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ABSTRACT Clostridium difficile is a major cause of hospital-acquired antibiotic-
associated diarrhea. C. difficile produces two cytotoxins, TcdA and TcdB; both toxins
are multidomain proteins that lead to cytotoxicity through the modification and in-
activation of small GTPases of the Rho/Rac family. Previous studies have indicated
that host glycans are targets for TcdA and TcdB, with interactions thought to be
with both a- and B-linked galactose. In the current study, screening of glycan arrays
with different domains of TcdA and TcdB revealed that the binding regions of both
toxins interact with a wider range of host glycoconjugates than just terminal «- and
B-linked galactose, including blood groups, Lewis antigens, N-acetylglucosamine,
mannose, and glycosaminoglycans. The interactions of TcdA and TcdB with ABO
blood group and Lewis antigens were assessed by surface plasmon resonance (SPR).
The blood group A antigen was the highest-affinity ligand for both toxins. Free gly-
cans alone or in combination were unable to abolish Vero cell cytotoxicity by TcdB.
SPR competition assays indicate that there is more than one glycan binding site on
TcdB. Host glycoconjugates are common targets of bacterial toxins, but typically this
binding is to a specific structure or related structures. The binding of TcdA and TcdB
is to a wide range of host glycans providing a wide range of target cells and tissues
in vivo.

KEYWORDS Clostridium difficile, host cell interactions, pathogenesis, toxin-receptor
interaction

lostridium difficile infections (CDIs) place a large disease and financial burden on

health care systems since C. difficile is the major cause of hospital-acquired diarrhea
worldwide. CDI incidence and severity have increased since the early 2000s (1, 2),
prompting research efforts to identify therapeutics that may act as alternatives to
antibiotics, which remain the current best standard-of-care treatment. C. difficile pro-
duces two major cytotoxins, TcdA and TcdB (TcdA/B), with TcdB thought to be largely
responsible for the gut damage that occurs during CDI (3, 4). Both toxins are monog-
lucosyltransferases that form part of the family of large clostridial toxins, or LCTs. These
toxins modify and inactivate small GTPases of the Rho/Rac family, leading to colonic
inflammation, tissue damage, and ultimately cell death (5, 6).

TcdA and TcdB are multidomain proteins that consist of at least four functionally
distinct regions (A, C, D, and B) (7-9). These include the glucosyltransferase domain
(GTD) (domain A) that is responsible for inactivating small Rho-dependent GTPases, the
cysteine protease domain (CPD) (domain C) required for proteolytic cleavage of the
toxins, the delivery domain (DD) (domain D) that enables the translocation of the N
terminus of the proteins into the cell cytosol, and the receptor binding domain (RBD)
(domain B) that encodes the combined repetitive oligopeptide (CROP) structures,

March 2019 Volume 87 Issue 3 e00676-18 Infection and Immunity

Citation Hartley-Tassell LE, Awad MM, Seib KL,
Scarselli M, Savino S, Tiralongo J, Lyras D, Day
CJ, Jennings MP. 2019. Lectin activity of the
TcdA and TcdB toxins of Clostridium difficile.
Infect Immun 87:e00676-18. https://doi.org/10
.1128/1A1.00676-18.

Editor Vincent B. Young, University of
Michigan—Ann Arbor

Copyright © 2019 Hartley-Tassell et al. This is
an open-access article distributed under the
terms of the Creative Commons Attribution 4.0
International license.

Address correspondence to Christopher J. Day,
cday@griffith.edu.au, or Michael P. Jennings,
m.jennings@griffith.edu.au.

LEH.-T.and M\M.A. contributed equally to this
work.

Received 11 September 2018

Accepted 4 December 2018

Accepted manuscript posted online 10
December 2018

Published 21 February 2019

iaiasm.org 1


https://orcid.org/0000-0002-7094-3528
https://orcid.org/0000-0003-2345-9271
https://doi.org/10.1128/IAI.00676-18
https://doi.org/10.1128/IAI.00676-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:c.day@griffith.edu.au
mailto:m.jennings@griffith.edu.au
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00676-18&domain=pdf&date_stamp=2018-12-10
https://iai.asm.org

Hartley-Tassell et al.

1853 2366
TedB T e

1
1 543 2157 2366

ToxB-GT ToxB-B2

1838 2710
L J

TedA  ToaBs

ToxA L
2387 2706

FIG 1 TcdA and TcdB domains and fragments used in this study. Numbers indicate amino acids of the
full protein sequence.

which are thought to be required for the interaction of the toxins with host cell
carbohydrate structures (10-12) to initiate toxin internalization.

A dual-receptor mechanism has been suggested for the LCTs (13). This mechanism
involves the initial interaction of the LCT CROP domain with cell surface-associated
oligosaccharides, followed by specific binding of the toxins to a second, high-affinity
receptor (13). Early studies using in vitro assays indicated that TcdA bound to the
trisaccharide Gala1-3GalB1-4GlcNAc (10); however, this trisaccharide is not naturally
found on human cells. Of more physiological relevance are the carbohydrate structures
that include the li and Lewis X and Y antigens, which are present on human epithelial
cells (14, 15) and which bind to the TcdA CROP region (16). As suggested by Schorch
et al., all LCTs, including TcdB, are likely to use a similar binding mechanism to initiate
host cell contact (13).

In addition to receptors for TcdA, which include human colonocyte membrane
protein glycoprotein 96 (GP96) (17), several potential receptors for TcdB have also been
identified (18-20). Poliovirus receptor-like 3 was shown to be required for TcdB-
mediated cytotoxicity of both Caco-2 and Hela cells and may serve as a TcdB receptor
(19); however, a second study did not support these observations (20). Chondroitin
sulfate proteoglycan 4 (CSPG4) was also identified as a possible TcdB receptor in two
separate studies; however, the binding locations within the toxin differed between the
two studies (18, 20). Most recently, members of the frizzled family of receptors (FZDs),
required for Wnt signaling, were also identified as potential TcdB receptors; however,
these appear to bind to TcdB outside the CROP region (20, 21).

