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Receptor binding mechanisms of Clostridioides difficile toxin B 
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Abstract

Clostridioides difficile is classified as an urgent antibiotic resistance threats by the CDC. C. 
difficile infection (CDI) is mainly caused by the C. difficile exotoxin TcdB, which invades 

host cells via receptor-mediated endocytosis. However, many natural variants of TcdB have 

been identified including some from the hypervirulent strains, which pose significant challenges 

for developing effective CDI therapies. Here, we review the recent research progress on the 

molecular mechanisms by which TcdB recognize Frizzed proteins (FZDs) and chondroitin sulfate 

proteoglycan 4 (CSPG4) as two major host receptors. We suggest that the receptor-binding 

sites and several previously identified neutralizing epitopes on TcdB are ideal targets for the 

development of broad-spectrum inhibitors to protect against diverse TcdB variants.
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Introduction

Clostridioides difficile (formerly Clostridium difficile, or C. difficile) is a family of Gram-

positive, spore-forming anaerobic bacteria, whose spores are widespread and can colonize 

human colons when normal gut microbiota is disrupted due to antibiotic treatment or other 

nutritional and medical conditions. C. difficile infection (CDI) is the most frequent cause of 

healthcare-acquired gastrointestinal infections and death in developed countries [1, 2]. Two 

homologous large exotoxin, TcdA and TcdB, are the major virulence factors of C. difficile, 

among which TcdB alone is capable of causing the full-spectrum of diseases associated with 

CDI in humans [3-5].
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However, the development of therapeutics, vaccines, or diagnostic agents against TcdB 

has met great challenges in the face of recent findings that TcdB has greatly diversified 

throughout its entire primary sequence during evolution [6-8]. For example, a variant 

of TcdB (TcdB2) expressed by some hypervirulent strains displays a ~8% sequence 

variation in comparison to the prototype TcdB from the reference strain (TcdB1) [7-10]. 

The sequence variations have profound impacts on TcdB activity and pathogenicity. For 

example, many clinically important TcdB variants, represented by TcdB2, showed altered 

receptor binding capabilities [6, 8, 11-14]. Bezlotoxumab, the only FDA approved anti-TcdB 

antibody, showed ~200-fold lower potency on neutralizing TcdB2 than TcdB1 [15-18]. As 

additional TcdB variants are expected to continuously emerge, there is an urgent need for 

novel approaches to develop broad-spectrum therapeutics. In this review, we focus on the 

recent advances in understanding the receptor recognition strategies for a broad range of 

TcdB variants and the identification of several key neutralizing epitopes on TcdB, which 

should provide novel insights into therapeutic development against CDI.

Structural basis for recognition of FZDs and CSPG4 by TcdB

Each TcdB molecule (~270 kDa) is composed of four structurally and functionally distinct 

modules, including an N-terminal glucosyltransferase domain (GTD), a cysteine protease 

domain (CPD), a delivery and receptor-binding domain (DRBD), and a large C-terminal 

combined repetitive oligopeptides domain (CROPs) [19]. The disease symptoms of CDI 

are mainly caused by the GTD, which is delivered by TcdB to the cytosol of infected 

cells. GTD modifies and inhibits the functions of Rho family small GTPases, leading 

to actin cytoskeleton damage and ultimately cell death [3, 20]. However, it is the host 

receptors that offer a cellular “doorknob” for TcdB to enter cells. More specifically, TcdB 

exploits the Wnt receptor Frizzled (FZD) members 1, 2, and 7 and chondroitin sulfate 

proteoglycan 4 (CSPG4) as high-affinity receptors for binding and entering host cells [18, 

21-24]. Therefore, it is crucial to understand how TcdB recognizes FZD and CSPG4, which 

will inform new strategies to neutralize TcdB by blocking it from entering cells.

