further purified by ion exchange chroma-
tography using a Source 15Q column (GE Healthcare). The
final storage buffer for TcdB proteins was 50 mm Hepes, pH 7.5,
0.15 M NaCl. Fractions with >95% pure peptides (as monitored
by SDS-PAGE electrophoresis) were collected and concen-
trated to 5 mg/ml using a centrifugal concentrator. The identi-
ties of the peptides were confirmed by electrospray ionization-
ion trap-MS using a LTQ-XL mass spectrometer and the
Xcalibur software platform (Thermo Scientific). Purified TcdB
peptides and Fab fragments were mixed in a 1:3 molar ratios,
and excess Fab was separated by size exclusion chromatogra-
phy (5200 26/60 column from GE Healthcare). The complex
was concentrated to >15 mg/ml for crystallization trials.

Temperature-dependent Fluorescence (TdF)—Solutions of
the various TcdB peptides (166 um in 25 mm HEPES, pH 7.5,
0.15 M NaCl) were centrifuged for 5 min to remove insoluble
material and diluted 100-fold. Sypro orange (Invitrogen) was
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added to the diluted peptide solution at a final concentration of
5X. For assessments in the presence of bezlotoxumab, the anti-
body was added at an antibody/peptide ratio of 1:1. 10-ul sam-
ples of TcdB peptide with and without bezlotoxumab were
added to a white Abgene 384-well PCR plate (Thermo Scien-
tific) and sealed with flat ultraclear caps (Bio-Rad). TdF mea-
surements were conducted with a Roche PCR thermocycler
(Roche Applied Science) equipped with a CCD camera for fluo-
rescence detection. The temperature was increased from 25 to
95°C in 0.2 °C increments using a 200-ms stabilization delay
before reading. Fluorescence signals were acquired with excita-
tion and emission wavelengths of 490 and 560 nm, respectively.
A customized analysis program using a non-linear least square
method based on the generalized reduced gradient algorithm
was used to fit the protein unfolding model (34). The following
parameters were floated during the fitting process: y intercepts
for the intensity of Sypro Orange in both the native and dena-
tured proteins (y, and y,); the associated slopes (M, and M);
the midpoint of melting (7,,); and the enthalpy at the T,,
(AH,,).

Surface Plasmon Resonance—Binding of TcdB and TcdB
fragments to the antibodies was studied by surface plasmon
resonance using a ProteOn XPR36 instrument (Bio-Rad).
Bezlotoxumab was immobilized to the sensor chip surface
using an antibody capture method. Briefly, a ProteOn GLC Sen-
sor chip was docked to the system, and after standard cleaning
according to the manufacturer’s recommendations, a mixture
of 1X 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-
chloride + N-hydroxysulfosuccinimide was injected over the
chip to activate the chip surface. A 25 ug/ml solution of goat
anti-human IgG F(ab’), (Thermo Scientific) in ProteOn immo-
bilization buffer (10 mm sodium acetate, pH 5.5) was injected
over 2 min. 1 M ethanolamine-HCl was then injected over 5 min
to block any unoccupied reactive sites on the chip surface. 20
pg/ml bezlotoxumab in ProteOn running buffer (PBS, pH 7.4,
0.005% Tween 20) was injected over 2 min. Toxin fragments
were diluted at various concentrations in ProteOn running
buffer and injected in horizontal orientation for 4 min (flow rate
25 wl/min). Association and dissociation were measured over
time as changes in the refractive index. Data analyses were car-
ried out using the ProteOn instrument software, and data were
fitted using a two-site heterogeneous ligand model to deter-
mine k_, k¢ and K.

Hydrogen Deuterium Exchange-Mass Spectrometry (HDX-
MS)—HDX-MS was carried out largely as described previously
(35). Briefly, pepsin digestion and fragment separation condi-
tions were optimized to follow peptides spanning the entire
TcdB CROP sequence. 41 um TcdB Bl peptide (Fig. 14) was
acidified and passed over an immobilized pepsin column at 200
ul/min with buffer A (0.05% TFA in H,O). Peptic fragments
were loaded onto a reverse phase trap column at 200 wl/min
with buffer A, desalted with buffer A, and separated by a C18
column with a linear gradient of 13-35% buffer B (95% aceto-
nitrile, 0.0025% TFA in water) over 23 min. Mass spectrometry
data were acquired using a Thermo Fisher LTQ-Orbitrap. For
digestion condition optimization experiments, MS/MS spectra
were acquired in data-dependent mode. One MS1 full scan was
carried out (15,000 resolving power, profile mode, from 380 to
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2000 m/z, 500,000 target ions, and a 750-ms maximum ion
injection time) followed by one MS/MS scan in the LTQ
(10,000 target ions, 100-ms maximum ion injection time).
Dynamic exclusion was enabled with a repeat count of 1 for
180 s, with a list size of 50. To determine the minimum amount
of monoclonal antibody necessary to saturate the available
binding sites on TcdB C1, 7.5 um Bl peptide was titrated
against various amounts of antibody in D,O at the following
bezlotoxumab/B1 ratios: 0, 0.1, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, and
0.75. The titration mixtures were incubated for 300 s at 23 °C,
quenched, and analyzed as above. On-exchange experiments of
B1 in the presence and absence of bezlotoxumab were per-
formed by mixing 14.7 uMm Bl with 4.4 uMm bezlotoxumab in
D,0. The mixture was incubated at 23 °C for 30, 100, 300, or
1000 s, quenched, and analyzed as above. For the analysis of
deuterium-labeled samples, the MS1 full scans were acquired as
described above, and no MS/MS spectra were acquired. Per-
centage deuteration was averaged over all time points, and sig-
nificant differences between deuteration levels in the presence
versus the absence of bezlotoxumab are reported in Fig. 2B.
Mapping of the HDX-protected regions onto TcdB, as shown in
Fig. 5, was carried out by constructing a three-dimensional
model based on the crystal structure of the C-terminal frag-
ment of TcdA (23) and using the Molecular Operating Envi-
ronment computer software (Chemical Computing Group Inc.,
Montreal, Canada).

