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CHAPTERII

INTRODUCTION

Clostridium difficile is a bacterial pathogen that is the leading cause of nosocomial
antibiotic-associated diarrhea and pseudomembranous colitis worldwide. The incidence,
severity, mortality, and healthcare costs associated with C. difficile infection (CDI) are rising,
making C. difficile a major threat to public health. Traditional treatments for CDI involve use of
antibiotics such as metronidazole and vancomycin, but disease recurrence occurs in about 30%
of patients, highlighting the need for new therapies. The pathogenesis of C. difficile is primarily
mediated by the actions of two large clostridial glucosylating toxins, toxin A (TcdA) and toxin B
(TcdB). These toxins act on the colonic epithelium and immune cells and induce a complex
cascade of cellular events that result in fluid secretion, inflammation, and tissue damage,
hallmark features of the disease. In Chapter 1, | will summarize the structures, molecular
mechanisms, and cellular responses to TcdA and TcdB. The content within the introductory

chapter has been published in FEMS Microbiology Reviews.

Clostridium difficile

Clostridium difficile is an anaerobic, spore-forming, Gram-positive bacterium that was
first described in 1935 by Ivan Hall and Elizabeth O’Toole (1). While the bacterium (originally
named Bacillus difficile) was identified as part of the normal intestinal flora of heathy new-born
infants, Hall and O’Toole noted that the organism was capable of causing disease in animals,

likely through the production of soluble exotoxin(s). C. difficile gained recognition as an
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important human pathogen when it was identified as the etiologic agent of antibiotic-associated
pseudomembranous colitis (PMC) (2, 3). PMC is a severe inflammatory disease of the colon,
characterized by the formation of pseudomembranes that are composed of necrotic epithelial
cells, fibrin, mucous, and leukocytes. Since that discovery, it has become clear that C. difficile
can cause a spectrum of clinical conditions in humans, collectively known as C. difficile
infections (CDI), which range from mild and possibly recurrent diarrhea to life-threatening
complications such as pseudomembranous colitis, toxic megacolon, and colonic perforation (4).
C. difficile has become a major healthcare problem in the United States with an estimated half a

million infections and 29,000 deaths each year (5).

Several molecular typing methods, including PCR ribotyping, restriction endonuclease
analysis (REA), multi-locus sequence typing (MLST), and pulsed field gel electrophoresis
(PFGE), have been developed for C. difficile classification and epidemiological analyses (6).
Owing to the initial lack of a globally standardized typing method for this genetically
heterogeneous species, C. difficile isolates were often referred to by multiple typing
designations. For example, PCR ribotype 027 strains that have been associated with outbreaks
in many countries are often indicated as REA group BI/PFGE type NAP1/PCR ribotype 027
(BI/NAP1/027) (7). While PCR ribotyping has gained widespread acceptance for typing C.
difficile and an internationally-standardized, high-resolution ribotyping protocol has been
recently validated (8), more and more whole genome sequences are becoming available as the
cost of this technology gets less expensive. Recently, Lawson and colleagues proposed that
Clostridium difficile should be reclassified as Clostridioides difficile based on phenotypic,
chemotaxonomic, and phylogenetic analyses (9). This nomenclature has been adopted by the

National Center for Biotechnology Information (NCBI).

C. difficile transmission occurs via the fecal-oral route, primarily in the form of spores.

The spores traverse the acidic pH of the stomach and germinate in the small intestine in



response to certain primary bile acids (10, 11). The metabolically active vegetative cells
colonize and infect the colon following antibiotic-induced dysbiosis of the gut microbiota (6, 12).
While antibiotic exposure, hospitalization, advanced age, and immunocompromise increase the
risk for disease, reports of community-acquired infections in otherwise healthy young adults who
were not exposed to prior antibiotics are not uncommon (13). Although several virulence factors
contribute to C. difficile adherence and colonization, the symptoms of CDI correlate with the
production of two exotoxins, toxin A (TcdA) and toxin B (TcdB) (14). TcdA and TcdB are 308
and 270 kDa proteins, respectively. The toxins belong to the family of large clostridial toxins
(LCTs), which are a group of homologous, high molecular weight proteins that further include
the lethal and hemorrhagic toxins from C. sordellii (TcsL and TcsH, respectively), a-toxin from
C. novyi (Tcna), and a cytotoxin from C. perfringens (TpelL) (Table 1-1). The LCTs are
glycosyltransferases that inactivate specific Rho and Ras GTPases, leading to the disruption of
host cell function. Some C. difficile strains, including the epidemic PCR ribotypes 027 and 078,
produce a third toxin named C. difficile transferase (CDT; or binary toxin). CDT is an actin-
specific ADP-ribosyltransferase that is homologous to iota toxin from C. perfringens (15) and is

thought to enhance C. difficile virulence and disease severity.

Overview of toxin genetics, expression, and secretion

The genes encoding TcdA (tcdA) and TcdB (fcdB) are located within a 19.6 kb
chromosomal region termed the pathogenicity locus (PalLoc) (Figure 1-1) (16, 17). In non-
toxigenic strains, the Paloc is replaced by a 75-115 nucleotide non-coding sequence or a 7.2

kb sequence of unknown function (16, 18-20).



Table 1-1. Sequence comparisons of the large glucosylating toxins

TcdA TcdB TesH TesL Tcna
C. difficile TcdA
TcdB 48 (68)
C. sordellii TesH 78 (88) 48 (68)
TesL 48 (68) 76 (87) 49 (69)
C. novyi Tena 31 (51) 31 (51) 32 (52) 31 (51)
C. perfringens TpeL 42 (62) 40 (61) 43 (62) 41 (62) 33 (54)

Values represent the percent identities of amino acids (in parentheses are the percent homologies)
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Figure 1-1: Organization of toxin genes. Schematic representation of the pathogenicity locus
(PaLoc). Toxin-encoding genes, tcdA and tcdB, are indicated by blue arrows, regulatory genes
are shown in light green (tcdR; positive) or red (tcdC; negative), and holin-encoding gene tcdE
is shown in dark green. The direction of the arrows reflects the direction of transcription. TcdR
positively regulates its own expression as well as the expression of tcdA and tcdB (indicated by
brown arrows). TcdC is an anti-sigma factor that negatively regulates toxin expression by
interfering with TcdR function. TcdE is involved in the secretion of toxins.



Non-toxigenic C. difficile strains, however, can acquire the PalLoc from toxigenic strains through
horizontal gene transfer, resulting in the conversion of non-toxigenic strains to toxin producers
(21). Changes in the toxin coding region within the Paloc, including single nucleotide
polymorphisms (SNPs), insertions, or deletions, have been used to classify naturally occurring
C. difficile isolates (22). Based on comparison to a reference strain VPI10463, thirty-four C.
difficile toxinotypes have been defined, highlighting the heterogeneity of the toxin coding region

among C. difficile isolates (23).

In addition to the toxins, the PalLoc in most pathogenic strains encodes three proteins,
TcdR, TedC, and TcdE, which are thought to regulate toxin production and secretion (Figure 1-
1) (6, 20, 24). TcdR is a member of the extracytoplasmic function (ECF) family of alternative
sigma factors and plays a critical role in activating the expression of fcdA and tcdB (25, 26).
Additionally, TcdR positively regulates its own expression (27). While there have been
conflicting reports on the role of TcdC in toxin production, several studies suggest that TcdC
functions as an anti-sigma factor that negatively regulates toxin expression (28, 29). The role of
TcdE has also been controversial (30, 31). The protein shares homology with the bacteriophage
holin proteins, which are involved in the release of progeny phages from the host bacterium
(32). TcdA and TcdB do not possess any recognizable secretion signal, and toxin export does
not require bacterial cell lysis (33). These observations have led to the suggestion that the
toxins might be exported from the bacterial cell by a non-classic secretion pathway involving

holin proteins. Several published studies now support this hypothesis (20, 30, 34).

C. difficile cells grown in rich media typically express TcdA and TcdB during the
stationary phase (35-37). The toxin expression has been reported to be influenced by several
environmental stimuli, including temperature (38), sub-inhibitory concentrations of certain
antibiotics (39-42), quorum signaling (35), short-chain fatty acids such as butyric acid (43), the

presence of a rapidly metabolizable carbon source (36), and certain amino acids (43-45). The



presence of a rapidly metabolizable carbon source such as glucose in the local environment of
the bacterium inhibits toxin production via the carbon catabolite control protein A (CcpA) (46).
Branched chain amino acids inhibit toxin production via the global transcriptional regulator CodY
(24, 47). Finally, factors involved in the regulation of motility and sporulation have also been

reported to modulate the production of TcdA and TcdB (48-55).

Role of TcdA and TcdB in disease

The individual role and relative importance of TcdA and TcdB in disease pathogenesis
has been a topic of active investigation. TcdA was initially thought to be the key virulence factor
in C. difficile pathogenesis based on animal studies performed using purified toxins. Addition of
TcdA to rabbit ileal loops and colon recapitulated the hallmark features of CDI including
inflammation, increased mucosal permeability, fluid secretion, and tissue damage (56, 57).
TcdB had no effect in these studies. Similarly, when given intragastrically to hamsters and mice,
TcdA caused inflammation, diarrhea, and eventual death, whereas TcdB caused no symptoms
in these animals (58). TcdB was capable of causing death in hamsters, however, if prior
intestinal damage was present or if sub-lethal doses of TcdA were co-administered (58). These
findings suggested that TcdA and TcdB might act synergistically. It was proposed that TcdA
acts first and disrupts epithelial integrity, which then allows TcdB to enter and mediate toxic
effects within the host. Additional evidence supporting the importance of TcdA in disease
pathogenesis comes from studies showing that passive immunization with antibodies against
TcdA and active immunization with TcdA toxoids or peptides provided protection against CDI in
hamsters (59-61). Furthermore, a strong humoral immune response against TcdA has been

shown to correlate with reduced disease severity and recurrence in humans (62-64).



The importance of TcdA in CDI has been questioned following the detection of clinically
significant C. difficile strains that produce TcdB, but not TcdA (A'B”) (65, 66). In humans, these
pathogenic AB" strains cause the same spectrum of clinical illness that is associated with A'B”
C. difficile strains, ranging from mild diarrhea to the more severe outcomes such as
pseudomembranous colitis and death (65). Interestingly, the majority of the AB" strains produce
a modified form of TcdB, whose enzymatic domain shares homology and GTPase substrate
specificity with TcsL of C. sordelli (67). It has been proposed that this variant TcdB, which, like
TcdA, is able to modify Ras GTPases, might be able to carry out TcdA-specific glucosylation
events in the absence of TcdA (68). The observation that A'B* strains are virulent in infected
individuals indicates that TcdB is sufficient for pathology in humans. Consistent with this, TcdB
has been shown to disrupt epithelial integrity and cause tissue damage in human colon explants
and in a chimeric mouse model where human intestinal xenografts were transplanted into
immunodeficient mice (69, 70). In the xenograft model, challenge with either TcdA or TcdB
elicited the hallmark features of CDI such as increased mucosal permeability and fluid secretion,
cytokine production, neutrophil recruitment, and tissue damage (70). Furthermore, recent Phase
Il clinical trials show that a monoclonal antibody that neutralizes TcdB, bezlotoxumab, can
reduce CDI recurrence in human patients (71). Overall, these studies indicate that TcdB plays

an important role in C. difficile pathogenesis in humans.

The roles of TcdA and TcdB in disease have also been investigated by using isogenic C.
difficile strains with defined toxin deletions in animal infection studies. In the first two studies,
clindamycin-treated hamsters were infected with isogenic derivatives of C. difficile strain 630, a
low toxin producing clinical isolate. In the first study, the wildtype strain (expressing both toxins)
and mutants producing only TcdB were virulent and caused death in hamsters, but mutants
producing only TcdA did not cause death in 80% of the infected animals (72). These findings

suggested that TcdB was the major virulence factor of C. difficile. The second study supported



the importance of TcdB in C. difficile virulence by showing that a mutant producing only TcdB
was comparable to wildtype in its ability to cause fulminant disease and death in hamsters (73).
However, in contrast to the earlier study, an isogenic mutant producing only TcdA also resulted
in disease and death in hamsters, although the time course of death was delayed compared to
wildtype and TcdATcdB" strains (73). This study also showed that an isogenic double mutant
that did not produce TcdA and TcdB was avirulent in hamsters, consistent with the observation
that naturally occurring TcdATcdB™ C. difficile strains are typically non-pathogenic in humans.
Similar results were obtained in another study performed by the same group, which used
isogenic mutants generated from an epidemic PCR ribotype 027 strain, R20291 (74). The first
three studies utilized the hamster model of CDI and reported only survival or death of the
infected animals. A fourth study used both mouse and hamster models of CDI, and performed
detailed analyses of the tissue pathology and the host responses following infection (75). The
wildtype and isogenic single and double toxin knockout strains used in this study were
generated from another epidemic PCR ribotype 027 strain, M7404. Results from this study
showed that both TcdA and TcdB were capable of inducing host innate immune and
proinflammatory responses, but TcdB was the driver of fulminant disease (75). Strains
expressing TcdB (wildtype and TcdA TcdB") caused significant weightloss and severe systemic
disease in both the mouse and hamster models of infection. These findings are consistent with
previous observations that purified TcdB causes cardiovascular damage and systemic disease
in a zebrafish intoxication model (76), and that only anti-TcdB antibodies prevent systemic
disease in piglets infected with C. difficile (77). In sum, the infection and intoxication studies
show that while both TcdA and TcdB play a role in most infections, TcdB may be more

important in the severe aspects of the disease.



Structure and mechanism of action of TcdA and TcdB

TcdA and TcdB are broadly classified as AB toxins, wherein a B subunit is involved in
the delivery of an enzymatic A subunit into the cytosol of a target cell. The enzymatic A subunit
of TcdA and TcdB is an N-terminal glucosyltransferase domain (GTD) that inactivates members
of the Rho family of small GTPases by glucosylation. The B subunit is composed of three
regions: a combined repetitive oligopeptides (CROPS) domain, a delivery/pore-forming domain,
and an autoprotease domain (APD) (Figure 1-2A). The homologous proteins intoxicate host
cells through a multi-step mechanism that involves 1) receptor binding and endocytosis, 2) pore
formation and translocation of the GTD across the endosomal membrane, 3) autoprocessing
and release of GTD into the cytosol, and 4) glucosylation of host GTPases (Figure 1-2B). These

steps are discussed in more detail below.

Cellular receptors and receptor-binding domains

Historically, receptor binding has been associated with the CROPS domains located at
the C-termini of TcdA and TcdB. The CROPS region contains multiple 19-24 amino acid short
repeats (SRs) interspersed with four to seven long repeats (LRs) of 31 residues (78, 79).
Analysis of the repetitive sequences in toxins from a reference strain (VPI10463) reveals that
the CROPS domain spans residues 1812-2710 in TcdA and residues 1814-2366 in TcdB, with
the TcdB CROPS being considerably shorter (Figure 1-3A). The TcdA CROPS domain contains
33 SRs and 7 LRs, and TcdB CROPS contains 21 SRs and 4 LRs. In 2005, a crystal structure
of a fragment of TcdA CROPS (residues 2582-2709) comprising 4 SRs and 1 LR was solved

(80). The five repeats form a beta-solenoid fold with each repeat consisting of a beta-hairpin
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Figure 1-2: TcdA and TcdB primary structure and mechanism of action. A) TcdA and TcdB
are organized into four functional domains: the glycosyltransferase domain (GTD; pink), the
autoprocessing domain (APD; green), the delivery or pore-forming domain (blue), and the
combined repetitive oligopeptides domain (CROPS; yellow). B) The four functional domains
contribute to a multi-step mechanism of intoxication. TcdA and TcdB bind different cell surface
proteins or sugars on the colonic epithelium (step 1) and are subsequently internalized into cells
(step 2). The toxins reach acidified endosomes (step 3) and the low pH triggers a
conformational change in the toxin delivery domain, resulting in pore formation and translocation
of the GTD (and likely the APD) into the cytosol (step 4). Inositol hexakisphosphate (InsPg)
binds and activates the APD, resulting in the cleavage and release of the GTD (step 5). The
GTD inactivates Rho family proteins by transferring the glucose moiety (orange squares) from
UDP-glucose to the switch | region of the GTPase (step 6). Glucosylation disrupts GTPase
signaling and leads to cytopathic ‘rounding’ effects and apoptotic cell death.
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followed by a loop of 7-10 amino acids in SRs and 18 amino acids in LRs. The beta-hairpin of
adjacent SRs contact each other but are rotated by 120°, resulting in a screw-like structure. In
contrast, hydrogen-bonding interactions formed by the LR and the preceding SR lead to a 90°
screw-axis transformation. Using this information, the Ng group constructed models of the
complete TcdA and TcdB CROPS domains, which predicted an extended S-shaped structure
for TcdA CROPS (Figure 1-3B) and a horseshoe-shaped structure for the shorter TcdB CROPS
domain. Tertiary structures predicted by this model were later confirmed by electron microscopy

studies of the holotoxins (Figure 1-3C) (81).

