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 ABSTRACT 

 

Clostridium difficile is a gram-positive, anaerobic, spore-forming bacteria that 

causes severe diarrhea, abdominal pain, and pseudomembranous colitis  (1). Clostridium 

difficile infection (CDI) can be fatal. The estimated annual cost for CDI management is 

around $6.1 billion in the U.S.. When treating CDI using broad-spectrum antibiotics, the 

rate for CDI recurrence increases significantly. Thus, developing new treatments for CDI 

is essential. TcdB is the major virulence factor secreted by Clostridium difficile, and it is 

responsible for most of the symptoms of CDI. It is critical to understand its mechanism 

of entry into intestine epithelial cells and subepithelial layers to devise methods to block 

as many of the uptake steps as possible. In this dissertation, I have studied the interaction 

of TcdB with its two receptors, frizzled-2 (FZD2) and chondroitin sulfate proteoglycan 4 

(CSPG4), using cryo-EM and biochemical assays. TcdB utilizes hydrophobic 

interactions to bind FZD2 and CSPG4, and CSPG4 also has electric charge interactions 

with TcdB. Three snapshots of TcdB binding to CSPG4 were obtained, demonstrating 

that TcdB binds in an equilibrium among different states. I also analyzed TcdB binding 

at acidic pH and found that there is a large conformational change in the overall 

structure, primarily in the hydrophobic region of the delivery domain. Both of the 

receptors dissociated with TcdB when pH decreased, with CSPG4 dissociation at a 

larger rate, allowing TcdB to float near the endosome membrane for the following pore 

formation and translocation. By revealing detailed receptor binding mechanism as well 

as intermediate states of TcdB when the decrease of the pH triggers the conformational 
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changes, this work extensively expand a structural view of TcdB uptake mechanism and 

provides strong reference to resolve homolog toxin invasion mechanism. To develop a 

potential treatment for CDI, a library of Designable Ankyrin Repeat Proteins (DARPins) 

was generated to screen for TcdB neutralizer. A dimeric DARPin, DLD-4, that is 

composed of two monomeric DARPins, U3 and 1.4E, is selected because it has the best 

neutralization ability as well as high binding affinity to TcdB. My cryo-EM structure of 

TcdB-DLD4 complex demonstrates that U3 interacts at the FZD2 receptor binding 

surface and 1.4E grips on the CSPG4 interaction region. Thus, DLD-4 is able to 

neutralize the TcdB by competing against its receptors with much higher binding affinity 

and block TcdB entry at the first step. 
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1. INTRODUCTION  

 

1.1. Overview  

Clostridium difficile (C. difficile) was first isolated from a healthy infant in 1935 

(2) and identified as a spore-forming, anaerobic bacterium of the Bacillus family (3). It 

was given the species name difficile for the reason that it is hard to isolate because of its 

slow growth rate. As it could be isolated from healthy adults and children, C. difficile 

was not considered to be detrimental in the human digestive tract. Because of its slow 

growth rate, it always remains a minor component of a healthy human digestive tract, 

which is protected by a group of bacteria collectively called “healthy flora.” However, 

after administration of  broad-spectrum antibiotics, such as lincomycin and vancomycin 

(4) (5), this protective flora is wiped out, allowing C. difficile spores to settle and begin 

to germinate in the small intestine, producing toxins in the large intestine that destroy the 

colonic epithelium tissue (6). The damage increases the permeability of the epithelial 

barrier, allowing the toxins to permeate to deeper colonic tissues. 

The two Large Clostridial Toxins (LCT), enterotoxin TcdA and cytotoxin TcdB, 

as well as the binary toxin CDT, are responsible for nearly all the symptoms caused by 

C. difficile infection (4). There are several factors that lead to C. difficile infection. 

Hospitalization is one of the factors as the C. difficile spore is hard to be eliminated and 

enriched on the surfaces of the hospital equipment. These spores are able to be 

subsequentially transmitted through fecal-oral pathway. Exposure to antibiotics disrupts 

the homeostasis of microflora in the colon that provides opportunity for C. difficile 



 

2 

 

spores. Ages also influence the chances for C. difficile germination as the old or very 

young age has fairly weak immune system. (7). In 2007, CDI was the leading cause of 

gastroenteritis-associated death (8). It was considered to be the most common cause of 

hospital-acquired infection in the United States, and the estimated health care cost 

related to CDI in acute care facilities was around $4.8 billion (9). An additional problem 

is that, because C. difficile is a spore-forming bacterium, it often causes secondary 

infections, known as recurrence, when antibiotics are applied to combat the initial 

treatment (10). Therefore, treatments for CDI must be chosen carefully, and alternatives 

to antibiotics should be developed to relieve the colitis symptoms while avoiding a high 

rate of recurrence. 

1.2. Clostridium difficile biology  

Clostridium difficile is a spore-forming, gram-positive anaerobic bacillus that can 

colonize the human gastrointestinal tract (GI tract) (11) (12). The survival of C. difficile 

involves in two important steps: sporulation and germination. The ability of C. difficile 

to sporulate is critical both for the initial onset of CDI as well as its recurrence (13). 

Germinate in the appropriate place makes it possible for C. difficile to reproduce and 

generate offspring. Thus, understanding both sporulation and spore germination is 

important for developing treatments for CDI. 

1.2.1. Life cycle of Clostridium difficile 

C. difficile has two forms: the spore, which is resistant to harsh environments, 

and a vegetative form that germinates and proliferates in the host’s digestive tract (14). 

The vegetative form also produces the toxins that cause symptoms that vary from mild 
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diarrhea to severe pseudomembranous colitis, and even death (15). As vegetative C. 

difficile is strictly anaerobic, the spore form of C. difficile is required for its survival 

outside the host and for its transmission. The transmission of C. difficile is through fecal-

oral pathway (16). Only after the dormant C. difficile spore enters the host's digestive 

tract can germination begin. When the spore gets into the small intestine, the bile salts in 

the environment serve as signals, called germinants, that trigger germination (17). As 

germination proceeds, C. difficile continues to move through the digestive tract into 

large intestine and produces vegetative cells (13), which reproduce and secret toxins. 

The toxins permeabilize the epithelial tissue, leading to diarrhea. Simultaneously, a 

small portion of vegetative cells transform into spores that are eliminated with the 

patient’s stool, ready to infect the next patient (Figure 1-1).  

 

 

 

 

 

Figure 1-1 Scheme of C. difficile life cycle. 
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1.2.1.1. Sporulation of C. difficile  

The C. difficile spore is critical for survival outside the host, and therefore also 

for transmission. 1). C. difficile is a strictly anaerobic bacillus, and the spore protects its 

genome and other essential cellular machinery from damage in the environment; 2). The 

dormant spore has nearly no cellular activities, making it intrinsically resistant to 

antibiotic treatment and the bleach-free disinfectants that are usually used in the hospital. 

As its center is wrapped by multiple condensed layers of peptidoglycan, C. difficile spore 

is resistant to any harsh environment, such as extreme pH, heat, and radiation.  

C. difficile initiates sporulation in response to a stimulus, such as the limitation of 

nutrients, specific signal chemicals, quorum sensing, radiation, and other stress factors 

(18) (19). As in other bacilli, C. difficile sporulation involves four steps (20) (21). The 

first step is the asymmetric division into a mother cell (MC) and a smaller compartment 

(SC). The SC will then gradually form a fore spore that is completely encapsulated in the 

MC. The third step is the assembly of the cortex and coat layers during maturation of the 

spore. Finally, the mature spore is released into the environment after the MC lyses (20). 

The structure of the C. difficile spore is similar to that of the spores of other endospore-

forming bacteria. The core contains genomic DNA, mRNA, ribosomes, proteins and 

high concentrations of pyridine-2,6-dicarboxylic acid (DPA) to protect the genomic 

DNA from heat damage (19). The C. difficile DNA is supercoiled and bound with small, 

acid-soluble proteins (SASPs), blocking the transcription and protect DNA from 

damage. The spore core is enclosed within an inner membrane, with additional layers 
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made up of a peptidoglycan cortex, an outer membrane, and coat proteins. These layers 

protected the spore from damage by environmental stress (Figure 1-2). 

 

 

 

 

 The sporulation of C. difficile is negatively regulated by CodY and CcpA, which 

are nutrient sensors (22). The detailed mechanism of CodY regulation is not fully 

understood, but it negatively regulates the expression of sporulation-related genes, such 

as spo0A, rapA, and rapC. CcpA is a carbohydrate-sensing protein that regulates overall 

gene expression. CcpA directly regulates the ParLoc genes, including tcdC, tcdR, tcdA 

and tcdB, through glucose-dependent repression (23) (24).  

Figure 1-2 Scheme of C. difficile sporulation. 
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Like many other bacilli, the sporulation of C. difficile is controlled by the master 

transcriptional regulator Spo0A, which is a DNA-binding protein that regulates entry 

into the sporulation pathway. Without Spo0A, all sporulation activity is lost. The activity 

of Spo0A is regulated by its phosphorylation by an orphan histidine kinase. Even though 

C. difficile does not have the same histidine kinase (Kin) as Bacillus, five putative 

orphan kinases {CD1352 [CD630_13520; cprK (McBride and Sonenshein, 2011)], 

CD1492 (CD630_14920), CD1579 (CD630_15790), CD1949 (CD630_19490), and 

CD2492 (CD630_24920)} that phosphorylate Spo0A were identified in C. difficile strain 

630 (25). 

 After Spo0A is phosphorylated, it is able to regulate sporulation through the 

sporulation-specific RNA polymerase sigma factors σF, σE , σG , σK, which are involved 

in different sporulation steps (26). For example, σK functions downstream of σE to 

regulate the late stages of sporulation. There are some differences in the properties of the 

C. difficile sigma factors compared to Bacillus. For example, in C. difficile the activation 

of σG does not require σE, and the activation of σK doesn’t require σG (27). 

1.2.1.2. Germination of C. difficile  

When the C. difficile spore is ingested in the patients intestine, transition to the 

vegetative form is critical for the following outgrowth and the secretion of toxins in the 

large intestine. Thus, the germination of the C. difficile spore is an essential step prior to 

its outgrowth and secretion of diarrhea-related toxins. The germination of C. difficile 

involves three steps. Germination is initiated by the germinant in the host environment 

binding to its receptor in the inner spore membrane (28). Unlike Bacillus, C. difficile 
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uses bile salts and some amino acids, such as glycine, as major germinants, since bile 

salts are commonly found in the GI tract (29). Upon receiving these signals, large 

amounts of cations as well as Calcium- dipicolinic acid (Ca-DPA) molecules are 

released from the spore core in exchange for water from the environment. This hydration 

activates the lytic enzymes in the spore cortex, which degrade the peptidoglycan cortex 

layer, leading to rehydration and resumption of metabolism in the spore core (20) (21).  

The germination of many spore-forming bacterium is induced by the presents of 

specific small molecules named germinants, indicating a suitable environment for 

colonization. The germinants are usually nutrients such as sugar, amino acids or 

nucleotides. gerA family genes encode the germinant receptors that locate on the spore 

inner membrane and trigger the germination initiation. However, there is no gerA genes 

existing in the C. difficile genome, indicating that C. difficile utilize a unique mechanism 

of germination initiation (30).   

In addition to sensing the nutrient germinants, C. difficile spore germination is 

also in response to bile salts existence. In small intestine, there are two sets of bile salts 

related to C. difficile gemination: primary bile salts such as cholate and taurocholate and 

secondary bile salt such as deoxycholate and chenodeoxycholate. Most of the primary 

bile salts are absorbed in small intestine and transferred to the liver, forming into 

conjugated bile salts. The remained primary bile salt will then loss a hydroxy group and 

turned into secondary bile salts with the present of flora (31)(Figure 1-3). It is showed 

that primary bile salts are essential germinants for C. difficile spore, in combination with 

the presents of amino acids or calcium ion, while the secondary bile salts inhibit C. 
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difficile germination. The receptor for primary bile salts in C. difficile is a 

pseudoprotease CspC. This pseudoprotease is defined as catalytically inactive enzymes. 

The binding of primary bile salts to CspC synergically enhanced the binding of 

cogerminant glycine or calcium. However, the receptor of the cogerminants remains 

unknown (32). 

 

 

 

Figure 1-3 Examples of bile salts 

The primary bile acids are derived from cholesterol and they usually conjugate with 

glycine or taurine in the liver. When secreted in the small intestine, they exist as 

primary bile acids, which are dehydroxylated by gut micro-bacterium into secondary 

bile acids. 
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After binding with the germinant and activating the germination process, the 

cortex lytic enzyme SleC is sequentially activated by cleavage of prodomain from SleC 

by Csp family of subtilisin-like proteases (CspABC). In C. difficile, there is a gene 

operon cspBAC encodes fusion protein CspBA, which will be cleaved into CspB and 

CspA proteins before wrapped into mature spore. CspB is required for germination as it 

directly cleaves the prodomain from SleC protein. CspA helps the incorporation of CspC 

into mature spore. As the cortex of C. difficile spore is hyper-dense and remains high salt 

concentration, the hydrolysis of cortex results in hypo-osmotic stress in the core of C. 

difficile spore. Releasing Ca-DPA will relieve this stress in exchange of water molecule 

from the environment (Figure 1-4). Thus, the C. difficile spore retain its ability to the 

cellular activities and transformed into vegetative form C. difficile (33). 

Figure 1-4 The scheme of the C. difficile germination activation 

The germinants get in touch with the CspC receptor located on the spore inner 

membrane. This interaction activates the CspB to cleave the C-terminus of SleC, 

releasing active form SleC that is able to digest the peptidoglycan in the cortex. 
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1.2.2. Pathogenesis 

To develop CDI, an individual needs to meet these two prerequisites: 1). The 

disruption of homeostasis of microflora in intestine. The diminished symbionts lost their 

resistance to C. difficile spore and provide chances for its to germinate. 2). The 

individual needs to acquire C. difficile spore from exogenous source through fecal-oral 

transmission. Nearly all antibiotics that eliminate the resident bacteria are able to cause 

infection by C. difficile, but utilization of broad-spectrum antibiotics is the most 

common cause. After antibiotic treatment, C. difficile can overgrow all the other enteric 

bacteria and form heat-resistant spores, which can persist for months or years (34).   

Much of the equipment in hospitals is contaminated with C. difficile spores (35). 

Another source of C. difficile spores is from other patients that have diarrhea. After 

colonization, pathogenic C. difficile produces toxins that cause diarrhea and 

pseudomembranous colitis. Even after recovery from a C. difficile infection, a patient 

might be exposed again and get a recurrence of CDI (36). The basis for the recurrence of 

CDI is still not well understood. Based on the current clinical data, the first recurrence of 

CDI occurs with a frequency of approximately 20%, with subsequent recurrence (37). 

Recurrence depends on factors such as the antibiotics used and whether the conditions 

for spore germination exist (38). 

1.2.2.1. Toxins secreted from C. difficile leads to CDI symptoms 

Toxins are secreted by the vegetative form C. difficile primarily in the large 

intestine (39). Two gene loci are related to the secreted C. difficile toxins: the 

pathogenicity locus (PaLoc) that encodes two large single-chain toxins, and CdtLoc that 
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produces binary toxin (40) (41). PaLoc is a 19.6kb region that encodes TcdD, TcdE, 

TcdR, TcdA, and TcdB. The binary toxins CDTa and CDTb are encoded by CdtLoc 

(42). This locus also contains the regulatory gene cdtR (43). All of these toxins are able 

to disrupt the assembly or disassembly of actin, resulting in cell rounding and an 

increase in the permeability in the epithelial tissue (44).  

TcdA and TcdB modify the small GTPase in the colonic tissues, causing loss of 

tight junctions in the epithelium and cell death. They are responsible for most of the 

symptoms associated with CDI (45). TcdD, TcdE, and TcdR regulate the expression and 

secretion of TcdA and TcdB (46) (47). While most ribotypes of C. difficile expresses 

both TcdA and TcdB, strains that express only TcdA or TcdB exist, and they are also 

infectious (48). As shown in Figure 1-5, tcdC is transcribed in the opposite direction 

from tcdA and tcdB (49). It is highly expressed in early exponential phase, and the 

expression level of TcdC significantly decreases when C. difficile reaches stationary 

phase (50). This decrease corresponds to increased expression of TcdA and TcdB, 

suggesting that TcdC is a repressor of TcdA and TcdB expression.  

 

 

 

Figure 1-5 Gene organization of PaLoc 

The genes in PaLoc are represented by boxes, with their name listed. The 

transcription directions of each gene are indicated by arrows.  
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TcdD is predicted to be a DNA-binding protein from its structure (51). It has 

been demonstrated that TcdD is an alternative sigma factor for C. difficile RNA 

polymerase (52). The TcdD RNA polymerase holoenzyme transcribes the downstream 

genes tcdA and tcdB. Expression of TcdD is significantly elevated in the stationary phase 

(50), during which C. difficile secretes large amounts of TcdA and TcdB. TcdE has been 

identified as a homolog of phage holin proteins, and it is speculated to create holes in the 

C. difficile membrane that are required for the secretion of TcdA and TcdB (53) . The 

detailed mechanism of TcdE function remains to be understood. The production of TcdA 

and TcdB depends on various factors such as the temperature, the presence of glucose, 

certain amino acids, and antibiotics (24).  

TcdA and TcdB are both characterized as large clostridial toxins (LCTs), which 

are expressed by bacteria in the clostridium family. Both TcdA and TcdB disrupt actin 

assembly by modifying small GTPases in the cytoplasm. This modification irreversibly 

adds glucose from UDP-glucose to Rho, Rac, and Cdc42, which disrupts many vital 

signaling pathways (54), including maintenance of the cytoskeleton. The results is cell 

rounding and increased permeability of the intestinal epithelium.  

The molecular mechanism of the action of TcdA and TcdB have been studied for 

decades. TcdA and TcdB are very similar in their amino acid sequence and their protein 

domain composition, and they work by similar mechanisms (55). TcdA is the largest 

LCT, with a molecular weight of 305kD, which is ~50kD bigger than TcdB.  TcdA and 

TcdB have 41% sequence identity and have the same domain organization. They have an 

N-terminal glucosyltransferase domain (GTD), followed by an autoprocessing domain 
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(APD), a delivery domain, and a compact repetitive oligo peptides (CROPS) domain. 

The extra 50kD of TcdA relative to TcdB consists of a longer CROPS domain. All of the 

other domains are very similar.  The GTD domain is the enzyme that modifies the 

GTPase in the host cell (56). The APD domain cleaves and releases the GTD domain 

into the cytosol (57). The delivery domain serves as a scaffold for the toxin and contains 

a hydrophobic region that is responsible for delivering the GTD and APD domains from 

the inside to the outside of the endosome (58). For TcdA, the CROPS domain is 

identified as a receptor binding region that allows the entry of TcdA into the cell (59). 

TcdB gets into the host cell through different mechanism. Three membrane proteins are 

proposed as TcdB receptors. Through biochemical analysis, they might interact with 

TcdB in different domains. For example, Frizzled-2 protein, that is involved in the wnt 

signaling pathway, interacts with TcdB at the delivery domain. The N-terminus of 

CROPS domain might also be involved in the conformational change in the toxins that 

occurs when the pH in the endosome decreases as the early endosome turns into late 

endosome (60).  
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In order to enter the epithelial cell, both toxins need to bind to their receptors on 

the cell membrane. The uptake involves the endocytic pathway. Toxins are enclosed in 

the early endosome, whose lumenal pH decreases as the early endosome turns into the 

late endosome. This pH change triggers a conformational change in the toxins, exposing 

a hydrophobic region in the delivery domain that allows the toxin to insert into the 

endosome membrane (61). As a result, the GTD and APD domains protrude into the 

Figure 1-6 Structure organization of TcdA and TcdB, and scheme of TcdB 

uptake mechanism. 

The domain organization of TcdA and TcdB are showed on the top, with 

designated color for each domain. The bottom panel shows the scheme of TcdB 

uptake process. 
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cytosol. In the presence of inositol hexaphosphate, the APD domain is able to self-cut 

and release the 60kD GTD domain (62) (Figure 1-6). The released GTD domain requires 

the TRiC chaperone in the cytosol for proper folding into its enzymatically active form 

that glycosylates the small GTPases, thereby disrupting normal actin assembly and 

disassembly and destroying the cytoskeleton (63).   