Size Exclusion Chromatography Coupled with Multiangle
Laser Light Scattering (SEC-MALLS)—Bezlotoxumab was mixed
at different molar ratios with peptide B1 at room temperature in
PBS. The final antibody concentration was 0.17 mg/ml in the
reaction mixture. SEC-MALLS was performed using a Dawn
Heleos-II 18 angle light scattering detector and an Optilab
T-rEX refractive index detector from Wyatt Technology (Santa
Barbara, CA). Samples were separated on a YMC-pack Diol 200
column (300 X 8 mm, 5 wm) on an Agilent 1200 system at
ambient temperature. The mobile phase was PBS (10 mm phos-
phate buffer, pH 7.4, with 137 mm NaCl and 2.7 mm KCl), and
the flow rate was 0.5 ml/min. The running time was 30 min.
Signals at 280 and 214 nm were recorded. Light scattering and
refractive index signals were collected, and molecular masses of
detected components were calculated, using the ASTRA VI
software (Wyatt Technology).

Preparation of Fab Fragments—Bezlotoxumab Fab frag-
ments were generated using the Pierce Fab Preparation Kit
(Thermo Scientific), following the manufacturer’s instructions.
Briefly, antibody was incubated with immobilized papain resin
at 37 °C for 5 h, following which undigested IgG and Fc frag-
ments were removed using a protein A column. The Fab-con-
taining flow-through was collected and further purified by gel
filtration chromatography. N-terminal sequencing was used to
confirm the Fab fragment identity.

X-ray Crystallography—Crystals of TcdB/Fab were obtained
by sitting drop vapor diffusion, by mixing equal amounts of
protein solution with the reservoir solution containing only 5%
PEG 4000. Crystals appeared after 2 weeks and belonged to the
space group P2, with unit cell dimensions of a = 79.41°, b =
134.66°, ¢ = 102.58°, and B = 112.56°. The asymmetric unit had
a solvent content of 69% and contained one TcdB and two Fab
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molecules. X-ray data were collected at 100 K using a Pilatus
6M detector at the Industrial Macromolecular Crystallography
Association Collaborative Access Team beamline 17ID at the
Advanced Photon Source (Argonne), at a wavelength of A =
1.0000 A to a resolution of 2.89 A. Data set statistics are pro-
vided in Table 1. Data were processed with autoPROC (Global
Phasing) (36). 2% of the reflections were set aside in the free R
set. Molecular replacement was carried out with Molrep (CCP4
suite) (37) using a two-search model. The TcdB model was
manually designed based on the TcdA crystal structure (12),
using Maestro (Schrodinger, LLC, New York). The Fab mole-
cules were derived from a previous Fab structure (PDB code
3QEG) based on sequence homology. The model was refined in
real space interactively using Coot (38) and refined using auto-
BUSTER (Global Phasing). The final model contains 1132 of
1146 residues (271 TcdB residues, 427 Fabl, and 434 Fab2 res-
idues) The final model was validated using MolProbity (39) and
presented good stereochemistry, with over 95.9% of all residues
in favored and additionally allowed regions of the Ramachan-
dran plot.

Molecular Modeling—The model used to derive the crystal
structure of B2 in complex with Fab fragments was constructed
froma TcdA x-ray structure (PDB code 2G7C (12)), altering the
CROP unit using Maestro (Schrodinger, LLC) to correspond to
the 3SR-1LR-2SR fold of TcdB. The model of peptide B4 was
built based on the B2 structure using Molecular Operating
Environment (Chemical Computing Group Inc.). The model of
the full TcdB CROP domain was built by fusing the B2 structure
with the model of B4 (using Maestro), ensuring that the 3-so-
lenoid fold structure and rotation angles between B-hairpin
repeats (120° between two SRs and 90° between LRs and flank-
ing SRs, along 3, screw axes) were maintained.

Binding Free Energy Calculations—Binding free energies
(AG) between Fab fragments and E1, E2, or E3 were based on
crystal structures described herein and described previously
(25) and calculated using Prime MMGBSA (Schrodinger, LLC),
with atoms of Fab and TcdB held fixed.

TcdB Neutralization Assay—Vero cells were seeded at 2000
cells/well in 96-well dishes and incubated overnight. Purified
TcdB toxin from strain VPI 10463 (tgcBIOMICS, Bingen, Ger-
many) was diluted in culture medium to a final concentration of
10 pg/ml, previously demonstrated to result in a ~95% decrease
in cell viability (data not shown), in the absence or presence of
various concentrations of bezlotoxumab, incubated at 37 °C for
2 h, and then added to cells. After 24 h at 37 °C, the medium was
aspirated, plates were washed two times with phosphate-buft-
ered saline, and 200 ul/well of complete medium was added,
followed by incubation at 37 °C for 48 h. Medium was removed,
and 100 ul/well of 10% cold TCA was added, followed by incu-
bation for 60 min at 4 °C in order to fix the cells. TCA was
removed, wells were washed four times with distilled water, and
100 pl/well of 100 wg/ml sulforhodamine B (Sigma) in 10%
acetic acid was added. Plates were incubated for 15 min at room
temperature and then washed four times with 10% acetic acid
and air-dried. 150 ul/well of 10 mm Tris was added, and plates
were incubated with shaking at room temperature for an addi-
tional 10 min. Plates were read in a SpectraMax plate reader
(Molecular Biosystems) at an absorbance wavelength of 570
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nm. The percentage of cell survival was calculated by defining
A, values in empty wells as representing 0% cell survival and
wells containing cells incubated in the absence of toxin repre-
senting 100% cell survival.

TcdB Cell Surface Binding Assay—Vero cells (American
Type Culture Collection) were grown at 37 °C in 5% CO, in
Eagle’s minimum essential medium supplemented with 10%
FBS, 100 units/ml penicillin, and 100 units/ml streptomycin.
For cell surface binding, 10-cm dishes of confluent Vero cells
were pretreated with a 14 um concentration of the endocytosis
inhibitor chlorpromazine (Enzo Life Sciences, Farmingdale,
NY) in Vero cell culture medium for 1 h at 37 °C. 50 or 100
ng/ml TcdB (The Native Antigen Company, Oxfordshire, UK)
were incubated with or without 200 ug/ml bezlotoxumab or
actotoxumab at 37 °C in Vero cell culture medium for 30 min.
Mixtures were then added to the Vero cells, keeping the chlor-
promazine concentration constant at 14 um. Plates were incu-
bated at 37 °C in 5% CO, to allow toxin binding. After 15 min,
plates were chilled on ice and washed three times with cold PBS,
and cells were harvested by scraping. Membrane proteins were
isolated in the cold using the Mem-PER Plus membrane protein
extraction kit (Thermo Scientific) according to the manufactu-
rer’s instructions. In the final step, membrane proteins were
solubilized in a total volume of 100 ul of solubilization buffer.
33 ul of 4X Laemmli sample buffer was added, and samples
were treated at 95 °C for 5 min and resolved on 4—12% SDS-
polyacrylamide gels. Following transfer to nitrocellulose mem-
brane, blots were probed with a 1:1 combination of bezlotox-
umab and antibody 2A11 (29) and visualized as described below
(“Western blotting”). Nitrocellulose membranes were also
probed with rabbit anti-cadherin polyclonal antiserum (Cell
Signaling, Beverly, MA) to ensure that equivalent amounts of
protein were loaded in each lane. Band densities were quanti-
tated using the Odyssey software application (LI-COR Biosci-
ences, Lincoln, NE) and normalized to nanogram amounts
based on the density of the control TcdB band (1 ng loaded in
the well).