The idea that the CROPS domain can contribute to receptor-binding came from studies
showing that the TcdA CROPS can bind carbohydrates present in mammalian cell surface
glycoconjugates (78, 82-88). TcdA can bind to the human I, X, and Y blood antigens as well as
a human glycosphingolipid, all of which have a core B-Gal-(1,4)-B-GIcNAc structure (87, 88).
TcdA was also shown to bind a-Gal-(1,3)-p-Gal-(1,4)-B-GIcNAc, which is not present on human
cells (85, 88). The crystal structure of a derivative of this trisaccharide in complex with a
fragment of TcdA CROPS revealed that the sugar-binding occurs at the junctions formed
between LRs and SRs (Figure 1-3D) (84). TcdA, therefore, has seven putative sugar binding
sites, an observation that suggests a model wherein the toxin can form multivalent, high-avidity
interactions with glycosylated receptors on the host cell. Whether TcdA binds multiple glycans
simultaneously on host cells and whether such high-avidity interactions are important for toxin
binding are not yet known. Additional evidence supporting a role for the TcdA CROPS domain in
receptor-binding includes observations that, i) the isolated CROPS domain from TcdA can bind
to host cells (89, 90), ii) excess TcdA CROPS competes with holotoxin in cell binding and
cytopathic assays (89-91), and iii) the TcdA CROPS domain is highly immunogenic, and
antibodies against this domain can block TcdA binding to cells and neutralize toxicity (59, 91-

95).
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Figure 1-3: Structure of the CROPS domain. A) The CROPS domains of TcdA and TcdB
consist of a series of short repeat (SR, yellow) sequences with interspersed long repeat (LR,
purple) sequences. B) A model of the full TcdA CROPS based on a fragment structure (2F6E) is
corroborated by C) negative stain electron microscopy images of TcdA (left) and TcdB (right)
(81). D) The crystal structure of a CROPS fragment from the TcdA C-terminus (2G7C) shows
how trisaccharides (orange carbons) bind at the vertices created at the intersection of a SR and
LR. Figure credit: Dr. Borden Lacy.
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Two cell surface proteins have been implicated as receptors for TcdA. The first is
sucrase-isomaltase (Sl), which is a glycoprotein located in the brush border of small intestines.
S| was shown to mediate the binding of TcdA to rabbit ileum (86). Treatment with alpha-
galactosidase inhibited binding of TcdA to Sl, indicating that the toxin binds glycosyl
modification(s) on the protein. Sl, however, is not expressed in many cells and tissues that are
sensitive to TcdA, including the human colonic epithelium (86, 96). A subsequent study
performed by the same group identified glycoprotein 96 (gp96), a member of the heat shock
protein family, as a binding partner for TcdA in human colonocytes (96). Heat shock protein
gp96 is an endoplasmic reticulum paralog of cytosolic Hsp90 and is important for the proper
folding and expression of many cell surface proteins including toll-like receptors (TLRs),
integrins, and Wnt coreceptor LRP6 (97-99). Additionally, gp96 can translocate to the plasma
membrane, where it can interact with bacterial surface-associated virulence factors to modulate
pathogen adherence and entry into host cells (100-102). While Na et al. provided evidence that
TcdA can bind gp96 in vitro, the specificity of this interaction was not evaluated (96).
Furthermore, siRNA-mediated depletion of gp96 and blocking surface interaction using an anti-
gp96 antibody conferred only partial resistance to TcdA-induced cytopathic effects, suggesting
that TcdA binds additional cell surface proteins or sugars (96). Interestingly, gp96 is predicted to
have five N-linked glycosylation sites but the identities of the glycan moieties are not known. It is
likely that TcdA binds the sugar moieties on gp96 rather than the protein itself, but this needs to

be investigated.

Unlike the CROPS domain of TcdA, evidence for carbohydrate binding by TcdB CROPS
is limited to one study conducted with an electrospray mass spectrometry binding assay (82).
However, the observation that bezlotoxumab, a TcdB-neutralizing antibody targeting the
CROPS domain, blocks toxin binding to the host cell suggests a role for TcdB CROPS in

receptor-binding (103). In line with this, a recent study identified chondroitin sulfate proteoglycan
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4 (CSPG4) as a receptor for TcdB (104), and the binding interaction was mapped to the N-
terminus of the CROPS domain (104, 105). In the initial study that identified CSPG4 as a
receptor, Wei's group showed that TcdB 15002366, but Not TcdBgsz.2366, Was able to bind CSPG4
(104). A more recent study from the Min Dong group noted that while full length TcdB binds
CSPG4, TcdBy.1530 does not (105). Taken together, these studies suggest that the 1831-1851
region within the CROPS domain is important for TcdB binding to CSPG4. Notably, CSPG4
knockout cells were sensitive to high concentrations of TcdB, and NG2 (the rodent homolog of
CSPG4) knockout mice succumbed to disease induced by TcdB (104), highlighting the

existence of additional receptors for TcdB.

While the CROPS domain has historically been dubbed the receptor-binding domain,
several recent studies have demonstrated that the receptor-binding function is not limited to this
region of the toxin (90, 105-109). Truncated toxins (TcdA1.1s49, TCdA1.1874, TCdB1.1511 and TcdB.
1830) lacking most or all of the CROPS domain can still bind, enter, and perturb host cellular
function (90, 105, 110). It appears that the CROPS domain contributes to but is not essential for
host cell binding. Recently, Lambert and Baldwin reported that the region comprising residues
1361-1874 in TcdA is capable of binding and entering the host cell (111). Interestingly, a study
by Olling et al. observed that the presence of TcdA holotoxin does not affect the binding of
TcdA+.1s74 to cells in competition assays (90). This finding implies that the full length TcdA and
the truncated toxin lacking the majority of the CROPS domain do not bind the same cellular
receptors. It is possible that, in the presence of the extended CROPS domain, the alternate
receptor-binding site is not accessible for interaction with a host receptor. Similar to TcdA,
additional binding in TcdB may be mediated by the 300 to 350 residues preceding the CROPS
domain. Studies using truncated TcdB toxins show that TcdB1.1500 and TcdB4.1529 are unable to
induce cytopathic effects in cells, but the first 1500-1550 residues of TcdB are sufficient for

intoxication when tethered with the diphtheria toxin receptor-binding domain (106, 107).
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After the identification of CSPG4 as a receptor for TcdB, two other reports were
published showing that poliovirus receptor-like protein 3 (PVRL3; also termed nectin 3) and
frizzled proteins 1, 2 and 7 function as colonic epithelial receptors for TcdB (105, 108). Both
PVRL3 and frizzled proteins bind TcdB outside the CROPS region (105, 108). It is, however, not
known whether PVRL3 and frizzled proteins bind TcdB at distinct sites or compete for binding to
the toxin. PVRL3 and frizzled proteins are both expressed on the surface of the human colonic
epithelium (105, 108), and PVRL3 has been shown to co-stain with TcdB in tissues resected
from a C. difficile infected patient (108). In contrast, CSPG4 is highly expressed in the intestinal
subepithelial myofibroblasts and is not detectable in the surface epithelium (105, 112). During
infection, it is likely that TcdB initially engages PVRL3 and/or frizzled proteins to enter and
intoxicate the colonic epithelium. Upon damage to the epithelium or loss of tight junctions, the
toxin could gain access to CSPG4 in the subepithelial myofibroblasts causing further damage to
the mucosa. More work needs to be done to characterize the binding interactions between TcdB

and its receptors and to define the role each receptor plays in the context of disease.

Cellular uptake and pore formation

After binding to their receptors, TcdA and TcdB are endocytosed into the host cell
(Figure 1-2B). TcdB has been shown to enter cells by clathrin-mediated endocytosis, but the
mechanism of TcdA uptake is unclear (113, 114). Once the toxins are internalized, they are
trafficked to acidified endosomal compartments within the cell (115). Toxic cellular effects
induced by TcdA and TcdB are inhibited by lysosomotropic agents and depend on the vacuolar
H*-ATPase, indicating a requirement for low pH in toxin action (90, 115-118). Other AB toxins
that require low pH for action, such as diphtheria and anthrax toxins, have been shown to

undergo conformational changes in an acidic environment that lead to the exposure of
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hydrophobic regions that subsequently insert into the host membrane and form a pore (119,

120). Studies with C. difficile toxins A and B support a similar mode of action for these toxins.

Early evidence for pH-dependent conformational change and pore formation came from
studies using TcdB. TcdB exhibited differences in native tryptophan fluorescence and protease
susceptibility between neutral and acidic pH conditions, suggesting that the toxin undergoes
structural changes at low pH. An increase in fluorescence of the probe 2-(p-toluidinyl)
naphthalene-6-sulfonic acid, sodium salt (TNS) was also observed when TcdB was exposed to
pH 5.0 or lower, indicating the exposure of hydrophobic regions (118). In addition to undergoing
structural changes at acidic pH, TcdB was shown to form pores in cell membranes and artificial
lipid bilayers (121). TcdA also undergoes conformational changes and forms pores at low pH

(81, 122), but unlike TcdB, pore formation by TcdA requires cholesterol (122).

Pore formation and translocation are thought to be mediated by the central delivery
domain (Figure 1-2A). A crystallographic structure of TcdAsis02 was recently published,
revealing a structurally unique delivery domain (123). The domain begins after a three-helix
bundle (residues 767-841) at the GTD-APD interface, and consists of a small globular sub-
domain (residues 850-1025), an extended ‘hydrophobic helical stretch’ containing four a-helices
(1026-1135), and a B-scaffold (1136-1802) which ends at the base of the APD (Figure 1-4A).
Placement of the TcdAy 1509 Structure into the EM maps of TcdA holotoxin at neutral and low pH
shows conformational flexibility at the junction between the APD, delivery domain, and the

CROPs region (Figure 1-4B and C).
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Figure 1-4. TcdA structure. A) The crystal structure of residues 4-1802 from TcdA (4R04) with
the glucosyltransferase domain in pink and the autoprocessing domain in light green with its
zinc atom depicted as an orange sphere. The delivery domain begins with a globular sub-
domain (sky blue), followed by an extended stretch of four hydrophobic a-helices (navy blue).
The a-helical stretch is scaffolded by an extended array of B-sheets (light blue). B) The TcdA,.
1802 Structure docked into a 3D structure of the TcdA holotoxin obtained by negative stain
electron microscopy (EM) at neutral pH. C) The TcdA4.1s02 structure docked into a 3D structure
of the TcdA holotoxin obtained by negative stain EM at acidic pH indicates flexibility around the
junction with the C-terminal CROPS domain. Figure credit: Dr. Borden Lacy.
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The structure of the pore and the mechanism of pore formation by TcdA and TcdB have
not yet been determined and remain a priority in the field. The delivery domain of TcdA and
TcdB contain hydrophobic sequences (958-1130 in TcdA and 956-1128 in TcdB) that have been
predicted to insert into the endosomal membrane with acidic pH (124). Mutational studies have
shown that residues within this hydrophobic region, comprising the globular sub-domain and
four a-helices, are important for TcdA and TcdB pore formation (107, 125). In the crystal
structure of the TcdA delivery domain, the hydrophobic helices appear to wrap around the
extended B-sheet structures, which could help maintain solubility while keeping them in a readily
accessible conformation for subsequent membrane insertion. Notably, the hydrophobic helical
stretch contains a surface loop that is strictly conserved across the large clostridial toxins
(Figure1-4A). In both TcdA and TcdB, residues within this conserved loop have been shown to
be critical for pore formation and cytotoxicity (123, 125). These findings suggest that targeting
the conserved surface loop with antibodies or small molecules could provide a generalizable

strategy for blocking the toxicity of the LCTs.

Translocation and autoproteolysis

Although TcdA and TcdB have been shown to form pores in cellular membranes, how
these large, single polypeptide toxins deliver their effector domains to the host cytosol is not
understood. The enzymatic domains of other pore-forming AB type toxins, such as diphtheria
and anthrax toxin, have been shown to unfold at low pH, and the unfolding is thought be

important for the translocation of these domains across the pore (119).

In 2003, Pfiefer and colleagues demonstrated that TcdB is proteolytically processed
within the host cell, and only the N-terminal GTD domain was released into the cytosol upon
translocation. Imaging and fractionation assays showed that the remainder of the toxin localized

to endosomes (126). The cleavage occurs after a conserved leucine residue (542 in TcdA and
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543 in TcdB), and results in the release of the GTD into the cytosol (127, 128). Rupnik et al.
also observed that the cleavage reaction in vitro occurred at neutral pH and required the
addition of host cell cytosol. Subsequently, Reineke and colleagues demonstrated that protein-
free cytosolic extracts also induced toxin cleavage, and they identified inositol
hexakisphosphate (InsPs) as the inducer of this autocatalytic cleavage event (129). InsPg is a
highly charged molecule that is abundant (10-60 puM) within mammalian cells (130). /n vitro
experiments show efficient autoprocessing of toxins at InsPs concentrations of 1-10 uM (131,
132), and support the idea that InsPg can induce autocatalytic cleavage of the toxins in vivo.
The domain adjacent to the GTD in TcdA and TcdB shares sequence homology with the
cysteine protease domain of the MARTX family of toxins, which is also activated by InsPg
[reviewed in (133) and (134)]. This autoprotease domain (APD) was subsequently shown to

induce the InsPs-dependent cleavage and release of the GTD (131).

The APD has been described as a cysteine protease. The active site of the TcdA and
TcdB APD has three conserved residues: a cysteine, a histidine and an aspartate (Figure1-5).
Individual mutation of these residues (D589, H655, or C700 in TcdA; D587, H653 or C698 in
TcdB) inhibits autoprocessing (131, 132). However, a recent report has shown that the
conserved cysteine and histidine residues of TcdA and TcdB help to coordinate a zinc ion that is
essential for autoprocessing activity (123). What serves as the nucleophile in this reaction is
currently unclear, and warrants the use of the term autoprotease, instead of cysteine protease,

when referring to this domain.