1.2.2.2. Disruption of host cell physiology by TcdA/TcdB uptake  

As mentioned above, the uptake of TcdA/TcdB leads to disruption of the cell 

skeleton. As different kinds of GTPase regulate the polymerization of actin, toxicity 

from TcdA/TcdB results in morphological changes in the host cells. Cells that have 

taken up TcdA/TcdB display different retraction phenotypes than the normal cell. After 

2hr of infection, host cells exhibit a rounding phenotype, and cell death ensues one day 

infection, suggesting that it is not the loss of cell morphology per se that is lethal (64). In 

addition to disrupting cell morphology, apoptosis can be triggered by TcdA/TcdB when 

GTPase-related signaling pathways are disrupted (65). For example, Cdc42 and Rac are 

important for regulation of the cell cycle because of their role in signaling through 

mitogen-activated protein kinase kinases (MAPKKs) (66). Once bound with GTP, small 

GTPases such as Ras will activate Raf kinase. This starts a cascade of phosphorylation in 

the MAPK signaling pathway in response to an external stimulus (67). Once the small 

GTPase is paralyzed, the host cell is no longer able to react to environmental changes or 

regulation by the human body. TcdA/TcdB also increase the permeability of the cell by 

disrupting the function of the RhoA protein, resulting in malfunction of the downstream 

protein kinase C. Dysfunction of Rho also activates Caspase-3 and Caspase-9, leading to 



 

16 

 

apoptosis of the host cell (68). The sum of the effects of TcdA/TcdB infection leads to 

cell death, even at a fairly low dose compared to what is required with the other LCT 

toxins.  

1.3. The mechanism of TcdB enter and affect intestine epithelial cell  

1.3.1. Overview of TcdA and TcdB infection 

TcdA and TcdB intoxicate host cells through a multistep mechanism: 1) TcdA 

and TcdB enter the cell through the endocytic pathway and are localized in the early 

endosome; 2) The ATPase in the early endosome membrane pumps H+ into endosome so 

that the pH of the lumen constantly decreases. The acidic pH induces large 

conformational changes in the pore-forming region of delivery domain of TcdA or 

TcdB. These conformational changes result in the delivery of GTD and APD from the 

lumen of the endosome into the cytosol. 3) In the presence inositol hexaphosphate in the 

cytosol, GTD is released from other domains by the autoprotease activity of the APD 

domain. 4) The released GTD then uses UDP-glucose as substrate to add mono-glucose 

onto target GTPases, which leads to a disruption of cellular activities. Although this 

general outline is well established, the details of the interaction between TcdA/TcdB and 

their receptors are not known, and the conformational change in the delivery domain is 

not clear.  

1.3.1.1. TcdB receptor binding  

Receptor binding is the first step of TcdB entry into the cell and is critical in the 

development of CDI. Even though TcdB and TcdA share 41% protein sequence identity 

(55), they probably utilize different receptors for uptake. The receptors for TcdA and 
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TcdB have been studied for decades, and several have been identified. The C-terminal 

CROPS domain was initially identified as the receptor-binding region for TcdA and 

TcdB. Several years later, it was shown that the TcdB CROPS domain is involved in 

receptor binding through a different mechanism against TcdA CROPS domain (69). As 

TcdA and TcdB are very similar in sequence, their CROPS domains are predicted to 

adopt a similar structural organization. The CROPS domain consists of multiple short 

repeats (SRs), each of 19-24 amino acids, and long repeats (LRs) containing 31 amino 

acids (59) (70). The TcdA CROPS domain contains 33 SRs and 7 LRs. TcdB has a much 

shorter CROPS domain that contains 21 SRs and 4 LRs (71). The crystal structures 

reveal that the SRs and LRs form beta-sheets. The beta-sheets of the SRs stack up 

against each other with a 120-degree angle, resembling the structure of a solenoid, a 

similar structure like the assembly of supercoiled DNA in eukaryotic cells. When an SR 

interacts with a LR, they form a 90-degree screw-axe transformation (72). This structure 

increases the interaction surface of the protein that can interact with other proteins or 

saccharides (Figure 1-7).  

TcdA was found to interact with carbohydrates on mammalian cell membrane 

glycoconjugates. The trisaccharide Galα1–3Galβ1–4GlcNAc was shown to interact with 

TcdA and was proposed to be an important receptor for TcdA. The carbohydrate-binding 

groove is formed by an LR and the following SR (73) (74). Since TcdA CROPS domain 

consists of 7 LR and 33SR, it has seven binding pockets to receptor carbohydrate 

throughout the CROPS domain. One piece of evidence is that when TcdA is occupied by 

a CROPS-domain-specific antibody, it cannot be taken up into host cells. Sucrase-
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isomaltase (SI), a glycosylated protein, is proposed to be one of the TcdA receptors (75). 

Treating the SI protein with alpha-glucosidase results in loss of interaction between 

TcdA and SI, supporting the idea that TcdA interacts with SI through its covalent-linked 

carbohydrate. Glycoprotein gp96, expressed in colonocytes, has also been identified as a 

TcdA receptor (76). Although it has been speculated that TcdA binds to the N-linked 

glycan of gp96, there is no evidence to support that TcdA interacts directly with the 

gp96 glycosylation site, and the residues of TcdA that are involved in this interaction are 

not conserved in other clostridial glucosylating toxins (77).  

 

 

 

Figure 1-7 Structure organization of TcdB CROPS domain. 

The scheme of a CROPS domain fragment is showed in panel A, with short repeat 

(SR) colored in light blue and the long repeat (LR) colored in deep blue. Panel B 

shows the angles formed by two SRs at 120o or formed by one LR and one SR at 

90o. 
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Interestingly, TcdB was not found to interact with membrane saccharides. It is 

highly possible that TcdB has a receptor interaction mechanism that is totally different 

from that of TcdA. From a whole-genome human shRNAmir library screen, one TcdB 

receptor was identified. It is the membrane protein chondroitin sulfate proteoglycan 4 

(CSPG4) (78). CSPG4 was first identified interacting with the TcdB CROPS domain. By 

doing the interaction test with different truncated variants of TcdB, it was concluded that 

CSPG4 interacts with the 1831-1851 region, which is at the N-terminus of the CROPS 

domain (69). However, it is noteworthy that cell lines that do not express CSPG4 can 

still be sensitive to TcdB toxicity, suggesting that other TcdB receptors remained to be 

identified.   

Several years later, two additional potential receptors of TcdB were identified as 

poliovirus receptor-related 3 (PVRL3) (79) and frizzled family proteins, especially 

frizzled-2 (FZD2) and frizzled-7 (FZD7) (80). Both of these protein types were 

demonstrated to interact with TcdB in non-CROPS domain. Through genome 

sequencing using TcdB-challenged Hela cells, FZD1/2/7 were identified as potential 

receptors for TcdB entry (80). A recently published study solved the crystal structure of 

a complex of a TcdB fragment and the FZD2 extracellular domain. Central to the 

binding was a hydrophobic interaction between the middle region of the TcdB delivery 

domain and the FZD2 extracellular domain. A palmitoleic acid (PAM) inserted at the 

interaction surface significantly enhances the binding affinity. The interaction of TcdB 

and FZD2 also obstructs the downstream Wnt signaling pathway (1).   
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PVRL3 belongs to the protein family PVRL1 to PVRL4. These proteins have 

three extracellular Ig-like domains. Purified PVRL3 has been reported to interact with 

purified TcdB, and an anti-PVRL3 antibody decreased TcdB toxicity. PVRL3 and FZD2 

are both expressed on epithelial cells of the intestine, and TcdB is able to be taken up 

into these cell and destroy the tight junctions within the epithelial tissue (79). CSPG4 is 

expressed in subepithelial myofibroblasts and can serve as a TcdB receptor after the 

surface epithelium is ruined. This will lead to further damage on the patient's colon. 

TcdB seems to interact with CSPG4 and FZD2 in an independent and additive manner, 

meaning that cells that express both receptors are more susceptible to TcdB toxicity (81). 

1.3.1.2. TcdB pore forming and translocation in the late endosome 

TcdB enters the host cell through the endocytic pathway after binding to its 

receptor(s). During this process, clathrin accumulates under the membrane where TcdB 

interacts with the receptor, wrapping TcdB into the early endosome. The early endosome 

develops into the late endosome when the endosomal ATPase pumps H+ into the 

endosome lumen. With the entry of H+, the pH in lumen decreases, inducing 

conformational changes in TcdB. When the H+-ATPase activity is blocked, host cells are 

no longer susceptible to TcdB toxicity, supporting the idea that reduction of endosomal 

pH is essential for TcdB toxicity (82). Diphtheria toxin from Corynebacterium 

diphtheriae and anthrax toxin from Bacillus anthracis also adopt significant 

conformational changes upon pH reduction, leading to exposure of a specific 

hydrophobic region, which will subsequently insert in the host cell membrane and create 

holes on the endosome (83) (84). Because TcdB is another type of AB toxin, it is 
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reasonable to speculate that TcdB goes through similar structural changes to create 

holes.  

This prediction was confirmed by directly observing the conformational changes 

of TcdB. When TcdB was labeled with the fluorescent probe 2-(p-toluidinyl) 

naphthalene-6-sulfonic acid (TNS), an increase in the fluorescent signal was detected 

when the pH was lowered to 4.5, suggesting that TcdB undergoes conformational 

changes upon acidification (85). A leakage assay was performed with CHO cells 

preloaded with Rb+(86 )and treated with TcdB. When the pH reached 4.5, there was a 

significant release of Rb+ into the supernatant, suggesting that TcdB creates holes in the 

cell membrane (86). This phenomenon was confirmed using artificial lipid bilayer 

membranes. TcdA is also reported to have similar properties, although TcdA requires 

cholesterol to present in order to create holes in the membrane. Cholesterol does not 

influence hole formation by TcdB (87).  

Like other toxins that are susceptible to pH changes, TcdB has a hydrophobic 

region that becomes exposed at low pH, and TcdB changes its conformation from a pre-

pore to a pore-forming state. This hydrophobic region lies in the middle of the delivery 

domain. The crystal structure of TcdA4-1802 revealed a unique delivery domain, with an 

elongated rod shape extending from the core region formed by GTD and APD (88). This 

rod has a scaffold of multiple 𝛃-sheets, with four hydrophobic 𝜶-helix, linked by short 

loops, wrapping around the surface of the delivery domain (88). A recently published 

paper reported a crystal structure of full-length TcdB at pH5; it presented a similar 

structural organization as TcdA. When comparing with the existing crystal structure of 
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TcdA at physiological pH, only subtle difference is observed around two helices (89). 

This could be because nanobodies co-crystallized with TcdB limit conformational 

changes in the delivery domain.   

The most hydrophobic region of the TcdB delivery domain was identified by 

analyzing its primary sequence. Based on this analysis, residues 956 to 1128 are 

proposed to be the region involved in pore-forming and translocation. The hydrophobic 

segments in this region can be divided into multiples of 18-25 amino acids, suggesting 

these hydrophobic patches insert into the membrane as 𝜶-helices rather than as a 𝛃-

barrel. Residues 955 to 990 are proposed to be the minimum sequence required for pore 

formation. In this region, there are two glutamic acid residues at positions 970 and 976 

that are critical for the pore formation as they are proposed as “pH sensor” for the 

following conformational change. Replacing these residues with alanine prevents pore 

formation (90). When the pH drops, these residues may become protonated and capable 

of being inserted into the lipid bilayer (91).  It is reasonable to propose that large 

conformational changes in the four-helix bundle (residues 1026-1135) that are critical 

for pore formation will occur when the pH drops. When TcdB is in a neutral pH 

environment, these helices wrap around the delivery domain and keep the protein 

soluble.  

Another analysis compared the sequence of the hydrophobic region of TcdB with 

the DT toxin; the pattern of hydropathy within the hydrophobic region is conserved 

within the LCT family. The region between residues 1035 to 1107 of TcdB forms a 

hydrophobic patch comparable to that of the DT toxin. Based on the results of a site-
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directed mutagenesis study, some amino acids in this region were identified as critical 

for pore formation. By mutating the conserved residues to cysteine or lysine and 

measuring the ability of the mutant proteins to form pores, it was found that the L1106K 

substitution has the most drastic effect, totally abolishing the ability to form pores. 

Besides determining the critical residues by mutagenic analysis, structural studies 

of TcdB at acidic pH were also performed over the past few decades. It was proposed 

that part of the TcdB pore-forming region shares a structure similar to that of diphtheria 

toxin (DT) during translocation. Four a-helices insert into the membrane and form a so-

called “double-dagger” structure (86). When comparing the recent full-length crystal 

structure of TcdB at pH 5 to the structure of TcdB at physiological pH, the biggest 

difference was seen in the region of residues 1024 to 1048 (89). Two helices and a loop 

that connects these two helices that are present at physiological pH are missing in the 

crystal structure at pH 5, suggesting that this region is flexible. This might correspond to 

the conformation the toxin assumes when it inserts into the endosome 

membrane. However, even though much evidence to indicate that TcdB translocation is 

truly pH dependent, there is no direct evidence to illustrate how this process occurs. 

1.3.1.3. TcdA/TcdB autoprocessing 

Even though TcdA and TcdB are the largest clostridial toxins, only the N-

terminal GTD is released into the cytosol of the host cell. The remainder of the protein is 

retained on the late endosome and will eventually be digested. The GTD domain is 

cleaved after a conserved leucine residue (542 in TcdA and 543 in TcdB) (92). This 

cleavage occurs at neutral pH, suggesting that the translocation of TcdA/TcdB delivers 
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the GTD together with the APD into the cytosol. Autoprocessing requires inositol 

hexaphosphate (InP6), which is abundant in the cytosol of mammalian cells (93). The 

APD is a cysteine protease that cuts and releases GTD from the other domains of 

TcdA/TcdB. Mutating the three conserved amino acids D589, H655 and C700 in TcdA 

or D587, H653 and C698 in TcdB inhibits autoprocessing activity, suggesting that these 

three residues constitute the autoprocessing pocket. A zinc ion interacts with H758 and 

D547 and is probably required for the regulation of APD activity. A work demonstrated 

that APD is in an equilibrium between the active and inactive form prior to binding with 

InP6 (94). The coupling with InP6 significantly shift the equilibrium toward the 

conformation of active APD. The crystal structure of APD bound to InP6 demonstrates 

that InP6 interacts with a positively charged pocket, which is separated from the active 

site by a structure called the “𝜷-flap” (residues 746-765) (95). An allosteric 

conformational change is observed when the structures of apo-APD and InP6-bound 

APD are compared (96). The 𝜷-flap rotates about 90o, causing subsequent movement in 

the following amino acids (766-802), thus activating the enzymatic site (Figure 1-8). 

Replacement of H759 with alanine  generates an APD that is able to self-process without 

InP6 binding, suggesting that H759 is critical for the allosteric regulation of the APD 

domain (96). In a recently published paper, it is showed that the N-terminus of CROPS 

domain (1792-1834), referred as “hinge”, inhibits the autoprocessing activity of TcdB 

APD domain. This conclusion is supported by the observation that TcdB1-1805 has a 

higher autoprocessing activity than full-length TcdB. A similar result was also obtained 

with TcdA (97).  
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The autoprocessing activity of TcdB and TcdA is a key factor in the virulence of 

C. difficile.  In hypervirulent C. difficile strains, TcdB has higher autoprocessing activity 

and generates more free GTD (98). As a defense mechanism, the host cell can nitrosylate 

the APD domain of TcdB to block autoprocessing and attenuate the toxicity of TcdB. 

1.3.1.4. TcdA/TcdB glucosyltransferase activities 

The targets for TcdA and TcdB are small GTPases that are involved in many 

cellular activities via a wide range of effector molecules. Among these are factors that 

are involved in the actin assembly of the cytoskeleton. These GTPases have an active 

Figure 1-8 The crystal structure of TcdA APD domain. 

The N-terminus and C-terminus of the APD is labeled. The structure of 𝜷-flap is 

colored in orange. The InP6 structure is showed in ball and stick mode. 
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GTP binding form and an inactive GDP binding form. Three proteins are involved in 

small GTPase regulation. Guanine nucleotide exchange factors (GEF) exchange GDP 

with GTP on the GTPase to activate the enzyme. GTPase activating proteins (GAPs) are 

used to stimulate GTP hydrolysis activity to inactivate the signaling activity of the 

GTPase. Guanine nucleotide dissociation inhibitors (GDIs) are used to extract the 

GTPases from the membrane to the cell cytosol and maintain the GTPase in its GDP-

bound inactive form (Figure 1-9) (99).  

 

 

 

 

TcdA, TcdB and other LCT toxins all have GTDs that can modify small GTPases 

irreversibly, thus inactivating their activities and downstream pathways. GDP-bound, 

membrane-associated forms of GTPases are the preferred substrates for LCT toxins. The 

free GTD domain released from TcdB is able to monoglucosylate its targets, such as Ras 

or Rec, on the threonine in the switch I region of the GTPase. The switch I region is 

critical for binding Mg2+ as well as the replacement of hydrolyzed GDP with GTP (100). 

Figure 1-9 Scheme of the function of GTPase regulation factor. 
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Thus, this monoglucosylation disables the regulation of the GTPase and its enzymatic 

activity. The glucose utilized by TcdB GTD molecule is supplied by uridine diphosphate 

glucose (UDP-glucose). The crystal structure of GTD shows that the core is a Rossman-

fold structure with a D-X-D motif (Asp-X-Asp) that is essential for enzymatic activity 

(101). This motif is conserved in all LCTs and is important for binding the magnesium 

cofactor. Mutations targeting this motif significantly decrease enzymatic activity.   

Recent research showed that the human chaperone TRiC might be involved in 

the TcdB glycosylation activity by folding the released GTD domain back into the 

correct tertiary structure. It is known that TRiC interacts with the GTD domain of TRiC, 

and knockdown or inhibition of TRiC decreases the toxicity of TcdB in a cell assay, 

suggesting that TRiC is essential for TcdB toxicity (63). How this happens and where 

TRiC interacts with TcdB was not elucidated. 

1.4. Treatment of Clostridium difficile infection 

When colonized with C. difficile, the patient often shows no symptoms. The 

onset of CDI is usually associated with dysbiosis of gut microbiome (102). It is 

important to distinguish asymptomatic CDI from symptomatic CDI for a decision on 

treatment. To diagnose if the patient is infected by C. difficile, a polymerase chain 

reaction (PCR) is usually performed on a patient's stool sample to see if there is any C. 

difficile gene profile (103). Alternatively, an immunoassay that tests for toxin production 

may be run (104).  Multi-step testing, instead of a single test, is recommended to 

improve the accuracy of the diagnosis to avoid improper treatment. Once the patient is 

diagnosed as CDI positive, some routine treatments will be carried out on him.   
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Around 20-30% patients who suffer from CDI will experience a first recurrence 

after they have fully recovered (105). Around 50-60% patients will experience 

secondary recurrences after the first recurrence (106).  Different antibiotic treatments 

result in different recurrence rates. For example, patients treated with oral fidaxomicin 

experience recurrence at 13%, whereas patients treated with have a recurrence rate of 

25% (107).  

An antitoxin immune response is the major cause of recurrence. Once C. difficile 

infection starts, the secreted TcdA and TcdB will cause damage and inflammation in the 

epithelial cells of the large intestine. In order to attenuate the damage, a mucus layer 

covers the epithelium of the intestine. Also, antimicrobial peptides and S-nitrosylation 

are used to protect or attenuate the cytotoxicity of TcdA and TcdB by inhibiting toxin 

cleavage and its entry (108). The recurrence of CDI is related to the speed and extent of 

the immune response to the toxin. Some people who are infected with C. difficile contain 

high levels of anti-toxin IgG and do not show CDI symptoms, and there is no recurrence 

of CDI in these patients.  

When the patient has a mild to moderate CDI infection, vancomycin, fidaxomicin 

or metronidazole are used for treatment (109). For recurrent CDI, vancomycin and 

metronidazole are the antibiotics of choice. To prevent recurrent CDI (rCDI), it is 

recommended to use vancomycin or fidaxomicin initially, as metronidazole is associated 

with a higher rate of rCDI (110).  

In addition to the traditional antibiotic treatments, there are some novel therapies 

available to reduce the inflammation as well as the rate of rCDI. New agents are the 
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antibiotic ridinilazole, live probiotics, bacteriophage treatment and antibody treatment. 

The human monoclonal antibody bezlotoxumab, under the brand name Zinplava, was 

recently approved by the FDA. By binding on the CROPS domain of TcdB and sterically 

blocks the interaction between TcdB and its target receptor , it is able to reduce toxin-

induced inflammation in the colon and reduce the rate of rCDI (111). 
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2. STRUCTURAL ANALYSIS OF C. DIFFICILE TCDB INTERACTION WITH 

RECEPTORS 

2.1. Introduction 

Clostridium. difficile is a gram-positive, anaerobic and disease causing bacillus 

that colonizes the human gastrointestinal tract (GI tract). Patients who are infected by C. 

difficile experiences from mild diarrhea to severe pseudomembranous colitis, and such 

infection is lethal (36). These symptoms are caused by the Large Clostridial Toxins 

(LCTs) secreted from C. difficile, which disrupt host cell skeleton and small GTPase 

related signaling pathways (45). TcdB is one of the major LCT that are responsible for 

most CDI symptoms. TcdB is produced and infects host colonic tissues after C. difficile 

germination as the homeostasis of gut microbiota is disrupted by usage of antibiotics. As 

a multidomain toxin, TcdB can be divided into four domains and they are involved in 

different steps during TcdB uptake. The N-terminal glucosyltransferase domain (GTD, 

residues 1-543) is able to irreversibly add a mono-glucose from UDP-glucose onto small 

GTPase, disrupting the related signaling pathways and cell skeleton assembly. 