Currently, there is no available vaccine for CDIs, but the toxins TcdA and TcdB are
known to be immunogenic, and immune responses against these toxins can protect
against reinfection (22, 23). Subunits of TcdA and TcdB have been successfully assessed
as possible vaccine candidates (22). In this study, we aimed to identify the direct
interaction between oligosaccharides and TcdA/TcdB using the different domains of
the two toxins that have previously been show to elicit protection from CDls.

RESULTS

Glycan array analysis of TcdA and TcdB domains. TcdA and TcdB domains were
analyzed using glycan arrays. The TcdA protein fragments tested were ToxA-B3 (bind-
ing domain) and ToxA-B1 (the last 209 amino acids of the binding domain). The TcdB
fragments tested were ToxB-GT (first 181 amino acids of the GTPase domain) and
ToxB-B2 (final 70 amino acids of the binding domain) (Fig. 1; see also Fig. S1 in the
supplemental material).

The glycan array analysis revealed that ToxA-B1 and ToxA-B3 had overlapping
binding on 20 glycan structures, while ToxA-B3 had additional binding to «/B-linked
galactose and terminal N-acetylgalactosamine structures (Tables 1 and S1).

The TcdB protein fragment ToxB-B2 had a much wider glycan structure recognition
than TcdA fragments, binding to more than 50 structures of the 126 glycans printed on
the array whereas the TcdA protein fragments recognized a maximum of 26 glycans
(Tables 1 and S1). Binding for the TcdB proteins was spread across all the different
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TABLE 1 Glycan array analysis of TcdA and TcdB protein domain fragments®

ToxA-B3 ToxA-B1

ToxB-B2 ToxB-GT

Terminal
Galactose

|

GIcNAc

Mannose

Fucosylated structures

Sialylated

structures

High and low molecular weight

Glycosaminoglycans and

digests

9Red indicates binding. Binding was determined by positive interactions in three replicate array experiments.
Positive interactions are defined as a fluorescence value significantly above the background fluorescence
level (average background fluorescence from 20 spots +3 standard deviations). For full glycan names and
structures, see Table S1 in the supplemental material.

terminal and side-branched oligosaccharides, showing no preference for a particular
sugar moiety. The ToxB-GT fragment recognized only a single structure on the array
(13H; GIcAB1-3GIcNAcB1-4n [n = 10]) (Tables 1 and S1).

SPR of TcdA/B and glycans identified by array analysis. To validate the glycan
array results and to determine the dissociation equilibrium constant (K,) of the inter-
actions, surface plasmon resonance (SPR) was performed between free oligosaccha-
rides (blood group and Lewis antigens) and TcdA and TcdB domain proteins (Table 2).

TABLE 2 SPR analysis of TcdA and TcdB toxin fragments
Protein binding (K,)?

Antigen or oligosaccharide

ToxA-B1

ToxA-B3

ToxB-B2

Blood group A
Blood group B
Blood group H
Lewis A

Lewis B

Lewis Y

Lewis X
Sialyl-Lewis A
Sialyl-Lewis X
2-6SLN
a-Methyl-mannose
Man5®

1.53 uM * 0.6 uM
11.4 uM = 1.08 uM
1.22 uM = 049 puM
3.38 uM = 0.95 uM
1.05 uM = 0.63 uM
12.7 uM = 2,47 uM
189 uM = 558 uM
71.8 uM = 27.1 uM
91.1 uM = 4.16 uM
NCDI

NCDI

NCDI

61.4 nM * 29.6 nM
144 uM = 3.2 uM
NCDI
1.65 uM = 0.62 uM
8.01 uM = 0.58 uM
555 uM = 28.8 uM
16.5 uM = 2.8 uM
721 pM = 31.8 uM
1.07 uM = 0.15 uM
NCDI
NCDI
NCDI

29.1 nM = 7.5 nM
429 pM = 59.1 uM
428 nM + 8nM
579 nM = 37 nM
395 nM = 29nM

8 uM = 0.74 uM
501 nM = 308 nM
239 uM * 0.68 uM
347 uM = 11.5 uM
105 nM * 845 nM
315 nM = 103 nM
NCDI

Ky, is reported =1 standard deviation. ToxB-GT was also tested with no concentration-dependent interaction
observed for all glycans. NCDI, no concentration-dependent interaction observed up to the maximum
concentration tested (100 wM). For representative curves, see Fig. S2 in the supplemental material.

bMannopentaose.
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Both TcdA and TcdB binding domains had high-affinity interactions with blood group
A oligosaccharide (ToxB-B2, 29.1 nM; ToxA-B3, 61.4 nM), while much poorer binding
was observed for both proteins interacting with blood group B oligosaccharide (ToxB-
B2, 42.9 uM; ToxA-B3, 14.4 uM) (Table 2). ToxB-B2 bound to nonsialylated Lewis A and
X significantly better than to the equivalent sialyl-Lewis antigens (P < 0.02). The TcdA
fragments ToxA-B1 and ToxA-B3 differentially recognized blood group H glycans on the
array, with only tetrasaccharide H-glycan bound consistently by TcdA fragments (Table
1 and Fig. S3). Only the shorter ToxA-B1 recognized the blood group H trisaccharide
used in the SPR, with a K, of 1.22 uM.

Lectin array analysis of Vero cells. The Vero cells were examined for the presence
of TcdB target glycans using lectin array analysis (Table S2). Lectins recognizing
terminal B-linked galactose were observed as well as lectins recognizing GalNAc,
Neu5Aca2-3/6Gal, mannose, and a-fucosylated structures. These data indicate that
Vero cells express all of the structures recognized by TcdB in glycan array analysis.