Crystal structures of the APD in the presence of InsPs reveal that InsPg binds a positively
charged pocket that is separated from the active site by a structure termed the ‘B-flap’ (132,
135, 136). Binding of InsPs was shown to induce significant conformational changes by NMR
and these changes were thought to be linked to protease activation (132). Through mutational

analyses Shen et al. showed that this ‘B-flap’ structure transduces the allosteric change induced
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Figure 1-5. The autoprocessing domain (APD) undergoes a significant conformational
change upon binding to InsPs. The crystal structures of the TcdA APD in the A) absence
(4R04) and B) presence of InsPs (3HOG6) reveal significant changes in the central B-flap
structure (blue) and the C-terminal sequence that follows (teal). The structure of the APD in the
context of TcdAy.1502 revealed the unexpected requirement for zinc (orange sphere) in TcdA and
TcdB autoprocessing activity. Other key residues include Asp 589, His 655, and Cys 700 (side
chains depicted with orange carbon atoms). His 759 is located at the tip of the B-flap and is
bound to the zinc in the absence of InsPs. It moves significantly upon InsPg binding. Figure
credit: Dr. Borden Lacy.
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by InsPg binding to the active site (137). Comparisons of the InsPg-bound isolated TcdA APD
structure with that of the APD from TcdA4.1s02 (crystallized in the absence of InsPg) reveal that
the B-flap (residues 746-765) rotates ~90°, and there is significant repositioning of the
subsequent residues (766-802) following InsPg binding (Figure 1-5) (123). One effect of this
structural change is an increase in positively charged residues at the InsPg binding site. InsPg
binding also results in a 19 A movement of H759, located at the tip of the p-flap (also involved in
zinc binding), out of the active site (Figure 1-5). Mutation of H759 (or H757 in TcdB) leads to
autoprocessing that is no longer dependent on InsPg concentration (123), suggesting that this

residue in the B-flap is a key regulator of InsPs-induced allostery in TcdA and TcdB.

While TcdA and TcdB APDs share the same mechanism of InsPg-induced activation,
cleavage is not equivalent between these two toxins. In vitro, TcdB holotoxin is more sensitive
than TcdA to InsPe-induced cleavage (127). Structural and biochemical studies indicate that
autoprocessing of TcdA is repressed in the context of the holotoxin due to inter-domain
interactions between CROPS and the N-terminus (123, 138, 139). This CROPS-mediated

repression is alleviated upon acidification of the toxin-containing medium (138).

Mechanisms that modulate autoprocessing activity of the toxins can affect their virulence
properties in the host. A study by Savidge et al. demonstrated that C. difficle toxins are S-
nitrosylated at the conserved cysteine of the APD by the infected host, which inhibits the
autoprocessing activity of the toxins in an InsPg-dependent manner and reduces virulence (140).
Nevertheless, it is important to note that autoprocessing deficient mutants of TcdA and TcdB are
still able to inactivate some of their GTPase substrates and cause cytopathic effects in cells,
albeit with delayed kinetics (127, 141, 142). In an in vivo intoxication study, virulence of a TcdB
autoprocessing mutant is attenuated but not abolished (143). While autoprocessing can affect
toxin potency by regulating the rate at which host cells targets are modified, it is not essential for

the cytopathic and cytotoxic effects mediated by TcdA and TcdB. Interestingly, a study of the
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autoprocessing mutant of TcsL (a homologous glucosylating toxin from C. sordellii) showed that
this mutant, which is less toxic, can inactivate Rac but is impaired in its ability to glucosylate Ras
GTPase (144). Rac has been reported to cycle to the endosomes where it is activated before
trafficking back to the membrane, whereas Ras is trafficked to and remains at the plasma
membrane (145, 146). In autoprocessing mutants, the GTD remains tethered to the endosomes
and can access substrates that encounter the endosome. These findings suggest that the
importance of autoprocessing in mediating toxin virulence in the host may vary depending on

the localization of the GTD substrates.

Glucosylation and substrates

TcdA and TcdB encode a 63 kDa GTD at the N-terminus, which inactivates small
GTPases from the Rho family (147, 148). GTPases targeted by TcdA, TcdB and other large
clostridial toxins (LCTs) are listed in Table 1-2. GTPases are molecular switches that cycle
between active GTP-bound and inactive GDP-bound states. This GTPase cycle is regulated by
three classes of proteins: i) guanine nucleotide exchange factors or GEFs, which activate the
GTPases by exchanging GDP for GTP, ii) GTPase activating proteins or GAPs, which facilitate
the inactivation of the GTPases by stimulating their GTP hydrolyzing activity, and iii) guanine
nucleotide dissociation inhibitors or GDIs, which extract the GTPases from the membrane and
maintain the inactive GDP-bound form in the cytosol. In their active state, Rho family GTPases
can interact with a wide-range of effector molecules such as kinases, phosphatases, lipases,
and scaffolding proteins to regulate many cellular functions including assembly and organization

of the actin cytoskeleton (149-151).

GTPases in their GDP-bound, membrane-associated form are the preferred substrates
for the LCTs (152, 153). The toxins modify their targets through monoglucosylation of the
conserved threonine in the switch | region of the GTPase (153, 154). This threonine residue is
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involved in coordination of the Mg?* ion required for GTP binding (155), and conformational
changes in the switch | region subsequent to GTP binding affects interactions with regulatory
proteins and effectors (149, 156). Consequently, glucosylation of the GTPases by the LCTs
inhibits nucleotide exchange by GEFs (157), GAP-stimulated GTPase activity (158), GDI
binding and cytosol-membrane cycling (152), and interaction with effector proteins (157-159).
The above-mentioned glucosylation-induced effects disrupt GTPase signaling and have been

linked to the cytopathic and cytotoxic effects observed with these toxins.

The LCTs use either uridine diphosphate (UDP)-glucose or UDP-GIcNac as the co-
substrate for GTPase modification. Glucosylating toxins from C. difficile (TcdA/B) and C.
sordellii (TcsH/L) use UDP-glucose as the glycosyl donor (153, 154, 160-162). TpeL from C.
perfringens can use either UDP-glucose or UDP-GIcNAc (163), and a-toxin (Tcna) from C.
novyi uses UDP-GIcNAc as the sugar source (164). Mutational studies show that two amino
acids near the catalytic cleft dictate the co-substrate specificity of the LCTs. TcdA, TcdB, and
TesL have isoleucine and glutamine in equivalent positions (11e***/GIn**® in TcdB and TcsL;
1le®2/GIn**in TcdA), whereas Tpel and Tcna have amino acids with smaller side chains at one
or both positions (Ala***/GIn**®in TpeL and Ser*®*/Ala*®*’ Tcna), which can accommodate bulkier
UDP-GIcNAc into the catalytic pocket. Replacing the bulky side chains with smaller groups and

vice versa changes the donor substrate specificity (163, 165).

Crystal structures of the GTDs from TcdA, TcdB, TesL, and Tcna have been determined
and have helped our understanding of the enzymatic mechanism (166-170). At the core of the
structure is a Rossman fold, which is similar to that of the glucosyltransferase type A (GT-A)
family of enzymes (Figure 1-6) (169, 171). Within this core is an Asp-X-Asp (DXD) motif, which
is conserved in all LCTs and other GT-A members, and is essential for the enzymatic activity
(172, 173). The DXD motif (Asp®®/ Asp?®’ in TcdA and Asp?®/ Asp®® in TcdB) is important for

the coordination of the manganese cofactor, and the first Asp residue of the DXD motif also
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Table 1-2. Substrate specificity of the large glucosylating toxins

Organism Toxin Strain Targets Reference
C. difficile TcdA VPI10463° Rho, Rac, cdc42, Rap (174)
TcdB VPI10463° Rho, Rac, cdc42 (153, 174)
1470° Rac, cdc42, Rap, Ral, R-Ras (67)
8864° Rac, cdc42, Rap, Ral, R-Ras (175, 176)
C34° Rho, Rac, cdc42, Rap, Ral, R-Ras  (175)
NAP1/RT027° RhoA, Rac, cdc42, Rap, R-Ras 177)
NAP1,/RT019 Rac, cdc42, Rap, R-Ras 177)
C. sordellii TesL VPI19048 Rac, cdc42, Rap, Ras (160, 178)
IP 82 Rac, Rap, Ral, Ras (160, 162)
6018 Rac, Rap, Ral, Ras (178)
TcsH VP19048 Rho, Rac, cdc42, Ras (160, 179)
C. novyi Tcno 590, 19402 Rho, Rac, cdc42 (160, 164)
C. perfringens  TpeL MC18 Rac, Rap, Ral, Ras (163)

?Reference strain

® This strain has a nonsense mutation in the tcdA gene, which introduces a stop codon at amino acid position 47;
Classified as TcdA negative (180)

° This strain has a 5.9-kb deletion in the 3’ end of the tcdA region; Classified as TcdA negative (181)

? This strain has an insertion of approximately 2 kb in the tcdA gene that does not hinder expression of a fully
active toxin (16)

° Epidemic strain
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Figure 1-6. The glucosyltransferase domain. The crystal structure of the TcdB
glucosyltransferase domain (2BVL) with hydrolyzed UDP-glucose (yellow carbon atoms) bound
in the core GT-A fold (light pink). The side chains of key catalytic residues (Trp 102, Asp 286,
Asp 288, and Trp 520; aqua carbon atoms) are indicated along with the manganese atom
(orange sphere). Residues that have been implicated in GTPase substrate recognition include
Glu 449, Arg 455, Asp 461, Lys 463, and Glu 472 (green carbon atoms). The membrane
localization domain corresponds to the four a-helices at the base of the structure with the Phe
17 and Arg 18 residues implicated in membrane binding indicated with blue carbon atoms.
Figure credit: Dr. Borden Lacy.
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binds the 3'-hydroxyl group of the UDP-ribose and the glucose. UDP-binding involves additional
residues that are conserved, including two tryptophans (Trp'®"/Trp®'® in TcdA and Trp'%/Trp°®® in
TcdB) that stabilize the uracil ring of the UDP by aromatic stacking or by binding the glycosidic
oxygen. Mutation of these conserved residues results in significantly attenuated

glycosyltransferase activity (182, 183).

In addition to the common GT-A family fold, LCTs have four a-helical sub-domains. The
N-terminal sub-domain, also called the membrane localization domain (MLD), is a 4-helix
bundle formed by the first ~90 residues of the GTD (Figure 1-6). The MLD has been shown to
target the GTD to the cytosolic leaflets of cell membranes (such as the plasma membrane),
where the enzyme can access its membrane-bound GTPase substrates (184-186). Mutation of
conserved residues (particularly Phe17/Arg18) extending from the tip of the MLD 4-helix bundle
has been shown to impair localization of the TcdB and TcsL GTDs to membrane lipids in vitro
and in cells (187, 188). Additionally, MLD mutants of TcsL are defective in their ability to
glucosylate GTPase substrates and cause cytotoxicity (144, 188), suggesting that localization to

membranes is important for GTD-dependent cellular effects of LCTs.

The role of the other a-helical sub-domains is not known but they have been proposed to
be involved in substrate binding (169). Specificity for Rho and Ras substrates varies among the
LCTs (Table 1-2), but the molecular basis for these differences is not fully understood. In
general, TcdB (from reference strains) and Tcna exclusively modify Rho subfamily proteins,
while TcdA and TcsH can also modify Ras GTPases (albeit to a lesser extent). TpeL and TcsL
modify Ras GTPases and Rac but not Rho. Through mutagenesis and generation of chimeric
GTDs, Jank et al. identified several charged residues located near the sugar binding pocket
(GIu**®, Arg*™®, Asp®®', Lys*®® and Glu*?) that are important for substrate modification by TcdB

and demonstrated that helix 17 contributes to RhoA recognition by TcdB (Figure 1-6) (183).
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Interestingly, TcdB from reference (VPI10463) and variant (1470, 8864, C34 and NAP1/RT027)
strains show significant differences in the GTPase substrate specificity (Table 1-2). TcdB
sequences from variant strains have accumulated several mutations on the proposed substrate-
binding surface compared to the classical TcdB, which likely contributes to recognition of Ras
GTPases in addition to the Rho subfamily proteins (169). Of these variants strains, 1470 and
8864 lack functional TcdA and are classified as TcdA-TcdB+ (180, 181). TcdB isoforms from
TcdA-TcdB+ strains have GTPase substrate specificity similar to that of TcsL in that they modify
Ras and Rac but not Rho GTPases (Table 1-2). It has been proposed that these GTD variants
may have arisen to compensate for the lack of functional TcdA, but the impact of the broader

substrate specificity observed with TcdA is unclear.

Cellular effects of TcdA and TcdB

TcdA and TcdB disrupt the epithelial tight junctions and induce epithelial cell death,
thereby causing direct injury to the colonic epithelium. Additionally, the toxins stimulate colonic
epithelial cells to release proinflammatory cytokines and neutrophil chemoattractants, which
lead to an acute innate inflammatory response with neutrophil recruitment, a key characteristic
of the clinical pathophysiology of CDI (Figure 1-7) (189, 190). An impaired barrier in association
with an active inflammation leads to increased intestinal and vascular permeability, and likely
promotes fluid secretion. The loss of a protective barrier may also permit entry of toxins and/or
bacteria into the lamina propria, resulting in further intestinal inflammation (Figure 1-7) (191).
Prolonged exposure of the mucosal innate immune system to proinflammatory mediators can
amplify the tissue damage, and may lead to severe disease outcomes (192-194). Disruption of
the epithelial barrier, an intense inflammatory response with neutrophil infiltration into the lumen,
and associated tissue damage are thought to contribute to the formation of pseudomembrane,
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Figure 1-7. Cellular effects of C. difficile toxins. The toxins act on colonic epithelial cells and
immune cells to induce inflammation and tissue damage. TcdA and TcdB disrupt the tight
junctions and induce epithelial cell death, causing direct damage to the colonic epithelium.
Additionally, the toxins stimulate epithelial cells to release inflammatory mediators that recruit
neutrophils to the colonic mucosa. TcdA and TcdB can also enter the lamina propria following
the disruption of the epithelial barrier and directly stimulate macrophages, dendritic cells, and
mast cells to release inflammatory mediators, which further contribute to inflammation and
neutrophil recruitment. Intoxication also results in the activation of enteric neurons and
increased production of substance P (SP). SP can induce mast cell degranulation and can
stimulate the lamina propria macrophages to release inflammatory cytokines. Prolonged
intestinal inflammation can amplify tissue damage and contribute to neutrophil infiltration into the
lumen, a key clinical feature of pseudomembranous colitis. The binary toxin CDT, expressed by
some C. difficile strains, also induces cytopathic effects that lead to disruption of the tight
junctions. Additionally, CDT can suppress a protective host eosinophilic response in the colon
and can act synergistically with TcdA and TcdB to increase proinflammatory cytokine production
by innate immune cells. Finally, CDT also contributes to C. difficile virulence by inducing the
formation of microtubule-based cell protrusions that increase adherence of the bacteria.
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which is observed in severe cases of CDI (190, 195, 196). The toxin-induced cytopathic and

cytotoxic cellular effects and their underlying mechanisms are discussed below.

Glucosylation-dependent cytopathic and cytotoxic effects in epithelial cells

Rho GTPases regulate the assembly and organization of the actin cytoskeleton. RhoA
induces the assembly of focal adhesions and actin stress fibers, whereas Rac1 and Cdc42
induce the formation of actin-rich surface protrusions lamellipodia and filopodia, respectively
(150, 197). Additionally, Rho GTPases are important for the establishment of epithelial cell
morphology and polarity (150). Consequently, GTPase inactivation by TcdA and TcdB results in
the loss of the cytoskeletal structure, disassembly of focal adhesions, and disruption of tight
junctions (69, 198-201). In tissue culture cells, these effects result in the characteristic cell
rounding phenotype (also termed the cytopathic effect). The glucosylation-dependent cytopathic
effect is thought to play an important role in the context of disease; toxin-induced disruption of
tight junctions could result in impaired barrier function, increased intestinal permeability, and

inflammation.

GTPase inactivation by TcdA and TcdB also affects cell cycle progression. Intoxication
by TcdA and TcdB is associated with reduced expression of cyclin D1, which is required for
progression through the G1 phase of the cell cycle, resulting in G1-S arrest (202, 203).
Additionally, Rac1 has been shown to promote the activation of the mitotic kinase Aurora A and
cyclin B/cyclin-dependent kinase (Cdk) | complex, which are required for mitotic entry, through
its effector protein p21-activated kinase (PAK) (204, 205). Consequently, inactivation of Rac1 by
C. difficile toxins delays activation of Aurora A and the CyclinB/Cdk1 complex in G2 phase and
results in delayed G2-M transition (202, 204-208). Finally, RhoA inactivation by these toxins

inhibits contractile ring formation and subsequent cytokinesis, resulting in the formation of bi-
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nucleated cells (209). Thus, the toxins are capable of interfering with host cell proliferation by

inactivating GTPases that regulate various stages of the cell cycle.