Western Blotting—Proteins were resuspended in Laemmli
sample buffer, boiled, and separated by SDS-gel electrophoresis
(3 ug of protein/well for the Coomassie-stained gel and 200 ng
of protein/well for the Western blot). Gels were either stained
with Coomassie Blue or transferred to nitrocellulose for West-
ern blotting, according to standard methodology. The nitrocel-
lulose membrane containing transferred protein was blocked in
Odyssey blocking buffer (LI-COR Biosciences) followed by
incubation with bezlotoxumab for 1 h at room temperature.
After washing, the blot was incubated with a donkey anti-hu-
man IgG antibody coupled to IRDye 800CW (LI-COR Biosci-
ences) for 30 min at room temperature. After additional wash-
ing, bands were visualized using the Odyssey Imaging System
(LI-COR Biosciences).

RESULTS

Bezlotoxumab-binding Regions of the TcdB CROP Domain—
The two toxins of C. difficile, TcdA and TcdB, are structurally
homologous, consisting of three distinct domains: a GTD, a
translocation/cysteine protease domain, and a receptor binding
CROP domain (Fig. 1A4). In setting out to understand the nature
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FIGURE 1. C. difficile toxins and toxin fragments. A, domain structures of TcdA and TcdB showing the putative receptor binding (CROP) domains at the C
terminus. B, TcdB CROP domain showing SRs (green) and LRs (gray) and highlighting the four peptides used in this study, B1, B2, B3, and B4. The first of four
CROP units, consisting of one LR flanked by three SRs on the N-terminal side and two SRs on the C-terminal side, is highlighted in red.

of the interactions of bezlotoxumab with TcdB, we generated
multiple overlapping peptides that together span the entire
CROP domain (Fig. 1B), based on the fact that the antibody was
raised against and is known to bind to this region of TcdB (29).
Specifically, we expressed and purified the following con-
structs, all derived from the TcdB sequence of strain VPI 10463,
against which bezlotoxumab was raised: B1 (residues 1834 —
2366 of TcdB), B2 (residues 1834-2101), B3 (residues 1949 —
2275), and B4 (residues 2102-2366). In order to facilitate the
description of TcdB CROP domain fragments in this work, we
define the term “CROP unit” as consisting of three SRs followed
by one LR and two additional SRs (Fig. 1B). Using this nomen-
clature, B1 is predicted to contain four CROP units, whereas
peptides B2, B3, and B4 are predicted to contain two CROP
units each (Fig. 1B). Western blot analysis of these various pep-
tides shows that bezlotoxumab binds to full-length TcdB, to
peptide B1 (corresponding to the full CROP domain of TcdB),
and to peptides B2 and B3 but not to peptide B4 or to a con-
struct corresponding to the catalytic domain of TcdB (Fig. 2A4).
Binding of bezlotoxumab to full-length TcdB as well as to pep-
tides B1, B2, and B3 (but not B4) was confirmed qualitatively by
TdF and quantitatively by surface plasmon resonance (SPR)
(Fig. 2B). The kinetics of bezlotoxumab binding to TcdB and its
various fragments were determined by SPR, using a two-site
binding model fit (see “Experimental Procedures”) because this
model approximated the data more closely than a single-site
model. As shown in Table 2, the SPR dissociation constants for
the high (K ;) and low affinity (K ,,) binding sites are similar for
Bl (K, =41 = 13 pmand K, = 660 =+ 13 pm), B2 (K, = 46 =+
21 pm and K, = 810 * 56 pm), and full-length (K,; =19 = 5.1
pm and K, = 370 = 310 pm) TcdB proteins. The B3 fragment
showed a 29-fold higher K, compared with full-length TcdB,
with no measurable high affinity binding site (K ;). Peptide B4
and the TcdB catalytic domain showed no measurable affinity
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for bezlotoxumab, consistent with the Western blot and TdF
data. The SPR data suggest that bezlotoxumab binds to two
distinct epitopes within intact TcdB and within peptides B1 and
B2 but that one epitope may be lost in B3 and that none are
present in B4.

The binding sites of bezlotoxumab on TcdB were refined
using HDX-MS, a method that relies on the measurement and
comparison of the degree of deuterium incorporation by an
antigen following incubation in D,O in the absence and pres-
ence of antibody (35). Characterization of peptide B1 (cor-
responding to the full CROP domain of TcdB) by HDX-MS
(Fig. 2, C and D) reveals that fragments corresponding to residues
1902-1914 (EDGFKYFAPANTL), 2021-2025 (ENGEM), 2033—
2038 (EDGFKY), and 2091-2096 (DEDTAE) of TcdB are sig-
nificantly protected from deuteration (9, 7, 30, and 9%, respec-
tively) upon preincubation with bezlotoxumab, suggesting that
the antibody interacts with these regions of the CROP domain.
Taken together with the Western blotting and biophysical data
described above, these findings demonstrate that the bezlotox-
umab epitopes lie in distinct regions within the N-terminal half
of the TcdB CROP domain. We therefore chose peptide B2 (Fig.
1B) for crystal structure studies.