Autoprocessing domain (APD, residues 544-841) is a cysteine protease that can self-

process after a conserved cysteine, releasing the GTD into cytosol. Delivery domain 

(residues 842-1834) extends like a rod shape, with a hydrophobic region, consisting of 

four alpha-helices, wrapping around the delivery domain. Conformational changes 

happen in the delivery domain when the endosome lumenal pH decreases, and GTD and 

APD will be translocated from endosome lumen to cytosol. The combined repetitive 

oligopeptides (CROPS) domain  (residues 1835-2367) points to the opposite side against 
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the delivery domain, and is proposed as the potential receptor binding domain and is 

involved in the regulation of autoprocessing activity (72).  

Receptor binding of TcdB is the first and the critical step for its entry. Studies 

have shown that frizzled-2 (FZD2) and chondroitin sulfate proteoglycan 4 (CSPG4) are 

the receptors for TcdB (69) (80). Knockout both membrane proteins will end up with no 

toxicity from TcdB to the human cell (81). FZD2 and CSPG4 interaction regions were 

identified in previous studies, suggesting that FZD2 and CSPG4 interact with TcdB 

through distinct mechanisms. Crystal structure of FZD2 and TcdB fragments is resolved 

and provides more detailed information of their interactions (1). However, there is no 

structural information about the interactions between CSPG4 and TcdB, possibly 

because building the CSPG4 model is challenging without any homologous structures 

available. Also, it is interesting to investigate the dynamic differences between the 

FZD2-bound state TcdB and CSPG4-bound state TcdB. We utilize cryo-EM to resolve 

high resolution structures of TcdB and CSPG4 fragment complex and TcdB and FZD2 

extracellular domain complex. We also combined with other biochemical assays to 

demonstrate a dynamic state of TcdB when it is interacting with its receptors and 

provides a thorough of TcdB uptake mechanism. 

2.2. Materials and Methods 

2.2.1. CSPG4(410-560) preparation 

2.2.1.1. pEGFP-N1-CSPG4 reconstruction 

The cDNA sequence of CSPG4 (410-560) is synthesized on a pUC17 plasmid. 

Primers that carry the N-terminal signaling sequence of CSPG4 and restriction enzyme 
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cutting sites are designed and incorporated in synthesized DNA sequence through two 

rounds of polymerase chain reaction (PCR). Double enzyme digestion was performed on 

both CSPG4 DNA and the purified pEGFP-N1 plasmid. This pEGFP-N1 has a C-

terminal GFP expressed downstream of the multiple cloning sites (MCS). Then the 

plasmid and the DNA will be ligated through T4 ligase at the ratio 1:5 under room 

temperature for 1hr. The ligation mixture will then be transformed into competent DH5 

Escherichia. coli (E.coli) and four colonies that contain reconstructed plasmid were 

selected and sequenced for accuracy. The final DH5 that contains the correct CSPG4 

sequence on pEGFP-N1 was saved in 10% glycerol at -80 ˚C for storage. The cell will 

then be inoculated in the Luria-Bertani (LB) medium with 50ug/mL Kanamycin 

antibiotics overnight for plasmid extraction on the next day. 

2.2.1.2. CSPG4(410-560) fragment purification 

1mg reconstructed pEGFP-N1-CSPG4 was purified through Qiagen maxi 

plasmid extraction kit prior to the cells preparation. FreeStyle 293-F cells were seeded 

into fresh FreeStyle 293 expression media with a final density of 1.0 × 106 cells ml−1 and 

incubated at 37 ˚C, 8% CO2, 130 RPM. After 24 h, the purified 1 mg pEGFP-N1-CSPG4 

plasmids, 2 mg of linear PEI25000 (Polysciences, Inc.) were mixed into 50mL 1 

×Phosphate buffer saline (PBS) and incubated at room temperature for 20 min. Then, the 

mixture was added into 1L FreeStyle 293-F cells. The transfected cells are incubated 

at  37 ˚C, 8% CO2, 130 RPM  for 6 days. After 6 days, the cells were pelleted at 3000 

RPM for 5 min.  One tablet of protease cocktail inhibitor (Roche) was added into 

supernatant and 2ml streptavidin agarose beads (EMD Millipore) subsequently. The 
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streptavidin agarose beads have been coupled with biotin-labelled Avi-SUMO-GFP 

nanobody previously to bind with supernatant. After shaking at 4 ˚C overnight, the beads 

were pelleted at 500xg for 5 minutes and continuously washed with a pre-chilled 

washing buffer (20 mM Tris pH 7.5, 150 mM NaCl) for 100mL. Finally, the beads were 

resuspended in a 2mL washing buffer and SUMO protease was added to cleave the 

target protein from the beads. To fully elute protein, the beads were then washed again 

using a washing buffer for another 2mL. The eluted protein was further purified using a 

superdex 200 increase 10/300 GL column (GE Healthcare) and concentrated using a 

amicon ultra-4 concentrator (Millipore). The final concentration of purified CSPG4 

fragment is at 2mg/mL and was fast frozen using liquid nitrogen before put into -80 ˚C 

for storage.  

2.2.2. CSPG4 (410-560) mutants purification 

2.2.2.1. Reconstruction of CSPG4 (410-560) mutants  

Primers for CSPG4 mutants were designed through NEBaseChanger (Table 2-1). 

By following the protocol of Q5 site-directed mutagenesis kit (NEB), the wild type 

pEGFP-N1-CSPG4 was used as a template to make corresponding CSPG4 mutant 

plasmids. These plasmids were treated with DpnI to remove the methylated template and 

then transformed into competent DH5 cells. Three colonies of each mutant were picked 

after incubating the competent cells on 50ug/mL kanamycin LB agar plates overnight at 

37oC. Plasmids were extracted from these colonies and sequenced for the correct DNA 

sequences. These plasmids were used for future CSPG4 mutants protein purification. 
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Table 2-1 Primers for wild type CSPG4 and CSPG4 mutants design. 

 

 

2.2.2.2. CSPG4 mutant purification 

To express each of the CSPG4 mutants, 0.4mg reconstructed plasmids for each 

mutants were purified through Qiagen plasmid maxi kit prior to the cells preparation. 

FreeStyle 293-F cells (Thermo fisher scientific) were seeded into fresh FreeStyle 293 

expression media (Thermo fisher scientific) with a final density of 1.0 × 106 cells ml−1 

and incubated at 37 ˚C, 8% CO2, 130 r.p.m. After 24 hrs, each of the purified 0.4 mg 

plasmid and 0.8 mg of linear PEI25000 (Polysciences, Inc.) were mixed into 30mL 1 × 

PBS and incubated at room temperature for 20 min. Then, the mixture was added into 

400mL FreeStyle 293-F cells. The transfected cells are incubated at  37 ˚C, 8% CO2, 

130 r.p.m for 6 days. After 6 days, the cells were pelleted at 3000 rpm for 5 min.  Each 

collected mutant supernatant was added one tablet of protease cocktail inhibitor (Roche) 

 
Primer 

name 
Primer sequence (5’ to 3’) 

Wild type CSPG4 

Forward-1 
GCCTTGGCTTTGACCCTGACTATGTTGGCCAGACTTGCATCCGCGGAGCTGC

CTGAGCCATGCGTGC 

Reverse-1 CGCGCGCTGCCGCGCGGCACCAGGCCGCCATGTGGGAAGATGATG 

Forward-2 
CTAGCTAGCATGCAGTCCGGCCCCCGCCCCCCACTTCCAGCCCCCGGCCTG

GCCTTGGCTTTGACCCTGAC 

Reverse-2 CGCGCGCTGCCGCGCGGCACCAGGCCGCCATGTGGGAAGATGATG 

Mutant 461E to Q 
Forward GGACCTGATGCAGGCTGAGCTGC 

Reverse AGCGTGGGCTGCACATGC 

Mutant 461E to A 
Forward GGACCTGATGGCTGCTGAGCTGCGC 

Reverse AGCGTGGGCTGCACATGC 

Mutant 458D to N 
Forward GCCCACGCTGAACCTGATGGAGG 

Reverse TGCACATGCCTCCACTCAAGC 

Mutant458D to A 
Forward GCCCACGCTGGCCCTGATGGAGG 

Reverse TGCACATGCCTCCACTCAAGC 

Mutant 451R to A 
Forward GCTTGAGTGGGCCCATGTGCAGCCCACGC 

Reverse CAGGCTGTGCCCCCCTCG 

Deletion 486I and 

487P 

Forward GGAGCCCAGGCACGAAAAATG 

Reverse GTCCAGCTCGAGCTCGCC 
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and 0.5ml clean streptavidin agarose beads (EMD Millipore) subsequently. The 

streptavidin agarose beads have been coupled with biotin-labelled Avi-SUMO-GFP 

nanobody previously to bind with supernatant. After shaking at 4 ˚C overnight, the beads 

were pelleted at 500g for 5 minutes individually and continuously washed with a pre-

chilled washing buffer (20 mM Tris pH 7.5, 150 mM NaCl). Finally, the beads were 

resuspended in a 1mL washing buffer and SUMO protease was added to cleave the 

target protein from the beads. To fully elute protein, the beads were then washed again 

using a washing buffer for another 2mL. The final concentrations of purified CSPG4 

mutant fragments were around 0.5mg/mL and was fast frozen using liquid nitrogen 

before put into -80 ˚C for storage. Among the six mutants transfected in the 293-F cell, 

only four mutants were expressed. They are: 1). Mutation from 461E to Q; 2). Mutation 

from 458D to A; 3). Mutation from 451R to A; 4). Deletion of 486I and 487P. These 

mutants are used for testing the interaction with wild-type TcdB through ELISA assay. 

2.2.3. Reconstruction of truncated TcdB (550-1902) and site directed mutagenesis 

TcdB 

Primers are designed based on the sequence of pHis22-TcdB (sequence from VPI 

10463 strain) with BamHI cutting sequence in the forward primer and XhoI in the 

reverse primer. The PCR product was gel verified and purified by QIAquick PCR 

purification kit (Qiagen) and pasted on pET28a plasmid with a His-sumo tag on the 3’ 

end using T4 ligase (New England Biolabs) at room temperature for 1hr. The mixture 

was transformed into a competent DH5 cell and the colonies are selected using 

kanamycin antibiotics at 50ug/mL. The plasmids extracted from four picked colonies 
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were sequenced and the one that had the correct sequence of TcdB truncation was saved 

for later use. This newly sequenced reconstructed plasmid was used as template for the 

following site-directed mutagenesis tcdB mutant variants. Following the instruction of 

Q5 site-directed mutagenesis kit (New England Biolabs), primers containing the mutated 

base pair were mixed with a template, together with the Q5 enzyme and buffer. The 

mixtures were used for PCR and the products were digested using Dpn I enzyme mix for 

30 minutes. After transforming the mutated plasmids into DH5, the plasmids were 

sequenced and transformed into BL21(DE3) strain for expression. 

2.2.4. Purification of TcdB proteins 

Plasmid DNA encoding truncated wild type TcdB and its mutants were 

transformed into BL21(DE3) cells and inoculated to OD600= 0.5 in 1 Liter LB medium. 

1mM isopropyl -D-1-thiogalactopyranoside (IPTG) was added in the flask and 

incubated overnight at 18 ˚C at 200rpm. The cell pellets were collected and lysed after 

adding 1 tablet of protease inhibitor cocktail (Roche). The supernatant was collected 

after centrifuge the lysate at 15,000 rpm for half an hour at 4 ˚C. Pre-washed Ni-NTA 

affinity column was used for interacting with supernatant for one hour at  4 ˚C before 

washed extensively with washing buffer (50mM Tris, pH 7.5, 150mM NaCl, 25mM 

imidazole). The TcdB was eluted using elution buffer containing high concentration of 

imidazole. The collected TcdB was then concentrated at ~0.5mg/mL and stored at -80 ˚C 

for future use.  

Similar approach was used for purifying wild-type TcdB. Plasmid DNA 

encoding a 6-His–tagged TcdB was transformed into Bacillus megaterium cells, and the 
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recombinant TcdB was purified via Ni-NTA affinity column essentially as described 

previously by Yang and colleagues (112). The column was washed with high-salt PBS 

(20 mM NaH2PO4, 20 mM Na2HPO4, 300 mM NaCl [pH 7.4]) containing 25 mM 

imidazole, and the bound protein was eluted using high-salt PBS containing 250 mM 

imidazole. The eluted protein was then loaded onto a Superdex 200 increase 10/300 GL 

column (GE Healthcare) and all the fractions are confirmed using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

2.2.5. ELISA assays on TcdB  

2.2.5.1. Interaction between wild-type TcdB and wild-type CSPG4/mutants 

MaxiSorp immuno plates (Nunc) were coated with 4 μg/mL TcdB overnight at 

4˚C. The next day, the wells were washed and blocked with PBSTB buffer (PBS 

containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted 

wild-type CSPG4 (containing an GFP at the C-terminus),or mutated CSPG4. After 

incubation, wells were washed 4 times with PBST. Bound CSPG4-EC-GFP was detected 

using rabbit anti-GFP antibody (0.05 μg/mL, Proteintech, Rosemont, IL [catalog 

#50430-2-AP]) and HRP-conjugated anti-rabbit antibody (0.8 μg/mL, Santa Cruz 

Biotechnology, Dallas, TX [catalog #SC-2004)]. The color development agent was 

3,3’,5,5’-tetramethylbenzidine (TMB). 

2.2.5.2. Interaction between mutated TcdB and wild-type CSPG4 

Similar approach was used as described above. MaxiSorp immuno plates (Nunc) 

were coated with 4 μg/mL wild-type CSPG4 overnight at 4˚C. The next day, the wells 

were washed and blocked with PBSTB buffer (PBS containing 0.1% Tween-20 and 2% 
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BSA) before being incubated with serially diluted truncated wild-type TcdB or mutated 

TcdB (containing a His-tag at the C-terminus). After incubation, wells were washed 4 

times with PBST. Bound TcdB was detected using rabbit anti-His antibody (0.05 μg/mL) 

and HRP-conjugated anti-rabbit antibody (0.8 μg/mL, Santa Cruz Biotechnology).The 

color development agent was 3,3’,5,5’-tetramethylbenzidine (TMB). 

2.2.5.3. Interaction changes between wild-type TcdB and FZD2/CSPG4 after pH 

changes 

MaxiSorp immuno plates (Nunc) were coated with 4 μg/mL TcdB overnight at 

4˚C. The next day, the wells were washed and blocked with PBSTB buffer (PBS 

containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted 

wild-type CSPG4 (containing an GFP at the C-terminus),or FZD2. After incubation, 

wells were washed 4 times with PBST. HRP-conjugated goat anti-human antibody 

(0.025 μg/ mL, Jackson Immuno Research, West Grove, PA [catalog #109-035-088]) 

was used to detect bound FZD2 and bound CSPG4 was detected using rabbit anti-GFP 

antibody (0.05 μg/mL, Proteintech, Rosemont, IL [catalog #50430-2-AP]) and HRP-

conjugated anti-rabbit antibody (0.8 μg/mL, Santa Cruz Biotechnology, Dallas, TX 

[catalog #SC-2004)]. The color development agent was 3,3’,5,5’-tetramethylbenzidine 

(TMB). Or the preincubated TcdB with receptors were washed extensively with citric 

acid buffer at pH5 before binding with correspondent antibodies. 
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2.2.6. Cryo-EM of TcdB and receptor complexes 

2.2.6.1. Cryo-EM TcdB and FZD2 

2.2.6.1.1. Sample preparation of TcdB and FZD2 

Purified full-length TcdB and FZD2-EC (R&D system) were mixed at 1:1 molar 

ratio (with the final concentration of the complex at 800 nM) and incubated in PBS 

buffer at pH 7.4 for 30 minutes at room temperature. 3 μL of the complex was applied to 

C-flat 1.2/1.3 holey carbon film 300 mesh grids (Electron Microscopy Sciences) at 20˚C 

with 100% relative humidity and vitrified using a Vitrobot (Mark III, FEI Company, the 

Netherlands). The grid was then fast frozen into prechilled liquid ethane and then 

transferred into liquid nitrogen for further storage. 

2.2.6.1.2. Cryo-EM data collection  

The grid of TcdB and FZD2 complex was imaged under the Titan Krios G3 

transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The 

microscope is equipped with a Gatan K2 summit direct detection camera (Gatan, 

Pleasanton, CA); 5,478 micrographs were collected using electron-counting mode at 

pixel sizes of 1.06 Å. The beam intensity was adjusted to 7e-/Å2/s on the camera. A 30-

frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a 

total exposure time of 6 seconds. 

2.2.6.1.3. Cryo-EM data processing 

The collected micrographs were motion corrected using MotionCorr2 (113). The 

dose-weighted micrographs were visually screened, and 4,920 micrographs with strong 

power spectra were selected for further processing. Contrast transfer functions (CTF) of 
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the micrographs were estimated using Gctf (114). Particles were picked using 

Gautomatch with 2D templates derived from previously published density map (115). 

These particles were scaled to a pixel size of 4.24 Å by scaling the extracted particles 

using RELION (116). The automatically picked particles were then screened for high-

contrast particles for 4 rounds of the reference-free 2D classification in RELION; 

146,129 clean particles were selected and combined for 3D classification, separating 

particles into 4 classes. All of 81,240 clean  particles from 3D classification were used 

for 3D refinement. The final density map of TcdB and FZD2 is at 5.2 Å. The same 

particles were also used for 3D refinement of the core region with a solvent mask that 

masked out the CROPS region, generating a density map of the TcdB–core–FZD2 

complex at 5.0 Å resolution. The overall resolution was assessed using the gold-standard 

criterion of Fourier Shell Correlation, with a cutoff at 0.143, between 2 half maps from 2 

independent half-sets of data. Local resolutions were estimated using Resmap (117).  

Multibody analysis was performed using RELION-3.0 on the dataset of TcdB 

and FZD2 complex. The density map was divided into three bodies. Each of the body 

was done principal component analysis. A 3D classification was done on the clean 

particles, separating particles into four classes by applying a solvent mask only around 

the tip of the delivery domain when setting the angular search to zero. The final result 

was that all the particles converged into one class, suggesting that there was only one 

detectable status of the delivery domain.  
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2.2.6.1.4. Model building 

The 5.0Å density map was used for TcdB-FZD2 model building. We chose the 

TcdB model we built in our previous published paper (115) as the initial model for TcdB 

and the crystal structure of frizzled family protein 7 (FZD7-CRD) as the initial model for 

FZD2-CRD. The homology models for the core region (residues 1–1799) and the 

CROPS domain of TcdB were rebuilt using swiss-model by posting crystal structure of 

TcdA (PDB:4R04) and crystal structure of TcdA CROPS domain (residues 1,834–

2,101,PDB: 4NP4). Similar approach was used to build the initial model of the FZD2-

CRD. These initial models were combined and docked into the EM density map we got 

UCSF Chimera (118) and refined into the cryo-EM density map using Molecular 

Dynamics Flexible Fitting (119) to generate the complex structure of TcdB and FZD2-

CRD. This model was further refined using Phenix (120) to refine and validate the 

model.  

2.2.6.2. Cryo-EM TcdB and CSPG4 

2.2.6.2.1. Cryo-EM sample preparation 

Purified TcdB and CSPG4 were mixed at 1:1 molar ratio (with the final 

concentration of the complex at 800 nM) and incubated in a PBS buffer at pH 7.4 for 30 

minutes at room temperature. 3 μL of the complex was applied to C-flat 1.2/1.3 holey 

carbon film 300 mesh grids (Electron Microscopy Sciences) at 20˚C with 100% relative 

humidity and vitrified using a Vitrobot (Mark III, FEI Company, the Netherlands). The 

grid was then fast frozen into liquid ethane and then transferred into liquid nitrogen for 

further storage. To avoid the preferred orientation in the sample, I added 0.01% DDM 
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into TcdB and CSPG4 mixture at 2mg/mL  for complex concentration. The 3uL of the 

mixture was applied to C-flat 1.2/1.3 holey carbon film 300 mesh grids as mentioned 

above. 

2.2.6.2.2. Cryo-EM data collection 

The grid of TcdB and CSPG4 complex was imaged under the Titan Krios G3 

transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The 

microscope is equipped with a Gatan K2 summit direct detection camera (Gatan, 

Pleasanton, CA); 17,206 micrographs were collected using electron-counting mode at 

pixel sizes of 1.06 Å. The beam intensity was adjusted to 7e-/Å2/s on the camera. A 30-

frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a 

total exposure time of 6 seconds.  