In addition to the cytopathic effect, inactivation of Rho GTPases by TcdA and TcdB can
promote epithelial cell death (referred to as a cytotoxic effect). In tissue culture models, the
glucosylation-dependent cell death induced by TcdA and TcdB is evident after 18-48 hours of
intoxication and occurs by an apoptotic mechanism, with intoxicated cells exhibiting hallmark
features including cell shrinkage, phosphatidylserine externalization, caspase activation, and
DNA fragmentation (206, 208, 210-215). Apoptosis can occur via caspase-dependent and -
independent mechanisms (216-219). Investigations with TcdA and TcdB show that the toxins
induce the activation of executioner caspases 3 and 7 in a variety of cell lines (206-208, 211-
213, 215, 220, 221). Activation of executioner caspases can occur via a death receptor-
dependent extrinsic pathway (involving caspase 8) or by a mitochondria-dependent intrinsic
pathway (involving caspase 9). TcdA and TcdB have been shown to induce mitochondrial outer
membrane permeabilization (MOMP), cytochrome c release, and activation of caspase 9, and
TcdA has also been shown to activate caspase 8 (206, 208, 211, 212, 220, 221). Although the
toxin treatment induces caspase activation, the role of caspases in the apoptotic cell death
caused by TcdA and TcdB is currently unclear. Experiments using caspase inhibitors and
glucosyltransferase-deficient mutants have yielded conflicting results with both caspase-
dependent and -independent apoptotic mechanisms having been reported for TcdA and TcdB
(206, 208, 211, 213, 215, 220, 221). It is important to note that MOMP, which is regulated by
pro- and anti-apoptotic B cell lymphoma 2 (Bcl-2) family members, can also promote apoptosis
in a caspase-independent manner (218). MOMP can be induced by the cleavage and activation
of Bid, a pro-apoptotic Bcl-2 family protein. Bid can be cleaved by caspase 8 or by non-caspase
proteases such as cathepsins and calpains (216, 219). Interestingly, intoxication by TcdA also

results in the cleavage of Bid, which was inhibited by a cathepsin/calpain inhibitor but not by
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caspase inhibitors, suggesting a role for Bid in the caspase-independent apoptosis mechanism

(208, 211, 212).

Glucosylation-independent cytotoxic effects in epithelial cells

TcdB has been shown to induce a bimodal cell death mechanism that is dependent on
the toxin concentration (213). While at lower concentrations, TcdB induces apoptosis in a
glucosylation-dependent manner, at higher concentrations (100 pM or above), TcdB causes a
necrotic form of cell death that does not require either the autoprocessing or glucosyltransferase
activities of the toxin (141, 213, 222, 223). The necrotic death can be observed in both cell
culture and colon explant models after 2-4 hours of intoxication and is marked by rapid ATP
depletion, early breakdown of the plasma membrane and cellular leakage, and chromatin
condensation (141, 213, 222, 223). TcdB induces necrosis by triggering an aberrant production
of reactive oxygen species (ROS) through the assembly of the NADPH oxidase (NOX) complex
on endosomes (Figure 1-8) (123, 222, 223). High levels of ROS promote cellular necrosis likely
though DNA damage, lipid peroxidation, protein oxidation and/or mitochondrial dysfunction
(224-226). Interestingly, a TcdB mutant that is defective in pore formation is unable to induce
cell death even at high nanomolar concentrations, suggesting that pore formation is important
for the glucosylation-independent necrotic cell death caused by TcdB (125). Unlike TcdB, TcdA
does not trigger ROS production via the NOX complex and causes a glucosylation-dependent
apoptosis at all concentrations tested (213). The ability of TcdB, but not TcdA, to induce a
necrotic cell death may explain why both a wildtype (TcdA'TcdB*) epidemic strain and an
isogenic TcdATcdB* mutant cause significantly more colonic tissue damage than an isogenic
TcdA'TcdB™ mutant strain in animal models of infection (75). The glucosylation-independent

mechanism of TcdB may play a similar role in the context of human disease; TcdB-induced
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Figure 1-8. TcdB-induced necrosis. At higher concentrations (100 pM and above), TcdB
causes a necrotic form of cell death that does not require the autoprocessing and
glucosyltransferase activities of the toxin. TcdB induces necrosis by promoting the assembly of
the NADPH oxidase (NOX) complex on endosomes (step 1). The fully assembled NOX complex
in the redox-active endosome mediates the transfer of an electron from NADPH to molecular
oxygen, resulting in the generation of superoxide (step 2) and production of reactive oxygen
species (ROS) (step 3). High levels of ROS promote cellular necrosis likely though DNA
damage, lipid peroxidation, protein oxidation and/or mitochondrial dysfunction.
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necrosis likely contributes to the extensive gut damage observed in patients with severe forms

of CDI.

Mammalian endocytic mechanisms

The plasma membrane of mammalian cells gates access to the cell’s interior. Molecules
on the outer leaflet of the plasma membrane respond to changes in extracellular environment
and consequently their composition must be tightly regulated to achieve appropriate response to
external stimuli. Endocytosis is the process by which cells regulate the turnover of membrane
components. Endocytosis involves the de novo formation of internal membranes from the lipid
bilayer, which subsequently undergo scission and release into the cytosol. In addition to
regulating how cells communicate with their environment, endocytosis also plays a role in cell

migration, cell division, intracellular signaling, and antigen presentation (227).

There are many ways to enter a cell. Figure 1-9 and Table 1-3 summarize key endocytic
routes, some known cargoes and host factors implicated in these pathways. These pathways
are described in detail in Doherty and McMahon (227), Mercer et. al (228) and Boucrot et. al
(229). Pathogens such as viruses and bacteria and virulence factors such as bacterial toxins
often exploit endogenous endocytic mechanisms to gain access to host cell cytosol.
Internalization can occur by pinocytosis, which involves uptake of fluids and solutes. Pinocytic
pathways include macropinocytosis, clathrin-mediated endocytosis, and several clathrin-
independent mechanisms such as caveolae-mediated endocytosis, flotillin- or RhoA-dependent
endocytosis. Some clathrin-independent pathways involve dynamin, a large GTPase that

constricts the vesicle at the neck and allows for the scission and release into the cytosol.

34



x Clathrin

@ Dynamin
—— Actin filaments
— Caveolin-1

— Flotillin

Clathrin-independent endocytic pathways

Macropinocytosis Phagocytosis

Clathrin- ' Cav1 P e
mediated 'Cavinl 1 ________ R,  Flot1 | ________. R .
endocytosis :} PACSIN2 1 | RhoA | 1EndoA2 | iFlot2 | | GRAF1 | ! Arf6

: RhoA-

- Caveolae dependent FEME Flotillin CLIC Arfé
X ' Vaccinia HSV-1
))(( i % CD 6 @ U HSV-1 Mimivirus
X : Dynamin Ad3

:(ch-tstokine IL2R . ianlicated MHC1 HIV-1
&Y SV40 receptor Cholera toxin .5 cD59 Shiga toxin 1
SFV BK virus Shigatoxin  Cpcg
Influenza A Echovirusl
HIV-1 CTxB
Adeno 2/5
Diphtheria toxin * AAV2
Anthrax toxin - CTxB

VacA

Transferrin

Figure 1-9.

FEME — fast endophilin-mediated endocytosis
CLIC — cdc42 regulated, clathrin- and dynamin-
independent carriers

Endocytic routes. Endocytosis can occur via phagocytosis or by clathrin-

dependent or —independent pinocytic mechanisms. Endogenous cargoes as well as pathogens
and pathogenic agents that utilize these mechanisms are indicated below each pathway. Host
factors important for the pathway are indicated in the dotted boxes above. Modified from
Mercer, Schelhaas and Helenius (228).
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Table 1-3. Endocytic pathways and associated cellular factors.

. Dynamin . .
Endocytic pathways Morphology required? Associated proteins
Clathrin heavy and light chain, AP2, epsin,
Clathrin-mediated Vesicular Yes eps15, SNX9, synaptojanin, actin,
amphiphysin, and many others.
Caveolins, cavin1/PTRF, PACSINZ2, Scr,
Caveolae-dependent Vesicular/tubulovesicular  Yes PKC, actin (many signaling proteins
localize to these sites)
Clathrin-independent Tubular/ring lik N Cdc42, ARHGAP10, actin, GRAF1, and
carriers (CLIC) tbtiariring fike © other GRAFs.
Flotillin-dependent Vesicular Implicated Flotillin 1 and 2
but unclear
ARF6-dependent Vesicular/ tubular No ARF6
IL-2Rp pathway Vesicular? Implicated IL-2RB, PAK1, PAK2
Fast endophilin-mediated . . .
endocytosis (FEME) Tubulovesicular Yes Endophilin A2, actin, Rac, PI3K, Pak1
Macropinocytosis Highly ruffled No Actin, PAK1, PI3K, Ras, Src
Phagocytosis Cargo shaped Implicated Actin, IQGAP1, amphiphysin1, Rho kinase,

adhesion proteins

Modified from Doherty and McMahon (227).
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Large particles such as bacteria or viruses can also be internalized by phagocytosis, a process
observed primarily in immune cells. Similar to many pathogens and pathogenic agents, TcdB
exploits the clathrin pathway to gain access to host cell cytosol. However, the mechanism that
promotes TcdA delivery to cytosol has remained elusive. A major focus of my thesis work was
to determine the mechanistic and molecular details of the endocytic pathway utilized by TcdA.
My investigations showed that TcdA did not utilize clathrin- or caveolae-mediated endocytosis.
However, the endocytic mechanism did share some common features. TcdA utilized a pathway
that required dynamin similar to that of the clathrin- and caveolae-mediated pathway.
Additionally, the pathway also required PACSIN2/Syndapin Il, a BAR (Bin/amphiphysin/rvs)-
domain-containing protein that has been shown to be involved in membrane sculpting of
caveolae and recruitment of dynamin for caveolae fission (230, 231). PACSINZ2 interacts with
dynamin and regulators of actin to induce membrane curvature and the formation of vesicular-
tubular invaginations that can promote receptor-mediated endocytosis (232-234). In my data
chapter, | will describe my efforts towards identification of PACSIN2 and dynamin as factors
critical for TcdA entry and provide evidence that the endocytic route utilized TcdA is novel and

distinct from clathrin- or caveolae-mediated pathways.
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Research Objectives

The pathophysiology of C. difficile infection is primarily mediated by the actions of TcdA
and TcdB. Consequently, there is a significant interest in understanding the unique and shared
roles each toxin plays in disease. Building a molecular and mechanistic framework of how these
toxins disrupt host cellular function is a priority among many in our field. Pathogenic cytopathic
and cytotoxic effects induced by TcdA and TcdB require binding to cell surface receptors,
internalization into host cells, and transport to acidified endosomal compartments within cells.
When | began my work in the Lacy lab, efforts were already underway to identify host factors
and signaling mechanisms that contribute to TcdB intoxication in colonic epithelial cells. Mitch
LaFrance (a former graduate student in the Lacy lab) was investigating a TcdB receptor
candidate (PVRL3), while Nicole Chumbler (a former graduate student) and Melissa Farrow
(Research Assistant Professor) were working to elucidate mechanisms underlying TcdB-
induced cytotoxicity. Furthermore, a year before | joined the lab, the Aktories group had
published a report showing that TcdB entered the host cell by clathrin-mediated endocytosis
(114). In contrast, the early events that occur during TcdA intoxication and the mechanism of

TcdA-induced cytotoxicity were not known.

My goal was to investigate the early stages of TcdA intoxication and identify host factors
and mechanisms utilized by TcdA to gain access to the host cell cytosol. My thesis work
focused on three important questions with respect to toxin entry: 1) What are the cellular
receptors for TcdA on colonic epithelial cells? 2) How does the toxin interact with its
receptor(s)? and 3) How is TcdA internalized and delivered to acidified endosomal
compartments with the cell? In Chapter I, | describe in detail my efforts to identify the endocytic
pathway utilized by TcdA to gain entry into the host cell. | show that, unlike TcdB, TcdA entry is

clathrin-independent. Instead, TcdA utilizes a previously uncharacterized host endocytic
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process that is caveolae-independent but requires dynamin and PACSIN2 (or Syndapin II).
PACSIN2 has been previously shown to be important for caveolae-mediated endocytosis; it
contributes to the curvature of caveolae and the recruitment of dynamin for caveolae fission.
The observation that PACSIN2 can function outside of the caveolae system suggests a novel
mechanism of entry, one for which TcdA is now a known cargo. Consequently, studies on TcdA
entry have the potential to inform us of mechanisms and additional factors critical for the
formation, assembly, and/or function of the PACSIN2-and dynamin-dependent pathway. | have
already begun work to identify additional factors involved in TcdA endocytosis, which | discuss
in Chapter Ill. | also describe our ongoing and future efforts towards identification of TcdA
receptors and understanding toxin interaction with the host cell. Results from these studies will
be combined with ongoing work on TcdB to build a mechanistic framework of how both toxins
disrupt epithelial function and cause tissue damage, and will guide the development of

therapeutic strategies to prevent CDI.
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CHAPTERIII

CLOSTRIDIUM DIFFICILE TOXIN A UNDERGOES CLATHRIN-INDEPENDENT, PACSIN2-

DEPENDENT ENDOCYTOSIS

Introduction

Clostridium difficile, a gram-positive, spore-forming anaerobe, is the most common
cause of healthcare-associated infections and gastroenteritis-associated death in the United
States (5, 235, 236). The pathogenesis of C. difficile is mediated by two large homologous
exotoxins, TcdA and TcdB (308 kDa and 270 kDa, respectively), capable of causing epithelial
cell death, fluid secretion and inflammation (190). Recent studies, using isogenic single and
double toxin knockout strains, have shown that either TcdA or TcdB alone can cause disease in
animal models, with TcdB linked to severe disease phenotypes (73-75). Most pathogenic
isolates produce TcdA and TcdB emphasizing the need to consider both toxins when

developing C. difficile therapeutics (23, 237).

TcdA and TcdB are broadly classified as AB toxins, wherein a B subunit is involved in
the delivery of an enzymatic A subunit into the cytosol of a target cell. For C. difficile toxins, the
A subunit is an N-terminal glucosyltransferase domain (GTD) that inactivates small GTPases,
such as RhoA, Rac1 and Cdc42 (153, 154). The B subunit is composed of the combined
repetitive oligopeptides (CROPs) domain, delivery/pore-forming and autoprotease domains. The
CROPs has been proposed to function as the receptor-binding domain because it can bind cell
surface carbohydrates (78, 82, 84), and antibodies against the CROPs region of TcdA and TcdB
can neutralize toxicity (91, 103, 238). However, recent studies reveal that toxins lacking the

CROPs domain can still bind, enter and perturb host cellular function, highlighting the presence
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of alternative or additional receptor binding regions within the toxins (90, 107-109). Upon
binding to cells, toxins are taken up by endocytosis and transported to acidified endosomal
compartments (190). Acidification is thought to trigger a conformational change in the delivery
domain, allowing it to insert into the membrane of the endosome and form a pore through which
the enzymatic domains can be translocated (107, 118, 121). Once inside the cytosol, host
inositol hexakisphosphate binds the autoprotease domain to induce cleavage and release of the
GTD (129). The GTD transfers a glucose from UDP-glucose onto the switch | region of Rho
family GTPases. This inactivation results in perturbation of the actin cytoskeleton and cell
rounding (cytopathic effect) as well as apoptotic cell death (cytotoxic effect) (206, 212, 214,
215). At higher concentrations, TcdB is also capable of inducing aberrant production of reactive

oxygen species, resulting in cell death by necrosis (141, 222).