We reported the crystal structure of a fragment of TcdB1 in complex with the extracellular 

cysteine-rich domain (CRD) of FZD2 in 2018 (Figure 1A) [25], which was also discussed 

in one of our recent reviews [26]. The FZD-binding site is located in the middle of the 

DRBD of TcdB. But besides the traditional protein-protein interactions, TcdB exploits an 

endogenous fatty acid as a co-receptor, which is completely buried between FZD2 and 

TcdB through extensive hydrophobic interactions with both proteins, to enhance binding 

affinity and specificity toward FZD1, 2, and 7 (Figure 1A) [25]. This lipid is bound in 

a hydrophobic groove on the CRD, which is also the docking site for a palmitoleic acid 

(PAM) lipid modification of Wnt [27]. TcdB binding would lock this endogenous lipid in the 

PAM-binding pocket on the CRD, which is therefore unavailable to engage the PAM of Wnt. 

Using this strategy, TcdB not only gains access to host cells via FZDs, but also inhibits Wnt 

signaling that may contribute to pathogenesis of CDI.

More recently, we determined the structure of TcdB1 in complex with CSPG4 using 

cryogenic electron microscopy (cryo-EM) (Figure 1B) [18]. CSPG4 is a large glycosylated 

single transmembrane protein (~251 kDa). Nevertheless, our structure reveals that only the 
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first CSPG repeat of CSPG4 (termed Repeat1, residues 410–551) is mainly responsible for 

TcdB binding, which was also confirmed by a crosslinking mass spectrometry (XL-MS) 

study [18]. In spite of its small size, the Repeat1 of CSPG4 binds at a strategic location on 

TcdB where multiple TcdB domains converge, and it direct interacts with TcdB amino acids 

spreading across the CPD, DRBD, CROPs, and a hinge region connecting the DRBD and 

CROPs. Since TcdB holotoxin has a flexible conformation especially its CROPs [19, 28], 

the multiple structural units of TcdB would need to properly organize in order to form the 

composite binding site to accommodate CSPG4, which is supported by the real-time binding 

studies showing a relatively slow binding on-rate. Nevertheless, once Repeat1 is engaged 

with TcdB, the complex is very stable as evidenced by their slow binding off-rate.

On the context of TcdB holotoxin, the binding sites for FZDs and CSPG4 are completely 

separated and ~78 Å away from each other, which would permit simultaneous binding 

of both if they are expressed on the same cell surface (Figure 1C). However, either 

FZDs or CSPG4 is sufficient to mediate cell entry, as our structure-based mutagenesis 

studies demonstrate that FZDs and CSPG4 act as independent receptors for TcdB, which 

is consistent with results from Gerhard and colleagues [13]. Since CSPG4 and FZDs have 

different tissue distribution in vivo [21, 29, 30], the receptor binding strategy of a particular 

TcdB variant that is capable of targeting FZDs, CSPG4, or both would partly determine the 

pathogenicity of the C. difficile strain that produces it.

CSPG4 is a conserved receptor for diverse TcdB variants

Based on the structure of the TcdB–CRD2 complex, we found that a single mutation at 

F1597 of TcdB1, a key residue that simultaneously binds CRD2 and the lipid co-receptor, is 

sufficient to abolish FZD binding [25], which was later confirmed by other groups [12, 13, 

31]. Interestingly, based on sequence analysis of 206 unique TcdB variants, we found that 

~22% of TcdB variants including TcdB2 have this Phe residue replaced by a Ser residue, 

suggesting they have lost FZD binding capability during evolution (Figure 2A and 2C) [6, 8, 

11-14]. Therefore, these TcdB variants will have to rely on another receptor for cell entry.