X-ray Structure of a TcdB CROP Fragment Bound to Bezlo-
toxumab Fab—The crystal structure of the B2-bezlotoxumab
Fab complex was solved by molecular replacement. Although
two Fab molecules were located in the asymmetric unit using a
previous Fab structure (PDB code 3QEQG) as the search model,
molecule replacement was not successful in finding B2 using
the three published TcdA x-ray structures (PDB entries 2G7C
(12), 2F6E (23), and 2QJ6 (24)); the recently published structure
of TcdB (25) was not available at the time these experiments
were done. Attempts to solve the B2 structure using electron
density calculated using only the two Fab molecules failed due
to inadequate map quality. In order to create a better model for
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FIGURE 2. Identification of the bezlotoxumab-binding regions within the TcdB CROP domain. A, Coomassie Blue-stained polyacrylamide gel and Western
blot showing binding of bezlotoxumab to intact TcdB and to peptides B1, B2, and B3 but not to peptide B4 or to the TcdB catalytic domain (GTD). Molecular
masses (kDa) of markers are indicated on the left. B, binding of bezlotoxumab to full-length TcdB, B1, B2, and B3, but not B4, as assessed by TdF and SPR. C,
summary of HDX-MS experiments showing regions of the CROP domain that are protected from deuteration in the presence of bezlotoxumab and extent of
protection. D, details of the HDX-MS analysis showing deuteration levels (color key at lower right) for peptide B1 alone (top, —B) and in the presence of
bezlotoxumab (bottom, +B). Each box represents a distinct peptide identified by MS and is subdivided into four time points: 30, 100, 300, and 1000 s from top
to bottom (see “Experimental Procedures”). The numbering used is that of full-length TcdB. The differences between deuteration levels in the presence versus
the absence of bezlotoxumab were averaged over all time points, and significant differences are reported in Fig. 2C.

molecular replacement, a homology model of B2 was built
using a TcdA structure (PDB code 2G7C (12)) as the template.
With this model, one B2 solution was found, using the aromatic
residues and the curvature of the backbone structure to validate
the solution to the electron density. The structure refinement
progressed smoothly with an R/Ry, of 20.2/23.8% at 2.89 A (for
complete data collection and refinement statistics, see Table 1).
The final model (PDB entry 4NP4), contains residues 1834 —
2101 of TcdB, residues 1-213 of both bezlotoxumab light
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chains, residues 1-134-and 141-221 of the bezlotoxumab heavy
chain of Fabl (residues 135-140 are disordered), and residues
1-221 of Fab2 (Fig. 3).

The structure of B2 confirms that this peptide spans two
CROP units, each having a B-solenoid fold consisting of three
SRs followed by an LR and two additional SR B hairpins, as
predicted from the B2 sequence (Fig. 1B). The fold is character-
ized with few exceptions by a Tyr-Tyr-Phe repeat located on
the second f3 strand of each (3 hairpin, and the hairpins them-
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TABLE 1 selves are stacked against each other with a 120° rotation
Crystallographic data collection and refinement statistics between any two SRs and a 90° rotation between LRs and their
Dast;accgl,l;rfﬂgn - flanking SRs. As a consequence, the CROP structure curves at
Cell dimensions ' the junction between LRs and SRs, causing kinks in what would
‘; %,Cy(éi)egrees) ;9);41’ ggé 91(?2'6 be otherwise a stacked linear arrangement of SRs. Overall, the
Resolution (A) 42-2.89 (2.9-2.89)" B2 fragment forms an elongated 115-A-long rodlike super-
ﬁf;elrge ?%%%47) structure with a ~60° curvature. The two TcdB CROP units
Completeness (%) 99.5 (100) within B2 are structurally similar to each other, and Ca atoms
Redundancy 34 (34D can be superimposed with a root mean square deviation of 0.8
Rege';f)ﬁiﬂ; @A) 42-2.89 A, which is only slightly above the experimental error of 0.4 A
No. of reflections 44385 calculated using the Luzatti plot (40). The structure of B2 is also
ﬁ;ﬁ'ﬁ;/flif{gems 198232 highly analogous to those of the C-terminal fragments of the
Protein 8673 TcdA (12, 23) and TcdB (25) CROP domains, with root mean
]{Xl,%igfl fion (1)4 square deviation not exceeding 1.1 A when comparing CROP
Blf)arf(l)t&f; - units of each structure, demonstrating the conserved nature of
Ligand/ion n/a the overall B-solenoid fold of toxin CROP domains. The major
Ro\(’)‘iartr‘:an square deviations 49 structural differences between CROP units occur within the
Bond lengths (A) 0.010 first B hairpins and within the loops of the LR and result from

Bond angles (degrees) 1.33

specific crystal-packing contacts.

“Values in parentheses are for highest resolution shell.

B

C CDR-L1 CDR-L2 CDR-L3
Le 11 LSLSPGERAT LSCRASQSVS SSYLAWYQQK PGQAPRLLIY GASSRATGIP DRFSGSGSGT DFTLTISRLE PEDFAVYYCQ QYGSSTWTFG QGTKVEIKRT
Hc 21 SCKGSGYSFT SYWIGWVRQM PGKGLEWMGI FYPGDSSTRY SPSFQGQVTI SADKSVNTAY LOWSSLKASD TAMYYCARRR NWGNAFDIWG QGTMVTVSSA
CDR-H1 CDR-H2 CDR-H3

D SR IR SR SR

*k * * *k kkkk  * *kkk
El 1875 SIGETIIDDK NYYFNQSGVL QTGVFSTEDG FKYFAPANTL DENLEGEAID FTGKLIIDEN IYYFDDNYRG AVEWKEL... DGEMHYFSPE TGKAFKGLNQ
E2 2006 KVGYTEIDGK HFYFAENGEM QIGVFNTEDG FKYFAHHNED LGNEEGEEIS YSGILNFNNK IYYFDDSFTA VVGWKDLE.. DGSKYYFDED TAEAYIGLSL
E3 2138 ESGVQNIDDN YFYIDDNGIV QIGVFDTSDG YKYFAPANTV NDNIYGQAVE YSGLVRVGED VYYFGETYTI ETGWIYDMEN ESDKYYFNPE TKKACKGINL
E4 2272 QFGYINIEDK MFYFGEDGVM QIGVFNTPDG FKYFAHQONTL DENFEGESIN YTGWLDLDEK RYYFTDEYIA ATGSVII... DGEEYYFDPD TAQLVISE