Despite their homology, TcdA and TcdB appear to engage different receptors on the cell
surface. Multiple receptors have been proposed for TcdA, including Gala1-3GalB1-4GlcNac,
rabbit sucrase-isomaltase and glycoprotein 96 (85, 86, 96). Three recent studies have shown
that poliovirus receptor-like protein 3, chondroitin sulfate proteoglycan 4, and frizzled proteins
can function as TcdB receptors on epithelial cells (104, 105, 108). Receptor binding by TcdB is
followed by internalization via clathrin-dependent endocytosis (114), but the mechanism(s) by

which TcdA enters cells has been less clear (113, 114).

In this study, | investigated TcdA cellular uptake by systematically perturbing the function
of key host factors involved in various endocytic pathways using RNAi-based knockdown
approaches and small molecule inhibitors, and by analyzing the toxin colocalization with
markers of endocytic pathways by confocal microscopy. Results from this study indicate that
cellular uptake of TcdA is mediated by a PACSIN2- and dynamin-dependent pathway and does
not involve clathrin- or caveolae-mediated endocytosis. This work was published in PLoS

Pathogens.
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Results

TcdA and TcdB utilize distinct endocytic mechanisms to intoxicate epithelial cells

| first examined whether TcdA-induced cytotoxicity in colonic epithelial cells requires
clathrin-mediated endocytosis (CME). Human colorectal adenocarcinoma (Caco-2) cells were
transduced with non-targeting shRNA (ctrl shRNA) and shRNAs (sh489 and sh887) targeting
two different sequences in the clathrin heavy chain (CHC). Expression of sh489 resulted in
greater than 90% reduction in CHC protein levels, whereas sh887 did not alter CHC levels in
cells (Figure 2-1A; inset). | challenged these shRNA-expressing cells with TcdA and TcdB
concentrations ranging from 100 pM to 100 nM and assayed for cellular viability using
CellTiterGlo. As expected, cells expressing sh489 (that were depleted of CHC) showed
increased survival relative to cells expressing ctrl shRNA or sh887 when challenged with TcdB
(Figure 2-1A; top panel). However, depletion of CHC did not affect TcdA-induced cell death
across the range of concentrations tested (Figure 2-1A; bottom panel). A similar observation
was made using a transient knockdown of CHC with small interfering RNA (siRNA) (Figure 2-2).
Taken together, these data show that clathrin heavy chain is dispensable for TcdA-induced

toxicity in Caco-2 epithelial cells.

The cytotoxicity data suggest that CME may not be required or involved in TcdA entry.
To test this, | checked for colocalization of fluorescently labeled TcdA (TcdA-546) with labeled
TcdB (TcdB-647) and CHC, markers of clathrin-mediated endocytosis. | verified that fluorescent
labeling with Alexa dyes did not affect TcdA function prior to using TcdA-546 in the imaging
assays (Figure 2-3). For the confocal assays, | intoxicated cells with 50 nM of TcdA-546 as it

provided sufficient signal and dynamic range needed for image analyses (Figure 2-4).
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Figure 2-1. TcdA and TcdB utilize distinct endocytic mechanisms to intoxicate colonic
epithelial cells. (A) Depletion of clathrin heavy chain (CHC) does not affect TcdA-induced
cytotoxicity. Caco-2 cells expressing non-targeting shRNA (Ctrl shRNA) and shRNAs 489 and
887 targeting two different sequences in CHC were treated with indicated concentrations of
TcdB or TcdA in triplicate. ATP levels were determined using CellTiterGlo and normalized to
signal from untreated cells to assess the relative survival of cells post-toxin treatment. Results
represent the mean and SEM of three independent experiments. Data were analyzed using two-
way ANOVA and p-values were generated using Dunnett’'s multiple comparisons test in
GraphPad Prism. **p<0.005; ns, not significant. Western blot of whole cell lysates from shRNA-
expressing Caco-2 cells were probed with antibodies against CHC and GAPDH (loading
control). Expression of shRNA489 targeting CHC results in significant reduction in CHC protein
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levels as shown in the inset. (B) TcdA does not colocalize with clathrin heavy chain during
cell entry. Caco-2 cells on glass coverslips were chilled at 10 °C for 45 min and then exposed
to media containing 50 nM TcdA-546 or buffer (no toxin control). The toxin was allowed to bind
to cells for 45 min at 10 °C. Unbound toxin was removed, and cells were shifted to 37 °C to
allow internalization of toxin for the times shown. At each time point, cells were washed once
with pre-warmed PBS, fixed and stained for CHC, and imaged by confocal microscopy. Merged
images show clathrin in red and toxin in green. Scale bars, 10 ym. (C) Transferrin colocalizes
with clathrin-coated pits as expected. Experiment was performed as in (B) with 20 ug/ml of
transferrin-alexa647 (Tf-647; positive control for colocalization with clathrin). Transferrin
internalization occurred at 37 °C for 10 min. Merged images show clathrin in red, transferrin in
green and colocalization in yellow. Scale bars, 10 ym. The images shown in (B) and (C) are
representative of multiple fields imaged from two independent experiments. (D) Pearson’s
correlation coefficient to assess the extent of colocalization between clathrin heavy chain and
Tf-647 or TcdA-546. Data represent mean and SD of 20 individual cells.
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Figure 2-2. siRNA-mediated transient depletion of clathrin heavy chain does not affect
TcdA-induced cell killing. Caco-2 cells were transfected with 10 nM siRNA against clathrin
heavy chain (CHC) or luciferase (Luc; non-targeting control), exposed to 50nM TcdA (white
bars) or TcdB (black bars) and then assayed for cellular viability using CellTiterGLO. Fold
change of survival was obtained by normalizing the relative viability of samples to luciferase
control. The data represent the average of ten independent experiments performed in triplicate
with SEM indicated as error bars. Data were analyzed using Welch’s t test. **p<0.005. RT-PCR
confirms that siRNA treatment resulted in a decrease in CHC mRNA expression.
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Figure 2-4. Comparison of TcdA fluorescence at 50 nM and 5 nM in Caco-2 cells. (A)
Caco-2 cells were allowed to bind 50 nM or 5 nM TcdA-546 for 45 min at 10 °C. Cells were
shifted to 37 °C for 4 min, washed, fixed and imaged using a LSM 510 Meta Inverted laser-
scanning confocal microscope (Zeiss). In the images, TcdA-546 is shown in green and
PACSINZ2 in red. Scale bars, 10 um. (B) Comparison of mean fluorescence intensities of TcdA-
546 at 50 and 5 nM. Data represent mean and SD of 50 individual cells chosen at random.
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Confocal microscopy revealed minimal to no detectable colocalization of TcdA-546 with TcdB-
647 during cell entry (Figure 2-5). However, the labeling efficiency and signal intensity for TcdB
was poor and less than desirable for colocalization and other imaging-based analyses. The
technical challenges associated with obtaining higher labeling efficiencies while maintaining
toxin function and internalization prevented me from using TcdB as a control in future
immunofluorescence assays. As a result, in the subsequent experiment, transferrin (Tf-647) was
used as a positive control for colocalization with CHC. As expected, Tf-647 exhibited significant
colocalization with clathrin-positive vesicles (Figure 2-1C and D). However, in similar
experiments, TcdA-546 did not colocalize with clathrin-positive structures during cell entry
(Figure 2-1B and D). Taken together, these findings support a clathrin-independent mechanism
of entry for TcdA and indicate that TcdA and TcdB utilize distinct endocytic mechanisms to

intoxicate epithelial cells.

Clathrin-independent uptake of TcdA requires functional dynamin

Clathrin-independent endocytic (CIE) pathways can be dynamin-dependent or -
independent (227, 239). Dynamin is a large GTPase that facilitates scission and release of
newly formed endocytic vesicles from the plasma membrane. To determine if the clathrin-
independent uptake of TcdA requires dynamin function, | perturbed dynamin activity in cells by
siRNA depletion or pharmacological inhibition and studied the effect on toxin-induced Rac1
glucosylation and cell death. Caco-2 cells were transfected with siRNAs targeting dynamin-1 or
luciferase (non-targeting control) and subsequently challenged with TcdA. | found that depletion
of dynamin-1 improved survival of cells treated with TcdA by at least three-fold compared to the
luciferase control (Figure 2-6A). | also verified that dynamin is important for the TcdA cytotoxic
mechanism by using dynasore, a potent inhibitor of dynamin GTPases (240). Dynasore

treatment prevented Rac1 glucosylation by TcdB in Caco-2 cells, consistent with the known role
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of dynamin in CME (Figure 2-6B and C). Furthermore, pretreatment of cells with dynasore
completely inhibited Rac1 glucosylation by TcdA (Figure 2-6B and C), supporting my earlier

observation that TcdA intoxication is dynamin-dependent.

To determine what step in the toxin pathway the inhibitor was affecting, | performed
time-of-addition assays. Dynasore was added prior to intoxication (pretreatment), at the same
time as toxin (0 min), or at various times post-intoxication, and Rac1 glucosylation in cells by
TcdB (Figure 2-7A and B) and TcdA (Figure 2-7C and D) was measured. Results from these
experiments show that inhibition of toxin-induced glucosylation can be bypassed by adding
dynasore 5 to 10 min post-intoxication, suggesting that the inhibitor is acting at the stage of
toxin entry. It is important to note that it takes several minutes for dynasore to appreciably inhibit
dynamin-dependent pathways (240), which might explain the glucosylation occurring when the
inhibitor and toxin are added together. In summary, these data indicate that TcdA entry and

intoxication in epithelial cells require functional dynamin.

Depletion of caveolin1, cavin1 or PACSIN2 inhibits TcdA-induced toxicity in Caco-2 cells.

The above findings indicated that TcdA uptake occurs through a clathrin-independent
and dynamin-dependent endocytic mechanism. Dynamin has been implicated or shown to be
involved in several CIE pathways such as caveolar endocytosis, the RhoA-dependent pathway,
flotillin-dependent endocytosis and endophilinA2-mediated endocytosis (FEME: fast endophilin-
mediated endocytosis) (227, 229, 239, 241). To rapidly assess which of these pathway(s), if
any, contribute to TcdA uptake, | performed siRNA-mediated depletion of a panel of host factors

involved in these uptake mechanisms and examined their impact on TcdA-induced cell death.
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Figure 2-6. TcdA-induced Rac1 glucosylation and cytotoxicity are dynamin-dependent.
(A) Depletion of dynamin-1 confers resistance to TcdA challenge. Caco-2 cells were
transfected with 10 nM siRNA against dynamin-1 (Dyn-1) or luciferase (Luc; non-targeting
control) and then intoxicated with 50 nM TcdA. ATP levels were determined using CellTiterGlo
and normalized to signal from untreated cells to assess the relative survival of cells post-toxin
treatment. The data represent the average of four independent experiments performed in
triplicate with the SEM indicated as error bars. Data were analyzed using Welch’s t test.
**p<0.005. RT-PCR confirms that siRNA treatment resulted in a decrease in Dyn-1 mRNA
expression. (B) Pharmacological inhibition of dynamin GTPases prevents Rac1
modification by TcdA. Caco-2 monolayers were pretreated with either 80 yM dynasore or with
an equal amount of DMSO control for 1 h at 37 °C. Cells were switched to 4 °C for 1 h and then
intoxicated with either 10 nM TcdA or TcdB (positive control). Toxins were allowed to bind at 4
°C for 1 h and then internalize at 37 °C. TcdA and TcdB treated cells were harvested after 25
min and 15 min, respectively. Whole cell lysates were prepared for SDS PAGE and Western
blot. The blot was probed with antibodies against the unglucosylated and total Rac1, and
GAPDH. Cells that did not receive toxin or treatment were used as a control. (C) Four replicates
of the experiments shown in (B) were quantified by densitometry and represented as the ratio of
unglucosylated and total Rac1 levels. Results reflect the mean and SEM, and were analyzed

using one-way ANOVA. p-values were generated using Dunnett’'s multiple comparisons test in
GraphPad Prism. **p<0.005.
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Figure 2-7. Dynasore time-of-addition assays reveal a block in toxin entry. Rac1
glucosylation assays were performed with 10 nM TcdB (A) or TcdA (C) as described in Fig. 2B
but the time of addition of dynasore was varied. Dynasore was added 1 h prior to toxin
treatment (pretreatment), or at the same time as toxin (0 min post-intox), or at various times
post-intoxication. (B) and (D) Three replicates of the experiments shown in panels A and C were
quantified by densitometry and represented as the ratio of unglucosylated and total Rac1 levels.
Results reflect the mean and SEM, and were analyzed using a one-way ANOVA. p-values were
generated using Dunnett’'s multiple comparisons test in GraphPad Prism. *p<0.05; **p<0.005;
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Figure 2-8. Caveolin-1 B
isoform is expressed in
Caco-2 cells. (A) Western
blots of whole cell lysates
from HelLa and Caco-2 cells
probed with antibodies
against the a isoform of
caveolin-1 (sc-894) and
GAPDH. (B) Total RNA from
HelLa and Caco-2 cells were
subjected to RT-PCR
analyses to determine the
mRNA expression of
caveolin-1 transcript variants.
GAPDH was amplified as a
loading control. (C) Western
blots of whole cell lysates
from Caco-2 and caveolin1™

mouse embryonic fibroblast (MEF) cells probed with antibodies against caveolin-1 (both

isoforms, BD biosciences) and tubulin (loading control).
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Caveolae-mediated endocytosis is a commonly studied clathrin-independent and
dynamin-dependent pathway (227, 242). However, there are conflicting reports regarding the
expression of caveolin1 (Cav1) in Caco-2 cells (243-245). Cav1 is typically expressed as two
isoforms, Cavia and Cav1pB, and both isoforms can be found in caveolae (246). Western
blotting and RT-PCR analyses show that Caco-2 cells preferentially express the beta isoform of
Cav1 (Figure 2-8). Since Caco-2 cells express Cav1, | decided to include host factors from the
caveolar pathway, namely Cav1, cavin1 and PACSIN2 (protein kinase C and casein kinase
substrate in neurons 2), in the siRNA panel. Results from the siRNA screen show that depletion
of flotillin1 or 2 (flotillin-dependent pathway), RhoA (RhoA-dependent pathway) or endophilinA2
(endoA2; FEME pathway) does not affect TcdA-induced cytotoxicity in Caco-2 cells. However,
knockdown of Cav1, cavin1 or PACSIN2 protected cells from TcdA challenge (Figure 2-9). This
protective effect was not observed for cells treated with TcdB, which enters via CME and was

used as a negative control.

TcdA uptake is PACSIN2-dependent but occurs independent of caveolae-mediated

endocytosis

Cav1, cavint and PACSIN2 are host proteins involved in caveolae-mediated
endocytosis (230, 231, 247-249). Results from the siRNA screen, therefore, lead to the
hypothesis that TcdA uptake in Caco-2 cells is mediated by caveolae-dependent endocytosis.
However, Vogel et al. had previously shown that Caco-2 cells contain extremely few, if any,
caveolae (245). Consistent with their finding, | observed that the cytoplasmic staining of cavin1
in Caco-2 cells was diffuse and atypical of caveolae-associated pools (Figure 2-10A). Caco-2

cells appear to lack caveolae despite expressing Cav1p and cavin1. Furthermore, | did not
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observe appreciable colocalization of TcdA-546 with Cav1 or cavin1 in Caco-2 cells (Figure 2-

10A).

To better understand the contribution of caveolae-mediated endocytosis to TcdA uptake,
| decided to investigate TcdA entry in mouse embryonic fibroblast (MEF) cells, which are
sensitive to TcdA and contain caveolae. Confocal microscopy revealed no detectable
colocalization of TcdA-546 with Cav1 or cavin1 in MEFs (Figure 2-10B). Furthermore,
investigation of TcdA-induced cell rounding in wildtype and Cav1-/- MEF cells shows that Cav1
is not required for the TcdA cytopathic mechanism (Figure 2-10C and D). A similar observation
was made using a transient knockdown of Cav1 in wildtype MEF cells (Figure 2-11A and B).
Taken together, these data suggest that TcdA uptake in MEFs is caveolae-independent. To test
this directly, | measured toxin uptake in MEFs depleted of Cav1. MEF cells were transfected
with control (luciferase) or Cav1 siRNA and allowed to internalize TcdA-546. Cav1 and TcdA-
546 fluorescence intensities in cells were measured and compared between the two conditions
to determine knockdown efficiency and extent of toxin uptake. | found that MEFs transfected
with Cav1 siRNA showed a 67% decrease in Cav1 fluorescence staining compared to controls
(Figure 2-11C and D). The toxin levels in cells remained unaffected by Cav1 depletion,
however, supporting the idea of a caveolin-independent uptake mechanism for TcdA in MEFs
(Figure 2-11C and E). In summary, data from both Caco-2 and MEF cells show that caveolae-

mediated endocytosis does not contribute to cellular uptake of TcdA.