2.2.6.2.3. Cryo-EM data processing 

The collected micrographs were motion corrected using MotionCorr2 (113).The 

dose-weighted micrographs were visually screened, and 16,135 micrographs with strong 

power spectra were selected for further processing. Contrast transfer functions of the 

micrographs were estimated using Gctf. Particles were picked using Gautomatch with 

2D templates derived from previously published density map (115). These particles were 

scaled to a pixel size of 4.24 Å by scaling the extracted particles using RELION (116). 

The automatically picked particles were then screened for high-contrast particles for 4 

rounds of the reference-free 2D classification in RELION; 383,721 clean particles were 

selected and combined for 3D classification, separating particles into 4 classes. All of 

206,061 clean particles from 3D classification were used for 3D refinement. The final 
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density map of TcdB and CSPG4 is at 4.6 Å. The same particles were also used for 3D 

refinement of the core region with a solvent mask that masked out the CROPS region 

and tip of the delivery domain, generating a density map of the TcdB–core–CSPG4 

complex at 4.2 Å resolution (Figure 2-1). The overall resolution was assessed using the 

gold-standard criterion of Fourier Shell Correlation (FSC), with a cutoff at 0.143, 

between 2 half maps from 2 independent half-sets of data. I also used cryoSPARC to do 

the 3D refinement of the complex using the same batch of data, and ended up with a 

density map with consensus resolution at 3.7Å. Local resolutions were estimated using 

Resmap.  

 

 

Figure 2-1 The data processing flow chart of TcdB-CSPG4 complex. 

3,696,899 clean particles were used to make the consensus map at 4.7Å. By 

separating the particles around the CSPG4 region, particles from better resolved 

class were used to generate a better resolved consensus map. When masking 

around the “core” region, a 4.3 Å map was generated and used for following model 

building.  
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Multibody analysis was performed using RELION-3.0 on the dataset of TcdB 

and CSPG4 complex. The density map was divided into three bodies. Each of the body 

was done principal component analysis. A 3D classification was done on the clean 

particles, separating particles into four classes by applying a solvent mask only around 

the tip of the delivery domain when put “skip align” as one of the settings. The final 

result showed three states of the delivery domain of the complex. The particles 

corresponding to each of the class were used for 3D refinement and three density maps 

were generated,  representing the three states of the complex. 

2.2.6.2.4. Model building 

The 3.7 Å density map was used for TcdB-CSPG4 regional model building. We 

chose the TcdB model we built in our previous published paper (115) as the initial model 

for TcdB. This model was modified based on the density map of the TcdB part and 

deleted the residues that are not included in the density map. The initial model for 

CSPG4 was generated through Robetta webserver and manually modified using coot 

(121). Then the initial model of CSPG4 was used in RosettaCM (122) to create 1000 

refined models based on two criteria: 1) The overall energy was the lowest of the output 

models. Needed to fit the Monte Carlo method; 2). The output models need to have the 

best fit with the cryo-EM density map. The modified TcdB and CSPG4 were roughly 

fitted in the density map using UCSF Chimera and generated as a single initial model. 

Then the model was refined into the cryo-EM density map using MDFF (119) to 
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generate the complex structure of TcdB and CSPG4. This model was further refined 

using Phenix (120)  to refine and validate the model.  

2.2.7. Circular dichroism (CD) spectroscopy 

The secondary structures of the truncated wild type TcdB and the mutants were 

analyzed on circular dichroism spectroscopy (Chirascan). All of them were diluted in 

10 mM potassium sulfate and 25mM PBS, pH 7.4, to a concentration of 0.1 mg ml−1. 

After the machine was purged with nitrogen at 20 °C for 40 min, samples were loaded 

into a 2 mm path length cuvette and the circular dichroism (CD) of the sample measured 

in the far ultraviolet region. The sample temperature was equilibrated in the spectrometer 

to 25 °C before the initiation of measurements and was maintained at this temperature 

throughout. The CD signal at each wavelength was averaged for 30 s, using 1 nm 

wavelength steps. Scan of the sample buffer was used as blank. 

2.3. Results 

2.3.1. FZD2 interacts with TcdB at the delivery domain 

2.3.1.1. FZD2 grips on the middle of TcdB delivery domain 

By using reference-free 2D classification implanted in RELION-3.0 software, we 

ended up having crispy and clear projection views of TcdB and FZD2 complex. The 

particles belong to these clear illustrated 2D classes (Figure 2-2A) were selected and 

processed for 3D classification and refinement using an apo-state TcdB density map at 

40 Å resolution to avoid model bias. The finial 3D refinement of TcdB and FZD2 

complex is at 5.0Å (Figure 2-2B) with a clear indication of the density of each secondary 
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structures and some groove of helixes. After fitted and refined model based on the 

density map, I am able to analyze the interaction between FZD2 and TcdB. 

 

 

 

 

 

Cryo-EM density shows the full-length of TcdB, with less elucidated delivery 

domain tip and the C-terminal of CROPS domain, probably because of the flexibility of 

these two regions. FZD2-cysteine rich domain (CRD) grips on the protrusion of delivery 

domain. FZD2-CRD is mostly alpha-helices, with its extracellular face touching the 

TcdB delivery domain. The binding site of FZD2 is novel and different from previously 

published receptor binding site of TcdB (69). As FZD2 has short cytoplasm domain, 

Figure 2-2 2D classification result and 3D refinement of TcdB and FZD2 complex. 

Panel A shows the 2D classification result of TcdB-FZD2 complex with different 

views showed. The density map of TcdB-FZD2 is showed in transparent in panel B 

with the reconstructed model fitted in.  
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binding of the FZD2 helps TcdB to pull it close to the endosome membrane. This might 

help with the following pore forming and translocation step. 

 

 

 

 

 

2.3.1.2. FZD2 interacts with TcdB through hydrophobic interactions 

The overall structure resolution is at 5Å, with a good separation of alpha-helices, 

some indication of the helix pitch in better-resolved region. Using the homolog models 

Figure 2-3 model of TcdB and FZD2 complex. 

The domain organization and color scheme of TcdB and FZD2 are showed on the 

top panel, with the correspondent color pattern showed in the model of the 

complex. The position of FZD2-CRD is highlighted with its name labeled on the 

side.  
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from TcdA as well as FZD7-CRD crystal structures, I was able to rebuild the model 

navigated by my density map (Figure 2-3), even though the exact positions for the side 

chains are not clear, but the relative positions of secondary structures are able to be 

identified. 

 

 

 

 

The distance that general strong interactions exist is supposed to be within 5 Å. 

These interactions includes salt-bridge interaction as well as the hydrophobic interaction. 

I choose the C-α distance between the two adjacent residues to be less than 5 Å when 

considering the binding force between TcdB and FZD2. Several residue pairs were 

found to be within this range. For example, the Proline 1504 and Leucine 1438 in TcdB 

Figure 2-4 Interactions between TcdB and FZD2. 

The side chains from TcdB are colored in yellow and the side chains from FZD2 

are colored in purple. The residues that are involved in the interactions are 

highlighted by their amino acid name and their sequence in the protein.  
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were close to the Phenylalanine 135 in the FZD2. The Leucine 1433 and Isoleucine 1494 

were close to the Tyrosine 88 in the FZD2. By analyzing the interaction types among 

these amino acids, I proposed that TcdB interacts with FZD2 through hydrophobic 

interactions (Figure 2-4). This propose was also confirmed by a recently published 

crystal structure of partial TcdB in complex with the FZD2-CRD, showing similar 

interaction pattern with our cryo-EM result. Mutagenesis on the hydrophobic amino 

acids into the hydrophilic amino acids, the interactions of these two proteins were 

significantly decreased (89).  

2.3.2. CSPG4 interacts with TcdB at the N-terminal of CROPS domain and partial 

APD domain 

2.3.2.1. CSPG4 binds to the ditch formed by the N-terminal of CROPS domain and 

APD domain 

Similar approach was used to get cryo-EM density map of TcdB and CSPG4 

complex. Since TcdB and CSPG4 complex has preferred orientation when analyzing 

data, I tried to tilt-stage to 30o when collecting data and adding detergent n-Dodecyl-B-

D-maltoside (DDM) to compensate the preferred orientation effect. As TcdB is very 

flexible, especially on the CROPS domain and the tip of delivery domain, the 

reconstruction of the holo-TcdB and CSPG4 is at 4.7 Å (Figure 2-5), with a good 

separation of secondary structures. In some better resolved region, bulky side chains can 

be observed. When applying a solvent mask around the more rigid region of the 

complex, I ended up getting a density map at 3.7Å, with a much more clear side chain 
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resolved in the TcdB GTD domain and the APD domain, as well as the CSPG4 region. 

This significantly helped with the following model building. 

 

 

 

 

2.3.2.2. CROPS domain loop is critical for the CSPG4 binding 

I tried to get a reasonable initial model before refining it into density map. As 

there was no homolog model for CSPG4, it is hard to get a decent initial model from I-

tasser (123) or swiss-model. I eventually got initial model from Robetta web server that 

Figure 2-5 Density maps for TcdB and CSPG4 complex. 

From the density map of the full-length TcdB and CSPG4, CSPG4 grips on the 

cleavage formed by the N-terminus of CROPS domain and the APD domain. As 

an elongated shape, CSPG4 adopts a narrow beta-barrel structure, and forming 

an angle around 45o with TcdB long-axis.  
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can roughly fit in our density map (124). By using coot to manually fit in the density 

map and Rosetta to rebuild the model (Figure 2-6A, Figure 2-6B), I got the structure of 

CSPG4. There are two verifications of this structure. 1). The orientation of CSPG4 

relative to TcdB. Based on the CSPG4 expression plasmid organization, there was a GFP 

co-expressed on the C-terminus of CSPG4. By applying a large solvent mask around the 

CSPG4 region, I did 3D classifications to see if I was able to find an extra density that 

belongs to GFP. The result demonstrated that GFP density was close to the CROPS 

domain end, indicating that the C-terminus of CSPG4 was toward CROPS domain 

(Figure 2-6D).  2). A glycosylation site was able to be seen in the density map of 

CSPG4. As mentioned in many reviews, the CSPG4 is highly glycosylated on its protein 

surface (125). By predicting the glycosylation site on the 410-560 fragment, one N-

linked glycosylation site was found on the asparagine 428 on the position asparagine 428 

residue (Figure 2-6C), which matches with our prediction result.  From these two 

evidence, I was able to verify our model correctness.  

 

 

 



 

52 

 

 

 

 

Figure 2-6 Verification of CSPG4 model. 

Rosetta build 1000 models of CSPG4 based on the EM density map and the overall 

energy of the model. Six models that have the best fitting score and the lowest 

energy were selected for the following refinement. The extra density of 

glycosylation and the partial GFP density are showed in panel C. Asn18 indicates 

the glycosylation is on the 18th residue when 410 residue is the N-terminus. 

Figure 2-7 The model of CSPG4. 

The sequence of CSPG4 is showed in panel A. The beta-sheets are colored in red 

and the helixes are colored in blue. In panel B, three views of the CSPG4 model 

are showed, with N-terminus and C-terminus indicated. 
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The sequence and the model of CSPG4 fragment showed in ribbon style are 

listed in the figure below (Figure 2-7). α-helices are colored in blue and β-sheets are 

colored in red. It is showed that the core of CSPG4 fragment is consisted of β-sheets 

folding next to each other, forming a narrow β-barrel. The β-sheets are connected by 

short helices and flexible loops.  

 

 

 

 

Figure 2-8 Interaction between CSPG4 and TcdB. 

The APD is colored in blue. The CROPS is colored in yellow and the CSPG4 is 

colored in pink. The residues that are involved in the interaction are labeled and 

with side chains showed. 
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As the density of the core-region of the TcdB and CSPG4 complex (including 

GTD, APD, part of CROPS and the CSPG4) was resolved at 3.7 Å, the side chains of 

residues were much better resolved. Thus I was able to identify the interactions of TcdB 

and CSPG4 more confidently. CSPG4 touched TcdB at both APD and the CROPS 

domain. 1). The interaction between APD and CSPG4 was charge-charge interaction. 

Two pairs of interactions are found in the structure. Residue 575 arginine from TcdB 

was proposed to interact with 461 glutamic acid or 458 aspartic acid from CSPG4. 451 

arginine from CSPG4 was proposed to interact with 567 serine or 564 glutamic acid 

from TcdB. Their side chains stick together and tends to form salt-bridge in between 

(Figure 2-8A). 2). The interaction between CROPS domain and CSPG4 is hydrophobic 

interaction. It is noteworthy that a loop (sequence between β-sheet 3 and α-helix 6) is 

extending from CSPG4, getting approximate to the CROPS domain. Two hydrophobic 

residues that contain benzol rings (1819Y and 1823F) were close to this loop, with 486I 

and 487P as potential interaction sites. These residues form hydrophobic patch around 

the beginning of CROPS domain (Figure 2-8B). 

To verify my propose on TcdB and CSPG4 interaction, I did mutagenesis on the 

speculated residues on both TcdB and CSPG4. The interactions were measured using 

ELISA assay after the proteins were purified. The secondary structures of the truncated 

TcdB and the mutated TcdB were verified using circular dichroism (CD) spectrometry. 

By mutating the TcdB on the residues described above, we can see that mutating all of 

the residues on TcdB significantly decreased the interaction. Especially when mutating 

residue 1822 lysine to alanine. When mutating CSPG4 on the residues described above, 
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it is showed that the interaction between 451 arginine from CSPG4 with the 564 

glutamic acid from TcdB. When mutating 451 arginine into alanine, which didn’t have 

any positive charge or polar on the side chain, the interaction was significantly decrease 

(Figure 2-9). For the CSPG4 mutant that deleted 486 isoleucine and 487 proline, its 

interaction with TcdB was also very weak (Figure 2-10). Suggesting the hydrophobic 

interaction proposed above is true.  

Previous result suggested that CSPG4 interacts with TcdB at the N-terminus of 

CROPS domain, while no interaction on the APD and CSPG4 was reported. Here we 

combined our high-resolution structure as well as ELISA assay result, suggesting that 

there was charge-charge interaction present in on the other side of interaction surface on 

TcdB with CSPG4.  

 

 

Figure 2-9 The interaction between mutated TcdB and CSPG4 through ELISA. 

The signal from WT is used as reference and defined as 100%. All the other  

mutants signals are used to compare with signal from WT TcdB. The assay is 

repeated three times. 
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2.3.3. Different receptors have different impact on the stability of TcdB 

2.3.3.1. FZD2 stabilizes the structure of TcdB delivery domain when comparing 

with CSPG4 binding states. 

Whether binding with different receptors influences the stability of TcdB is 

interesting to investigate. In order to visualize the influence on TcdB structure, 

especially in CROPS domain, we did multibody refinement on both EM density maps 

we described previously and 3D classification and subsequent refinement was conducted 

based on the multibody refinement result. 

Figure 2-10 ELISA assay on interaction between wild-type TcdB and CSPG4 

mutants. 

The ELISA assay is done when binding with different concentration of CSPG4. 

Signals from different CSPG4 mutants are colored based on the legend. 
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The TcdB and receptor complex density map was divided into “three bodies”. 

The first body included the density of delivery domain; The second body included the 

globular density consisted of APD and GTD; The third body included the CROPS 

domain and the connection between CROPS domain and APD domain. Movements were 

found on the Delivery domain and the CROPS domain on both density maps. Thus a 3D 

classification was done when applying a solvent mask around the delivery domain and 

disable the alignment when running the program (Figure 2-11). This allows RELION to 

separate particles based on the difference at delivery domain.  

 

 

 

 

Figure 2-11 The 3D classification of TcdB and CSPG4 complex. 

The three classified densities are colored in red, yellow and purple, with their 

particle percentages labeled at the bottom.  
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All the particles are separated into four classes and the classification result were 

compared in Chimera. In theory, if receptor binding state TcdB has distinct variant 

conformations, I am able to classify them out by doing skip-align 3D classification. For 

the result from TcdB and FZD2 complex, all the particles converged into one class, 

indicating that when binding with FZD2, TcdB conformation is fairly conserved while 

there are three classes were resolved in the TcdB and CSPG4 complex, indicating that 

CSPG4 is not able to stabilize the TcdB structure. By comparing these three classes, the 

biggest difference is at the delivery domain tip, where it tends to bend up or down for 

around 15o (Figure 2-11).  

 

 

Figure 2-12 The movement of helix 1052-1066. 

The movement of the TcdB is colored in panel A and panel B. In panel C and 

panel D, the position of the helix 1052-1066 is illustrated in deep blue or light blue. 
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When zooming around the delivery domain, not only the movement of the 

delivery domain tip is observed (Figure 2-12A, Figure 2-12B), a missing density at two 

helixes around the hydrophobic region is observed too. When TcdB is in the purple 

conformation, the delivery domain tip is in the most bent form, while the density of helix 

1052-1066 is missing (Figure 2-12C, Figure 2-12D). When TcdB is in the red and 

yellow conformations, the delivery domain tip is toward up, the density of helix 1052-

1066 has a significant movement together with the delivery domain movement. This 

suggest that the delivery domain of TcdB is flexible. Previous published apo-TcdB cryo-

EM density reveals a bent delivery domain tip comparing with the crystal structure of 

TcdA. When TcdB is interacting with CSPG4, the binding of the receptor doesn’t restrict 

the movement of delivery domain. Making it possible to flipping up and down. The 

pore-forming related helixes, such as the helix 1052-1066 is unstable too. This flexibility 

benefits the following conformational change as the delivery domain is at “ready” state 

by moving around. 

2.3.3.2. The two receptors behave differently under acidic conditions when binding 

with TcdB. 

To help understand the TcdB behavior with its receptors, we analyzed the 

binding affinity of TcdB and these two receptors using ELISA assay. When incubating 

the TcdB and receptor complex in the physiological pH, the binding strength is defined 

as 100%. While comparing with the signal from complex under acidic pH, it is 
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noteworthy that the binding signal from FZD2 stays the same while the signal from 

CSPG4 decreases significantly (Figure 2-13). This indicates that FZD2 and CSPG4 

adopt different interaction pattern. Even though FZD2 and CSPG4 both interact with 

TcdB through hydrophobic interactions, the interaction surface was different. The 

hydrophobic patch on the FZD2 interface is fully buried in the TcdB binding surface, 

thus it is hard for proton or water molecule to get into the interaction interface. While 

CSPG4 interacts with a loop from N-terminus CROPS domain through hydrophobic 

interaction, which can be easily accessed by the proton or water when pH drops. 

Besides, a potential charge-charge interaction was demonstrated at 451R from CSPG4 

and 564E from TcdB. When pH decrease, the glutamic acid tends to be more protonated, 

which will influence with the stability of the salt-bridge interaction.  

 

 

 

Figure 2-13 Binding assay of TcdB with CSPG4 or FZD2 under different pH. 
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2.4. Discussion 

Like all AB toxins, TcdB uptake into the epithelial cells in the intestine is the 

first step and the most critical step for its cytotoxicity. TcdB gets into its target cell 

through Catherin-mediated endocytic pathway after binding on its receptors. Unlike 

TcdA, which interacts with the poly-saccharide on the cell surface, either on the lipid or 

on the membrane protein, TcdB has its novel cell entry receptors. PVRL3, FZD2 and 

CSPG4 are proposed to be the three receptors that mediate TcdB entry. PVRL3 and 

FZD2 are both expressed in the intestine epithelial cell while CSPG4 is expressed in the 

submucosa layer, which provides access for TcdB when the surface epithelium is 

disrupted.  

Researches were performed on the interacting sites of the TcdB and its receptors. 

By doing mutagenesis and truncations on TcdB, it is known that FZD2 and CSPG4 

interact with TcdB in different positions. But the detailed interaction surfaces are not 

analyzed, and no evidence shows the influence on TcdB when binding with the 

receptors. My studies reveal the two binding states of TcdB with FZD2 as well as 

CSPG4, providing the details binding surface of these two receptors.  FZD2 interacts 

with TcdB in the middle of delivery domain through a hydrophobic interaction. The 

CSPG4 interacts with TcdB through more complicated mechanism. When it grips on the 

ditch between N-terminus CROPS domain and the autoprocessing domain, it interacts 

with these two domains through different mechanism. By analyzing cryo-EM structure 

and doing mutagenesis on both TcdB and CSPG4, we understand that CSPG4 interacts 
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with TcdB autoprocessing domain through charge-charge interaction while the CSPG4 

interacts with TcdB CROPS domain through hydrophobic interaction. 

When the TcdB goes through the endocytic pathway, it will go through the pH 

changes from physiological pH to acidic pH, which triggers conformational changes. By 

analyzing the interactions of TcdB with the two receptors under both physiological pH 

and acidic pH, it is showed that FZD2 interaction is not influenced by the pH change 

while CSPG4 will release bound TcdB when the pH decreases. When comparing the 

extracellular domains of FZD2 and CSPG4, it is easy to tell that CSPG4 has a fairly 

large and flexible organization. While interacting with CSPG4 on its N-terminal domain, 

it is hard for TcdB to get close to the endosome membrane and create holes on the 

endosome membrane. But FZD2 has a globular and small extracellular domain, 

interacting with FZD2 will help TcdB to be hold approximate to the endosome 

membrane. Our ELISA assay result provides a logical evidence for the following TcdB 

translocation step.  