FIGURE 3. Crystal structure of the N-terminal half of the TcdB CROP domain bound to two bezlotoxumab Fab fragments. A, side view showing parallel binding
of the two Fab fragments (Fab1 and Fab2) to their respective epitopes, E1 and E2. LRs are shown in gray and SRs in green. Fab heavy chains are shown in yellow (Fab1)
and peach (Fab2) and light chains in pink (Fab1) and purple (Fab2). B, bottom-up view showing the Fab fragments bound perpendicularly to the curvature of the CROP
domain. Residues of the CROP domain that directly interact with the heavy chains (yellow and peach) or light chains (pink and purple) of the Fab fragments are
highlighted on the CROP surface. C, partial sequence of the light chains (Lc) and heavy chains (Hc) of bezlotoxumab, showing the six complementarity-determining
regions (identified using the Molecular Operating Environment software from Chemical Computing Group); residues that interact with peptide B2 are highlighted in
gray. D, sequence alignment of the two bezlotoxumab epitope regions (E1 and E2) and the two non-binding homologous regions (E3 and E4) of the TcdB CROP
domain. Bezlotoxumab-interacting residues in E1 and E2 (and corresponding residues in E3 and E4) are highlighted in gray, with conserved and non-conserved
substitutions (compared with E1) shown in green and red, respectively. Regions protected by bezlotoxumab in the HDX-MS experiment (Fig. 2¢) are underlined, and
residues putatively involved in carbohydrate binding are identified by asterisks. SRs and LRs are shown as green and gray boxes, respectively.
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TABLE 2
Association/dissociation rates and affinities of bezlotoxumab binding to TcdB and TcdB fragments, as determined by surface plasmon
resonance
Toxin High affinity binding site Low affinity binding site
fragment kon” Ko K, Kon Koge K,
M 1s7! 5! pM M 17! st y2%

TcdB 1.52 X 10° = 0.45 X 10° 2.83X 10 °*£0.11X10°° 19=*5 1.57 X 107 £ 0.14 X 107 559 X 1072+ 4.36 X 10" 370 = 310

B1 3.64 X 10°+0.11 X 10° 141X 10 **£0.06 X 10°* 41 +13  2.09 X 10 £0.11 X 107 1.37 X 1072+ 0.07 X 1072 660 *+ 35

B2 373X 10°*£0.11 X 10° 1.61 X107**£0.28 X 10™* 46=21 135X 10’ *£0.13 X107 110X 10 >*0.18 X10 > 810 =56

B3 NM? NM NM 3.25 X 10°+ 1.52 X 10°  3.03 X 10°2%=0.36 X 10" 11,000 = 6000

B4 NM NM NM NM NM NM

“ All values are means * S.D. of two independent determinations.
> NM, not measurable.

A

[SR

FIGURE 4. Bezlotoxumab epitopes and interactions with Fab residues. A, interacting residues within E1 (green) and Fab1 (yellow and pink for heavy and light
chains, respectively). B, overlap of the Fab-interacting residues within E1 (green) and E2 (blue). C, structural conservation of a key salt bridge between
Arg- 10072P/"< Gl residues in E1 (green) and E2 (blue). D, role of Gly-1963F" (Ala-2095%?) in enabling key interactions between Ser-1900%" (Asn-2031%2) and

Tl'p 33Fab/hc Tyr 52Fab/hc’and Arg 99Fab/hc

The crystal structure also reveals that the two bezlotoxumab
Fab fragments lie adjacent to each other and bind to distinct
regions within a single B2 peptide, both roughly perpendicular
to the curvature of the rodlike superstructure (Fig. 3) and
rotated relative to each other by ~50° due to the curved nature
of the CROP domain. The two Fabs are highly similar to each
other (0.7 A root mean square deviation) and are oriented such
that they could conceivably bind in a similar manner were they
part of an intact monoclonal antibody molecule. The locations
of the two epitopes are consistent with the binding data
obtained by SPR (Table 2), namely the finding that only one of
the two epitopes is present in peptide B3. Moreover, due to
their proximity, the two Fab molecules interact with each other,
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with 204 A2 of interacting surface area. Contacts between the
two Fabs involve both the heavy and light chains of Fabl and
Fab2 (see supplemental Table 1). Among the interactions, there
are several residue-specific contacts. The side chains of Glu-
82FP1/le and Ser-855*"2/"¢ form hydrogen bonds with each
other, whereas the side chains of Thr-166""*" and Ser-
1677P¥/< and Lys-1707**' form hydrogen bonds with the
peptide backbone of the Fab2 heavy chain.

Characterization of the Bezlotoxumab Epitopes—Extensive
contacts are observed between B2 and the two Fab molecules
(Fig. 3B). Fabl and Fab2 cover areas on B2 of 825 and 906 A2,
respectively, and the heavy chains of each Fab cover more than
70% of that surface area. The complementarity-determining
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regions of both light and heavy chains, along with the nature of
the residues that interact with B2, are shown in Fig. 3C. Resi-
dues having at least one atom within 4.0 A of any Fab atom in
the crystal structure are defined as being part of the two bezlo-
toxumab epitopes, referred to herein as E1 for Fab1 and E2 Fab2
(Fig. 3D; individual atomic interactions between TcdB and
bezlotoxumab residues are shown in supplemental Table 2).
The “anchor” points of the Fab/B2 interaction for both E1 and
E2 are the B-hairpin loops of each LR, which protrude into the
pocket between the heavy and light chains of the Fabs; addi-
tional contact points are provided by residues within the con-
necting loops between surrounding SRs and by a handful of
residues within SR B-strands themselves (Fig. 3). The distance
between the two anchor points is 50 A.

The E1/Fabl interface, although largely flat as is common for
protein-protein interactions, contains mostly polar, charged,
and/or aromatic residues that form extensive hydrogen bond
networks and salt bridges (Fig. 44). For example, within the
anchoring LR B-hairpin loop, Glu-1902"! forms a salt bridge
with Arg-5952P1/h< whereas the Ser-1900%" hydroxyl probably
forms a hydrogen bond with the side chains of Trp-33F2"!/he
and Arg-9972*'/"_ In addition, Gln-1890%' and Tyr-1887"'
each form a hydrogen bond with one of the side chain oxygen
atoms of Asp-5572"1/"¢, The Tyr-3352"'/! side chain interacts
through hydrogen bonding with Asp-1903¥! and Asn-1941%,
the latter in turn forming a hydrogen bond with Trp-102F2>1/he,
The Glu-1947"" side chain forms a salt bridge with Arg-
1097"¥"< and a hydrogen bond with Tyr-507"'/'*, Most of
these interactions are conserved in E2 (Figs. 3D and 4B), as
reflected by the high degree of overlap of the two binding sites

TABLE 3

Binding free energies for bezlotoxumab Fabs (and individual contri-
butions by heavy and light chain residues) to the E1 and E2 regions of
the TcdB CROP domain as well as to the whole B2 peptide

Binding free energy (AG)
Region Heavy chain Light chain Fab
kcal/mol
El —20.1 -19 —-21.9
E2 —20.2 —-19 —21.4
E4 2340 246 2590
B2 ND~ ND —43.3

“ND, not determined.

o T/ Gingso

(root mean square deviation of 0.8 A, excluding solvent-ex-
posed residues on the C-terminal side of the LR). Some key
differences do exist between E1 and E2, including a different
arrangement of the electrostatic interaction between Glu-
1947% and Arg-1007"*"<; in E2, the structurally equivalent
residue to Glu-1947%" is Glu-209252 (which is a Pro residue at
position 1960 in E1; see Fig. 4C). Other differences between the
two epitopes are relatively minor and include a Ser-to-Asn sub-
stitution at position 2031 of E2 (Figs. 3D and 4B). Overall, dif-
ferences between E1 and E2 are predicted to have little impact
on binding of Fab, as demonstrated by similar binding free
energies calculated for the two sites (Table 3).