Interestingly, despite the lack of significant colocalization with Cav1-positive vesicles,
TcdA-546 colocalized with PACSINZ2 in wildtype MEF cells (Figure 2-12). PACSIN2/Syndapin-II
is a BAR (Bin/amphiphysin/rvs)-domain-containing protein that has been shown to interact with
dynamin and regulators of actin to induce membrane curvature and the formation of vesicular-

tubular invaginations that can promote receptor-mediated endocytosis (232-234).

52



- %1 = TcdA - 7 = TcdA
Tod TedB g% TedB
Totc SoE
sgs * cgs
$E 2 Lucsi + sg 2 Lucsi +
55§ 02 - T cavisi- + 5§ 02 & T Flot2si -+
g2: EElc-v1 mRNA g2 Flot2 mRNA
° == cAPDH mRNA % oo , . =k GAPDH mRNA
< N < &
S & S é\\\\o
. A
siRNA treatment <
siRNA treatment
& "% = TcdA - %) = Tcdn
Tos TedB T3 TedB
TTE o4 TTE 04
288 3838
5693 O T - avinisi -+ 55 O 0Asi -+
X =3 cavin1 mRNA 8Z& e - =l RhoA mRNA
> =k GAPDH mRNA R == GAPDH mRNA
< N O r
N & 5 d
v O’DA WV Qv_(\
siRNA treatment siRNA treatment
= %] = TodA * - %1 = TcA
E e? TcdB E e TcdB
TTE o4 TTE 04
ad8 288
.2 g E’ T Lucsi+ ,2 E ?.! Lucsi +
Egs 02 T, PACSIN2si- _+ 558 2 - EndoA2si -+
2t PACSIN2 mRNA 2%t ==l EndoA2 mRNA
= GAPDH mRNA 0.0 e GAPDH mRNA
o 9
o4 s
Q/Q
SiRNA treatment siRNA treatment
= "6 = TcdA
So% TedB
TTE 04
3838
eE H Lucsi +
®53 02 T Flot1si -+
S22 [l Fiot! mRNA
> 00 =k GAPDH mRNA
' < N
V4 &
D
<®

siRNA treatment

Figure 2-9. Depletion of caveolin1, cavin1 or PACSIN2 inhibits TcdA-induced toxicity in
Caco-2 cells. Caco-2 cells were transfected with 10 nM siRNA against indicated endocytic host
factors, exposed to 50 nM TcdA (black bars) or TcdB (gray bars) and then assayed for cellular
viability using CellTiterGLO. Relative survival was obtained by normalizing the viability of treated
cells to untreated (no toxin) controls. The data represent the average of at least three
independent experiments performed in triplicate with the standard error of the mean indicated
as error bars. Data were analyzed using t test. *p<0.05. RT-PCR confirms that siRNA treatment
resulted in a decrease in the target mMRNA expression.
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Figure 2-10. TcdA entry does not involve caveolin-mediated endocytosis. (A) TcdA does
not colocalize with caveolin1 (cav1) or cavin1 in Caco-2 cells. Colocalization studies of
TcdA and caveolar endocytic proteins, caveolin1 and cavin1, were performed by binding TcdA-
546 to Caco-2 cells at 10 °C for 45 min and shifting cells to 37 °C to allow toxin uptake. After 10
min, cells were fixed and stained for caveolin1 or cavin1 and imaged using a confocal
microscope. Merged images show caveolin1 or cavin1 in red and toxin in green. Scale bars, 10
pm. (B) TcdA does not colocalize with caveolin1 or cavin1 in wildtype mouse embryonic
fibroblast (MEF) cells. Colocalization studies were performed in wildtype MEFs as described in
(A). Toxin internalization occurred at 37 °C for 3 min. Scale bars, 10 um. (C) Caveolin1” MEFs
are sensitive to TcdA-induced cell rounding. Wildtype and caveolin1™ MEFs were
challenged with 10 nM TcdA and toxin-induced cell rounding effects were monitored using an
imaging-based kinetic assay as described in Materials and Methods. Representative images of
cells 0 h and 5 h post-toxin treatment for each cell type are shown. (D) The percentage of
rounded cells 5 h post-toxin treatment was quantified for each cell type. Data represent mean
and SD of at least 900 cells from three independent experiments. Knockout of cav1l was
confirmed by probing western blot of whole cell lysates from wildtype and caveolin1”- MEFs with
antibodies against cav1 and GAPDH (loading control) as shown in inset.
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Figure 2-11. Caveolin1 is not required for TcdA uptake and toxin-induced rounding in
wildtype MEF cells. (A) and (B) Depletion of Cav1l does not affect TcdA-induced cell
rounding in wildtype MEF cells. MEF cells transfected with luciferase (non-targeting) or Cav1
siRNA were challenged with 5 nM TcdA, and toxin-induced cell rounding effects were monitored
using an imaging-based kinetic assay as described in Materials and Methods. Representative
images of cells 48 min post-toxin treatment are shown in (A). Scale bars, 100 um. (B) The
percentage of rounded cells in each siRNA condition was quantified for the indicated time
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points. Data represent mean and SD of at least 1200 cells from three independent experiments.
Western blots of whole cell lysates shown in inset confirms that Cav1 siRNA transfection
resulted in a significant decrease in Cav1 protein levels (87.9 =+ 1.2 %) in cells. (C), (D) and (E).
Cav1 depletion does not affect TcdA uptake in MEF cells. Wildtype MEF cells expressing
luciferase (luc) or Cav1 siRNA were incubated with 50 nM TcdA-546 at 10 °C for 45 min. Cells
were allowed to warm up to 37 °C for 2 min and then washed to remove unbound toxins and
incubated with fresh media prewarmed to 37 °C. Bound toxins were allowed to internalize for 9
min at 37 °C. Cells were then fixed, stained for Cav1 and actin, and imaged by confocal
microscopy. The images shown in (C) are representative of multiple fields imaged from two
independent experiments. Merged images show Cav1 in red, TcdA-546 in green and actin
(Phalloidin-647) in blue. Scale bars, 10 um. (D) Comparison of mean fluorescence intensities of
Cav1 between luc and Cav1 siRNA transfected cells. Data represent mean and SD of 77
individual cells. Student’s t test ***p<0.0001. (E) Comparison of mean fluorescence intensities of
TcdA-546 between luc and Cav1 siRNA transfected cells. Data represent mean and SD of 77
individual cells and were analyzed by student’s t test. ns, not significant. Cells were chosen at
random for intensity analyses.

Cell imaging studies show that there is a pool of PACSIN2 that colocalizes with Cav1-
positive vesicles, consistent with the known role of PACSIN2 in caveolar endocytosis (Figure 2-
12B and C). However, the PACSIN2 that colocalizes with TcdA-546 in MEF cells is not Cav1-
associated (Figure 2-12B and C). | also found that PACSIN2 depletion, unlike that of Cav1,
protects wildtype MEF cells from TcdA-induced cytopathic effects (Figure 2-13). To test whether
PACSINZ2 is involved in TcdA entry, | depleted PACSINZ2 in wildtype MEFs by using siRNAs and
examined the impact on TcdA binding and uptake. A 61% reduction in PACSIN2 staining had no
impact on the overall toxin binding to cells (Figure 2-14). However, a 48% reduction in PACSIN2
fluorescence correlated with a 36% decrease in TcdA uptake (Figure 2-15). Similar uptake
assays performed with transferrin, a clathrin-dependent cargo, show that transferrin uptake is
not affected by PACSIN2 depletion, and indicates a specific role for PACSIN2 in TcdA entry

(Figure 2-16).
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Figure 2-12. TcdA colocalizes with PACSIN2 in wildtype MEF cells. (A) Wildtype MEFs on
glass coverslips were allowed to bind 50 nM TcdA-546 for 45 min at 10 °C, and cells were
shifted to 37 °C to allow internalization of toxin for 3 min. Cells were fixed, stained for PACSINZ2,
and analyzed by confocal microscopy. Merged images show PACSINZ2 in red, toxin in green,
and colocalization in yellow. Scale bars, 10 ym. The images shown are representative of
multiple fields imaged from two independent experiments. (B) Immunofluorescence assays
were performed as described in (A), but cells were stained for cav1 in addition to PACSINZ2.
Merged images show PACSIN2 in red, toxin in green, and cav1 in blue. Yellow puncta in
merged images denote TcdA- and PACSIN2-positive structures. Pink punta denote caveolae-
associated PACSIN2. Scale bars, 10 ym. (C) Pearson’s correlation coefficient to assess the
extent of colocalization between PACSIN2, cav1 and TcdA-546 after 3 min toxin uptake. Data
represent mean and SD of 31 individual cells chosen at random.
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Figure 2-13. Depletion of PACSIN2 delays TcdA-induced cell rounding in wildtype MEF
cells. MEF cells transfected with luciferase (non-targeting) or PACSIN2 siRNA were challenged
with 5 nM TcdA, and toxin-induced cell rounding effects were monitored using an imaging-
based kinetic assay as described in Materials and Methods. Representative images of cells 48
min post-toxin treatment are shown in (A). Scale bars, 100 um. (B) The percentage of rounded
cells in each siRNA condition was quantified for the indicated time points. Data represent mean
and SD of at least 1200 cells from three independent experiments. Data were analyzed using
two-way ANOVA and p-values were generated using Sidak’s multiple comparisons test in
GraphPad Prism. **p<0.005. Western blots of whole cell lysates shown in inset indicate that
PACSIN2 siRNA transfection resulted in a significant decrease (96.3 + 2.8 %) in PACSIN2
protein levels but did not affect Cav1 or Rac1 levels in cells.
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Figure 2-14. Depletion of PACSIN2 does not affect TcdA binding in MEF cells. (A) Wildtype
MEF cells expressing luciferase (luc) or PACSIN2 siRNA were incubated with 50 nM TcdA-546
at 10 °C for 45 min. Cells were allowed to warm up to 37 °C for 2 min and then washed to
remove unbound toxin and fixed. Cells were stained for PACSIN2 and actin (phalloidin-647).
The images shown are representative of multiple fields imaged from three independent
experiments. Merged images show PACSIN2 in red, TcdA-546 in green, and actin (Phalloidin-
647) in blue. Scale bars, 10 um. (B) Comparison of mean fluorescence intensities of PACSIN2
between luc and PACSIN2 siRNA transfected cells. Data represent mean and SD of 95
individual cells. Student’s t test ***p<0.0001. (C) Comparison of mean fluorescence intensities
of TcdA-546 between luc and PACSIN2 siRNA transfected cells. Data represent mean and SD
of 95 individual cells and were analyzed by student’s t test. ns, not significant. Cells were
chosen at random for intensity analyses.
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Figure 2-15. Depletion of PACSIN2 reduces TcdA uptake in MEF cells. Wildtype MEF cells
expressing luciferase (luc) or PACSIN2 siRNA were incubated with 50 nM TcdA-546 at 10 °C
for 45 min. Cells were allowed to warm up to 37 °C for 2 min and then washed to remove
unbound toxins and incubated with fresh media prewarmed to 37 °C. Bound toxins were allowed
to internalize for 9 min at 37 °C. Cells were then fixed, stained for PACSIN2 and imaged by
confocal microscopy. PACSIN2 and TcdA-546 staining from each condition are shown in (A).
Scale bars, 10 ym. The images shown are representative of multiple fields imaged from two
independent experiments. (B) Comparison of mean fluorescence intensities of PACSIN2
between luc and PACSIN2 siRNA transfected cells. Data represent mean and SD of 101
individual cells. Student’s t test ***p<0.0001. (C) Comparison of mean fluorescence intensities
of TcdA-546 between luc and PACSIN2 siRNA transfected cells. Data represent mean and SD

of 101 individual cells. Student’s t test ***p<0.0001. Cells were chosen at random for intensity
analyses.
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Figure 2-16. Depletion of PACSIN2 does not affect transferrin uptake in MEF cells. (A)
Wildtype MEF cells expressing luciferase (luc) or PACSIN2 siRNA were incubated with 25 ug/mi
of transferrin-alexa546 at 10 °C for 45 min. Cells were switched to 37 °C for 4 min, fixed and
stained for PACSIN2 and actin (phalloidin-647). The images shown are representative of
multiple fields imaged from two independent experiments. Merged images show PACSIN2 in
red, transferrin-546 in green, and actin (Phalloidin-647) in blue. Scale bars, 10 um. (B)
Comparison of mean fluorescence intensities of PACSIN2 between luc and PACSIN2 siRNA
transfected cells. Data represent mean and SD of 76 individual cells. Student's t test
***p<0.0001. (C) Comparison of mean fluorescence intensities of transferrin-546 between luc
and PACSINZ2 siRNA transfected cells. Data represent mean and SD of 76 individual cells and
were analyzed by student’s t test. ns, not significant. Cells were chosen at random for intensity
analyses.
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| next checked if PACSINZ2 is involved in TcdA uptake in Caco-2 cells, which lack the
caveolar pathway. Similar to our findings in MEF cells, | observed significant colocalization of
TcdA-546 with PACSIN2-positive structures in Caco-2 cells by confocal microscopy (Figure 2-
17). Unlike MEF cells, where TcdA colocalizes with PACSIN2 at 3 min, colocalization in Caco-2
cells was strongest at 10 min post-switch to 37 °C (Figure 2-17B and C). PACSIN2 has been
shown to associate with Rac1 on early endosomes (250). It is possible that the TcdA-containing
PACSIN2 structures in Caco-2 cells are early endosomes and that | was capturing
colocalization at the stage of toxin translocation, where TcdA can access Rac1. To address this,
| performed colocalization studies of TcdA-546 with PACSIN2 and early endosomal antigen 1
(EEA1) in Caco-2 cells. As expected, a fraction of PACSIN2 colocalized with EEA1 (Figure 2-
18). However, these PACSIN2-positive early endosomes were distinct from the toxin-containing
PACSIN2 structures observed at 0, 5, 10 and 15 min post-switch to 37 °C (Figure 2-18). Taken
together, these data show that TcdA-546 colocalizes with a Cav1- and endosome-independent

pool of PACSIN2 in Caco-2 cells.