By doing 3D classification without performing any alignment on both TcdB 

binding state data, we found that interacting with FZD2 is actually stabilizing the 

delivery domain movement while TcdB delivery domain flipping up and down when 

interacting with CSPG4. It is also noteworthy that among the three states of TcdB when 

binding with CSPG4, one of the state actually has a missing density around the helix 

1052-1066, which is involved in the hydrophobic region of the delivery domain, related 

to the pore-forming in the following step. Thus I propose that under physiological pH, 

TcdB itself has a very flexible structural organization, with a flexible CROPS domain as 
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well as the delivery domain. Only when pH acidified the TcdB will try to stabilize and 

find a right position to perform the insertion and translocation.  

The results described here provides zoomed-in understanding of TcdB receptor 

binding state and analyzed interacting with receptor might have some effects on the 

TcdB conformations.  
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3. STRUCTURAL ANALYSIS OF C. DIFFICILE TCDB CONFORMATIONAL 

CHANGE UPON PH ACIDIFICATION 

3.1. Introduction 

Clostridium difficile is an anaerobic, gram-positive pathogenic bacillus that 

causes severe gastrointestinal tract infections, which can be fatal (36). TcdB is one of the 

major virulence factors that are responsible for C. difficile pathogenesis (101). The TcdB 

N-terminal domain is a glucosyltransferase that can irreversibly add a single glucose 

from UDP-glucose to membrane-attached small GTPases such as Rho, Rac and Cdc42 in 

the mammalian target cell (54). This modification will disable the function of these 

GTPases, blocking the dynamics of the cytoskeleton and the signaling pathways that 

require these GTPases. TcdB consists of four domains: the glucosyltransferase domain 

as mentioned above, the autoprocessing domain (APD), the delivery domain and the 

CROPS domain (101). These four domains have distinct functions for TcdB entry and 

function in host cells. The delivery domain and the N-terminus of the CROPS domain 

are the binding moiety that interact with their destinated receptors. After interacting with 

receptor on the host epithelial cell, TcdB is taken into the cell through endocytosis and 

into the early endosome. When the pH decreases in the endosome lumen, there will be 

conformational changes in TcdB, which leads to pore-formation on the endosome 

membrane as well as translocation of the GTD and APD (72). Only when the GTD and 

APD are translocated TcdB is able to glucosylate its target.  Creating holes and 

delivering the N-terminal domain is essential for the final modification step of 

TcdB.  TcdB shares similar features with other well-studied AB toxins, such as 
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diphtheria toxin (DT) and anthrax toxin. Anthrax toxin is secreted from the pathogenic 

bacterium Bacillus anthracis. It has the enzymatic component needed to be translocated 

into cytoplasm from within the late endosome. It has been reported that the translocation 

process involves large conformational changes to transform the toxin complex from a 

pre-pore state into a translocation state. There is evidence indicating that the membrane 

leakage occurs during translocation and the translocation state of anthrax toxin is well-

resolved. At translocation state, anthrax toxin forms a transmembrane segment in a β-

barrel (83). However, for all of the toxins that are similar to TcdB, named the Large 

Clostridial Toxin family, the transmembrane region is formed by α-helices (126). 

Diphtheria toxin, which utilizes α-helices as its transmembrane region, has the most 

similar hydrophobicity pattern with TcdB. It is consistent with the three hydrophobic 

patches. The most hydrophobic helices (named TH8 and TH9) are proposed to insert in 

the endosome membrane when pH changes(ref). When comparing the primary 

sequences of the pore-forming domain among different LCT toxins against diphtheria 

toxin, it is noteworthy that three hydrophobic patches are observed. For TcdB, the three 

patches are: 1018-1056, 1064-1089, 1091-1112 (86).  The loop between helix 960-969 

and helix 981-994 is related with the pore-forming because it contains two glutamic acid 

in position 970 and 976 (127). Mutating these residues result in loss of pore-forming 

ability of TcdB. The author proposed that these two residues serve as “pH sensor” when 

the endosome lumen is acidified. The detailed mechanism of this LCT family toxin pore-

formation as well as translocation is poorly understood. Since LCT toxins need to exist 

both soluble at neutral pH while containing hydrophobicity at acidic pH, the membrane-
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insertion region should not be too hydrophobic as the canonical membrane protein, 

which results in instability in the structure when insertion happens.  Another line of 

evidence is that TcdB is shown to form a transient channel after insertion since TcdB 

insertion cannot generate constant current across the lipid bilayer when interacting with 

a Rb+ loaded liposome (128). Thus, the studies about the mechanism of LCT family 

toxin pore-formation and translocation are only about identify the region that involved in 

this procedure.  

Other than the three hydrophobic patches are involved in the pore-formation, the 

crystal structure of TcdB in complex with three nanobodies at pH 5 demonstrated that 

residues 1032-1047 are not visible, suggesting flexibility in this region (1). In 

combination with the mutations and truncations of TcdB while performing the leakage 

assay and the toxicity assay results, four helixes in the TcdB hydrophobic region  

(residues 956-1128) are critical for the pore-forming, possibly they are inserted in the 

membrane for further conformational changes to deliver the enzymatic domain into 

cytoplasm. Helix 1 is from 1046 to 1050; helix 2 is from 1055 to 1063; helix 3 is from 

1073 to 1091; helix 4 is from 1117 to 1132 (Figure 3-1). These four helixes wrapping 

around the surface of the delivery domain. Under physiological pH, they are not 

hydrophobic, making TcdB protein soluble in the water solvent. While under acidic pH, 

the side chains of these amino acids would lose their charges and become hydrophobic. 

In this way these residues can act as a sensor of the environmental pH that triggers 

conformational changes associated with toxin domain translocation.  
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How the conformational changes happen remains unclear. The recently published 

full-length TcdB crystal structure at pH 5 provides some information about a snap shot 

of TcdB under acidic pH (1). By comparing with its homolog model TcdA, which is 

another LCT toxin secreted from C. difficile with similar structural organization as well 

as toxicity mechanism, under physiological pH, the biggest difference is from residue 

1024 to residue 1048. A significant movement was detected, in company with the 

missing structure between 1032 to 1047 residues, which form an α-helix, are now 

invisible, suggesting this region is highly flexible. However, because TcdB is in highly 

package with the nanobodies that interact on the delivery domain, CROPS domain as 

well as the APD domain in the crystal structure, they helped to stabilize the its structure 

Figure 3-1 The protrusion of TcdB delivery domain. 

The secondary structures are showed in ribbon style. The four helixes that are 

essential for pore-forming are colored in red, with their name labeled on the side. 
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while limits its movement. Thus we need to find a better way to observe more TcdB 

states while it is in the acidic pH environment. 

Cryo-EM single particle analysis is well-known for providing multiple states of 

the target macromolecular complexes. With fast-freezing in the liquid ethane, the 

particles that are in different states are locked in their conformations. By performing 3D 

structural classifications, we are able to capture the possible states out from the large 

dataset. This chapter will examine the results of cryo-EM analysis on the full-length 

TcdB at a condition of pH 5. 

3.2. Methods 

3.2.1. Protein preparation 

Plasmid DNA of pHis1522 encoding wild type TcdB was transformed into 

Bacillus megaterium cells and inoculated overnight in 10 µg/mL tetracycline. The 

overnight culture was diluted 1:100 and inoculated to OD600 = 0.3 in 1 L terrific broth 

medium (Difco) at 200 RPM, 37 oC. 5% (w/v) xylose was added to the culture and 

incubated overnight at 200 RPM, 37 oC. The cell pellet was collected by centrifuge the 

culture at 15,000 RPM for 30 minutes. The recombinant TcdB in the pellet was purified 

via Ni-NTA affinity column essentially as described previously by Yang and colleagues 

(112). The collected pellet was lysed in PBS buffer using sonication. The Ni-NTA 

affinity column was washed with high-salt PBS (20 mM NaH2PO4, 20 mM Na2HPO4, 

300 mM NaCl [pH 7.4]) containing 25 mM imidazole, and the bound protein was eluted 

using high-salt PBS containing 250 mM imidazole. The eluted protein was then loaded 
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onto a superdex 200 increase 10/300 GL column (GE Healthcare) and all the fractions 

are confirmed using SDS-PAGE. 

3.2.2. Cryo-EM of TcdB at pH5 

3.2.2.1. Cryo-EM sample preparation 

The purified TcdB (0.3mg/mL) was pre-incubated with FZD2-CRD (purchased 

from R&D system) in 50mM PBS buffer at 1:1 ratio at room temperature at pH 7.4 prior 

to the pH change. The protein mix solution of the protein complex solution was mixed 

with 50mM citric acid buffer (the mixture of sodium citrate-citric acid, adjusted to pH 5) 

at ratio 7:3 before applying on the grid. This buffer ratio was tested in large scale by 

mixing 21 mL PBS buffer with 9 mL citric acid buffer (pH 5). The final pH was 

measured to confirm that by mixing these two buffers, a final pH of 5 is achieved. The 

final volume 3 uL mixture was incubated at room temperature for 30 s and then applied 

to C-flat 2/1 holey carbon film 300 mesh grids (Electron Microscopy Sciences) at 20˚C 

with 100% relative humidity and vitrified using a Vitrobot (Mark III, FEI Company, the 

Netherlands). The grid was then fast frozen into liquid ethane and then transferred into 

liquid nitrogen for further storage. 

3.2.2.2. Cryo-EM data collection 

The grid of TcdB-FZD2 at pH5 was imaged under the Titan Krios G3 

transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The 

microscope is equipped with a Gatan K3 summit direct detection camera (Gatan, 

Pleasanton, CA); 11,000 micrographs were collected using electron-counting mode at 

pixel sizes of 0.732 Å. The beam intensity was adjusted to 7e-/Å2/s on the camera. A 30-
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frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a 

total exposure time of 6 seconds.  

3.2.2.3. Cryo-EM data processing 

The collected micrographs were motion corrected using MotionCorr2 (113). The 

dose-weighted micrographs were visually screened, and 8,434 micrographs with strong 

power spectra were selected for further processing. Contrast transfer functions of the 

micrographs and the following processing were all done in cryoSPARC (129). Particles 

were picked using blob-picking tool in the first round. Then the picked particles were 

used to generate the initial 2D classification result. This 2D classification result was used 

for template particle picking tool. The picked particles were scaled to a pixel size of 4.24 

Å before put into final 2D classification. 664,373 clean particles were selected for a 

heterogeneous refinement into four classes. The particles from class that had the most 

reasonable structure were used for homogenous refinement and generated a density map 

around 4.1Å. A None-Uniform refinement was sub sequentially used to get better 

resolved density map and generated a 3.9 Å density. The overall resolution was assessed 

using the gold-standard criterion of Fourier Shell Correlation, with a cutoff at 0.143, 

between 2 half maps from 2 independent half-sets of data.  

Multibody analysis was performed using RELION 3.0 (116) on this data set. The 

density map was divided into three bodies. Each of the body was done principal 

component analysis. A 3D classification was done on the clean particles, separating 

particles into four classes by applying a solvent mask only around the tip of the delivery 

domain when put “skip align” as one of the settings. The final result showed three states 
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of the delivery domain of the complex. The particles corresponding to each of the class 

were used for 3D refinement and three density maps were generated, representing the 

three states of the complex. 

3.2.2.4. Model building 

The 3.9 Å density map was used for TcdB-FZD2 at pH5 model building. We 

chose the TcdB model from previously published paper, describing the crystal structure 

of TcdB at pH5 with three antibodies stabilizing its structure. This model was modified 

based on the density map of the TcdB part and deleted the residues that are not included 

in the density map. The FZD2 model was used based on my previous result. The 

complex structure was roughly fitted in the density map in Chimera (118) and then used 

MDFF (119) to refine the model. Finally Phenix was used to further refine and validate 

the model (130). 

3.2.3. Leakage assay 

3.2.3.1. Liposome preparation 

Liposomes were prepared as previously described, with minor modifications 

(131). For the structure study, 70% DSPC (Avanti), 20% cholesterol (Avanti), and 10% 

Ni-NTA DGPC (Avanti) were mixed and dried under a stream of dry argon, vacuum 

desiccated to remove residual solvents, re-suspended, with freezing and thawing, to 2 

mg/ml in liposome extrusion buffer (50 mM HEPES, 150 mM NaCl, 25 mM KCl, pH 

7.4) and then extruded through polycarbonate filters in a mini extruder (Avanti) for two 

rounds, with indicated diameters of 200 nm in the first round of 11 passes and 50 nm in 

the second round of 15 passes. 
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For the Leakage Assay, brain lipid Folch (Avanti, Cat. 131101P) from Avanti 

and Sigma were mixed 1:1, with 0.06% Vybrant DiD (Invitrogen, Cat. V22887). With a 

similar preparation process, the mixture was hydrated to 1 mg/ml in liposome extrusion 

buffer with 1 mM Calcein (Invitrogen) and then extruded through polycarbonate filters 

with the indicated diameters of 200 nm with 15 passes in a mini extruder. Extruded 

sample were centrifuged at 20,000 g for 30 minutes and re-suspended with liposome 

extrusion buffer to apply to a PD10 Desalting Column (Cytiva). Collected fractions were 

used as liposomes for the leakage assay. 

3.2.3.2. Leakage Assay with Multicolor-Burst Analysis Spectroscopy (MC-BAS) 

MC-BAS is a multi-channel extension of a single particle technique, Burst 

Analysis Spectroscopy (BAS) (132), which can simultaneously determine both size and 

stoichiometry distributions of fluorescent nanoparticles. MC-BAS can collect fluorescent 

signals from two different channels at the same time (133). In this way, when a particle 

carrying two different fluorescent dye is measured in MC-BAS, burst from these two 

channels are recorded at the same time point in separate panels.  

To apply MC-BAS measuring the leakage of liposomes, the liposome membrane 

carried Vybrant DiD, while the lumen contained Calcein. Two channels, with excitation 

wavelength of 488 nm and 642 nm, were used to measure burst signals from membrane 

and lumen. For one double-labeled liposome, bursts measured from membrane and 

lumen were recorded at the same time point. In this way, bursts from these two channels 

were recorded and aligned as coincident bursts. Meanwhile, when detergent, such as 

Tween-20 is applied to liposomes, the entire lumen contents are expected to be released 
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from the liposome into the reaction buffer, due to the solubilization of liposome 

membrane. Since the burst from single Calcein is very small, less than 20 cps, an 

increase in the baseline was observed in the channel of lumen and the burst signals from 

two channels lose the coincidence. 

3.3. Results  

3.3.1. TcdB has conformational changes in the delivery domain under pH5 

3.3.1.1. Overall description of TcdB conformational changes 

After testing multiple conditions, TcdB was found to not aggregate in high 

concentration when it is in the acidic environment for short time such as 30 seconds or 1 

minute. Thus, the single-particle analysis was done on TcdB at pH 5 for 1 minute to 

reveal the pre-pore state of TcdB. The overall density map of TcdB is at 4.1Å, with 

better resolved GTD and APD, where bulky side chains are observed and a less resolved 

delivery domain and CROPS domain, due to their flexibility. By comparing the TcdB-

FZD2 complex at physiological pH (7.4) and acidic pH (5.0), it is noteworthy that the 

overall structure of TcdB-FZD2 becomes “expanded” and “loose”, with a ~15 Å 

expansion (Figure 3-2A) when measuring the distance between the tip of GTD and the 

tip of the delivery domain. 

The most significant movement is around the rod-shape delivery domain, with a 

twisting movement on the beta-sheet scaffold as well as the flipping movement that is 

observed in CSPG4 bound state. A flexible loop between residue 944 to 958 locating at 

the shoulder of the GTD extends toward the delivery domain, which was not observed in 

physiological condition (Figure 3-2B).  



 

74 

 

 

 

 

Since the hydrophobic region of TcdB is critical and showed to be flexible, a 3D 

variability analysis was performed to reveal the movement of this domain in order to get 

more information. The 3D variability is an algorithm that treat each particle picture as 

one snapshot of the macromolecule. When considering the dataset of the input particles, 

it tried to separate different states and generate the trajectory of each component. In this 

dataset, I asked for three trajectories for calculation. In the first trajectory, movement of 

the CROPS domain is observed, with a missing density at the C-terminus CROPS 

domain. The second trajectory demonstrates that delivery domain is moving 

Figure 3-2 Expansion (panel A) and movement on TcdB-FZD2 (panel B) at pH5 

model. 

Panel A shows the model for TcdB at acidic pH (yellow) and at physiological pH 

(pink). The length between the delivery domain tip and the GTD tip is labeled. 

Panel B shows the superimpose of the TcdB densities at two pH. The density 

difference is highlighted in the bottom panel with a zoom in view. 



 

75 

 

horizontally, with a missing piece in the connection between delivery domain and APD 

domain (domain 1), which is involved in the “pH sensing” step as described previously 

(91). Movement of the “core-region”, consist of GTD and APD is observed in the 

trajectory 3. This analysis revealed that the conformational changes of TcdB is not 

limited in the delivery domain. It tends to be a cooperative, fully movement all over its 

domains. 

 

 

 

 

 

Trajectory 1 

 

 

 

 

 

Trajectory 2 

 

 

 

 

 

Trajectory 3 

Figure 3-3 The 3D viability of TcdB. 

The three trajectories are listed. The red color maps represent one extreme 

end of each trajectory and the bule maps represent the other extreme end of 

each trajectory. The missing densities are highlighted by black dash circles. 
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3.3.1.2. The interaction between TcdB and FZD2 is influenced by pH change 

To understand the behavior of TcdB and receptors, ELISA assays on the binding-

state TcdB at either pH 7.4 or pH 5 were performed. These results demonstrated that the 

binding of FZD2 is decrease by pH changes by ~25% while the interaction with CSPG4 

is significantly reduced since the signal from CSPG4 is complete gone after pH changed 

(Figure 3-3). As we know CSPG4 has an extensive extracellular domain (~220 kD), with 

its most cell-distal N-terminal domain interacting with TcdB. Releasing TcdB from 

CSPG4 benefits the interaction between TcdB and the inner face of the endosome 

membrane. In contrast, associating with the smaller FZD2 (~15 kD) may draw TcdB into 

close proximate with the membrane. This makes the following step sterically possible. 

 

 

 

BSA                            pH 7.4                             pH 5 

Figure 3-4 ELISA assay on the interaction between TcdB and FZD2/CSPG4 at 

pH7 and pH5. 

The signals from interacting with CSPG4/FZD2 are showed in columns colored in 

deep grey/light grey. 
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Consistent with the ELISA result, cryo-EM density demonstrates that only ~53% 

of particles have well-refined FZD2 density on TcdB, suggesting flexible conformational 

changes happen in the connection between FZD2 and TcdB, thus alignment on FZD2 is 

not as easy as at pH 7.4. To reveal more details in the binding at pH5, including the 

interaction pattern and the conformational changes, more classification needed to be 

done at the interaction region locally. By applying a mask around the delivery domain, 

the dataset could be classified into four distinct classes (Figure 3-5). The four classes can 

be divided into two groups: FZD2 bound state and FZD2 dissociated state. Even in the 

FZD2 bound state, it is obvious that the connection between FZD2 and TcdB is very 

weak. When comparing the TcdB-FZD2 at neutral pH and the acidic pH, a dissociation 

motion is clearly observed. This indicates when pH changes, FZD2 gradually dissociate 

with TcdB while the conformational changes happened in TcdB. 

 

 

Figure 3-5 3D classification of TcdB on delivery domain. 

The densities of the four classes are showed. The particle percentage that 

contribute to density are listed.  
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3.3.2. Leakage assay support that TcdB is creating holes on liposome 

The liposome membrane was labeled with lipophilic carbocyanine DiD and the 

liposome lumen with calcein. When observing the liposome using a dual-wavelength 

epifluorescence microscope, the signals from both fluorophores will be detected 

simultaneously, as they locate on the same liposome. From the diagram, the position and 

the signal strength detected from DiD should consistent with the signal position and 

strength from calcein (Figure 3-6. A). If leakage occurs, the signal from the liposome 

lumen will decrease, while the signal from the membrane-bound DiD remains similar. 