In contrast to sequence variations observed at the FZD-binding site, the CSPG4-binding 

site is highly conserved among most known TcdB variants (Figure 2B) [8, 18]. Notable 

variations are only observed at four CSPG4-binding residues (e.g., I1809, D1812, V1816, 

and N1850 of TcdB1) at frequencies between 11.7% and 27.7%. Among these four sites, 

residues I1809, V1816, and N1850 are likely more tolerable for amino acid substitutions, 

because TcdB2 has variations at all three site (I1809L, V1816I, and N1850K), but is still 

able to bind CSPG4 with a high affinity [18]. However, residue D1812 of TcdB is crucial 

for CSPG4 binding as a D1812G mutation was sufficient to abolish TcdB1 binding to 

CSPG4 [18]. Sequence analysis showed that 14 of the 206 known TcdB variants (~7%) 

have the D1812G substitution, indicating that these TcdB variants may have lost the CSPG4 

binding ability (Figure 2D). Since these 14 TcdB variants all have a well-preserved FZD-

binding site, we believe they may only use FZDs as their receptor. Intriguingly, we found 

that ~5% of TcdB variants have D1812H or D1812K substitutions, and these TcdB are 

predicted to have lost FZD binding due to mutations at their FZD-binding sites (Figure 

2E). We also notice that these TcdB variants have other residue substitutions on or around 
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the CSPG4-binding interface, although those residues are not directly involved in CSPG4 

binding based on the structure of the TcdB1–CSPG4 complex. We envision that some of 

these TcdB variants may have evolved additional amino acid changes besides D1812H/K to 

partly compensate for the loss of D1812 toward CSPG4 binding. If not, some of these TcdB 

variants may have dramatically decreased toxicity due to the loss of both receptors, or have 

to evolve to bind a yet unknown host receptor.

In summary, our structure and sequence analyses suggest that ~71% of TcdB variants 

could bind to both FZD and CSPG4; ~17% and ~7% could only use CSPG4 or FZD as 

their receptor, respectively; while the receptor-binding strategies for the rest ~5% of TcdB 

variants remain unknown (Figure 2E). Interestingly, C. sordellii lethal toxin (TcsL), another 

member in the family of large clostridial glucosylating toxins (LCGTs) with ~76% sequence 

identity to TcdB1, does not bind FZD or CSPG4, but exploits semaphorins (SEMA6A 

and SEMA6B) as its receptors. Moreover, the semaphorins-binding interface on TcsL is 

structurally homologous to the FZD-binding site on TcdB1 [32, 33]. Will a C. difficile strain 

evolve a TcdB variant that targets a yet unknown host receptor, and if so how will that 

affect the pathogenesis of CDI? These intriguing questions await to be uncovered in future 

research.

Sites of vulnerability on TcdB are ideal therapeutic targets

Clearly, the receptor-binding sites on TcdB discussed above are among the weakest spots 

on TcdB, which could be blocked by biologics or small molecules to stop TcdB from 

cell entry. For example, TcdB binding to FZDs could be directly inhibited by the CRD of 

FZD2 [21] or a DARPin (designed ankyrin repeat protein) that occupies the FZD-binding 

site on TcdB [34]. However, it would be more complicated to pharmacologically block 

CSPG4 binding due to the unique configuration of the composite CSPG4-binding site on 

TcdB. In fact, while bezlotoxumab could inhibit CSPG4 binding, its epitopes are completely 

separated from the CSPG4-binding site (Figure 3A and 3B) [16, 17]. In the context of 

TcdB holotoxin, only one of the two bezlotoxumab epitopes located on the CROPs is fully 

accessible for bezlotoxumab, while the other one is partially masked by the GTD and the 

DRBD [16-19]. In order to occupy both epitopes, bezlotoxumab will force the CROPs 

domain to reorient, which will subsequently abolish the composite CSPG4-binding site [18]. 

We envision that CSPG4 binding can be disturbed by alteration of TcdB conformation by 

other steric interference. In contrast to the allosteric inhibition displayed by bezlotoxumab, 

two DARPins were found to directly compete with CSPG4 by occupying sites on TcdB that 

overlap with the CSPG4-binding pocket (Figure 3C) [34, 35].