Inhibition of TcdB using free-oligosaccharide inhibitors. To determine if free
oligosaccharides could reduce cytotoxicity of TcdB, Vero cell cytotoxicity assays
were conducted, and cell viability was determined using a quantitative MTS [3,4-(5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt] assay. Blood group A type 1 (GLY035-1; array identifier [ID] 7K), blood group H
(GLYO030; array ID 7F), blood group B (GLY38-3; array ID 7M), Lewis X (GLYO050; array ID
71), Lewis A (GLY054; array ID 7)), Lewis B (GLY056; array ID 7P), sialyl-Lewis X (SLeX)
(GLYO053; array ID 10B), and «2-6 sialyllactosamine (2-6SLN) (SLN306; array ID 10L) were
used in the assays individually and in combination, with mannopentaose (array ID 5H)
used as a negative control. Here, we showed that preincubation of either blood group
A type 1, Lewis X, Lewis A, and Lewis B with TcdB did not individually alter the cytotoxic
potential of this toxin as Vero cell survival was comparable to that with the TcdB-alone
control or the mannopentaose-TcdB combination (Fig. 2A and C). However, even when
glycans were mixed with TcdB in different combinations, no significant blocking of
toxin-mediated cell killing was observed (Fig. 2B and D).

As no glycans alone or in combination were able to block TcdB toxicity, a compe-
tition assay of the glycans was performed using a ForteBio Pioneer SPR system.
NextStep single-injection competition analysis showed that preinjection of glycans,
including Lewis X, SLeX, 2-6SLN, blood group antigens (A, B, or H), and mono-mannose,
could not inhibit TcdB binding to a second heterogeneous glycan, indicating that TcdB
has more than one glycan binding site (Fig. 2E and S2).

DISCUSSION

Host glycosylation is a common target for bacterial pathogens (24-28). Of the
bacterial virulence factors that recognize glycans, toxins from a wide range of bacterial
pathogens have been identified that use host glycoconjugates to initiate contact and
cytotoxicity (26, 27). TcdA has previously been reported to recognize the nonhuman
glycoconjugate Gala1-3GalB1-4GIcNAc (10). Previous screening of the TcdA/B domain
by the Consortium for Functional Glycomics (CFG; http://www.functionalglycomics.org/
glycomics/HServlet?operation=view&sideMenu=no&psld=primscreen_2693) and analy-
sis of the full-length TcdA by electrospray mass spectrometry and molecular modeling
(11, 12, 29) indicated that TcdA could also bind B-galactosidase (B-Gal)-containing
structures with binding to Lewis A and GalB1-4GIcNAc core structures, particularly
those found in the most abundant human milk oligosaccharides (29). Our TcdA binding
studies using the ToxA-B3 fragment showed remarkably similar binding with structures
recognized by the fragment of TcdA used by the CFG, including Lewis antigens, blood
group antigens, and terminal a- and B-galactose structures (Table 1). We also report the
recognition of glycosaminoglycans and terminal N-acetylglucosamine glycoconjugates
not observed by the CFG glycan array studies. This indicates that the full glycan binding
profile of TcdA can be attributed to the binding domain as previously indicated by
molecular modeling (11, 12, 29).

For TcdB, previous screening of the CFG glycan array was carried out on the full-length
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FIG 2 Cell viability MTS assays were used as a quantitative measure of cytotoxicity. Cell survival was calculated as the percent absorbance
at 490 nm of each treated sample relative to that of the untreated sample. (A) Percent survival of Vero cells treated with TcdB alone versus
that with TcdB containing each individual glycan: TcdB/GLY035-1, TcdB/GLY050, TcdB/GLY054, TcdB/GLY056, and TcdB/mannopentaose.
(B) The percent survival of Vero cells treated with TcdB alone versus the mixed glycans (GLY035-1, GLY050, GLY054, and GLY056) and
versus TcdB/mannopentaose (5X concentration). (C) Individual glycans based on the lectin analysis used at a single toxin concentration
(125 pg/ml). (D) The data represent the average of three biological replicates, each performed in duplicate, with the error bars
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TcdB protein (http://www.functionalglycomics.org/glycomics/HServlet?operation=view&
sideMenu=no&psld=primscreen_2694) and two C-terminal binding domain fragments,
one equivalent to ToxB-B2 and a shorter C-terminal truncation of that fragment (http://
www.functionalglycomics.org/glycomics/HServlet?operation=view&sideMenu=no&
psld=primscreen_1593 and http://www.functionalglycomics.org/glycomics/HServlet
?operation=view&sideMenu=no&psld=primscreen_1592). The TcdB analysis on the
CFG array revealed binding only to nonhuman terminal «1-3Gal structures similar to
those observed for TcdA but with much lower fluorescence values. These results are
very different from the ones obtained on the glycan array reported here. The differ-
ences may be explained by the different surface chemistries used by the CFG (Schott
Nexterion N-hydroxysuccinimide [NHS] three-dimensional [3D] polymer substrates) and
the glycan array used in this study (Arraylt SuperEpoxy Il two-dimensional [2D] acti-
vated silicon surface). The isoelectric points of TcdA and its fragments (pl 8.7 to 8.9) and
of TcdB and its fragments (pl 3.99 to 4.21) are vastly different. As the assay buffer used
by the CFG is a standard pH 7.4 buffer, TcdA will have the opposite charge from TcdB
in the assay buffer used. This indicates that TcdB may be incorrectly charged in the
assay buffer to enter the 3D matrix present on the Schott Nexterion NHS slides favored
by the CFG.