Thus, the consistency between these two signals is lost.  In other words, the coincidence 

between the two signals is lost. In the same time, the signal baseline from calcein will be 

raised comparing with the non-leakage state (134). If the leakage on the membrane 

causes the breakage of liposome, then both signals will not be detected. In Figure 3-6C, 

loss of coincidence is detected when comparing liposome signal with/without TcdB 

interacting. The baseline of calcein is raised. These phenomenoa indicate that there is 

leakage in the liposome membrane. When comparing with the positive control (adding 

Tween-20), the lumen signal was not drastically decreased after pore-formation (Figure 

3-4B), suggesting that the leakage caused by TcdB didn’t break the continuity of the 

liposome membrane. Thus, we can conclude that after interacting with liposome at pH 5 

for 5 minutes, pore formation is happening on the liposome, and the liposome stay as 

intact structure in the meanwhile. However, this assay is not able to detect if the 

translocation has happened or not in the condition described above.  
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3.4. Discussion 

The pore-forming and translocation of TcdB at acidic pH could be unique and 

complicated compared to other toxins that take action upon pH changes. From our cryo-

Figure 3-6 Leakage assay of TcdB on liposome. 

Panel A shows the scheme of the leakage assay. Panel B shows the positive control 

by adding Tween-20 to the liposome. Panel C is the experimental data when 

adding 800uM TcdB into liposome and incubated the mixture for > 5minutes. 
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EM single particle analysis, no TcdB oligomerization was observed in our refinement, 

and TcdB was observed as a monomer following a 1 minute exposure to a pH 5 

environment. The overall structure of TcdB is “loose” and “extended”, comparing with 

TcdB under acidic pH. The most significant difference is at the delivery domain, where 

the tip of delivery domain is getting longer and the arrangement of the beta-sheets is 

getting loose, suggesting a beginning of conformational change. The density of the N-

terminus of the delivery domain, referred to here as “Domain 1”, is partially missing in 

the 3D variability analysis, indicating flexibility in this region. When pH changes, the 

interaction between TcdB receptor FZD2 and itself is reduced, which agrees with cryo-

EM results that the density of FZD2 in cryo-EM reconstructions was significantly 

weaker than the density at physiological pH (~50% decrease), suggesting FZD2 might 

interact with TcdB in a different manner at acidic pH, possibly in a weaker and less 

ordered association. The leakage assay confirmed that TcdB is able to form pore on the 

artificial bilayer without breaking the liposome membrane. Five minutes after TcdB 

interacting with liposome at acidic pH is the timepoint where the pore-forming is 

detectable. This only conclude that there is pore formation happened on the liposome 

membrane but I cannot get any information about TcdB translocation. Based on previous 

studies, the current released from Rb+ loaded artificial liposome lumen when TcdB 

creates hole on the membrane is “flickering”, which is different from other similar toxins 

(128), releasing constant current when the pore-forming is in action, such as anthrax 

toxin (83). From these result I propose a more complete picture of the TcdB 

conformational changes under acidic pH: When in the endosome, TcdB gradually 
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dissociates with its receptors as it changes its conformation. The delivery domain 

extends and twists away from the other domain, making the pore-forming helices 

exposed on the protein surface. Then the delivery domain gradually twists and bends, 

making these helices closer and ready to form pores on endosome membrane.  

To get a complete view of TcdB pore-forming and translocation is quite difficult. 

The greatest obstacle is the flexibility and the potential flickering movement at the point 

of membrane insertion. Until now we only understand that pore-formation is happening. 

However, it is possible that the membrane insertion is not stable, and the relative 

positions of the membrane-inserting helices may also be flexible. Moreover, the most 

dramatic conformational changes still have not been directly observed, which would 

allow for firmer conclusions on the mechanism of pore formation.  

To stabilize the transmembrane region of the membrane protein, liposome are 

used to capture the target protein and provides a suitable environment for its 

transmembrane region. This technique is applied on many membrane protein structural 

solving (135). When analyzing TcdB pore-forming and translocation, liposomes can be 

used to stabilize TcdB structure at acidic pH. In this work, cryo-EM data on liposome-

bound TcdB was collected at pH 5 t to reveal the pore-forming state of the TcdB 

structure. In order to get the translocation state TcdB structure, the condition that 

actually generates detectable translocation state TcdB particles need to be identified. 

There are two positions in the GTD and APD that can be biotinylated. Preloading the 

liposome lumen with biotin and enzymes that are required for biotinylating is the 

prerequisite for the detection of pore-forming and translocation. When the TcdB is 
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interacting with liposome from outside at acidic pH, pore-forming and translocation is 

happening. If GTD and APD is translocated from outside to inside of liposome, the GTD 

and APD will be biotinylated. By performing western blotting against the biotin on 

TcdB, I am able to tell if translocation is happening or not. Signal detected in the 

western blotting suggest successful translocation. Structural studies will be performed 

after figuring out the best condition for TcdB translocation to happen. 
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4. SELECTION AND CHARACTERIZATION OF ULTRAHIGH POTENCY 

DESIGNED ANKYRIN REPEAT PROTEIN INHIBITORS OF C. DIFFICILE TCDB* 

4.1. Introduction 

Clostridium difficile is gram-positive spore-forming anaerobic bacteria. 

Colonization of the gut with pathogenic C. difficile bacteria can lead to C. difficile 

infection (CDI) with symptoms including diarrhea, pseudomembranous colitis, sepsis, 

multiple organ dysfunction syndrome and even death. In 2011 there were almost half a 

million reported cases of CDI and more than 29,000 CDI-associated deaths in the United 

States alone. C. difficile is a major nosocomial pathogen as a significant percentage (7%) 

patients acquire CDI after hospitalization (6). Broad-spectrum antibiotics are considered 

as a major culprit of CDI, as they disrupt the patients’ natural gut microflora that would 

otherwise keep the proliferation of C. difficile in check. The current standard-of-care for 

treating CDI is to administer additional antibiotics, mainly vancomycin, metronidazole 

and fidaxomicin (13). Although generally effective against primary CDI, over the past 

decades, the rate of CDI recurrence has greatly increased due to the emergence of 

antibiotic-resistant and so-called hypervirulent strains (15-35% CDI recurrence in 

patients after cessation of antibiotic treatment) (136).   

The pathology of CDI mainly stems from the two C. difficile secreted exotoxins, 

toxin A (TcdA) and toxin B (TcdB), that target small GTPases within the host cells, 

leading to disruption of the tight junctions and loss of colonic epithelial barrier function. 

Anti-TcdB monoclonal antibody, bezlotoxumab (ZINPLAVA), was approved by the 

FDA in 2016 for treating recurrent CDI. The CDI recurrence rate in patients receiving 
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antibiotics together with i.v. infusion of bezlotoxumab, although lower than those 

receiving antibiotics alone (26-28%), remains high at 15-17%. In addition, the 

monoclonal antibodies require mammalian cells for expression, which is much costlier 

compared to microbial protein expression (ZINPLAVA costs ~$3000/dose), putting a 

strain on the already thin health care budget. 

Our long-term goal is to develop highly efficacious anti-toxin proteins as oral 

therapeutics for treating and/or preventing CDI. These anti-toxin proteins are based on a 

designed ankyrin repeat protein (DARPin), a small antibody-mimic binding scaffold that 

exhibits very high thermostability, resistance to protease and denaturant, and a very low 

immunogenicity (137). DARPins that bind to a wide range of molecules with pico- to 

nanomolar affinity have been identified (138). Furthermore, DARPins can be expressed 

at high levels in E. coli (multi-gram quantities per liter of culture in fermenters), 

enabling DARPins to be produced at potentially very low cost on a large scale. 

Combining phage panning and two rounds of functional screening, a panel of 

dimeric DARPins yielded DARPin dimers with picomolar in vitro TcdB neutralization 

potency. The best dimeric DARPin, DLD-4, exhibited an EC50 of 4 pM and 20 pM 

against TcdB from C. difficile strains VPI10463 (ribotype 087) and M68 (ribotype 120), 

respectively, which is ~330-fold and ~33-fold more potent than the FDA-approved anti-

TcdB monoclonal antibody bezlotoxumab. DARPin DLD-4 also exhibit efficacy in vivo 

in a mouse model against TcdB challenge, pointing to its potential as a next generation 

anti-toxin biologic for treating and/or preventing CDI. Our cryo-electron microscopy 

(cryo-EM) studies of the complex between TcdB and the dimer DARPin DLD-4 
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revealed that its two constituent DARPins, 1.4E and U3, bind to the toxin Delivery and 

autoprocessing domain (APD). Guided by this structural information, our subsequent 

ELISA studies showed that 1.4E and U3 interfere with the interaction between TcdB 

with its receptors CSPG4 and FZD2, respectively. Moreover, at pH 7.4, the CROPS 

domain in the cryo-EM structures for both apo and DLD-4-bound TcdB was found to 

point away from the Delivery domain, opposite to that seen in the negative-stain electron 

microscopy (EM) structures of TcdA and TcdB at the same pH in which the CROPS 

domain extends toward and kisses the Delivery domain. We believe that our cryo-EM 

structures of TcdB, apo and DARPin-bound, represent the native aqueous conformations 

that will be invaluable for future anti-toxin drug development. 

4.2. Methods  

4.2.1. TcdB expression and purification 

Plasmid DNA encoding a 6-His tagged-TcdB was transformed into Bacillus 

megaterium cells and the recombinant TcdB was purified via Ni-NTA affinity column 

essentially as described previously. The column was washed with high-salt PBS (20 mM 

NaH2PO4, 20 mM Na2HPO4, 300 mM NaCl, pH 7.4) containing 25 mM imidazole and 

the bound protein was eluted using high-salt PBS containing 250 mM imidazole. Eluted 

protein was diluted in low salt PBS (20 mM NaH2PO4, 20 mM Na2HPO4, 10 mM NaCl, 

pH 7.4) to obtain a final NaCl concentration of 30 mM and loaded onto a Q HP anion 

exchange column (GE Healthcare). The column was washed with the same low salt PBS 

buffer and bound protein was eluted using a salt gradient from 10 mM to 1 M NaCl. 
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TcdB eluted at NaCl concentrations of ~500 mM. Protein purity was confirmed using 

SDS-PAGE. 

4.2.2. DARPin Library creation and phage panning 

DARPins are designed based on repeat modules of natural ankyrin protein and 

consist of an N-terminal capping repeat (N-cap), three (N3C) internal repeats and a C-

terminal capping repeat (C-cap). In a DARPin library, each internal repeat contains six 

randomized positions, yielding a total of 18 randomized positions in each DARPin. We 

prepared such a DARPin library using sequential ligation and PCR. This DARPin library 

was displayed as an N-terminal fusion to the bacteriophage M13 gIII minor coat protein, 

and after a DsbAss cotranslational translocation signal peptide. A DARPin library 

consisting of ~2x109 unique clones was created by transforming ~12 mL high-efficiency 

MC1061 electro-competent cells with ~250 µg of ligated and purified DNA. 

Phage panning was carried out as described previously (139). TcdB (from C. difficile 

VPI10463) was biotinylated via EZ-Link-Sulfo NHS-LC Biotin (Pierce) and used as the 

target protein. Four rounds of sequential phage panning were performed. The enrichment 

of TcdB-binding DARPin was confirmed by phage ELISA following a published 

protocol (139). A plateaued level of TcdB-binding enrichment was observed after round 

3 of panning, indicative of successful phage panning. 

To create dimeric DARPin library, DARPin variants identified from the 

functional library screening were PCR amplified using Taq DNA polymerase (NEB) 

with two sets of primers. Set 1 uses primers Ran2-D-F and Linker-BSAi-D-R (Table 4-

1) to generate DARPins with a 3’ linker sequence ((GGGGS)x3), and Set 2 uses primers 
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Linker-BSAi-D-F and Ran2-D-R to generate DARPins with a 5’ linker sequence. PCR 

products were digested with BsaI to generate sticky ends in the added linker region and 

ligated to form dimeric DARPins. This library was then inserted into pET26b for 

expression in E. coli. 

 

 

 

 

4.2.3. Functional screening of TcdB-neutralizing DARPins 

DARPin variants from the 3rd round of phage panning were subcloned into the 

pET26b vector (between NdeI and HindIII) for high-level DARPin expression. 764 

individual clones of E. coli BL21(DE3) cells transformed with the enriched library were 

picked and grown in eight 96-deep well plates (1 mL/well) at 37 °C for 8-10 h. 50 µL of 

the overnight culture was transferred to fresh plates containing 1 mL/well LB and grown 

until OD600 ~0.6 (~3 hours) prior to the addition of isopropyl β-d-1-

thiogalactopyranoside (IPTG). The culture was shaken at 400 rpm and at 37 °C for 4 

Table 4-1 The sequence of DARPin. 
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hours and was harvested by centrifugation at 1700 xg for 20 minutes. The cell pellets 

were resuspended in 100 µL of PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 137 mM 

NaCl, 2.7 mM KCl, pH 7.4) supplemented with lysozyme (200 µg/mL), incubated at 37 

°C for 30 minutes, subjected to 3 cycles of freeze-thaw between -80 °C and 37 °C, and 

centrifuged at 16,000 x g for 10 minutes. The soluble fraction was transferred to fresh 

96-well deep plates and incubated at 70 °C for 20 minutes and centrifuged again, 

yielding highly enriched DARPin in the supernatant. The supernatant was transferred to 

fresh plates and stored at -80 °C until use. 

Semi-purified DARPin (0.1 – 10 µL lysate) was incubated with purified TcdB in 

growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), non-

essential amino acids, penicillin (100 mg/mL) and 100 mM streptomycin) in 96-well 

plates for 2 hours at room temperature. After incubation, different amounts of the 

mixtures (0.1 – 10 µL) were added to Vero cells seeded the night before in growth 

medium (final TcdB concentration 132 pg/mL). The concentration of TcdB was selected 

so that the viability of toxin-treated Vero cells is 10-20% that of naïve Vero cells after 6 

hours of toxin contact time. Cell supernatants were replaced with fresh growth medium 

six hours later, and the cell viability was quantified 72 hours post toxin addition using 

the CellTiterGlo reagent (Promega) and normalized to Vero cells treated with the 

equivalent amount of lysate from untransformed BL21(DE3) cells and in the absence of 

TcdB. 

For the dimeric DARPin functional screen, the protocol was further simplified. 

1504 individual clones of E. coli BL21(DE3) cells transformed with the dimeric 
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DARPin library were picked and grown in 16 deep 96-well plates (1 mL/well) at 37 °C 

and 400 rpm in LB overnight. The next day, the culture was harvested by centrifugation 

at 1700 xg for 20 minutes, and each of the cell pellet was resuspended in 200 µL PBS 

supplemented with lysozyme (200 µg/mL), incubated at 37 °C for 30 minutes, subjected 

to 1 cycle of freeze-thaw between -80 °C and 37 °C, and incubated at 70 °C for 20 

minutes. An equivalent amount of 0.2 µL of the lysate (after serial dilution) was added 

to Vero cells together with TcdB toxin (10 pg/mL). 72 h later, the cell viability was 

quantified by the CellTiterGlo assay and normalized to that of naïve Vero cells. 

4.2.4. Protein expression and purification 

E. coli BL21(DE3) cells transformed with DARPin in pET26b were cultured 

overnight at 37 °C in auto-induction media (6 g/L Na2HPO4, 3 g/L KH2PO4, 20 g/L 

tryptone, 5 g/L yeast extract, 5 g/L NaCl, 0.6% glycerol, 0.1% glucose, 0.08% lactose) 

supplemented with 50 µg/mL kanamycin. Cells were lysed by sonication. The lysate was 

clarified by centrifugation at 16,000 xg for 10 minutes, and the soluble lysate was 

filtered through a 0.45 µm PES membrane and loaded onto a gravity Ni-NTA agarose 

column. The column was washed with PBS containing 15 mM imidazole and the bound 

proteins were eluted using PBS containing 150 mM imidazole. Protein purity was 

determined using SDS-PAGE. 

DNA encoding bezlotoxumab was synthesized. The anti-TcdB mAb was 

expressed in CHO cells and purified following standard protocols in the Feng laboratory. 

CSPG4 extraceullar domain (410-560) was expressed based on the protocol 

described in Section 2. 
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4.2.5. ELISA 

MaxiSorp immunoplates (Nunc) were coated with 4 µg/mL TcdB overnight at 4 

°C. The next day the wells were washed and blocked with PBSTB buffer (PBS 

containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted 

IMAC-purified DARPins (containing a myc-tag at the N-terminus), CSPG4-EC-GFP, 

FZD2-EC (R&D systems). After incubation, wells were washed 4 times with PBST. 

Bound DARPins were detected using mouse anti-c-myc antibody (1 μg/mL, Invitrogen 

and HRP-conjugated anti-mouse antibody (0.8 µg/mL, JacksonImmunoResearch). 

Bound CSPG4-EC-GFP was detected using rabbit anti-GFP antibody (0.05 µg/mL, 

Proteintech) and HRP-conjugated anti-rabbit antibody (0.8 µg/mL, Santa Cruz 

Biotechnology). HRP-conjugated goat anti-human antibody (0.025 μg/mL, 

JacksonImmunoResearch) was used to detect bound FZD2-EC.  The color development 

agent was 3,3',5,5'-tetramethylbenzidine (TMB). 

4.2.6. In vitro TcdB neutralization assay 

Vero cells (1.5x103 cells/well) in growth medium were seeded in 96-well plates. 

The next day, serial dilutions of IMAC-purified DARPins were added to the appropriate 

wells followed by the addition of TcdB (final concentration 5 pg/mL or 2.5 pg/mL). The 

concentration of TcdB was selected so that the viability of toxin-treated cells is 10-20% 

that of naïve Vero cells after 72 hours of toxin contact time. The plates were incubated at 

37 °C/5% CO2 for 72 hours and after which the cell viability was quantified using the 

CellTiter-Glo cell viability kit (Promega). 
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4.2.7. In vivo TcdB Neutralization Activity of DARPins 

Six to eight week-old CD1 mice were purchased from Harlan Laboratories (MD, 

USA).  All mice were housed in dedicated pathogen-free facilities in groups of 5 mice 

per cage under the same conditions.  Food, water, bedding, and cages were 

autoclaved.  All procedures involving mice were conducted under protocols approved by 

the Institutional Animal Care and Use Committees at the University of Maryland. DNA 

encoding bezlotoxumab was synthesized and the antibody was purified from the 

supernatant of transiently transfected CHO cells. DLD-4 (2.5 mg/kg or 0.25 mg/kg), or 

bezlotoxumab (10 mg/kg) was mixed with TcdB (1.5 μg/kg) in PBS and incubated at 

room temperature for 1h before being injected intraperitoneally (i.p.) into CD1 mice in 

the appropriate treatment groups (5-10 mice /group). The control group was i.p. injected 

with TcdB alone in PBS. Mouse survival was monitored for 4 days until the termination 

of the experiments and data were analyzed by Kaplan–Meier survival analysis with Log 

rank test of significance. 

4.2.8. Electron-microscopy sample preparation 

TcdB and DLD-4 were mixed at 1:1 molar ratio (with the final concentration of 

the complex at 800 nM) and incubated in PBS buffer at pH 7.4 for 30 minutes at room 

temperature. 3 µL of the complex was applied to C-flat 1.2/1.3 holey carbon film 400 

mesh grids at 20 oC with 100% relative humidity and vitrified using a Vitrobot (Mark 

III, FEI company, Netherlands). Apo-state TcdB was prepared in the same buffer and 

vitrified using the same condition but without the incubation at room temperature. 
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4.2.9. Cryo-EM data collection 

The complex of TcdB and DLD-4 was imaged under both the FEI Tecnai F20 

electron microscope (FEI company, Netherlands) and a JEOL JEM3200FSC electron 

microscope (JEOL, Japan), with their respective field emission gun operated at 200 kV 

and 300 kV. Both microscopes are equipped with a Gatan K2 summit direct detection 

camera (Gatan, Pleasanton, CA). 2,255 (from Tecnai F20) and 1,647 (from 

JEM3200FSC) micrographs were collected using macro mode or manual mode of 

SerialEM60 in the super-resolution electron counting mode. A nominal magnification of 

25,000X (on Tecnai F20) and 30,000X (on JEM3200FSC) were used, yielding subpixel 

size of 0.75 Å and 0.6 Å, respectively. The beam intensity was adjusted to 5 e−/Å2/s on 

the camera. A 33-frame movie stack was collected for each picture, with 0.2 s per frame, 

for a total exposure time of 6.6 s. For data collected on the JEM3200FSC, an in-column 

energy filter was used with a slit width of 29 eV. 

Apo-state TcdB was imaged similarly but under the FEI Tecnai F20 electron 

microscope only. Image data was collected under nominal magnification of both 25,000 

X and 29,000 X, yielding subpixel size of 0.75 Å and 0.62 Å, respectively. 