In addition to E1 and E2, two additional homologous regions,
referred to herein as E3 and E4, are located in the C-terminal
half of the domain (and therefore not present in peptide B2; see
Fig. 3D). Based on the Western blotting, TdF, SPR, and
HDX-MS data (Fig. 2), bezlotoxumab does not bind to these
regions. In order to understand the lack of binding to E3 and E4,
we constructed a homology model of peptide B4 (correspond-
ing to the C-terminal half of the CROP domain and containing
both E3 and E4; see Fig. 1B) based on the structure of B2. As
expected, the model of B4 contains two CROP units consisting
of 10 total SRs and 2 LRs, similar to B2. However, some key
differences do exist between B2 and B4, specifically in the
length of some of the connecting loops between SRs. Most sig-
nificantly with regard to bezlotoxumab binding, the connecting
loop between the two SRs that immediately follow each LR is
longer in E3 than in E1 and E2, and this is predicted to sterically
hinder Fab binding at this position (Fig. 3D). In addition, several
substitutions at key positions within E3 and E4 may also explain
the lack of bezlotoxumab binding at these regions. Most strik-
ingly, the aforementioned salt bridges between Arg residues
within the Fabs (at positions 59 and 100 of the heavy chain) and
Glu residues within E1 (at positions 1902 and 1947) and E2 (at
positions 2033 and 2092) are missing in E3 and E4 due to sub-
stitutions to non-Glu residues at the corresponding positions
within these regions (Figs. 3D and 4C). As another example,
Gly-1963"" is substituted by a Lys at the equivalent position in
E3, a change that probably perturbs the hydrogen bonding net-
work between Ser-1900%' (Asn-2031%?) and Trp-33"2>/"/Tyr-
52Fab/he/ Apg_99Fab/he (Fig  4D). Finally, significant van der

FIGURE 5. Surface representation of peptide B2 with bezlotoxumab epitopes and putative carbohydrate-interacting residues. Regions that interact
with bezlotoxumab (as identified by x-ray crystallography) are shown in yellow on the surface of B2. Residues that are protected from deuteration in the
HDX-MS analysis are shown in red. Residues putatively involved in carbohydrate binding are shown in blue. Overlapping regions are shown in orange (x-ray and
HDX-MS), green (x-ray and carbohydrate binding), purple (HDX-MS and carbohydrate binding), or brown (x-ray, HDX-MS, and carbohydrate binding).
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Waals clashes would be expected from substitutions in E3 (rel-
ative to E1) at positions 2163 (Ser to Asp), 2265 (Glu to Ser),
2168 (Phe to Tyr), and 2229 (Gly to Lys) and in E4 (relative to
E2) at positions 2336 (Asp to Thr), 2338 (Ser to Glu), and 2340
(Thr to Ile) (Fig. 3D). The recent publication of the structure of
a C-terminal fragment of the TcdB CROP domain (25) provides
additional insight into why bezlotoxumab does not bind to E4.
The structure confirms the clashes predicted from the model-
ing described above and allows for the calculation of binding
free energy values for binding of bezlotoxumab Fab to E4. As
shown in Table 3, these values are in the high positive range,
consistent with a very low binding affinity.

Insights into the Mechanism of TcdB Neutralization by
Bezlotoxumab—To gain a better understanding of how
bezlotoxumab might impact the activity of TcdB on its target
host cells, we mapped the residues putatively involved in car-
bohydrate binding (residues that are structurally analogous to
those of TcdA that interact with a-Gal-(1,3)-B-Gal-(1,4)-B-
GlcNAcO(CH,)4CO,CH; in the structure by Greco et al. (12))
onto the B2 structure (Fig. 5) and compared these regions with
the epitopes identified by x-ray crystallography (E1 and E2) and
those predicted by HDX-MS as described above (Fig. 2C). As
expected, the crystal structure epitopes overlap significantly
with the areas identified as being protected from deuteration in
the HDX-MS studies. Interestingly, there is also significant
overlap between bezlotoxumab-binding residues and putative
carbohydrate-binding regions, suggesting that bound antibody
may directly impact the ability of TcdB to bind to carbohy-
drates. Based on this information, and because it has been pro-
posed, at least for TcdA, that toxin mediates its biological activ-
ities via binding to its target host cells through specific
carbohydrate moieties on the cell surface (10-16), we assessed
the ability of bezlotoxumab to neutralize the cytotoxic effects of
TcdB on Vero cells (considered the gold standard for assessing
TcdB activity due to their high sensitivity to this toxin). As
shown in Fig. 6A, bezlotoxumab potently neutralizes the activ-
ity of TcdB in these cells. Furthermore, we observed (Fig. 6, B
and C) that bezlotoxumab blocks binding of TcdB to the surface
of Vero cells by measuring membrane-bound TcdB following
incubation of cells with the toxin in the absence or presence
of antibody. As expected, the isotype control anti-TcdA anti-
body actoxumab has no effect on TcdB binding in this assay.
The binding experiments were carried out at 37 °C in the
presence of the endocytosis inhibitor chlorpromazine, at a
concentration (14 uMm) previously shown to inhibit endocy-
tosis in Vero cells (41). Similar results (not shown) were
obtained when binding was carried out (i) at 4 °C in the
absence of chlorpromazine and (ii) at 37 °C with Vero cell
membranes rather than live cells.