Strong colocalization between TcdA-546 and PACSINZ2 and inhibition of TcdA-induced
cell death upon PACSIN2 depletion (Figure 2-9 and Figure 2-19) suggest that PACSIN2 is
required for TcdA entry in Caco-2 cells. To test this, | depleted PACSIN2 and examined the
effect on TcdA binding and uptake. Caco-2 cells were transduced with a non-targeting shRNA
(ctrl shRNA) and shRNA 982 (sh982) targeting PACSIN2. Expression of sh982 resulted in 94.7
+ 2.1 % reduction in PACSIN2 protein levels by western blotting (Figure 2-20). Since TcdA
binding to cells might be temperature-sensitive (251), | performed binding assays at two
different conditions (10 °C and 37 °C). Irrespective of the temperature, | found that PACSIN2
depletion does not affect TcdA binding to cells (Figure 2-20). | then investigated the effect of

PACSIN2 depletion on TcdA uptake by imaging-based approaches. Caco-2 cells stably
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expressing shRNAs were allowed to bind and internalize TcdA-546 and were then stained for
PACSIN2 (Figure 2-21). Expression of sh982 resulted in a 66% decrease in PACSIN2
fluorescence in cells (Figure 2-21C). In contrast to control cells, TcdA-546 signal in sh982-
expressing cells was typically restricted to the cell periphery suggesting that toxin internalization
is inhibited in these cells (Figure 2-21A). Consistent with that, cells expressing sh982 showed a
44% reduction in TcdA-546 fluorescence compared to cells expressing ctrl shRNA (Figure 2-
21D). Despite similar cell surface binding, the overall levels of cell-associated toxin in PACSIN2-
depleted cells were lower than that of controls. PACSIN2 depletion inhibited TcdA entry, and the
toxin that is stuck on the outside and unable to enter the cells was likely lost in the subsequent
wash steps. | also observed a strong correlation (R? = 0.8) between TcdA-546 and PACSIN2
fluorescence in cells (Figure 2-21B). Linear regression analyses show that an increase in
PACSINZ2 fluorescence correlated with a corresponding increase in toxin fluorescence (and vice
versa), supporting the conclusion that TcdA uptake is PACSIN2-dependent. Lastly, to evaluate
the specificity of the observations with PACSINZ2, | performed colocalization and uptake assays
in Caco-2 cells with transferrin (a clathrin-dependent cargo). Confocal assays reveal minimal to
no colocalization between transferrin and PACSIN2 at 1 min post-switch to 37 °C (Figure 2-22B
and C). However, the degree of colocalization increased with time. Transferrin has been
previously shown to be transported to PACSIN2-positive perinuclear vesicles upon entry (250).
Consistent with that, | found a significant portion of transferrin in PACSIN2-positive endosomes
at 3 min post-entry (Figure 2-22A). This is in contrast to TcdA, which colocalizes with an
endosome-independent pool of PACSIN2 in Caco-2 cells (Figure 2-18). It is important to note
that while transferrin colocalizes with PACSIN2-positive endosomes, the uptake of this cargo in
Caco-2 cells does not require PACSIN2 (Figure 2-23). In sum, these findings emphasize a

specific requirement for PACSINZ2 in the TcdA uptake mechanism.
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Figure 2-17. TcdA colocalizes with PACSIN2 during entry in Caco-2 cells. (A)
Immunofluorescence assays were performed as described in Fig. 1B. At indicated time points,
cells were fixed, stained for PACSIN2 and analyzed by confocal microscopy. Merged images
show PACSINZ2 in red, toxin in green and colocalization in yellow. Scale bars, 10 um. The
images shown are representative of multiple fields imaged from three independent experiments
(B) Pearson’s correlation coefficient to assess the extent of colocalization between PACSIN2
and TcdA-546 at the indicated time points. Data represent mean and SD of 45 individual cells.
(C) Mander’s coefficient to assess the fraction of TcdA-546 colocalizing with PACSINZ2 and vice
versa. A value of 1.0 indicates 100% overlap between the two colors. Data represent mean and
SD of 45 individual cells. Cells were chosen at random for colocalizaton analyses.
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Figure 2-18. TcdA- and PACSIN2-positive structures at 5, 10 and 15 min post-switch to 37
°C are not early endosomes. (A) Caco-2 cells on glass coverslips were allowed to bind 50 nM
TcdA-546 for 45 min at 10 °C. Unbound toxin was removed, and cells were shifted to 37 °C to
allow internalization of toxin for 0, 5, 10 or 15 min. Cells were fixed, stained for PACSIN2 and
early endosomal antigen 1 (EEA1) and analyzed by confocal microscopy. Merged images show
PACSINZ2 in red, toxin in green and EEA1 in blue. Yellow puncta in merged images denote
TcdA- and PACSIN2-positive structures. Pink punta denote PACSIN2-positive endosomes.
Scale bars, 20 um. The arrowheads in the images highlight representative regions that are
positive for TcdA and PACSIN2 but not EEA1. The images shown are from the 10 min time
point and are representative of multiple fields imaged from two independent experiments. (B)
Pearson’s correlation coefficient to assess the extent of colocalization between PACSIN2, EEA1
and TcdA-546 at 0, 5, 10 and 15 min post-entry. Data represent mean and SD of 30 individual
cells.
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Figure 2-19. Depletion of PACSIN2 inhibits TcdA-induced cell killing at various
concentrations tested. (A) Caco-2 cells were transfected with 10 nM siRNA against PACSIN2
or luciferase (Luc; non-targeting control) and then intoxicated with indicated concentrations of
TcdA or TcdB. ATP levels were determined using CellTiterGlo and normalized to signal from
untreated cells to assess the relative survival of cells post-toxin treatment. Results represent the
mean and SEM of three independent experiments. Data were analyzed using two-way ANOVA,
and p-values were generated using Sidak’s multiple comparisons test in GraphPad Prism.
**p<0.005; ns, not significant. (B) Western blot of whole cell lysates from siRNA-expressing
Caco-2 cells probed with antibodies against PACSIN2, total Rac1 and GAPDH (loading control).
PACSIN2 siRNA resulted in 94.4 + 4.4 % reduction in PACSINZ2 protein levels by densitometry.
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37 °C for 4 min to warm the cells to 37 °C. Cells were then washed with PBS prewarmed to 37
°C to remove unbound toxins and collected for lysis and western blotting.
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Figure 2-21. Depletion of PACSIN2 inhibits TcdA entry in Caco-2 cells. (A) Caco-2 cells
expressing non-targeting shRNA (Ctrl shRNA) or shRNA 982 targeting PACSIN2 were
incubated with 50 nM TcdA-546 at 10 °C for 45 min. Unbound toxins were removed and cells
were shifted to 37 °C to allow internalization. After 20 min, cells were washed, fixed, stained for
PACSIN2 and imaged by confocal microscopy. PACSIN2 and TcdA staining from ctrl shRNA
and sh982 expressing cells are shown. Scale bars, 10 ym. The images shown are
representative of multiple fields imaged from three independent experiments (B) Scatter plot of
the relative fluorescence intensities of PACSIN2 and TcdA in ctrl shRNA (black circles) and
PACSIN2 sh982 (white squares) expressing cells. Each data point represents an individual cell.
A total of 78 cells per condition were chosen at random for analyses. Linear regression analysis
was performed in GraphPad Prism and indicates a strong correlation between PACSIN2 and
toxin levels in cells. (C) Comparison of mean fluorescence intensities of PACSIN2 between ctrl
shRNA and PACSIN2 sh982 expressing cells. Data represent mean and SD of 78 individual
cells. Student’s t test ***p<0.0001. (D) Comparison of mean fluorescence intensities of TcdA
between ctrl shRNA and PACSIN2 sh982 expressing cells. Data represent mean and SEM of
78 individual cells. Student’s t test ***p<0.0001.
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Figure 2-22. Transferrin colocalizes with PACSIN2-positive endosomes in Caco-2 cells.
(A) Caco-2 cells on glass coverslips were allowed to bind 25 pug/ml of transferrin-alexa647 for 45
min at 10 °C. Cells were shifted to 37 °C to allow internalization for 1, 3 and 5 min. Cells were
fixed, stained for PACSIN2 and early endosomal antigen 1 (EEA1) and analyzed by confocal
microscopy. Merged images show PACSINZ2 in red, transferrin in green, and EEA1 in blue.
Scale bars, 10 ym. The arrowheads in the images highlight representative regions that are
positive for transferrin, PACSIN2 and EEA1. The images shown are from the 3 min time point
and are representative of multiple fields imaged from two independent experiments. (B)
Pearson’s correlation coefficient to assess the extent of colocalization between transferrin and
PACSIN2. Data represent mean and SD of at least 43 individual cells. (C) Mander’s coefficient
to assess the fraction of transferrin colocalizing with PACSIN2 and vice versa. A value of 1.0
indicates 100% overlap between the two colors. Data represent mean and SD of 43 individual
cells. Cells were chosen at random for colocalization analyses.
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Figure 2-23. PACSIN2 depletion does not affect transferrin uptake in Caco-2 cells. (A)
Caco-2 cells expressing non-targeting shRNA (Ctrl shRNA) or shRNA 982 targeting PACSIN2
were incubated with 25 ug/ml transferrin-647 (Tf-647) at 10 °C for 45 min. Cells were shifted to
37 °C to allow internalization. After 5 min, cells were washed, fixed, stained for PACSIN2 and
imaged by confocal microscopy. PACSIN2 and Tf-647 staining from ctrl shRNA and sh982
expressing cells are shown. Scale bars, 10 ym. The images shown are representative of
multiple fields imaged from three independent experiments. (B) Scatter plot of the relative
fluorescence intensities of PACSIN2 and Tf-647 in ctrl shRNA (black circles) and PACSIN2
sh982 (white squares) expressing cells. Each data point represents an individual cell. A total of
72 cells per condition were chosen at random for analyses. Linear regression analysis was
performed in GraphPad Prism and indicates a lack of correlation between PACSIN2 and Tf-647
levels in cells. (C) Comparison of mean fluorescence intensities of PACSIN2 between ctrl
shRNA and PACSIN2 sh982 expressing cells. Data represent mean and SD of 72 individual
cells. Student’s t test ***p<0.0001. (D) Comparison of mean fluorescence intensities of Tf-647
between ctrl shRNA and PACSIN2 sh982 expressing cells. Data represent mean and SD of 72
individual cells and were analyzed by student’s t test. ns, not significant.
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Discussion

TcdA and TcdB are the key virulence factors that mediate the pathology associated with
C. difficile infection (73, 75). Cellular intoxication by TcdA and TcdB depends on endocytosis
and transport to acidified endosomal compartments within cells (107, 116, 118, 121). Since
these toxins represent excellent targets for therapeutic intervention, understanding the

mechanism of toxin entry is a significant priority.

TcdB has been shown to require clathrin-mediated endocytosis (CME) to induce Rac1-
inactivation and cell rounding (114). However, the endocytic mechanisms utilized by TcdA for
entry and intoxication have not been clearly defined. In this study, | have combined several
independent approaches to obtain a detailed understanding of TcdA entry into cells. | perturbed
the function of several key endocytic factors using RNAi-mediated depletion or pharmacological
inhibition and determined the subsequent effect on TcdA uptake and toxin-induced downstream
effects such as Rac1 glucosylation, cell rounding or cell death. The use of TcdB and transferrin
as a controls in these assays allowed for comparative analyses of the endocytic factors (or
pathways) relevant for the cytotoxic mechanism of both toxins and for evaluation of the
specificity of the perturbations made. Additionally, | validated my findings from the perturbation
studies by examining the colocalization of fluorescently labeled TcdA with markers of specific

endocytic pathways.

Using these complementary approaches, | find that TcdA uptake in Caco-2 cells is
independent of CME. First, both transient and stable depletion of CHC had no effect on TcdA-
induced cytotoxicity. Second, TcdA did not colocalize with markers of the clathrin-mediated
endocytic pathway. My results contradict previous reports that propose a role for CME in TcdA
uptake (113, 114). While the first study reported that TcdA uptake occurs via CME (114), the
second study has implicated both clathrin-dependent and —independent pathways in TcdA
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uptake (113). Both studies relied primarily on pharmacological inhibition of CME by
chlorpromazine to investigate the contribution of CME to TcdA entry. Pretreatment of HelLa or
HT-29 cells with chlorpromazine was shown to reduce Rac1 glucosylation and cell rounding by
TcdA (113, 114). Consistent with these studies, | observed that chlorpromazine treatment also
reduced Rac1 glucosylation by TcdA in Caco-2 cells. While chlorpromazine has been widely
used to disrupt clathrin-coated pits, several studies demonstrate that the drug can also interfere
with clathrin-independent endocytic mechanisms (229, 252-254). It is therefore important to
corroborate the data obtained by pharmacological inhibition with other more specific
approaches. Interestingly, in contrast to their chlorpromazine experiments, Gerhard et al. did not
observe a significant decrease in Rac1 glucosylation by TcdA in HT-29 cells depleted of CHC
(113). This would argue that TcdA intoxication in HT-29 cells is independent of CME, consistent

with my findings in Caco-2 cells.

Clathrin-independent endocytic (CIE) pathways can be subdivided based on whether or
not they use a dynamin GTPase for vesicle scission (255, 256). Macropinocytosis, clathrin-
independent carriers (CLIC) and Arf6-regulated pathways are dynamin-independent, whereas
dynamin has been implicated or shown to be involved in caveolae-, RhoA-, flotillin- and
endophilinA2-mediated endocytosis (227, 229, 239, 255, 256). Results from my perturbation
studies indicate that TcdA internalization is dynamin-dependent. Using a siRNA-based screen of
endocytic factors from dynamin-dependent pathways, | was able to identify Cav1, cavin1 and

PACSINZ2 to be important for TcdA-mediated cell death.

Cav1, cavin1 and PACSIN2 are key proteins involved in caveolae formation and
endocytosis. Cav1 is a major structural component of caveolae membrane coats (249);
disruption of Cav1 leads to loss of caveolae (247), and ectopic expression of Cav1 in cells
lacking caveolae results in de novo formation of caveolae (257). Cavin1 or PTRF (polymerase |

transcript release factor) is a caveolae-associated protein that is required for the formation of
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caveolae via sequestration of caveolins into caveolae (248). PACSIN2/syndapin-Il is a Fer-CIP4
homology-BAR (F-BAR) domain-containing protein that is involved in the membrane sculpting of
caveolae and recruitment of dynamin for caveolae fission (230, 231). | found no evidence for a
direct involvement of caveolae-mediated endocytosis in TcdA uptake. Imaging studies in Caco-2
cells showed no detectable colocalization between TcdA and Cav1 or cavin1. However, | made
two observations worth noting. First, Caco-2 cells do not express the o isoform of Cav1.
Fujimoto et al. reported that expression of the Cav1 a isoform, but not B isoform, resulted in the
formation of caveolar invaginations in cells that lack endogenous caveolae, suggesting that the
o isoform is required for functional caveolae formation (246). Second, | observed a strong
nuclear but diffuse cytoplasmic staining for cavin1 in Caco-2 cells. These observations are in
line with a previous report by Vogel et al. (245), which showed that Caco-2 cells lack functional
caveolae. Lack of Cavia and functional caveolae likely affects the localization and function of
cavin1l in these cells resulting in the atypical staining pattern. | also did not observe
colocalization between TcdA and Cav1 or cavin1 in mouse embryonic fibroblast cells that do
contain functional caveolae. Furthermore, depletion of Cav1 does not affect TcdA uptake or
TcdA-induced cytopathic effects in MEFs indicating that TcdA uptake can occur independent of

caveolae-mediated endocytosis.

| speculate that Cav1 and cavin1 promote TcdA-induced toxicity in Caco-2 cells through
indirect mechanisms. One possibility is that these proteins regulate the expression or function of
endocytic factors involved in the TcdA uptake mechanism. There is emerging evidence for such
crosstalk between caveolar proteins and other CIE pathways (258, 259). Additionally, Cav1 and
cavin1 are involved in cholesterol trafficking and homeostasis (260-262). TcdA requires
cholesterol for pore-formation and toxicity (122). Depletion of caveolar proteins may modulate
the lipid composition of cell membranes leading to indirect effects on TcdA toxicity. However,

Cav1 depletion does not affect TcdA-induced cytopathic effects in MEF cells, making this
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unlikely to be the mechanism involved. Finally, caveolar proteins could be involved in signaling
mechanisms or recycling of receptors that promote TcdA-induced toxicity. We currently do not
know the receptor(s) or the exact uptake mechanism for TcdA in Caco-2 and MEF cells.
Therefore, it is difficult to determine which of these indirect mechanisms, if any, contribute to the

effects observed in our siRNA-viability assay.