4.2.10. Image processing 

Movie stacks, collected on both microscopes for the complex of TcdB and DLD-

4, were first binned by 2 to yield pixel size of 1.5 Å and 1.2 Å. Using Unblur (140), 

these stacks were aligned and summed to generate a set from frames 1–33. These sum 

images were visually screened, and 1,272 and 1,173 of each set with strong power 

spectra were selected for further processing. Contrast transfer functions of the 
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micrographs were estimated using CTFFind4 (141). Batchboxer in EMAN (142) was 

first used to automatically pick all the particles from 1,272 sum images with a box size 

of 216 pixel2, or particles from 1,173 sum images with a box size of 280 pixel2, yielding 

331,516 particles and 234,642 particles, respectively. These particles were scaled to a 

common pixel size of 3 Å. The automatically picked particles were then screened for 

high-contrast particles for four rounds of the reference-free 2D classification in RELION 

(116).  45,806 and 38,614 clean particles were selected and combined for 3D 

classification, separating particles into four classes. Since density maps from these 

classes had similar conformations except for the CROPS domain, all the clean particles 

were used for 3D refinement to generate a final density map of TcdB-DLD-4 complex at 

9 Å resolution. The same particles were also used for 3D refinement of the core region 

with a solvent mask that masked out the CROPs region, generating a density map of the 

TcdB-core-DLD-4 complex at 8.3 Å resolution. The overall resolution was assessed 

using the gold-standard criterion of Fourier Shell Correlation, with a cutoff at 0.143, 

between two half maps from two independent half-sets of data. Local resolutions were 

estimated using Blocres (143). The apo TcdB structure was similarly processed. 

4.2.11. Model building 

The homology models for the core region of the TcdB (residues 1-1799), the U3 

and 1.4E modules of the DLD-4 were built in Swiss-model. The linker between U3 and 

1.4E was manually built in UCSF chimera (118). These models, along with the crystal 

structure of the N-terminal half of the CORPS domain in TcdB (residues 1834-2101, pdb 

code: 4NP4) were combined in UCSF chimera and refined into the cryo-EM density map 
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using Molecular Dynamics Flexible Fitting to generate the complex structure of TcdB 

and DLD-4. I-TASSER was used to predict the secondary structure for the region of 

residues 1800-1834. 

4.3. Results 

4.3.1. Dimeric DARPins inhibits TcdB toxicity in a more effective way 

4.3.1.1. Engineering monomeric TcdB-neutralizing DARPins 

A library of approximately 2x109 DARPin variants was constructed via 

sequential PCR and ligation essentially as described previously. Biotinylated TcdB 

(from C. difficile strain VPI10463) was used as the target protein to enrich DARPins that 

could bind the toxin via four rounds of phage panning. DARPin variants from the 3rd 

round of phage panning were subcloned into the pET26b vector and transformed into E. 

coli BL21(DE3) cells for high-level DARPin expression and functional screening for 

those with toxin-neutralization ability. About 40% of the clones (299 clones) were able 

to rescue Vero cells viability from TcdB toxicity by >50%. The top 40 hits were 

sequenced and of which 12 unique clones were identified and further characterized. 

Most clones exhibited EC50 values of ~10 nM, and the 2 best clones, 1.2E and 1.4E, 

showed EC50 of 2.4 nM and 3 nM, respectively. The relative affinity of each of the top 9 

DARPins for TcdB was assessed by ELISA (Figure 4-1.B), and was found to not 

directly correlate with their in vitro neutralization potency. For example, although 1.2E 

and 1.4E exhibit similar TcdB-neutralization ability, 1.4E appeared to be among the 

strongest toxin binders while 1.2E was the weakest binder. The discrepancy between 

binding affinity and neutralization potency likely stems from the different epitopes 
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engaged by the different DARPins. It is conceivable that a DARPin binding to a region 

critical for the toxin activity would exhibit better toxin-neutralization potency than 

another DARPin binding to a region of less importance even if the first DARPin binds 

the toxin with weaker affinity than the second DARPin. 

 

 

 

 

4.3.1.2. Engineering dimeric TcdB-neutralizing DARPins 

Fusion of multiple DARPins have been reported to significantly improve the 

target-binding affinity via avidity effects (144). We hypothesized that fusion of two 

Figure 4-1 Screen monomeric DARPin. 
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DARPins binding to non-overlapping epitopes on the toxin should lead to greatly 

improved binding affinity that increases toxin-neutralization potency. A combinatorial 

library of DARPin dimers was created by joining individual monomeric DARPins (12 

total) via a flexible linker (GGGGSx3). A total of 1504 individual clones were screened 

using the Vero cell assay and 12 hits were identified. Of which, 10 were determined to 

be unique clones. The in vitro neutralization potencies of these 10 DARPins and their 

relative TcdB binding affinities were shown in Figure 4-2. The best DARPin dimer, 

DLD-4, exhibited a toxin-neutralization EC50 of 4 ± 1 pM, which is ~600-fold lower 

than the best monomer DARPin, 1.2E (EC50 2.4 ± 0.5 nM). Similar to that observed for 

the DARPin monomers, the relative TcdB binding affinities of these DARPin dimers do 

not directly correlate with their neutralization potency. Sequencing results also revealed 

that many of these dimers contain a new DARPin, U3, that is not present in the original 

12 monomers. U5 is identical to U3 except that it lacks the third randomized ankyrin 

repeat domain. U3 alone has weak, but detectable, toxin-neutralization (Figure 4-3) and 

toxin-binding abilities (Figure 4-4) and is likely a minor constituent present in the initial 

pool used to create the dimer DARPin library. 

 

Figure 4-2 Dimeric DARPin screening. 
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Figure 4-2 Continued. 

 

 

To understand the reason for the dramatic improvement in activity, we further 

characterized the five best dimer DARPins. We first compared the in vitro TcdB-

neutralization potency of the DARPin dimers with their constituent monomers (Figure 4-

3). All these DARPin dimers significantly out-performed their constituent monomers 

and the combination of both monomers, indicative of synergistic activity among the 

constituent monomer DARPins. We further compared the relative binding affinity of 

DARPin dimers and monomers using ELISA. As shown in Figure 4-4, except for DLD-

6, the combination of the two constituent monomer DARPins lead to additive increase of 

ELISA signal, suggesting that these constituent monomers bind non-overlapping 

epitopes on the toxin. Dimeric DARPins showed further enhanced binding/ELISA 

signal, indicative of avidity effect between the constituent DARPin monomers. An 
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exception is DLD-6, which appeared to bind the toxin weaker than its constituent 

DARPin 3.5B at concentrations <25 nM. In addition, unlike other dimeric DARPins 

where the combination of constituent DARPin monomers leads to an additive increase of 

binding signal, no increase in binding signal was observed with both constituent 

DARPins (3.5B + U3) than with 3.5B alone. This result is somewhat unexpected, 

considering that the toxin-neutralization potency of DLD-6 is > 100 fold higher than that 

of 3.5B (EC50: 12.5 pM for DLD-6 vs. 13.3 nM for 3.5B). We posit that one possible 

cause of this discrepancy is that TcdB protein, when immobilized on ELISA plate, 

exhibits less flexibility, which may hinder the simultaneous interaction by both U3 and 

3.5B. 

 

 

 

Figure 4-3 DARPin dimers exhibit superior toxin-neutralization potency relative 

to the constituent monomers. 
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4.3.1.3. Characterization of DARPin TcdB-neutralization potency 

All of our protein engineering work was conducted using TcdB from the 

laboratory strain of C. difficile VPI10463 (ribotype 087). However, there is a significant 

amount of amino acid sequence heterogeneity between different strains of C. difficile 

and thus a need to develop broadly neutralizing DARPins. As a first step to address this 

need, we evaluated the activity of selected DARPin dimers (DLD-4, -7, -11, -12) against 

TcdB from three different strains of C. difficile: VPI10463, M68 (ribotype 012) and UK1 

(ribotype 027). All DARPins were effective against toxins from VPI10463 and M68 

(Figure 4-5). The best DARPin, DLD-4, was found to be ~330- and ~33-fold more 

efficacious than bezlotoxumab at inhibiting TcdB from VPI 10463 and M68, 

Figure 4-4 DARPin dimers demonstrate avidity in TcdB binding. 
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respectively (Figure 4-5B). However, no neutralization activity was observed for any of 

the DARPins against TcdB from UK1 strain, which belongs to the hypervirulent 027 

ribotype. Bezlotoxumab also showed significantly weaker, albeit detectable, 

neutralization activity against this toxin (EC50 >25 nM). We are currently repeating our 

in vitro engineering using TcdB from the UK1 strain of C. difficile as the target protein 

in order to identify DARPins efficacious against this toxin. 

 

 

 

 

We further evaluated the ability of the most potent DARPin, DLD-4, to protect 

mice from systemic toxin challenge in vivo. A lethal dose of TcdB (1.5 µg/kg) was 

mixed with DLD-4 (0.25 or 2.5 mg/kg), bezlotoxumab (10 mg/kg) or PBS and then 

injected intraperitoneally (i.p.) into CD1 mice (5-10 mice/group). Bezlotoxumab is the 

Figure 4-5 DARPin dimers offer superior protection to Vero cells against the 

toxicity of TcdB from C. difficile strains VPI 10463 (ribotype 087) and M68 

(ribotype 017). 
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monoclonal antibody that was approved by the FDA in 2016 for treating recurrent C. 

difficile infection and was used here as a control. 40% of the mice survived after 

injection with the mixture containing the toxin mixed with 2.5 mg/kg DLD-4 (p=0.04), 

while no measurable protection was observed in mice receiving the same dose of toxin 

mixed with bezlotoxumab (10 mg/kg) or DLD-4 (0.25 mg/kg), as all mice died within 30 

hours post injection (Figure 4-6). In previous studies, when a much lower toxin dose was 

used (25 ng/mouse or ~1 µg/kg), i.p. injection of bezlotoxumab (10mg/kg) lead to 38% 

mice (3 out of 8) surviving 72 h post toxin injection29. These results demonstrated that 

the DLD-4 possesses significantly higher toxin-neutralization ability than bezlotoxumab. 

 

 

 

 

 

 

Figure 4-6 In vivo studies on DARPin neutralization ability. 
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4.3.2. Dimeric DARPin interacts with TcdB on the receptor binding pockets 

4.3.2.1. Cryo-EM structure of the full-length TcdB and its interaction with DARPin 

DLD-4 

To understand how DLD-4 neutralizes TcdB, single-particle cryo-electron 

microscopy (cryo-EM) was used to determine the complex structure of TcdB and DLD-

4.  

The overall structure of full-length TcdB is very similar to TcdA, consisting of four 

functional domains: the glucosyltransferase domain (GTD), the autoprocessing domain 

(APD), the Delivery domain and CROPS domain. The Delivery domain undergoes 

conformational changes triggered by the low pH environment in the late endosome to 

form pores, translocating the GTD across endosome membrane into the host cytosol 

after ADP-catalyzed intramolecular cleavage reaction. Once inside the cytosol, GTD 

inactivates small GTPases such as RhoA, Rac1 and Cdc42 by glucosylation, causing a 

loss of actin polymerization and cytoskeletal changes and disruption of the colonic 

epithelial junctions. 

The two constituent DARPins of DLD-4, U3 and 1.4E, bind around the middle 

and the C-terminal end of the Delivery domain, respectively (Figure 4-7A-C). The 1.4E 

also interacts with the C-terminal region of the APD. The resolved protein secondary 

structures allowed us to model each domain of the TcdB and DLD-4 into the cryo-EM 

density (Figure 4-7D). Notably, the density of the 15-residue long peptide linker 

between the C-terminus of U3 and the N-terminus of 1.4E was visible, enabling the 

assignment of each DARPin into its corresponding density (Figure 4-7E). The local 
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resolutions of the cryo-EM density are not uniform throughout the complex, with lower 

resolutions around U3 of DLD-4 and the C-terminal tip of the CROPS domain. These 

are consistent with the observation that U3 DARPin binds relatively weakly to TcdB and 

the tip of the CROPS domain exhibits larger flexibility, both of which contribute to their 

lower local resolutions in single-particle cryo-EM reconstructions.  

 

 

Figure 4-7 Cryo-EM structure of the TcdB–DLD-4 complex. 

A) Domain organization of TcdB and its interaction with the 2 modules of the 

DLD-4 DARPin. The binding sites on TcdB for DLD-4 are indicated by the blue 

and orange triangles for the U3 and 1.4E modules, respectively. (B) Density map 

of the TcdB–DLD-4 complex with the functional domains and DARPin modules 

in different colors. (C) The same map but rotated 90° as indicated by the arrow. 

(D) The model fitted into the map as viewed from the eye cartoon labeled in Panel 

B. The density map is iso-surfaced at a threshold of 9 σ. (E) Zoom-in of the region 

labeled within the dashed black box in Panel C to show the linker between 

DARPins U3 and 1.4E. The density map is iso-surfaced at a threshold of 3.8 σ. 

APD, autoprocessing domain; CROPS, combined repetitive oligopeptides; cryo-

EM, cryo-electron microscopy; DARPin, designed ankyrin repeat protein; GTD, 

glucosyltransferase domain; TcdB, C. difficile toxin B. 
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3D classification of all the cryo-EM particles of TcdB and DLD-4 revealed 

multiple conformations of the CROPS domain (Figure 4-8), indicating a continuum of 

conformational variations at the C-terminal tip of the CROPS domain. Importantly, in all 

observed conformations of both DLD-4-bound and apo TcdB particles, the CROPS 

domain projects away from the Delivery domain. Such a conformation of the CROPS 

domain is strikingly different from that reported in the negative-stain electron 

microscopy (EM) structure of the full-length apo TcdA and TcdB at the same pH (pH 

7.4), in which the CROPS domain extends toward and ‘kisses’ the Delivery domain. To 

resolve whether the 180° shift of the CROPS domain results from the difference between 

cryo-EM and negative-staining EM specimen preparations, we calculated the two-

dimensional (2D) class-averages of the negatively stained apo TcdB particles at pH 7.4. 

In ~80% of the negatively stained TcdB particles, the CROPS domain extends toward 

the Delivery domain (Figure 4-8B), similar to that seen in the negatively stained apo 

TcdA and TcdB. Only ~20% of the apo TcdB particles have the CROPS domain 

projecting away from the Delivery domain similar to that observed in cryo-EM TcdB 

structure. Unlike cryo-EM, in which the protein samples are preserved in a vitreous state 

with water molecules in and surrounding the specimen, negative-stain EM inevitably 

results in dehydration and flattening of the biological specimens which may result in 

distortion of the molecule’s conformation. Thus, we believe that the TcdB conformation 

in which the CROPS domain projects away from, rather than extending toward, the 

Delivery domain, represents the native aqueous conformation of TcdB at pH 7.4. 
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Examination of the interface between TcdB and DLD-4 revealed detailed binding 

modes between the toxin and the two constituent DARPins, U3 and 1.4E, which are 

separated by ~30Å and orientated perpendicular to each other (Figure 4-9A). The two 

DARPins are connected by a 15-residue linker (GGGGSx3), which lies along the side of 

the Delivery domain of TcdB. Each DARPin consists of 3 designed ankyrin repeat (AR) 

modules sandwiched between the N- and C-terminal capping ARs. Each designed AR 

and the C-terminal capping AR consist of a b-turn loop followed by two antiparallel a-

helices, resulting in three variable and one fix loops on each DARPin. These four loops 

are labeled as Loop 1-4 in Figure 4-9. As anticipated, both DARPins have their variable 

loop regions contacting the TcdB and their helical scaffold regions exposed to the 

solvent. U3 grips onto the middle of the Delivery domain (a β-sheet from residues 1461-

1510 and a loop from residues 1595-1603, Figure 4-9B) while 1.4E sits between the C-

Figure 4-8 3D classification result and the negative stain result of TcdB and 

DLD-4 complex. 
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terminus of the Delivery domain and the N-terminus of the CROPS domain (residues 

1800-1834), and interacts with a loop from the APD (residues 747-751) (Figure 4-9C). 

The sequence of TcdB from 1800 to 1834 lacks a high-resolution structural reference. 

However, both the shape of the EM density and the secondary structure prediction based 

on the protein sequence indicated this region to be a β-sheet (grey density in Figure 4-

9C). 

The cryo-EM structure revealed several protein residues carrying opposite 

charges at the binding interface between DLD-4 and TcdB. For example, the U3 has Arg 

66 on Loop 1 and Lys 163 on Loop 4 that are within 5-Å distances to Glu 1468 and Asp 

1501 from the TcdB Delivery domain, respectively (Figure 4-9B). In the UK1 strain of 

TcdB, the negatively charged Glu 1468 and Asp 1501 are occupied by the positively 

charged Lys and polar Asn, respectively. These changes in electrostatic interactions may 

explain the weakened affinity of U3 toward the TcdB from the UK1 strain. 

For DARPin 1.4E, the loops 1 and 2 span over a β-sheet region (residues 1749 - 

1767) in the TcdB Delivery domain, while loops 3 and 4 interact with part of CROPS 

(residues 1800-1834) and APD (residues 747-751), respectively. Glu 144 and Lys 168 

on loop 3 and loop 4 of 1.4E are within 5-Å distances to the oppositely charged Lys 

1846 in the CROPS domain and Glu 749 in the APD, respectively (Figure 4-9C). Given 

these observations, charge interaction also likely contributed to the binding of 1.4E to 

TcdB. It is worth noting that this region (residues 1753-1851) was reported to be highly 

variable between TcdB from different ribotypes and neutralizing epitopes within this 

region was found to be less accessible in TcdB of ribotype 027 (e.g. UK1) than that of 
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ribotype 012. No detectable binding between 1.4E and UK1 strain of TcdB was observed 

in our ELISA assay. Thus, the lack of neutralization activity of 1.4E against TcdB from 

UK1 may be partially due to the occlusion of the neutralization epitope on this toxin. 

 

 

 

 

Figure 4-9 Interactions between TcdB and DLD-4. 

(A) Overall model of the complex. (B) Zoom-in view to show the interactions 

between U3 DARPin and TcdB as viewed in the direction labeled by an eye cartoon 

in Panel A. (C) Zoom-in view to show the interactions between the DARPin 1.4E 

and TcdB at the region as labeled by red dashed box in Panel A. APD, 

autoprocessing domain; CROPS, combined repetitive oligopeptides; DARPin, 

designed ankyrin repeat protein; GTD, glucosyltransferase domain; 

TcdB, C. difficile toxin B. 
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4.3.2.2. Mechanism of TcdB neutralization by DARPin DLD-4 

Both TcdA and TcdB enter cells via receptor-mediated endocytosis. The CROPS 

domain is historically thought to be the sole receptor-binding domain. However, three 

cell-surface receptors for TcdB have been recently been reported: chondroitin sulfate 

proteoglycan 4(CSPG4), poliovirus receptor like 3 (PVRL3 or NECTIN3), and members 

of the Frizzled protein family (FZD1, FZD2, and FZD3). Our best TcdB-neutralizing 

DARPin DLD-4 consists of DARPin 1.4E and U3. The Cryo-EM study revealed that 1.4 

E interacts with regions between residues 747-751 and 1800-1834, while U3 interacts 

with regions between 1461-1510 and 1595-1603 (Figure 4-8A). Since these regions over 

overlap with that of TcdB receptor CSPG4 (between residues 1756-1852, designated 

D97), we postulated that DLD-4 may neutralize the toxin by blocking the interaction 

between the toxin and at least one of its receptors. 

We first determined whether DLD-4 would compete with CSPG4 for binding to 

TcdB using competitive ELISA. A GFP-tagged extracellular domain of CSPG4 

(CSPG4-EC-GFP) was expressed in HEK 293F cells and purified. For the ELISA 

experiments, MaxiSorp 96-well plates were first coated with purified TcdB, then 

incubated with CSPG4-EC-GFP (1 nM) in the presence or absence of DLD-4 or its 

constituent DARPins (250 nM) for 1 h at room temperature. After thorough washing, the 

bound CSPG4-EC-GFP was detected using anti-GFP antibody. As shown in Figure 4-

9A, DLD-4 and its constituent 1.4E were able to significantly reduce the binding signal 

from CSPG4-EC-GFP with DLD-4 producing a more pronounced signal reduction than 
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1.4E. No significant reduction in binding signal was observed for U3. This result 

indicates that the 1.4E DARPin interferes with the toxin-CSPG4 interaction. 

 

 

Figure 4-10 Charge contribution of binding between U3 and TcdBVPI. 