In the last few years, several TcdB neutralizing antibodies and camelid single-domain 

antibodies (a.k.a. VHHs or nanobodies) that target regions outside the receptor-binding sites 

have been reported. For example, VHH-5D binds to the pore forming region on TcdB, 

prevents the pore formation of TcdB under acidic condition, and therefore inhibits the 

delivery of the GTD to the cytosol; and VHH-7F binds TcdB at the connecting region 

between the GTD and the CPD and inhibits the InsP6-induced auto cleavage (Figure 3D) 

[19]. Furthermore, three distinct neutralizing epitopes were identified in the GTD, which 

are targeted by VHH-E3, mAb PA41, and mAbs ViF087-A10 and SH1429-B1, respectively 
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(Figure 3B and 3D) [19, 36, 37]. Based on epitope mapping by peptide array, the core 

binding epitopes for mAbs ViF087-A10 and SH1429-B1 were identified in a region on 

the GTD that is involved in recognizing Rho GTPases [37, 38]. Therefore, these two 

mAbs likely neutralize TcdB by inhibiting substrate binding to the GTD. Interestingly, 

VHH-E3 and mAb PA41 do not directly inhibit the glucosyltransferase activity of the 

GTD, nor do they interfere with GTD binding to Rho GTPases [19, 36, 38]. While the 

detailed mechanisms are not fully understood, it is believed that VHH-E3 that binds to the 

N-terminal 4-helix bundle on the GTD may disrupt the plasma membrane association of the 

GTD, and PA41 may block the translocation of the GTD across the endosomal membrane 

[19, 36]. We expect more neutralizing epitopes on TcdB will be identified in the near future 

as many neutralizing mAbs against TcdB have been reported and their epitopes have been 

mapped to various domains of TcdB [39]. We suggest that these neutralizing epitopes, 

especially the ones that are highly conserved among TcdB variants, and the FZD/CSPG4-

binding sites on TcdB are among the most vulnerable parts of the toxin and therefore the 

ideal therapeutic targets to disarm TcdB.

Future prospects

Administration of bezlotoxumab as a form of passive immunity could reduce the recurrence 

rate of CDI in patients [40], which underscores the importance of TcdB in causing the 

symptoms of CDI. However, bezlotoxumab-escaping mutations have been observed in many 

TcdB variants including some from the hypervirulent strains [6-8, 18], which significantly 

decrease the neutralization efficacy of bezlotoxumab toward these TcdB variants [8, 15, 

16]. The DARPins that block TcdB binding to CSPG4 also see amino acid substitutions 

in their epitopes among different TcdB variants [34, 35]. These findings suggest that the 

sequence diversification of TcdB is very hard to be fully addressed by conventional antibody 

development considering that new TcdB variants will continuously emerge.

We believe that a more efficient strategy to achieve a broad-spectrum protection is to target 

the receptor-binding sites on TcdB, as receptor binding is an indispensable step during 

the cell entry of toxin. The advantage of this strategy is evidenced by the fact that ~95% 

of all known TcdB variants use either CSPG4, FZD, or both as receptors, and that the 

CSPG4-binding site is highly conserved in at least 88% of all known TcdB variants. In 

our recent studies, we found that the Repeat1 as a CSPG4 mimic could potently neutralize 

both TcdB1 and TcdB2 in a cell-based assay and protect mice from both TcdB1 and TcdB2 

[18]. As ~71% of the known TcdB variants could target both CSPG4 and FZDs, we further 

suggest that the Repeat1 of CSPG4 and the CRD of FZDs could be combined into a hybrid 

molecule, which should have higher neutralizing potency against TcdB due to synergistic 

binding of both components (Figure 3E). This bi-specific decoy receptor would be difficult 

for TcdB to escape, and if it does happen, the new TcdB variants will unlikely be able 

to recognize CSPG4 or FZD for cell entry. One could envision that such a decoy receptor 

would have high specificity and affinity, and broad protection activities against diverse C. 
difficile strains.