Molecular modeling of TcdB and mass spectroscopy using human milk oligosaccha-
rides resulted in a glycan binding repertoire similar to that observed for TcdA (29). The
results obtained for the binding domain of TcdB through glycan array analysis indicates
that TcdB has a broader specificity than that observed for TcdA, with TcdB binding over
20 more glycans than TcdA. The additional glycans found to bind to TcdB included
those that were sialylated and mannobiose glycans, providing a wider range of targets
found in the host gastrointestinal tract for this toxin than for TcdA. The finding that
TcdB has a more diverse glycan binding recognition than TcdA also correlates with the
broader tissue tropism of TcdB demonstrated by Lanis et al. (30).

We observed a limited reduction of TcdB cytotoxicity using specific glycan structures
in blocking assays. This result is very similar to that previously reported for human milk
oligosaccharides (29). TcdB binds to a broad range of human glycans, allowing for
engagement of a broad range of host cells (30). There are also multiple known protein
receptors for TcdB. All of the protein targets, NECTIN3 (19), CSPG4 (18, 20), and
FZD1/2/7 (20, 21), are glycoproteins that express a range of different glycosylations,
including glycosaminoglycans (chondroitin) (18, 20) and complex N-linked glycans (31,
32). A recent study by Chen et al. demonstrated the structure of a region of TcdB
(TcdB-FZD binding domain [FBD]) responsible for the interaction with FZD proteins
outside the tested region of ToxB-B2 (21). The role of the N-linked glycans in the
TcdB-FBD interaction have not been examined in this study as the region of FBD bound
by TcdB did not express a typical N-linked glycan (21). However, the finding of an
N-glycosylation site in proximity to the TcdB-FBD does give a possibility of an additional
lectin site on the protein outside the ToxB-B region. A lectin site outside the ToxB-B2
fragment is of interest as the ToxB-B2 fragment appeared to have a bias toward
glycosaminoglycans and glycans typically found as O-linked on proteins or on glyco-
lipids or very short N-linked glycans rather than for components or cores of larger
N-linked glycans. The facts that none of the glycoprotein binding has been linked to the
ToxB-B2 region and that from the competition assay there are clearly multiple lectin
sites on TcdB are consistent with the findings that free glycans could not significantly
inhibit toxin activity at biologically acceptable levels. It is difficult to completely inhibit

FIG 2 Legend (Continued)

Infection and Immunity

representing the standard errors of the means. ANOVA (Kruskal-Wallis) was performed on the data set, with individual differences detected
using Bonferroni’s multiple comparisons; differences between results for TcdB alone or with negative-control glycan and those with TcdB
with all glycans showed no statistical significance. (E) Summary of the SPR competition assay of the full-length TcdB protein showing the
individual response units of each glycan when run first (blue/A) or second (red/B) or when combined (green/AB). All heterogeneous glycan
pairs result in roughly the additive response of the two individual glycans, indicating no competition between glycans. BGA, blood group

A glycan; BGB, blood group B glycan; BGH, blood group H/O glycan.
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toxin function with a free glycan, even with combinations of glycans, when a large
number of cellular targets are present, including all three of the known protein
receptors (33). This phenomenon has been previously reported for pneumolysin as it
was shown that inhibition of red blood cell (RBC) and epithelial cell cytotoxicity was
possible using free sialyl-Lewis X (low-abundance target on RBCs and epithelial cells)
but that the cytotoxicity of neutrophils that express an abundance of sialyl-Lewis X
could not be inhibited (27).

The toxins from C. difficile, TcdA and TcdB, have broad glycan binding specificity that
is determined by the binding domain of both toxins. There have been multiple distinct
target glycans, proteins, and cell types reported for the Tcd proteins (4, 9-12, 16-20,
29). The broad specificity of the glycan binding of these toxins indicates that a number
of different target molecules on multiple different cell types are potential targets for
these proteins; thus, finding a single inhibitor capable of abrogating the cell damage
mediated by the C. difficile toxins is unlikely.

MATERIALS AND METHODS

Cloning, expression, and purification of Tcd proteins. ToxA-B1, ToxA-B3, ToxB-GT, and ToxB-B2
proteins were expressed and purified as previously described (22). Full-length TcdB was purchased from
Abcam (ab124001).

Glycan array. Glycans were prepared for printing as described by Day et al. (34). Glycan array slides
were printed SuperEpoxy 3-activated substrates using the glycan library previously described by Arndt
et al. (35) and Day et al. (25). Table S1 in the supplemental material gives a full list of the structures
printed. The glycan arrays were performed and analyzed as previously described (27). Briefly, 2 ug of
protein in phosphate-buffered saline (PBS) (137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM KH,PO,,
pH 7.4) containing T mM MgCl, and 1 mM CaCl, was precomplexed with a mouse anti-His tag antibody
(Cell signaling) and two Alexa 488-labeled antibodies (rabbit anti-mouse and goat anti-rabbit) at a molar
ratio of 1:1:0.5:0.25 to enable detection. Protein was incubated on the slide for 30 min and washed three
times in PBS. Slides were scanned on a PerkinEImer ProScan four-laser scanner and analyzed using
ScanArray Express and Microsoft Excel.

Surface plasmon resonance analysis. The interactions between the Tcd protein fragments and test
glycans were analyzed using surface plasmon resonance as described by Shewell et al. (27), with the
following modifications. Proteins were immobilized onto a CM5 chip via amine coupling at pH 3.0 to 4.5
with a flow rate of 10 wl/min for 420 s, and an ethanolamine blank flow cell was used as a control. Glycans
were tested between 160 nM and 100 uM. All data are double-reference subtracted.