Relative binding of U3 to different immobilized mutants of FBD (A) or different 

U3 mutants to immobilized TcdBVPI (B) was determined using ELISA. In both 

cases, serially diluted WT or mutant U3 proteins were added to microtiter plates 

coated with 4 μg/mL of the TcdBVPI (A) or FBD variants (B). Results are the 

average of 3 independent experiments, and the error bars represent the standard 

deviation. (C) Relative binding of FZD2-Fc to immobilized TcdBVPI. The ELISA 

plates were coated with TcdBVPI followed by treatment with 1 nM of FZD2-Fc 

alone or in combination with 250 nM of WT or different U3 mutants. The error 

bars represent mean deviation from 2 independent experiments. ELISA, enzyme-

linked immunosorbent assay; FBD, frizzled binding domain; FZD2-Fc, Fc-tagged 

extracellular domain of FZD2; TcdB, C. difficile toxin B; WT, wild type. 
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We carried out a similar competition ELISA experiment to determine whether 

DLD-4 and FZD2 bind to overlapping epitopes on TcdB. After toxin immobilization, the 

plate was incubated with FZD2-Fc (1 nM) in the presence or absence of DLD-4 or its 

constituent DARPins (250 nM). As shown in Figure 4-9B, significant reduction of 

binding signal was observed for DLD-4 and U3 while no reduction of FZD2-binding 

signal was observed for 1.4E. This data indicates the U3 competes with FZD2 for 

binding to TcdB. Since U3 interacts with TcdB between residues 1461-1510 and 1595-

1603, our result essentially maps the binding footprint of FZD2 for the first time.  No 

signal reduction was observed for the extracellular domain of PVRL3 (PVRL3-EC) 

using the same assay, suggesting that DLD-4 does not interfere with the interaction 

between PVRL3 and TcdB. Altogether, these studies led us to conclude that the high 

toxin-neutralization potency of DLD-4 stems from its ability to simultaneously interfere 

with the ability of TcdB to interact with two of its cellular receptors CSPG4 and FZD2. 

4.4. Discussion 

C. difficile infection (CDI) represents a serious public health problem with more 

than $6 billion in annual treatment-associated costs. CDI often occurs post broad-

spectrum antibiotics treatment, which disrupts the patients’ natural gut microflora that 

would normally prevent the colonization of C. difficile. Consequently, antibiotics are 

non-ideal therapeutics against CDI. In addition, the rate of CDI recurrence post cessation 

of antibiotic treatment has greatly increased in the past decades, pointing to a great need 

for non-antibiotic-based CDI therapeutics. Direct toxin-neutralization by monoclonal 

antibodies have emerged as a promising therapy against CDI, with bezlotoxumab 
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(ZINPLAVA), a fully human monoclonal antibody against C. difficile toxin TcdB, 

recently being approved by the FDA for treatment of recurrent CDI. The market value of 

bezlotoxumab is predicted to reach over US$212 million by 2020. However, even with 

bezlotoxumab, the CDI recurrence rate remains high at 15-17%. Furthermore, 

bezlotoxumab shows significantly reduced neutralization potency against toxins from 

hypervirulent strains of C. difficile ribotype 027 and 078. 

In this study, we aimed to engineer a highly efficacious microbial-expression 

compatible antibody surrogate protein, designed ankyrin repeat protein (DARPin), for 

the neutralization of C. difficile toxin TcdB. DARPins represent a versatile class of 

binding proteins that have been engineered to bind diverse targets with up to picomolar 

affinity. Furthermore, DARPin is also amenable to high yield production by microbial 

recombinant expression hosts. Our long-term goal is to create DARPin-based oral 

therapeutics against CDI infection. Combining phage-panning and functional screening, 

we identified 12 DARPins that protected Vero cells against TcdB-induced cytopathic 

effect with nanomolar EC50 values. A secondary functional screening of dimeric 

DARPins yielded 10 dimers with >100-fold improved toxin-neutralization potency 

compared to the monomers. The best dimer DARPin, DLD-4, inhibited TcdB from VPI 

10463 (ribotype 087) and M68 (ribotype 017) with EC50 values of 4 and 16 pM 

respectively, which are ~330-fold and ~33-fold more potent than the FDA-approved 

bezlotoxumab. Furthermore, DLD-4 effectively protected mice against lethal TcdB toxin 

challenge in vivo. 
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Cryo-EM studies revealed that the two constituent DARPins of DLD-4, U3 and 

1.4E, bind to two different regions on the TcdB that overlaps with those associated by 

TcdB receptor CSPG4 (residues 1756-1852) and FZD2 (residues 1501-1834), 

respectively. Subsequently competitive ELISA studies confirmed that 1.4E and U3 

competes with CSPG4 and FZD2, respectively, for binding to TcdB. No competition 

between DLD-4 and the third TcdB receptor Pvrl3 was observed. Thus, the ultra-high 

neutralization potency of DLD-4 likely stems from its ability to simultaneously block the 

interaction between TcdB and two of its receptors. In addition, it is worth noting that the 

current study also, for the first time, pin points the binding epitopes of FZD2 to the 

footprint of U3 (residues 1501-1510 and 1595-1603). 

Moreover, our cryo-EM studies revealed a novel conformation of TcdB at pH 7.4 

in which the CROPS domain points away from the Delivery domain. This is in contrast 

to what is seen in negative-stain EM structure of TcdA, as well as the major 

conformation of the negatively stained apo-TcdB. Given that unlike negative-stain EM, 

the cryo-EM specimen preparation suffers no structural artifacts from specimen 

preparation, we believe that our cryo-EM structure likely represents the native 

conformation of TcdB in aqueous environment at pH 7.4. 

In summary, we report the engineering of a panel of DARPins with superior 

toxin neutralization potency against C. difficile toxin TcdB than the FDA-approved anti-

TcdB monoclonal antibody bezlotoxumab. These DARPin-based highly potent anti-

toxins possess great potential as therapeutics to treat and/or prevent CDI. Cryo-EM 

structural studies, for the first time, revealed a novel and native conformation of the full-
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length toxin at pH 7.4, encompassing the CROPS domain and provided important 

structural insight on the toxin-neutralization mechanism-of-action of DLD-4. These 

results should enable better design and engineering of inhibitors against TcdB. 
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5. CONCLUSIONS 

5.1. Receptor binding of TcdB 

In this dissertation, I examined in detail the interaction between the Clostridium 

difficile toxin TcdB and the FZD2/CSPG4 receptors of the host intestinal epithelium. 

This is the first time the structures of full-length TcdB bound to its receptors have been 

determined. The interactions between TcdB and FZD2/CSPG4 are fundamentally 

different. The interaction between TcdB and FZD2 is primarily hydrophobic and 

confirms a published crystal structure (89). Because a homolog model for CSPG4 had 

been lacking, this is the first time that the structure of a CSPG4 fragment and its 

glycosylation site have been visualized. The interaction interface between TcdB and 

CSPG4 was identified, although the exact pattern of the interaction remains unknown. I 

not only described the interaction sites of TcdB with CSPG4 but also found that the 

autoprocessing domain (APD) of TcdB is involved in receptor binding. Even though the 

combined repetitive oligopeptides (CROPS) domain of TcdB is proposed to interact non-

specifically with the glycan (145), the glycan moiety of the CSPG4 fragment (residues 

410-560) seems not to be close to TcdB, suggesting that glycosylation of this CSPG4 

fragment is not involved in the binding.  

By comparing the density maps of TcdB in its FZD2 and CSPG4 bound states,  I 

can tell that the delivery domain of TcdB is relatively “stable” when interacting with 

FZD2, comparing with CSPG4 binding state. This conclusion is supported by my 3D 

classification focused on the delivery domain region. Nearly all particles converge into 

one class for the delivery domain in the FZD2-bound state of TcdB, demonstrating that 
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all particles adopt a similar domain organization. The reason could be that FZD2 

stabilizes  the delivery domain and stop it from flipping around. When TcdB interacts 

with CSPG4, the TcdB delivery domain adopts three different conformations classified 

as CSPG4 binds to the N-terminus of the CROPS domain.  

The delivery domain goes through conformational changes, including bending 

and twisting motions, when the pH decreases. This acidification-induced movement of 

the delivery domain of TcdB bound to CSPG4 will therefore be less restricted than when 

TcdB is bound to FZD2. A study demonstrating that cells expressing CSPG4 in addition 

to FZD2 are more susceptible to TcdB intoxication than cells that only express FZD2 

(81) supports this hypothesis.  

Cryo-EM gives a more dynamic and natural state of macromolecules than X-ray 

crystallography because the molecules are fast-frozen in vitrified ice. Protein particles 

that are in different states can be classified and resolved if they are present in different 

discrete states. Here, I provide not only a detailed analysis of the interaction of TcdB 

with its receptors but also more dynamic views of TcdB when it interacts with its 

receptors. These results provide more information about the mechanism of TcdB uptake 

and may suggest future approaches to the development of CDI treatment. 

5.1.1. Why does TcdB utilize a different receptor-binding mechanism than TcdA? 

It is known that TcdB and TcdA utilize different regions of the proteins to 

interact with different receptors. Only the grooves formed by LRs and SRs in the 

CROPS domain of TcdA have been shown  to interact with its receptor such as sucrase-

isomaltase and gp96, whereas TcdB can enter the host cell by interaction with multiple 
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different receptors. Because TcdA and TcdB have a similar structural organization of 

their CROPS domains, one might have thought that they should share a similar entry 

mechanism. When observing the detailed amino acids in the grooves of LRs and SRs in 

TcdB, reversed charges of critical binding residues are found when comparing the 

primary sequence with TcdA. For example, the carbohydrate from the cell membrane is 

proposed to interact with the acidic side chain of glutamic acid residue 2532 in TcdA, 

which is replaced by a lysine residue at the equivalent position in TcdB. This flip-of-

charge makes it impossible for the amino acids in the TcdB CROPS domain grooves to 

interact with glycosylated membrane protein like TcdA does.  Thus, the surface of the 

TcdB CROPS domain is not sufficient for interaction with glycan. 

After interacting with their receptors, TcdA/TcdB go through well-defined 

endocytosis pathways. TcdB is incorporated through the clathrin-mediated pathway, 

whereas TcdA enters the cell through the caveolae-mediated pathway (146) (147). These 

two pathways are both utilized by enteritic viruses and toxins. For example, the Ebola 

and SARS viruses go through the clathrin-mediated pathway, while Tetanus toxin and 

E.coli shiga toxin go through the caveolae-mediated pathway (148). In the caveolae-

mediated pathway, the caveolae aggregate underneath the receptor and form vesicles in 

the cytoplasm. However, not all of these vesicles merge with the early endosome, which 

means that some portion of the TcdA will not get the chance to complete its action. 

Developing multiple receptors results in more efficient incorporation. TcdB is reported 

to have a greater cellular toxicity than TcdA, and its use of multiple receptors may 

contribute to this effect. Even though there are seven binding pockets for carbohydrates 
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in the TcdA CROPS domain, the binding affinity between each binding pocket and its 

receptor is relatively low (~5X102 M-1) (149), whereas TcdB interacts with its receptors 

with a much higher affinity (~20nM). 

5.1.2. Does TcdB incorporate into cells using one receptor or multiple receptors? 

FZD2 has a relatively small extra cellular domain (~30kD), whereas the 

extracellular domain of CSPG4 is much bigger and heavily decorated by glycans. 

Binding with these two receptors significantly increases the rate of endocytosis. 

However, the size difference between CSPG4 and FZD2 makes it hard to imagine that 

TcdB is able to interact with both receptors at the same time. Previous studies 

demonstrated that TcdB binds to CSPG4 andFZD2 independently, and the toxicity is 

additive (81). This means that TcdB probably interacts with either CSPG4 or FZD2 prior 

to endocytosis. Based on our ELISA assay results for binding of CSPG4 and FZD2 with 

TcdB at neutral and acidic pH, I found that when TcdB is internalized through binding 

with CSPG4, it dissociates from the receptor more quickly, probably because 

conformational changes of the TcdB delivery domain are less restricted. TcdB 

dissociates from FZD2 relatively slowly, and it binds to the delivery domain, two 

circumstances that presumably slow down pore formation and translocation of TcdB out 

of the late endosome into the cytosol. 

5.1.3. Future questions needed to be resolved 

Even though my structures revealed the interactions between TcdB and its two 

receptors, FZD2 and CSPG4, the interaction between TcdB and its third potential 

receptor, PVRL3, remains unclear. In LaFrance et al. (79), the authors propose that 
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PVRL3 is a TcdB receptor because: 1) A direct interaction was found between purified 

TcdB and PVRL3. 2) Anti-PVRL3 antibody blocks the cytotoxicity induced by TcdB. 

However, a knock-down of PVRL3 levels did not reduce the potency of TcdB in causing 

rounding of Hela cells. Also, expressing PVRL3 in a CSPG4-knockdown cell line did 

not restore TcdB toxicity, whereas complementation with FZD2 made the CSPG4-

knockdown susceptible to TcdB. Thus, although PVRL3 may be involved in the 

mechanism of TcdB uptake, its exact function needs to be investigated more carefully. 

One possibility is that PVRL3 interacts with TcdB prior to its internalization. However, 

this interaction does not lead to endocytosis but rather blocks some other cellular 

activities related to PVRL3, such as the regulation of cell adhesion. Another possibility 

is that interaction with PVRL3 increases the local concentration of TcdB, thereby 

making it easier to contact the receptors that actually trigger endocytosis. To test this 

possibility, one could generate different truncated variants of TcdB to identify in the 

region that interacts with PVRL3.  

5.2.  Pore formation and translocation 

Pore formation and translocation out of the late endosome are the least 

understood steps in the uptake of TcdB. It is impossible to separate the pore-formation 

step from the translocation step as they happen nearly simultaneously (128). Our cryo-

EM results provide some intermediate states of TcdB at acidic pH that provide some 

idea of how these processes occur. Based on a 3D variability analysis, a continuous 

movement, rather than discrete states, is observed,  indicating that the movement of 

TcdB is very fast and involves a flip.  Direct observation of the different intermediate 
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states is quite difficult based on our preliminary results.  Another unique aspect of this 

process is that the pore formed by TcdB in the endosome membrane is not present 

continuously. This conclusion is supported by the observation that the leakage of Rb+ 

from inside liposomes is pulsatile (128). Also, no oligomerization of TcdB is observed, 

either when it is in citric acid buffer or bound to the liposome membrane. This 

observation is totally different from anthrax toxin, which forms heptamer when pH 

decreases.   

Based on the results presented in Chapter III, I propose a model for pore 

formation and translocation of TcdB. TcdB is in a flexible state, with its delivery domain 

flipping around and its CROPS domain moving. When the pH decreases, drastic 

conformational changes occur, the whole particle expands, and the delivery domain tip 

extends forward. The helices (residues 1018-1112) that wrap around the delivery domain 

also become extended. The short helices formed by residues 1043-1050 and 1054-1065 

are flexible and insert into the endosome membrane. The loop comprised of residues 935 

to 949, which are involved in the translocation are flipped. These changes accompany 

large conformational changes in domain 1 in the beginning of the delivery domain, 

which are proposed to be related to the translocation.  

 Even with so many movements observed, it is hard to imagine that TcdB is able 

to move the GTD and APD (~90kD) from the lumen of the endosome to the cytosol just 

by inserting several helices into the membrane. Based on the results from the leakage 

assay, we know that TcdB is able to form a pore in the liposome membrane within five 

minutes after acidification. Thus, I should be able to utilize cryo-EM to solve a rough 
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structure for TcdB within the liposome membrane. If a large domain reorganization 

occurs, I should be able to detect it, and with the liposome present, the TcdB structure 

will be highly stabled. The rate of insertion of TcdB into the membrane remains 

unknown. Optimizing conditions, such as liposome composition and the buffer 

conditions, is necessary to find the most efficient insertion rate of TcdB. In order to 

detect the insertion rate of TcdB, I will add protease in the citric acid buffer that contains 

TcdB/liposome mixture. If the translocation is happening, the TcdB GTD/APD will be 

protected from protease digestion as it is flipped in the liposome. 

5.2.1. The role of the CROPS domain in TcdB pore formation 

Chen et. al. (1) compared the particle lengths of TcdB at physiological pH and 

acidic pH using small-angle X-ray scattering. They found that, at acidic pH, TcdB 

adopts an “open” state in which the CROPS domain points away from the delivery 

domain. At physiological pH, TcdB adopts a “closed” state in which the CROPS domain 

is aligned with the delivery domain. Our cryo-EM structures show only the “open” state 

under both pH conditions. This could be because TcdB stays in the “closed” state for a 

very brief time. Knowing the  “closed” structure and comparing it with the “open” state, 

we might be able find out more about the function of the TcdB CROPS domain and its  

role in regulation of the conformational change. This will require collecting more cryo-

EM data to capture this transition state and the application of model-orientated 

classification to identify the rare particles that exist in the “closed” state.  
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5.2.2. Is TcdB able to influence the morphology of the endosome? 

Detectable signal mismatch and an increase in the baseline are observed in the 

leakage assay, suggesting that: 1) There are not many holes formed in the liposome 

membrane that will disrupt its intactness after pH decreases. We can still observe strong 

signals from calcein that remains in the liposome lumen, and only some of the calcein 

signal does not co-localize with the membrane that contains lipophilic carbocyanine DiD 

2). There are signs that liposomes are getting much closer when liposomes are incubated 

with TcdB at pH5 for 5 minutes. This was shown by comparing the signal from DiD on 

the liposome membrane. When TcdB was added at pH5, the signal from liposome 

membrane became stronger, and with less TcdB only a medium strength signal existed, 

suggesting that some of the medium-sized liposomes become larger somehow after 

treatment with TcdB. This was demonstrated by our cryo-EM data of TcdB added to 

liposomes at pH5. The neighboring liposomes are not fusing but connected together by 

TcdB particles. 

Whether this phenomenon is significant to the toxicity of TcdB is not known. 

When performing the leakage assay, I used a high concentration of the liposome and 

TcdB mixture to replicate the conditions used for cryo-EM single-particle data 

collection. Thus, the liposomes might have aggregated because of the exposure of the 

hydrophobic patch of TcdB on the liposome exterior. 

5.3. Concluding remarks 

As mentioned in the main text, TcdB secreted from C. difficile is a highly 

flexible and dynamic protein that is suitable to be studied using cryo-EM. By collecting 
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large data sets of different states of TcdB, I was able to visualize the dynamic 

movements that accompany receptor binding and the conformational changes that occur 

when the pH in the endosome lumen decreases. The two receptors for TcdB interact with 

different regions of TcdB. FZD2 binds to the middle of the delivery domain, forming a 

hydrophobic patch with a protrusion of the delivery domain. The interaction with FZD2 

stabilizes TcdB, especially the delivery domain. pH change has no effect on the binding 

affinity of FZD2 for TcdB, which might position the delivery domain close to the 

membrane, ready for insertion. Whether stabilizing the TcdB delivery domain under 

physiological pH benefits the following conformational change remains unknown. A 

more complete picture of the conformational changes in the delivery domain need to be 

resolved in order to understand the stabilizing effect of FZD2. I have collected thousands 

of micrographs of His-tagged TcdB bound to liposomes. The liposome provides a 

hydrophobic environment for the TcdB pore-forming region and stabilizes the local 

structure.  

A model of the CSPG4 fragment (residues 410-560) that binds TcdB is presented 

in this dissertation. CSPG4 is a highly glycosylated membrane protein that is important 

for the regulation of many pathways, including the cell cycle and cell morphology. 

When a protein is highly glycosylated, it is impossible to solve its structure with 

crystallography. A high resolution density map was derived in this work and provides a 

good model of the fragment, with the glycan moieties visible. Based on our structure, the 

binding of CSPG4 and TcdB depends on a hydrophobic interaction at the N-terminus of 

the CROPS domain and a charge-charge interaction with the APD. A 3D classification 
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performed on the TcdB-CSPG4 data revealed a flipping movement at the tip of the 

delivery domain. This movement is not seen with TcdB bound to FZD2. Acidification  

significantly decreases the binding affinity of TcdB for CSPG4. Because the N-terminal 

domain of CSPG4 is far from the membrane, TcdB bound to CSPG4 is not positioned to 

insert into endosomal membrane. Thus, dissociation from the receptor is necessary for 

the TcdB to translocate through the endosome membrane.  

Single-particle cryo-EM was also performed on FZD2-bound TcdB at acidic pH. 

After 1 min at acidic pH, conformational changes are observed, but they are not drastic 

enough to allow pore formation. Thus, the structure I determined must represent an 

intermediate pre-pore state of TcdB. Although aggregations were found when TcdB at a 

high concentration (> 0.1mg/mL) was incubated in citric acid buffer at pH5, no obvious 

oligomerization was found during the single-particle analysis, indicating that the pore-

forming mechanism of TcdB is distinct from that of other AB toxins.  

It has been proposed that TcdB pore-forming is a transient behavior, meaning 

that TcdB may not stay inserted in the membrane or create a permanent hole that  allows 

trafficking of small molecules from the lumen to the cytosol. This hypothesis was 

supported by a leakage assay conducted with liposomes. When TcdB was attached to the 

exterior surface artificial liposomes saturated with Rb+ in their lumen, lowering the pH 

induced a flow of Rb+ from the inside to the outside. This leakage was transient, 

suggesting that TcdB does not form a long-lived channel after pore formation. Based on 

this result, we propose that TcdB may adopt multiple states as it inserts and then retracts 

from the membrane. We saw great flexibility of the CROPS and delivery domains at 
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acid pH, together with subtle movements of the GTD and the APD. These observations 

all suggest that TcdB is in an extreme unstable state at acidic pH.   
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