Chen and Jin Page 5

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

This work was partly supported by National Institute of Health (NIH) grants R01 AI125704, R01 AI139087, R01 
AI158503, R21 AI156092 to R.J.

Abbreviations

CDI Clostridioides difficile infection

CPD cysteine protease domain

CRD cysteine-rich domain

CROPs combined repetitive oligopeptides domain

CSPG4 chondroitin sulfate proteoglycan 4

DRBD delivery and receptor-binding domain

FZD frizzled

GTD glucosyltransferase domain

PAM palmitoleic acid

TcdA C. difficile toxin A

TcdB C. difficile toxin B

VHH variable domain (VH) of a heavy-chain antibody

References

1. Guh AY, Mu Y, Winston LG, Johnston H, Olson D, Farley MM, Wilson LE, Holzbauer SM, Phipps 
EC, Dumyati GK, Beldavs ZG, Kainer MA, Karlsson M, Gerding DN & McDonald LC (2020) 
Trends in U.S. Burden of Clostridioides difficile Infection and Outcomes, N Engl J Med. 382, 
1320–1330. [PubMed: 32242357] 

2. Heinlen L & Ballard JD (2010) Clostridium difficile infection, Am J Med Sci. 340, 247–52. 
[PubMed: 20697257] 

3. Aktories K, Schwan C & Jank T (2017) Clostridium difficile Toxin Biology, Annu Rev Microbiol. 
71, 281–307. [PubMed: 28657883] 

4. Lyras D, O’Connor JR, Howarth PM, Sambol SP, Carter GP, Phumoonna T, Poon R, Adams V, 
Vedantam G, Johnson S, Gerding DN & Rood JI (2009) Toxin B is essential for virulence of 
Clostridium difficile, Nature. 458, 1176–9. [PubMed: 19252482] 

5. Drudy D, Fanning S & Kyne L (2007) Toxin A-negative, toxin B-positive Clostridium difficile, Int J 
Infect Dis. 11, 5–10. [PubMed: 16857405] 

6. Li ZH, Lee K, Rajyaguru U, Jones CH, Janezic S, Rupnik M, Anderson AS & Liberator P (2020) 
Ribotype Classification of Clostridioides difficileIsolates Is Not Predictive of the Amino Acid 
Sequence Diversity of the Toxin Virulence Factors TcdA and TcdB, Frontiers in Microbiology. 11.

7. Shen E, Zhu K, Li D, Pan Z, Luo Y, Bian Q, He L, Song X, Zhen Y, Jin D & Tao L (2020) 
Subtyping analysis reveals new variants and accelerated evolution of Clostridioides difficile toxin B, 
Commun Biol. 3, 347. [PubMed: 32620855] 

8. Mansfield MJ, Tremblay BJ, Zeng J, Wei X, Hodgins H, Worley J, Bry L, Dong M & Doxey 
AC (2020) Phylogenomics of 8,839 Clostridioides difficile genomes reveals recombination-driven 
evolution and diversification of toxin A and B, PLoS Pathog. 16, e1009181. [PubMed: 33370413] 

Chen and Jin Page 6

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Lanis JM, Heinlen LD, James JA & Ballard JD (2013) Clostridium difficile 027/BI/NAP1 encodes 
a hypertoxic and antigenically variable form of TcdB, PLoS Pathog. 9, e1003523. [PubMed: 
23935501] 

10. Lanis JM, Barua S & Ballard JD (2010) Variations in TcdB activity and the hypervirulence of 
emerging strains of Clostridium difficile, PLoS Pathog. 6, e1001061. [PubMed: 20808849] 

11. Shen EH, Zhu KL, Li DY, Pan ZR, Luo Y, Bian Q, He LQ, Song XJ, Zhen Y, Jin DZ & Tao L 
(2020) Subtyping analysis reveals new variants and accelerated evolution of Clostridioides difficile 
toxin B, Communications Biology. 3.