Model of Bezlotoxumab Bound to Full-length TcdB CROP
Domain—Taken together, the biophysical and crystal structure
data demonstrate that two Fab molecules bind to a single TcdB
CROP domain, raising the question of whether one or two
intact IgG molecules of bezlotoxumab can bind to TcdB. Stud-
ies using size exclusion chromatography (Fig. 7) demonstrate
that the stoichiometry of bezlotoxumab to TcdB CROP domain
(B1 peptide) is 1:1, regardless of the ratio of bezlotoxumab to
B1, consistent with a model wherein the two distinct TcdB
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FIGURE 6. Inhibitory effect of bezlotoxumab on activity and binding of
TcdB in Vero cells. A, neutralization of the cytotoxic effects of purified TcdB
by bezlotoxumab. The concentration of TcdB used (10 pg/ml) was previously
determined to cause a ~95% decrease in cell viability in this assay. B, Western
blots of Vero cell membranes following incubation of cells with 50 ng/ml
(lanes 3-5) or 100 ng/ml (lanes 6-8) TcdB, in the absence and presence of
bezlotoxumab or actoxumab (200 wg/ml). Binding experiments were carried
outat 37 °Cin the presence of the endocytosis inhibitor chlorpromazine fixed
at 14 um. Lane 1, 1 ng of purified TcdB (no membranes); lane 2, membranes
from cells incubated without TcdB; lanes 3 and 6, membranes from cells incu-
bated with TcdB in the absence of bezlotoxumab; lanes 4 and 7, membranes
from cells incubated with TcdB in the presence of bezlotoxumab; lanes 5 and
8, membranes from cells incubated with TcdB in the presence of actoxumab.
Levels of TcdB are shown in the top panel, and levels of cadherin (loading
control) are shown in the bottom panel. C, quantification of membrane-
bound TcdB (normalized to the 1 ng of TcdB control lane and to cadherin
band densities) following incubation of Vero cells in the presence of 50 or 100
ng/ml TcdB alone (black bars) or in the presence of bezlotoxumab (white bars)
or actoxumab (hatched bars). Values are averages = S.D. of two independent
determinations.

epitopes are occupied by each Fab region of a single bezlotox-
umab IgG molecule. We therefore constructed a model of the
full-length TcdB CROP domain (residues 1836 -2367) bound
to an intact molecule (IgG1) of bezlotoxumab (Fig. 8) by fusing
the crystal structure of the B2 peptide to a model of the B4
peptide (based itself on the structure of B2). The Fc domain of
bezlotoxumab was modeled on a published IgG1 structure
(PDB entry 1HZH (42)). The TcdB CROP domain forms a
horseshoe-shaped elongated structure, consistent with previ-
ous models (5, 23, 25). The bezlotoxumab antibody binds per-
pendicularly to the curvature of the CROP domain at sites that
partially overlap with two of the four putative carbohydrate-
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FIGURE 7. SEC-MALLS analysis of bezlotoxumab, B1, and bezlotoxumab-B1 immune complexes. A, light scattering and molecular mass distributions of
complexes formed at various bezlotoxumab/B1 molar ratios (1:0 (magenta), 0:1 (olive green), 1:5 (bright green), 1:1 (red), and 5:1 (navy blue)) as a function of
elution time. B, average detected molecular mass of each complex. The molecular masses of the B1-bezlotoxumab complexes are approximately equal to the

sum of B alone and bezlotoxumab alone, indicating a 1:1 stoichiometry.

interacting pockets, which are located largely along the convex
surface of the CROP domain.

DISCUSSION

We present here the structural characterization of the
TcdB CROP domain in complex with the Fab fragments
from the neutralizing antibody bezlotoxumab, not only pro-
viding important insight into the mechanism of neutraliza-
tion of this important clinical antibody but also furthering our
understanding of the TcdB CROP domain structure. The over-
all B-solenoid fold of the N-terminal half of the TcdB CROP
domain is in large part consistent with the previously pub-
lished model based on the TcdA crystal structure (7, 23) and
with the recent structure of a C-terminal fragment of the
TcdB CROP (25), but the structure described herein pro-
vides additional information, including the precise orienta-
tions of the B-hairpins/loops and side chain conformations
of the N-terminal half of the CROP domain. Combined with
the structure of the C-terminal peptide TcdB-B1 (slightly
less than one full CROP unit encompassing four SRs and one
LR) published recently (25), the structure of the N-terminal
peptide B2 described herein (two full CROP units encom-
passing 10 SRs and 2 LRs) provides structural information
for nearly 73% of the entire TcdB CROP domain.

The structure of the B2-Fab complex also reveals how
bezlotoxumab interacts with the TcdB CROP domain. The
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SPR data (Table 2) provided a first clue that bezlotoxumab
can bind to TcdB at two distinct binding sites, and this was
confirmed by the crystal structure. The identification by SPR
of high affinity and low affinity sites for bezlotoxumab bind-
ing to peptides B1 and B2 (with a single low affinity site in B3
and no binding to B4; see Table 2) suggests one of two dis-
tinct possibilities: (i) bezlotoxumab has distinct affinities for
the two epitopes E1 and E2, with E2 corresponding to the low
affinity site (because peptide B3 contains only this epitope),
or (ii) the antibody binds to the two epitopes cooperatively,
with the low affinity state identified by SPR corresponding to
bezlotoxumab binding at a single epitope and the high affin-
ity state corresponding to binding at both epitopes. The sim-
ilar binding free energies calculated for the two epitopes
(Table 3) supports the latter possibility.

Taken together, the Western blotting, temperature-de-
pendent fluorescence, SPR, HDX-MS (Fig. 2), and crystal
structure (Fig. 3) data provide insight into the mechanism of
neutralization of TcdB by bezlotoxumab. The observation
that the stoichiometry of bezlotoxumab to TcdB CROP is 1:1
even in the presence of a 5-fold excess of antibody (Fig. 7)
suggests that bezlotoxumab binding to TcdB does not lead to
antibody-mediated cross-linking, supporting the notion that
bezlotoxumab directly neutralizes the toxin rather than
decreasing its effective concentration via the formation of
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FIGURE 8. Model of the TcdB CROP domain bound to a full-length mole-
cule of bezlotoxumab. The C-terminal (left) half of the CROP domain was
modeled based on the structure of the B2 peptide. The Fc region of bezlotox-
umab is based on a published high-resolution structure of human IgG1. The
four putative carbohydrate binding regions are shown in dark blue within the
otherwise green CROP domain.