Inhibition of cytotoxicity of TcdB with free oligosaccharides. To determine if blood group antigen
A type 1 (GLY035-1), B type 5 (GLY038-3), H disaccharide (GLY030), Lewis X tetraose (GLY050), sialyl-Lewis
X pentaose (GLY053), Lewis A tetraose (GLY054), Lewis B pentaose (GLY056; Elicityl Oligotech), and 2-6
sialylactosamine (SLN306; Dextra Laboratories), either individually or in combination, could reduce the
cytotoxic effect of C. difficile TcdB on Vero cells, the following cytotoxicity assays were conducted. Vero
cells were grown in culture flasks containing minimum essential medium alpha (MEMe; Life Technolo-
gies) with 10% heat-inactivated fetal calf serum (HI FCS), 100 units/ml penicillin, and 100 ug/ml
streptomycin and incubated at 37°C in 5% CO,. The cells were then seeded at 1.0 X 10° cells/ml in
96-well microtiter plates in MEMa supplemented with 1% HI FCS and subsequently used in cytotoxicity
inhibition assays. Purified TcdB (ab124001; Abcam) was serially diluted 2-fold from 4ng/ml to
0.015 ng/ml (toxin titer T1 to T9) and each dilution was used in the assay. GLY035-1, GLY050, GLY054,
GLY056, and mannopentaose were each resuspended in 1 ml of sterile MilliQ water to yield a stock
concentration of 6 mM for GLY035-1 and GLY056, 7.2mM for GLY050 and GLY054, and 6.8 mM for
mannopentaose. Each glycan was then diluted further in PBS and used in the cytotoxicity assay at a final
concentration of 300 nM for GLY035-1, 5 uM for GLY050, 6 uM for GLY054 and mannopentaose, and
130 uM for GLYO056. A total of 72 ul of each TcdB dilution (ranging from 4 ng/ml to 0.015 ng/ml) was then
incubated with either 12 ul of culture medium (MEMa) and 36 ul of PBS alone (positive toxin control),
12 pl of glycan (GLY035-1, GLY050, GLY054, or GLY056) with 36 ul of PBS, or 48 ul of a combination of
all glycans (12 ul each) excluding mannopentaose (which was instead used as a negative control in the
assay) at room temperature (RT) for 45 min. Prior to addition of the glycan-toxin mixtures, Vero cells were
preincubated in the presence of either culture medium, each individual glycan (at the same concentra-
tion stated above), or a combination of all 4 glycans (12 ul each; again at the same concentration stated
above), excluding mannopentaose, for 10 min at RT. Mannopentaose or sucrose was also included at an
equal concentration to the total moles of glycan as controls for the wells receiving the combination
glycans in this assay. The toxin alone or toxin-glycan mixtures (50 ul) were then added to the cells, and
the trays were incubated for 24 h at 37°C in 5% CO,. For a-mannose, 2-6SLN, SLeX, mix 1, and mix 2, 5 ul
of each glycan (at a final concentration of 10 mM for individual glycans and 10 mM for each glycan in mix
1 [a-mannose and 2-6SLN] and mix 2 [2-6SLN and SLeX]) was added to 45 ul of culture medium. Sucrose
at 10 mM was used as a negative control for these final glycans, and TcdB was used at a final
concentration of 0.125 ng/ml. The Vero cells were then treated as described above and incubated as
stated before.
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Cell viability assays. To quantify cell viability in the tissue culture plates described above, a CellTiter
96-cell Proliferation Assay (Promega) was used, as previously described (36). Here, a 2-mg/ml solution of
the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethopheny)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt (MTS) (Sigma) was prepared in Dulbecco’s phosphate-buffered saline (DPBS)
(2.7 mM KCl, 1.5 mM KH,PO,, 136.9 mM NacCl, 8.9 mM Na,HPO, - 7H,0). A 0.92-mg/ml solution of the
electron-coupling reagent phenazine methosulfate (PMS) (Sigma) was also prepared in DPBS. Prior to
use, 100 ul of PMS was added to every 2 ml of MTS, and 20 ul of this mixture was added to each well
of the assay. The plates were then incubated at 37°C in a 5% CO, incubator and read at 490 nm after 1 h,
using a Tecan infinite M200 plate reader. Cell viability or activity determined at this wavelength is directly
proportional to the number of living (metabolically active) cells. The data represent the average of three
biological replicates, each carried out in duplicate, and show the percentage of cell survival against the
TcdB amount used (expressed as picograms of TcdB/well). Statistical analysis was performed using
analysis of variance (ANOVA) (Kruskal-Wallis), with individual differences detected using Bonferroni's
multiple comparisons.

Lectin array analysis of Vero cells. The cells used for cytotoxicity assay, Vero cells, were analyzed
for cell surface glycans using lectin arrays. Lectin arrays were printed using an ArrayJet Argus Marathon
Inkjet Bio-Printing System on Arrayit SME3 substrates as previously described (37). Arrays were neutral-
ized and performed as previously described (35, 37). Slides were scanned on an Innopsys InnoScan
1100AL to acquire the data of which lectins bound to the cells and analyzed using Innopsys Mapix data
acquisition and analysis software and Microsoft Excel for statistical analysis (Student’s unpaired t test of
fluorescence of background spots versus fluorescence of lectin-printed spots).

Competition SPR. Competition between different glycans for the binding of TcdB was performed
using a ForteBio Pioneer SPR system. TcdB was loaded onto flow cell 1 of a COOH5 chip, and flow cell
2 was blank, immobilized to enable reference subtraction. OneStep and NextStep analyses of each of the
glycans were programmed using the Pioneer instrument software package. Glycans were used at a
concentration of 50 uM for both OneStep and NextStep analyses. OneStep was performed with a 70%
loop volume and a 4% sucrose control. NextStep analysis was performed with a 45-s injection time with
each glycan and PBS as the A component and with each glycan and PBS as the B component. Analyses
of each cycle, OneStep and NextStep, were completed separately with a Qdat analysis software package.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAl
.00676-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.

SUPPLEMENTAL FILE 3, PDF file, 0.3 MB.