12. Lopez-Urena D, Orozco-Aguilar J, Chaves-Madrigal Y, Ramirez-Mata A, Villalobos-Jimenez A, 
Ost S, Quesada-Gomez C, Rodriguez C, Papatheodorou P & Chaves-Olarte E (2019) Toxin B 
Variants from Clostridium difficile Strains VPI 10463 and NAP1/027 Share Similar Substrate 
Profile and Cellular Intoxication Kinetics but Use Different Host Cell Entry Factors, Toxins. 11.

13. Henkel D, Tatge H, Schottelndreier D, Tao L, Dong M & Gerhard R (2020) Receptor Binding 
Domains of TcdB from Clostridioides difficile for Chondroitin Sulfate Proteoglycan-4 and 
Frizzled Proteins Are Functionally Independent and Additive, Toxins (Basel). 12.

14. Mileto SJ, Jarde T, Childress KO, Jensen JL, Rogers AP, Kerr G, Hutton ML, Sheedlo MJ, Bloch 
SC, Shupe JA, Horvay K, Flores T, Engel R, Wilkins S, McMurrick PJ, Lacy DB, Abud HE & 
Lyras D (2020) Clostridioides difficile infection damages colonic stem cells via TcdB, impairing 
epithelial repair and recovery from disease, Proc Natl Acad Sci U S A.

15. Marozsan AJ, Ma D, Nagashima KA, Kennedy BJ, Kang YK, Arrigale RR, Donovan GP, 
Magargal WW, Maddon PJ & Olson WC (2012) Protection against Clostridium difficile infection 
with broadly neutralizing antitoxin monoclonal antibodies, J Infect Dis. 206, 706–13. [PubMed: 
22732923] 

16. Hernandez LD, Racine F, Xiao L, DiNunzio E, Hairston N, Sheth PR, Murgolo NJ & Therien AG 
(2015) Broad coverage of genetically diverse strains of Clostridium difficile by actoxumab and 
bezlotoxumab predicted by in vitro neutralization and epitope modeling, Antimicrobial agents and 
chemotherapy. 59, 1052–60. [PubMed: 25451052] 

17. Orth P, Xiao L, Hernandez LD, Reichert P, Sheth PR, Beaumont M, Yang X, Murgolo N, 
Ermakov G, DiNunzio E, Racine F, Karczewski J, Secore S, Ingram RN, Mayhood T, Strickland 
C & Therien AG (2014) Mechanism of action and epitopes of Clostridium difficile toxin B-
neutralizing antibody bezlotoxumab revealed by X-ray crystallography, J Biol Chem. 289, 18008–
21. [PubMed: 24821719] 

18. Chen P, Zeng J, Liu Z, Thaker H, Wang S, Tian S, Zhang J, Tao L, Gutierrez CB, Xing L, Gerhard 
R, Huang L, Dong M & Jin R (2021) Structural basis for CSPG4 as a receptor for TcdB and a 
therapeutic target in Clostridioides difficile infection, Nature communications. 12, 3748.

19. Chen P, Lam KH, Liu Z, Mindlin FA, Chen B, Gutierrez CB, Huang L, Zhang Y, Hamza T, Feng 
H, Matsui T, Bowen ME, Perry K & Jin R (2019) Structure of the full-length Clostridium difficile 
toxin B, Nat Struct Mol Biol. 26, 712–719. [PubMed: 31308519] 

20. Aktories K (2011) Bacterial protein toxins that modify host regulatory GTPases, Nat Rev 
Microbiol. 9, 487–98. [PubMed: 21677684] 

21. 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. [PubMed: 27680706] 

22. 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, 157–68. [PubMed: 25547119] 

23. Pan Z, Zhang Y, Luo J, Li D, Zhou Y, He L, Yang Q, Dong M & Tao L (2021) Functional analyses 
of epidemic Clostridioides difficile toxin B variants reveal their divergence in utilizing receptors 
and inducing pathology, PLoS Pathog. 17, e1009197. [PubMed: 33507919] 