large immune complexes. As noted previously, the prepon-
derance of existing data suggests that TcdA binds to its tar-
get host cells through interactions of its CROP domain with
specific carbohydrate moieties on the cell surface. Indeed,
binding of specific «-galactose-containing carbohydrate
ligands to the CROP domain of TcdA has been demonstrated
(10-16), and it has been shown that toxin binding is abol-
ished upon treatment with a-galactosidase (13-15). Fur-
thermore, TcdA-induced cell rounding is significantly
reduced in the presence of intact TcdA CROP domain (18).
Although a formal demonstration that TcdB binds to cell
surface carbohydrates via its CROP domain is still lacking, it
is tempting to ascribe a similar mode of binding to TcdB
based on the high level of structural and functional homol-
ogy between the two toxins and on the observation that TcdB
binds to carbohydrates that are structurally related to the
known TcdA ligands. As shown in Figs. 3D and 5, a signifi-
cant overlap exists between the bezlotoxumab epitopes and
the carbohydrate binding pockets of TcdB. Furthermore,
bezlotoxumab directly blocks binding of TcdB to Vero cells
(Fig. 6). These observations support a mechanism whereby
bezlotoxumab neutralizes TcdB through direct blockade of
receptor binding at the sites located near E1 and E2. Because
additional putative carbohydrate binding pockets (to which
bezlotoxumab does not bind) are located near E3 and E4,
binding to the cell surface at these latter sites may be pre-
vented (or significantly reduced) either through steric hin-
drance provided by bezlotoxumab bound at E1 and E2 or
because high-affinity binding of TcdB to the cell surface
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requires at least three intact carbohydrate binding pockets.
The fact that TcdA and TcdB have evolved to contain seven
and four such pockets, respectively, supports the notion that
multiple interactions with the cell surface are necessary for
full binding/biological activity of the toxins (10). In further
support of this, Just and co-workers (18) have previously
shown that a peptide spanning the entire TcdA CROP
domain efficiently competes with intact TcdA in a cell cyto-
toxicity assay, whereas a peptide spanning only the N-termi-
nal half (three putative carbohydrate binding pockets) is
unable to compete even at a high molar ratio.

The binding motif of bezlotoxumab described here is
distinct from those of the camelid single-domain antibodies
A20.1, A26.8, and B39, recently described by Murase et al.
(25). To better understand these differences, we overlapped
the structures of (i) A20.1 bound to a TcdA CROP fragment,
(ii) B39 bound to a TcdB CROP fragment, and (iii) bezlotox-
umab bound to peptide B2, aligning the highly homologous
B-solenoid backbones of the three CROP fragments (Fig. 9).
We also included the a-Gal-(1,3)-B-Gal-(1,4)-B-GlcNAcO-
(CH,)sCO,CHj, nestled within its binding pocket in TcdA, as
described by Greco et al. (12). We excluded the neutralizing
antibody A26.8, which binds to the extreme C terminus of
TcdA and for which no homologous epitope exists within pep-
tide B2. The model reveals the distinct epitopes of each anti-
body and suggests that binding of bezlotoxumab is more likely
to interfere with carbohydrate binding than binding of A20.1
and B39. This is in line with the fact that bezlotoxumab is a fully
neutralizing antibody, whereas B39 is non-neutralizing (25) and
A20.1 is poorly neutralizing (43).

Although the data presented in Fig. 6 show that bezlotox-
umab interferes with TcdB binding to Vero cells and that this is
the likely mechanism of toxin neutralization in this system, they
do not entirely rule out the possibility that bezlotoxumab bind-
ing to the TcdB CROP domain neutralizes toxin by a mecha-
nism other than direct occlusion of the receptor binding pock-
ets of TcdB. As noted above, carbohydrate binding has not been
unequivocally demonstrated to be the basis for TcdB binding to
the cell surface, nor has the CROP domain itself been con-
firmed to be the receptor binding domain of TcdB; indeed,
recent data have challenged the notion that the CROP domain
is the sole determinant of cell binding in both TcdA and TcdB
(20, 21). Furthermore, the residues of TcdB defined herein as
being involved in carbohydrate binding are based on the
structure of TcdA bound to «-Gal-(1,3)-B-Gal-(1,4)-B-
GlcNAcO(CH,)3CO,CHj,, and it is possible that the TcdB
ligand interacts with different residues (encompassing a
smaller or larger surface area) within TcdB than are highlighted
here in Figs. 3 and 5. Therefore, the possibility exists that bezlo-
toxumab prevents TcdB binding to cells through conforma-
tional alterations in TcdB that mask its receptor binding
regions or through steric hindrance by preventing cell binding
via a distal receptor pocket (located on a domain other than the
CROP). Another possibility is that bezlotoxumab does indeed
occlude the receptor binding pockets of TcdB but that these
pockets are distinct from the carbohydrate-binding domains,
perhaps overlapping to an even larger extent with the epitopes
of bezlotoxumab.
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FIGURE 9. Alignment of the structures of various CROP-antibody complexes. The backbones of the CROP domains of TcdA and TcdB were used for the
alignment. Binding of nanobodies A20.1 (green) and B39 (white) as well as of Fab2 (yellow and cyan) and Fab1 (pink and purple) is shown, as is the TcdA

carbohydrate ligand a-Gal-(1,3)-B-Gal-(1,4)-B-GIcNAcO(CH,);CO,CH,.

As mentioned above, the two Fab regions of a single bezlo-
toxumab molecule bind to TcdB at two distinct sites, E1 and E2.
Of the 18 bezlotoxumab-interacting residues in common
between E1 and E2, only 10 are identical, although 6 of the 8
amino acids substitutions are conservative (Fig. 3D). The struc-
tural tolerance for binding exhibited by bezlotoxumab suggests
that this antibody should bind to and neutralize toxins from
various C. difficile strains, although this remains to be demon-
strated. Notably, the TcdB sequence of the hypervirulent strain
NAP1/BI/027 is 70% identical and 90% homologous compared
with that of VPI 10463 (against which bezlotoxumab was
raised) within E1 (90% identical within E2), yet bezlotoxumab is
fully protective against this strain in a piglet model of infection
(31). Importantly, the flexibility inherent in binding of bezlo-
toxumab to its epitopes is not unlimited because the antibody
does not bind to the E1/E2-homologous regions E3 and E4, nor
does it bind to TcdA, despite the overall similar 3-solenoid fold
of the TcdA CROP domain.

The data presented here not only enhance our understanding
of the structure of the TcdB CROP domain but also provide a
possible structural basis for neutralization of TcdB by the clin-
ically important antibody bezlotoxumab. Future studies should
focus on elucidating structure-function relationships involved
in carbohydrate binding for TcdB and how/whether such bind-
ing is truly the basis for toxin binding to host cells, as well as
exploring the structural basis for binding/neutralization of
TcdA to actoxumab, the other half of the important novel
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C. difficile therapy that is currently in phase III development for
the prevention of recurrent CDI.
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