SUPPLEMENTAL FILE 4, PDF file, 0.3 MB.

SUPPLEMENTAL FILE 5, PDF file, 0.2 MB.

ACKNOWLEDGMENTS

This work was supported by a Smart Futures Fund Research Partnerships Program
Grant (M.P.J.), National Health and Medical Research Council (NHMRC) Program
Grant (M.P.J.; 1071659), NHMRC Principal Research fellowship (APP1138466), NHMRC
Career Development Fellowship (K.L.S.; 1045235), and an NHMRC Project Grant (D.L;
GNT1107969).

This study was sponsored by Novartis Vaccines, now part of the GSK group of
companies, which was involved in all stages of the study conduct and analysis. M.S. and
S.S. are employees of the GSK group of companies.

LEH., MM.A, D.L, JT, MPJ, CJ.D. and K.L.S. conceived and designed the exper-
iments; KL.S., S.S., M.S, M.\M.A,, LEH., and C.J.D. performed the experiments; L.EH.,
M.M.A, CJ.D, D.L, and M.P.J. analyzed the data; LE.H., M\M.A,, CJ.D., D.L,, and M.P.J.
wrote the paper; L.EH., MMM.A, KLS., J.T., S.S.,, M.S, D.L,, CJ.D., and M.P.J. reviewed and
approved the final version of the manuscript.

REFERENCES

Infection and Immunity

1. Slimings C, Armstrong P, Beckingham WD, Bull AL, Hall L, Kennedy KJ, Poon R, Adams V, Vedantam G, Johnson S, Gerding DN, Rood JI. 2009.

Marquess J, McCann R, Menzies A, Mitchell BG, Richards MJ, Smollen PC,
Tracey L, Wilkinson 1J, Wilson FL, Worth LJ, Riley TV. 2014. Increasing
incidence of Clostridium difficile infection, Australia, 2011-2012. Med J
Aust 200:272-276. https://doi.org/10.5694/mja13.11153.

. DePestel DD, Aronoff DM. 2013. Epidemiology of Clostridium difficile infection. J
Pharm Pract 26:464-475. https://doi.org/10.1177/0897190013499521.

3. Lyras D, O'Connor JR, Howarth PM, Sambol SP, Carter GP, Phumoonna T,

March 2019 Volume 87 Issue 3 e00676-18

Toxin B is essential for virulence of Clostridium difficile. Nature 458:
1176-1179. https://doi.org/10.1038/nature07822.

. Carter GP, Chakravorty A, Pham Nguyen TA, Mileto S, Schreiber F, Li

L, Howarth P, Clare S, Cunningham B, Sambol SP, Cheknis A, Figueroa
I, Johnson S, Gerding D, Rood JI, Dougan G, Lawley TD, Lyras D. 2015.
Defining the roles of TcdA and TcdB in localized gastrointestinal
disease, systemic organ damage, and the host response during Clos-

iai.asm.org 8


https://doi.org/10.1128/IAI.00676-18
https://doi.org/10.1128/IAI.00676-18
https://doi.org/10.5694/mja13.11153
https://doi.org/10.1177/0897190013499521
https://doi.org/10.1038/nature07822
https://iai.asm.org

Lectin Activity of C. difficile Toxins TcdA and TcdB

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

March 2019 Volume 87

tridium difficile infections. mBio 6:¢00551-15. https://doi.org/10.1128/
mBio0.00551-15.

. Just |, Selzer J, Wilm M, von Eichel-Streiber C, Mann M, Aktories K. 1995.

Glucosylation of Rho proteins by Clostridium difficile toxin B. Nature
375:500-503. https://doi.org/10.1038/375500a0.

. Voth DE, Ballard JD. 2005. Clostridium difficile toxins: mechanism of

action and role in disease. Clin Microbiol Rev 18:247-263. https://doi
.org/10.1128/CMR.18.2.247-263.2005.

. Jank T, Aktories K. 2008. Structure and mode of action of clostridial

glucosylating toxins: the ABCD model. Trends Microbiol 16:222-229.
https://doi.org/10.1016/j.tim.2008.01.011.

. Manse JS, Baldwin MR. 2015. Binding and entry of Clostridium difficile

toxin B is mediated by multiple domains. FEBS Lett 589:3945-3951.
https://doi.org/10.1016/j.febslet.2015.11.017.

. Chumbler NM, Rutherford SA, Zhang Z, Farrow MA, Lisher JP, Farquhar

E, Giedroc DP, Spiller BW, Melnyk RA, Lacy DB. 2016. Crystal structure of
Clostridium difficile toxin A. Nat Microbiol 1:15002. https://doi.org/10
.1038/nmicrobiol.2015.2.

Krivan HC, Clark GF, Smith DF, Wilkins TD. 1986. Cell surface binding site
for Clostridium difficile enterotoxin: evidence for a glycoconjugate con-
taining the sequence Gal alpha 1-3Gal beta 1-4GIcNAc. Infect Immun
53:573-581.

Greco A, Ho JG, Lin SJ, Palcic MM, Rupnik M, Ng KK. 2006. Carbohydrate
recognition by Clostridium difficile toxin A. Nat Struct Mol Biol 13:
460-461. https://doi.org/10.1038/nsmb1084.

Di Bella S, Ascenzi P, Siarakas S, Petrosillo N, di Masi A. 2016. Clostridium
difficile toxins A and B: insights into pathogenic properties and extraint-
estinal effects. Toxins 8:134. https://doi.org/10.3390/toxins8050134.
Schorch B, Song S, van Diemen FR, Bock HH, May P, Herz J, Brum-
melkamp TR, Papatheodorou P, Aktories K. 2014. LRP1 is a receptor for
Clostridium perfringens TpeL toxin indicating a two-receptor model of
clostridial glycosylating toxins. Proc Natl Acad Sci U S A 111:6431-6436.
https://doi.org/10.1073/pnas.1323790111.