24. 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. [PubMed: 28842504] 

Chen and Jin Page 7

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. 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. [PubMed: 29748286] 

26. Chen P, Tao L, Liu Z, Dong M & Jin R (2019) Structural insight into Wnt signaling inhibition by 
Clostridium difficile toxin B, FEBS J. 286, 874–881. [PubMed: 30347517] 

27. Janda CY, Waghray D, Levin AM, Thomas C & Garcia KC (2012) Structural basis of Wnt 
recognition by Frizzled, Science. 337, 59–64. [PubMed: 22653731] 

28. Pruitt RN, Chambers MG, Ng KK, Ohi MD & Lacy DB (2010) Structural organization of the 
functional domains of Clostridium difficile toxins A and B, Proc Natl Acad Sci U S A. 107, 
13467–72. [PubMed: 20624955] 

29. LaFrance ME, Farrow MA, Chandrasekaran R, Sheng J, Rubin DH & Lacy DB (2015) 
Identification of an epithelial cell receptor responsible for Clostridium difficile TcdB-induced 
cytotoxicity, Proc Natl Acad Sci U S A. 112, 7073–8. [PubMed: 26038560] 

30. Terada N, Ohno N, Murata S, Katoh R, Stallcup WB & Ohno S (2006) Immunohistochemical 
study of NG2 chondroitin sulfate proteoglycan expression in the small and large intestines, 
Histochem Cell Biol. 126, 483–90. [PubMed: 16625365] 

31. Chung SY, Schottelndreier D, Tatge H, Fuhner V, Hust M, Beer LA & Gerhard R (2018) 
The Conserved Cys-2232 in Clostridioides difficile Toxin B Modulates Receptor Binding, Front 
Microbiol. 9, 2314. [PubMed: 30416488] 

32. Lee H, Beilhartz GL, Kucharska I, Raman S, Cui H, Lam MHY, Liang H, Rubinstein JL, Schramek 
D, Julien JP, Melnyk RA & Taipale M (2020) Recognition of Semaphorin Proteins by P. sordellii 
Lethal Toxin Reveals Principles of Receptor Specificity in Clostridial Toxins, Cell. 182, 345–356 
e16. [PubMed: 32589945] 

33. Tian S, Liu Y, Wu H, Liu H, Zeng J, Choi MY, Chen H, Gerhard R & Dong M (2020) Genome-
Wide CRISPR Screen Identifies Semaphorin 6A and 6B as Receptors for Paeniclostridium 
sordellii Toxin TcsL, Cell Host Microbe. 27, 782–792 e7. [PubMed: 32302524] 

34. Simeon R, Jiang M, Chamoun-Emanuelli AM, Yu H, Zhang Y, Meng R, Peng Z, Jakana J, Zhang 
J, Feng H & Chen Z (2019) Selection and characterization of ultrahigh potency designed ankyrin 
repeat protein inhibitors of C. difficile toxin B, PLoS Biol. 17, e3000311. [PubMed: 31233493] 

35. Peng Z, Simeon R, Mitchell SB, Zhang J, Feng H & Chen Z (2019) Designed Ankyrin Repeat 
Protein (DARPin) Neutralizers of TcdB from Clostridium difficile Ribotype 027, mSphere. 4.