Holgersson J, Stromberg N, Breimer ME. 1988. Glycolipids of human
large intestine: difference in glycolipid expression related to anatomical
localization, epithelial/non-epithelial tissue and the ABO, Le and Se
phenotypes of the donors. Biochimie 70:1565-1574. https://doi.org/10
.1016/0300-9084(88)90292-1.

Sakamoto J, Furukawa K, Cordon-Cardo C, Yin BW, Rettig WJ, Oettgen
HF, Old LJ, Lloyd KO. 1986. Expression of Lewisa, Lewisb, X, and Y blood
group antigens in human colonic tumors and normal tissue and in
human tumor-derived cell lines. Cancer Res 46:1553-1561.

Tucker KD, Wilkins TD. 1991. Toxin A of Clostridium difficile binds to the
human carbohydrate antigens I, X, and Y. Infect Immun 59:73-78.

Na X, Kim H, Moyer MP, Pothoulakis C, LaMont JT. 2008. Gp96 is a
human colonocyte plasma membrane binding protein for Clostridium
difficile toxin A. Infect Immun 76:2862-2871. https://doi.org/10.1128/
1A1.00326-08.

Yuan P, Zhang H, Cai C, Zhu S, Zhou Y, Yang X, He R, Li C, Guo S, Li S,
Huang T, Perez-Cordon G, Feng H, Wei W. 2015. Chondroitin sulfate
proteoglycan 4 functions as the cellular receptor for Clostridium difficile
toxin B. Cell Res 25:157-168. https://doi.org/10.1038/cr.2014.169.
LaFrance ME, Farrow MA, Chandrasekaran R, Sheng J, Rubin DH, Lacy DB.
2015. Identification of an epithelial cell receptor responsible for Clostrid-
ium difficile TcdB-induced cytotoxicity. Proc Natl Acad Sci U S A 112:
7073-7078. https://doi.org/10.1073/pnas.1500791112.

Tao L, Zhang J, Meraner P, Tovaglieri A, Wu X, Gerhard R, Zhang X,
Stallcup WB, Miao J, He X, Hurdle JG, Breault DT, Brass AL, Dong M. 2016.
Frizzled proteins are colonic epithelial receptors for C. difficile toxin B.
Nature 538:350-355. https://doi.org/10.1038/nature19799.

Chen P, Tao L, Wang T, Zhang J, He A, Lam KH, Liu Z, He X, Perry K, Dong
M, Jin R. 2018. Structural basis for recognition of frizzled proteins by
Clostridium difficile toxin B. Science 360:664-669. https://doi.org/10
.1126/science.aar1999.

Leuzzi R, Spencer J, Buckley A, Brettoni C, Martinelli M, Tulli L, Marchi S,
Luzzi E, Irvine J, Candlish D, Veggi D, Pansegrau W, Fiaschi L, Savino S,
Swennen E, Cakici O, Oviedo-Orta E, Giraldi M, Baudner B, D’'Urzo N,
Maione D, Soriani M, Rappuoli R, Pizza M, Douce GR, Scarselli M. 2013.

Issue 3 e00676-18

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Infection and Immunity

Protective efficacy induced by recombinant Clostridium difficile toxin
fragments. Infect Immun 81:2851-2860. https://doi.org/10.1128/IAl
.01341-12.

Henderson M, Bragg A, Fahim G, Shah M, Hermes-DeSantis ER. 2017. A
review of the safety and efficacy of vaccines as prophylaxis for Clostrid-
ium difficile infections. Vaccines (Basel) 5:E25. https://doi.org/10.3390/
vaccines5030025.

Abraham SN, Sun D, Dale JB, Beachey EH. 1988. Conservation of the
D-mannose-adhesion protein among type 1 fimbriated members of the
family Enterobacteriaceae. Nature 336:682-684. https://doi.org/10.1038/
336682a0.

Day CJ, Tran EN, Semchenko EA, Tram G, Hartley-Tassell LE, Ng PS, King
RM, Ulanovsky R, McAtamney S, Apicella MA, Tiralongo J, Morona R,
Korolik V, Jennings MP. 2015. Glycan:glycan interactions: high affinity
biomolecular interactions that can mediate binding of pathogenic bac-
teria to host cells. Proc Natl Acad Sci U S A 112:E7266-E7275. https://
doi.org/10.1073/pnas.1421082112.

Lehmann F, Tiralongo E, Tiralongo J. 2006. Sialic acid-specific lectins:
occurrence, specificity and function. Cell Mol Life Sci 63:1331-1354.
https://doi.org/10.1007/s00018-005-5589-y.

Shewell LK, Harvey RM, Higgins MA, Day CJ, Hartley-Tassell LE, Chen AY,
Gillen CM, James DBA, Alonzo F, Torres VJ, Walker MJ, Paton AW, Paton
JC, Jennings MP. 2014. The cholesterol-dependent cytolysins pneumo-
lysin and streptolysin O require binding to red blood cell glycans for
hemolytic activity. Proc Natl Acad Sci U S A 111:E5312-E5320. https://
doi.org/10.1073/pnas.1412703111.

Wurpel DJ, Totsika M, Allsopp LP, Hartley-Tassell LE, Day CJ, Peters KM,
Sarkar S, Ulett GC, Yang J, Tiralongo J, Strugnell RA, Jennings MP,
Schembri MA. 2014. F9 fimbriae of uropathogenic Escherichia coli are
expressed at low temperature and recognise GalB1-3GIcNAc-containing
glycans. PLoS One 9:e93177. https://doi.org/10.1371/journal.pone
.0093177.

El-Hawiet A, Kitova EN, Kitov PI, Eugenio L, Ng KK, Mulvey GL, Dingle TC,
Szpacenko A, Armstrong GD, Klassen JS. 2011. Binding of Clostridium
difficile toxins to human milk oligosaccharides. Glycobiology 21:1217-1227.
https://doi.org/10.1093/glycob/cwr055.

Lanis JM, Barua S, Ballard JD. 2010. Variations in TcdB activity and the
hypervirulence of emerging strains of Clostridium difficile. PLoS Pathog
6:21001061. https://doi.org/10.1371/journal.ppat.1001061.

Guo H, Nagy T, Pierce M. 2014. Post-translational glycoprotein modifi-
cations regulate colon cancer stem cells and colon adenoma progres-
sion in Apc(min/+) mice through altered Wnt receptor signaling. J Biol
Chem 289:31534-31549. https://doi.org/10.1074/jbc.M114.602680.

Lee J, Warnken U, Schnolzer M, Gebert J, Kopitz J. 2015. A new method
for detection of tumor driver-dependent changes of protein sialylation
in a colon cancer cell line reveals nectin-3 as TGFBR2 target. Protein Sci
24:1686-1694. https://doi.org/10.1002/pro.2741.

Gupta P, Zhang Z, Sugiman-Marangos SN, Tam J, Raman S, Julien JP,
Kroh HK, Lacy DB, Murgolo N, Bekkari K, Therien AG, Hernandez LD,
Melnyk RA. 2017. Functional defects in Clostridium difficile TcdB toxin
uptake identify CSPG4 receptor-binding determinants. J Biol Chem 292:
17290-17301. https://doi.org/10.1074/jbc.M117.806687.

Day CJ, Tiralongo J, Hartnell RD, Logue CA, Wilson JC, von ltzstein M,
Korolik V. 2009. Differential carbohydrate recognition by Campylobacter
jejuni strain 11168: influences of temperature and growth conditions.
PLOS One 4:€4927. https://doi.org/10.1371/journal.pone.0004927.
Arndt NX, Tiralongo J, Madge PD, von ltzstein M, Day CJ. 2011. Differ-
ential carbohydrate binding and cell surface glycosylation of human
cancer cell lines. J Cell Biochem 112:2230-2240. https://doi.org/10.1002/
jcb.23139.

Awad MM, Singleton J, Lyras D. 2016. The sialidase NanS enhances
non-TcsL mediated cytotoxicity of Clostridium sordellii. Toxins (Basel)
8:E189. https://doi.org/10.3390/toxins8060189.

Day CJ, Paton AW, Harvey RM, Hartley-Tassell LE, Seib KL, Tiralongo J,
Bovin N, Savino S, Masignani V, Paton JC, Jennings MP. 2017. Lectin
activity of the pneumococcal pilin proteins. Sci Rep 7:17784. https://doi
.org/10.1038/5s41598-017-17850-9.

iai.asm.org 9


https://doi.org/10.1128/mBio.00551-15
https://doi.org/10.1128/mBio.00551-15
https://doi.org/10.1038/375500a0
https://doi.org/10.1128/CMR.18.2.247-263.2005
https://doi.org/10.1128/CMR.18.2.247-263.2005
https://doi.org/10.1016/j.tim.2008.01.011
https://doi.org/10.1016/j.febslet.2015.11.017
https://doi.org/10.1038/nmicrobiol.2015.2
https://doi.org/10.1038/nmicrobiol.2015.2
https://doi.org/10.1038/nsmb1084
https://doi.org/10.3390/toxins8050134
https://doi.org/10.1073/pnas.1323790111
https://doi.org/10.1016/0300-9084(88)90292-1
https://doi.org/10.1016/0300-9084(88)90292-1
https://doi.org/10.1128/IAI.00326-08
https://doi.org/10.1128/IAI.00326-08
https://doi.org/10.1038/cr.2014.169
https://doi.org/10.1073/pnas.1500791112
https://doi.org/10.1038/nature19799
https://doi.org/10.1126/science.aar1999
https://doi.org/10.1126/science.aar1999
https://doi.org/10.1128/IAI.01341-12
https://doi.org/10.1128/IAI.01341-12
https://doi.org/10.3390/vaccines5030025
https://doi.org/10.3390/vaccines5030025
https://doi.org/10.1038/336682a0
https://doi.org/10.1038/336682a0
https://doi.org/10.1073/pnas.1421082112
https://doi.org/10.1073/pnas.1421082112
https://doi.org/10.1007/s00018-005-5589-y
https://doi.org/10.1073/pnas.1412703111
https://doi.org/10.1073/pnas.1412703111
https://doi.org/10.1371/journal.pone.0093177
https://doi.org/10.1371/journal.pone.0093177
https://doi.org/10.1093/glycob/cwr055
https://doi.org/10.1371/journal.ppat.1001061
https://doi.org/10.1074/jbc.M114.602680
https://doi.org/10.1002/pro.2741
https://doi.org/10.1074/jbc.M117.806687
https://doi.org/10.1371/journal.pone.0004927
https://doi.org/10.1002/jcb.23139
https://doi.org/10.1002/jcb.23139
https://doi.org/10.3390/toxins8060189
https://doi.org/10.1038/s41598-017-17850-9
https://doi.org/10.1038/s41598-017-17850-9
https://iai.asm.org

	RESULTS
	Glycan array analysis of TcdA and TcdB domains. 
	SPR of TcdA/B and glycans identified by array analysis. 
	Lectin array analysis of Vero cells. 
	Inhibition of TcdB using free-oligosaccharide inhibitors. 

	DISCUSSION
	MATERIALS AND METHODS
	Cloning, expression, and purification of Tcd proteins. 
	Glycan array. 
	Surface plasmon resonance analysis. 
	Inhibition of cytotoxicity of TcdB with free oligosaccharides. 
	Cell viability assays. 
	Lectin array analysis of Vero cells. 
	Competition SPR. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