36. Kroh HK, Chandrasekaran R, Zhang Z, Rosenthal K, Woods R, Jin X, Nyborg AC, Rainey GJ, 
Warrener P, Melnyk RA, Spiller BW & Lacy DB (2018) A neutralizing antibody that blocks 
delivery of the enzymatic cargo of Clostridium difficile toxin TcdB into host cells, J Biol Chem. 
293, 941–952. [PubMed: 29180448] 

37. Fuhner V, Heine PA, Helmsing S, Goy S, Heidepriem J, Loeffler FF, Dubel S, Gerhard R & Hust 
M (2018) Development of Neutralizing and Non-neutralizing Antibodies Targeting Known and 
Novel Epitopes of TcdB of Clostridioides difficile, Front Microbiol. 9, 2908. [PubMed: 30574127] 

38. Liu Z, Zhang S, Chen P, Tian S, Zeng J, Perry K, Dong M & Jin R (2021) Structural basis for 
selective modification of Rho and Ras GTPases by Clostridioides difficile toxin B, Sci Adv. 7, 
eabi4582. [PubMed: 34678063] 

39. Cole LE, Li L, Jetley U, Zhang J, Pacheco K, Ma F, Zhang J, Mundle S, Yan Y, Barone L, 
Rogers C, Beltraminelli N, Quemeneur L, Kleanthous H, Anderson SF & Anosova NG (2019) 
Deciphering the domain specificity of C. difficile toxin neutralizing antibodies, Vaccine. 37, 3892–
3901. [PubMed: 31122858] 

40. Wilcox MH, Gerding DN, Poxton IR, Kelly C, Nathan R, Birch T, Cornely OA, Rahav G, Bouza 
E, Lee C, Jenkin G, Jensen W, Kim YS, Yoshida J, Gabryelski L, Pedley A, Eves K, Tipping R, 
Guris D, Kartsonis N, Dorr MB, Modify I & Investigators MI (2017) Bezlotoxumab for Prevention 
of Recurrent Clostridium difficile Infection, N Engl J Med. 376, 305–317. [PubMed: 28121498] 

Chen and Jin Page 8

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. FZDs and CSPG4 are two independent receptors for TcdB.
(A) Overall structure of a fragment of the DRBD of TcdB1 (orange) in complex with 

the CRD of FZD2 (CRD2, pink) (PDB:6C0B). The co-receptor PAM is shown as yellow 

spheres. (B) The cryo-EM structure of TcdB1 (GTD, pink; CPD, blue; DRBD, orange; 

CROPs I cyan) in complex with the Repeat1 (green) of CSPG4 (PDB:7ML7). (C) A 

structure model of simultaneous binding of FZD and CSPG4 to TcdB. The model was made 

by superimposing the structures of the TcdB–PAM–CRD2 complex and the TcdB–Repeat1 

complex to TcdB1 holotoxin (PDB:6OQ5).

Chen and Jin Page 9

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. The conservation of the FZD- and CSPG4-binding sites on diverse TcdB variants.
Sequence alignments among 12 major TcdB subfamilies focusing on the FZD-binding site 

(A) and the CSPG4-binding site (B). A representative sequence from each of the 12 TcdB 

subfamilies was used for analysis. The blue triangles in (A) indicate the FZD-binding 

residues, and the green stars in (B) indicate the CSPG4-binding sites. (C-E) Summaries of 

the frequencies of TcdB using different receptors based on analysis of 206 TcdB variants 

available in DiffBase [8]

Chen and Jin Page 10

FEBS J. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Major neutralizing epitopes on TcdB revealed by structural studies.
(A) A schematic diagram showing the domain organization of TcdB holotoxin. (B) 

Bezlotoxumab (PDB: 4NP4) binds to two neighboring epitopes on the CROPs with the two 

Fab fragments colored in blue and yellow. A Fab fragment of PA41 (green, PDB: 5VQM) 

binds to the GTD. (C) DARPin U3 (pink) binds to the DRBD, while 1.4E (green) interacts 

with the CPD, DRBD, and CROPs (PDB: 6AR6). (D) VHH-5D (red) binds to the DRBD, 

VHH-E3 (green) and -7F (gray) both bind to the GTD at two different sites. (E) CSPG4 

(green) and FZD (pink) bind to two separated sites on TcdB, which could be designed into 

one fusion protein with a proper peptide linkage (dashed line).
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