Interestingly, | observed that TcdA uptake, while caveolae-independent, is dependent on
PACSINZ2. In MEF cells, which contain caveolae, TcdA colocalizes with PACSINZ2, and depletion
of PACSIN2 inhibits TcdA entry and toxin-induced downstream effects. | made similar
observations in Caco-2 cells, which lack caveolae. Proteins in the PACSIN/syndapin family have
an N-terminal F-BAR domain that mediates F-actin binding and membrane bending and a C-
terminal Src homology 3 (SH3) domain that can interact with dynamin, synaptojanin and
Neuronal Wiskott-Aldrich Syndrome Protein (N-WASP), a component of the actin polymerization
machinery (232, 263-267). PACSIN2 is ubiquitously expressed, whereas PACSIN1 is mainly
expressed in brain, and PACSIN3 is expressed predominantly in skeletal muscles, lung and
heart (265, 268, 269). PACSINs form homo- and hetero- oligomers that allow them to function
as adapter or scaffolding proteins that can link the actin cytoskeleton with the endocytic
machinery (233, 234, 270). Previously, PACSIN2 has been shown to be involved in epidermal
growth factor receptor (EGFR) internalization and cholera toxin B (CTxB) entry (231, 250, 271).
Similar to the observations with TcdA, CTxB has been shown to colocalize with PACSINZ2 in
HelLa cells (250), and depletion of PACSIN2 results in a significant decrease in CTxB
incorporation into HelLa cells (231). It is not clear from these studies however, whether

PACSINZ2 functions independently of caveolae-mediated endocytosis in promoting CTxB entry.

While PACSINZ2 is required for TcdA uptake in both Caco-2 and wildtype MEF cells, the
molecular and mechanistic details of this PACSIN2-dependent uptake may differ between these

cells. In wildtype MEF cells, imaging studies show TcdA in PACSIN2-positive structures that

73



have a vesicular appearance, whereas in Caco-2 cells, | observed TcdA in PACSINZ2 structures
with different curvature. PACSIN2 is a BAR-domain protein that bends membranes. In addition
to being associated with vesicular structures such as caveolae, PACSIN2 is also known to
create tubular membrane invaginations (232). | speculate that in Caco-2 cells, TcdA is
internalized into small tubules or tubular constrictions induced by PACSINZ2, resulting in the
extended structures observed in the images. | do not know why toxin is internalized into
PACSINZ2 structures with different curvatures in Caco-2 vs MEF cells, and this is an area for

future investigation.

Overall, my data indicate that in Caco-2 and MEF cells TcdA uptake and intoxication
occurs by a clathrin- and caveolae-independent endocytic mechanism that requires PACSIN2.
While this work supports an important role for PACSIN2 and dynamin in TcdA uptake and
cytotoxicity, | cannot conclude that TcdA entry occurs solely by this mechanism. Alternate
routes of entry may exist for TcdA, but based on the perturbation studies, | anticipate that their
contribution will be minor. This work also shows that TcdA and TcdB utilize distinct endocytic
pathways to intoxicate epithelial cells. TcdA and TcdB bind different cell surface proteins and
sugars (85, 86, 96, 104, 108), which likely explains their internalization by distinct endocytic
pathways. Importantly, the differences in entry between TcdA and TcdB can have implications
regarding their cytotoxic mechanisms. TcdB is more than potent than TcdA in cell culture and
animal models (75, 272, 273). TcdB causes necrosis and extensive damage to the colonic
epithelium by inducing the production of reactive oxygen species (ROS). ROS generation by
TcdB requires internalization of TcdB-receptor complexes and the activated NADPH oxidase
complex via CME and the subsequent formation of a redox active endosome (222). TcdA,
however, is unable to induce ROS (222). | speculate that the clathrin-independent, PACSIN2-
dependent entry mechanism utilized by TcdA prevents the assembly of the redox active

endosomes, resulting in reduced toxicity compared to TcdB.
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Many aspects of this PACSIN2- and dynamin-dependent endocytic mechanism remain
to be elucidated, including how PACSIN2 mediates vesicle formation. Recently, Boucrot et al.
and Renard et al. described a new endocytic route (FEME pathway) mediated by endophilinA2,
which is a BAR domain-containing protein similar to PACSIN2 (229, 241). The FEME pathway
is a clathrin-independent and dynamin-dependent pathway that mediates internalization of
various clathrin-independent cargoes including Shiga and cholera toxins (229, 241). Binding to
cargo receptor and recruitment of dynamin is mediated by the SH3 domain of endophilin,
membrane curvature is induced by the BAR domain, and membrane scission is achieved by the
cooperative actions of endophilin, actin and dynamin (229, 241, 274). | speculate that PACSIN2
can mediate vesicle formation and release in a manner similar to that of endophilin. | also do not
know how TcdA is able to gain entry by this pathway and what other host proteins in addition to
PACSIN2 and dynamin are required for this process. For future studies, it will be important to
identify the TcdA receptor and characterize the toxin-receptor interactions that are necessary for
entry by this pathway. We hope to use TcdA as a tool to screen for host proteins that play a role

in this pathway.

In conclusion, this study identifies an important route of entry for TcdA in cells that could
be targeted for therapeutic purposes, and expands our understanding of PACSINZ2’s role in
endocytosis. In the future, it will be important to investigate how this PACSIN2 pathway is
regulated and if this is a generalized mechanism that TcdA can utilize in cell types other than

Caco-2 and MEF cells.
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Materials and Methods

Cell culture. Caco-2 cells (ATCC HTB-37) were maintained in Minimum Essential Medium
(MEM) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 1% MEM non-
essential amino acids (M7145; Sigma), 1% Hepes buffer (15630080; Gibco) and 1% sodium
pyruvate (S8636; Sigma). HelLa cells (ATCC CCL-2), HEK 293T cells (ATCC CRL-11268),
wildtype (ATCC CRL-2752) and caveolin1”™ mouse embryonic fibroblast (MEF) cells (ATCC
CRL-2753) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% FBS. Dynasore (D7693; Sigma) was dissolved in DMSO to obtain a 25 mM stock and was
used at a final concentration of 80 uM. Dynasore experiments were performed under serum-free

media conditions as the inhibitor binds to serum proteins and loses activity (275).

Toxin expression and purification. Plasmids encoding wildtype TcdA and TcdB were
transformed into Bacillus megaterium according to the manufacturer’s instructions (MoBiTec).
Recombinant toxins were expressed and purified as described previously with some
modifications (168). B. megaterium expression strains were grown in LB containing 10 mg/L
tetracycline and 35 mL overnight culture was used to inoculate 1 L of media. Bacteria were
grown at 37 °C with shaking at 220 rpm. Toxin expression was induced with 5 g D-xylose once
the culture reached ODgpo= 0.5. Cells were harvested after 4 h and resuspended in 200 mL of
binding buffer (20 mM Tris [pH 8.0], 100 mM NaCl for TcdA and 20 mM Tris [pH 8.0], 500 mM
NaCl for TcdB) supplemented with DNase, 400 yL of lysozyme (10 mg/mL) and protease
inhibitors (P8849; Sigma). Cells were lysed using an Emulsiflex homogenizer, and lysates were
centrifuged at 48,000 g for 30 min. The proteins were purified from the supernatant by Ni-
affinity, anion exchange and size exclusion chromatography. Toxins were eluted and stored in
20 mM HEPES (pH 7.0), 50 mM NacCl.
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Viability assays. Caco-2 cells were seeded at a density of 1,000 cells per well in a 384-well
plate and incubated at 37 °C for 48 h. Cells were then challenged with serial dilutions of TcdA
(unlabeled or alexa546 labeled) or TcdB in triplicate. ATP levels of TcdB- and TcdA-treated cells
were quantified 24 h and 48 h post intoxication, respectively, by addition of CellTiter-Glo
(G7571; Promega) and used as a measure of cellular viability. Luminescence was read using a
BioTek Synergy 4 plate reader. Relative cell survival was determined by normalizing the ATP

levels of toxin-treated cells to untreated controls.

siRNA assays. For viability assays, Caco-2 cells (1000 cells/well) were reverse-transfected with
10 nM siRNA against luciferase (non-targeting; negative control) or various targets (Thermo
Fisher Scientific) using RNAiMax transfection reagent (13778075; Thermo Fisher Scientific) as
described previously (222). Transfections were performed in a 384-well plate format, with 8
wells per target and toxin treatment. Three wells received mock treatment and three wells
received 50 nM of TcdA for 48 h or 50 nM TcdB for 24 h and viability was assayed using
CellTiter-Glo. Cells from the remaining two wells were collected and used for RNA isolation and
RT-PCR analyses. Relative cell survival was determined by normalizing the ATP levels of toxin-
treated cells to untreated controls (which is at a value of 1.0). In some instances, cytotoxicity
data are represented as fold change of survival, which was obtained by normalizing the relative
viability for each target to that of luciferase control. For immunofluorescence assays, wildtype
MEF cells (14,000 cells/well) were reverse-transfected with 20 nM siRNA against luciferase,
Cav1 or PACSIN2 (Thermo Fisher Scientific) using lipofectamine RNAiMax (1.5 uL per well) as
described by the manufacturer. Cells were seeded on 12 mm glass coverslips (# 1.5;
Fisherbrand) in 24-well plates and incubated at 37 °C for 48 h to achieve sufficient knockdown.

Transfected cells were subsequently used for toxin binding and uptake analyses.
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Lentivirus production and transduction of Caco-2 cells. Non-targeting control shRNA
(RHS4346) and shRNAs targeting sequences in clathrin heavy chain (V2LHS_ 67887 and
V3LHS 359489) were purchased from GE Healthcare Dharmacon, Inc. PACSIN2 shRNA
(TRCNO0000037982; Sigma) was a gift from Matt Tyska (Vanderbilt University, Nashville, TN).
The packaging plasmids AR8.91 and pCMVG were a kind donation from Chris Aiken (Vanderbilt
University Medical Center, Nashville, TN). For stable knockdowns, shRNA plasmids were
packaged into lentiviral particles for transduction. Briefly, HEK293T cells were plated in a 10 cm
dish and transfected with 1 mL of serum free media containing 30 ug total DNA (15 ug shRNA
plasmid + 11.25 ug AR8.91 + 3.75 ug pCMVG) preincubated with 90 yL of 1 mg/mL of PEI.
After 48 h of transfection, a total of 10 mL media containing virus particles was collected and
passed through a 0.45 um filter and stored in 1 mL aliquots at — 80 °C. Caco-2 cells were plated
in 75- cm2 flasks such that they were 60% confluent on the day of transduction. Cells were
incubated with 1.5 mL of virus supernatant diluted in 3 mL of conditioned media containing 4
pg/mL of polybrene (107689; Sigma) at 37 °C for 4 h, then supplemented with 5 mL of
conditioned media and incubated overnight. Infected cells were passaged and allowed to
recover for 2 days. Transduced Caco-2 cells were then selected by culturing in media
containing 10 pg/mL puromycin (P8833; Sigma) for 96 h. To confirm knockdown, whole cell

lysates were probed with antibodies against the target protein and GAPDH (loading control).

RT-PCR analyses. Total RNA was extracted using the RNeasy Mini Kit (74104; Qiagen).
Target mMRNAs were amplified from 10 ng of template RNA using a OneStep RT-PCR kit
(210212; Qiagen). Primers used are listed in Table 2-1. GAPDH mRNA was amplified as a
loading control. The RT-PCR products were resolved on a 1-1.5% agarose gel and imaged

using the KODAK EDAS 290 digital camera system.
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Cell binding assays. Caco-2 cells expressing ctrl shRNA and PACSIN2 sh982 were seeded at
a density of 400,000 cells/well in a 6-well plate format and incubated at 37 °C for 48 h. For the
binding assay, cells were switched to 10 °C for 1 h and then intoxicated with 30 nM TcdA.
Toxins were allowed to bind at 10 °C for 1 h. Media containing unbound toxin inoculum were
then removed and cells were washed twice with ice cold PBS. Cells were dislodged by using a
cell scraper, collected and pelleted at 1000 g for 5 min. Cell pellets were homogenized to obtain
lysates for SDS PAGE and Western blot. For assays performed at 37 °C, cells were initially
incubated with toxin suspension for 30 min at 10 °C and then switched to 37 °C for 4 min. The
brief incubation warms the cells to 37 °C but does not allow for appreciable toxin internalization.
Cells were then washed twice with PBS prewarmed to 37 °C to remove unbound toxins and
collected for lysis and western blotting. The blot was probed with antibodies against TcdA,
PACSINZ2, unglucosylated Rac1, total Rac1 and GAPDH. Additionally, cells that did not receive

any toxin were used as control.

Western blotting. To prepare samples for western blotting, cell pellets were suspended in 60
ML of lysis buffer (10mM Tris-Cl, pH 7.4, 250 mM sucrose, 3 mM Imidazole) supplemented with
protease inhibitor cocktail (1:100, P8340; Sigma) and homogenized by passing 20-times
through a 27G needle fitted to a sterile 1 mL syringe. Nuclei and debri were pelleted and
removed by spinning at 1500 g for 15 min. Samples were then diluted with Laemmli sample
buffer containing 2-mercaptoethanol and heated at 95 °C for 5 min. Equal volumes were loaded
on a 4-20% Mini-Protean gradient gels (Bio-Rad). Proteins were transferred in Tris-Glycine
buffer to PVDF membranes at 100 V for 1 h and blocked with 5% milk in PBS containing 0.1%
Tween-20 (PBST) overnight. Primary antibodies against clathrin heavy chain (1:2000, ab21679;
Abcam), GAPDH (1:3000, sc-25778; Santa Cruz), unglucosylated Rac1 (1:1000, 610650; BD

Biosciences), total Rac1 (1:1000, 05-389; Millipore), caveolin1a (1:2000, sc-894; Santa Cruz),

caveolin1a/p (1:1000, 610060; BD Biosciences), PACSIN2 (1:2000, AP8088b; Abgent),
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Table 2-1. Primers used for RT-PCR analyses.

Oligo name Sequence (5’ to 3’)

CHCf CCCAGCCCAGCCAGGTCAAAC
CHCr CATCTGCAACTTGAGGCGCATGC
Dyn1f CGTAGGCAGGGACTTCTTGCC
Dyn1r CGCAGGGGGAGCAGCTTGTTC
Cavivif GTTCTCACTCGCTCTCTGCT
Cavivir AGATGTCCCTCCGAGTCTACG
Cav1v2f GGAGTGTCCGCTTCTGCTAT
Caviv2r CGGTGTAGAGATGTCCCTGCG
Cav1v3f GTAGCTGTCGGAGCGGTTAG
Cav1var AGTCAATCTTGACCACGTCATCG
Cav1v4f CTGTCGGAGCGGGACATC
Cav1vér AAAGAGTGGGTCACAGACGG
Cavin1f AAATCATCGGGGCCGTAGAC
Cavin1r GCAGCTTCACTTCATCCTGGTA
PACSIN2f ACGGAGTGTGCGACGGAT
PACSINZr GTTCCCGACCTCCCAGAAGC
Flotillin1f GCGTCCCGGAAGCTCCAGCCTG
Flotillin1r GGCTTTAGCTTCCCGGATCCC
Flotillin2f CGACACTCAGAGGATTTCCC
Flotillin2r ACTGGTCCCGGTCCTGATAA
EndoA2f CAGTTCTACAAGGCGAGCCA
EndoA2r CCAGCAATGCGTCACCAAAG
RhoAf GATGGAAAGCAGGTAGAGTTGG
RhoAr GCAGCTCTCGTAGCCATTTCA
GAPDHf CGCGGGGCTCTCCAGAACATC
GAPDHr TGGTGGTCCAGGGGTCTTACTCC
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TcdA (1:1000, NB600-1066; Novus Biologicals) and tubulin (1:5000, 3873S; Cell Signaling)
were diluted in 5% milk-PBST and incubated with the membranes for 2 h at room temperature.
Membranes were washed four times with PBST and then incubated with anti-mouse (7076S;
Cell Signaling) or anti-rabbit (7074S; Cell signaling) HRP-linked secondary antibodies for 1 h at
room temperature (1:2000 for TcdA, PACSIN2, Rac1, caveolin1 and CHC; 1:5000 for GAPDH
and tubulin). Membranes were washed four times with PBST and HRP was detected using ECL
Western Blotting Substrate (32106; Pierce). Images of film scans were converted to grayscale

and cropped using Photoshop (Adobe Systems).

Fluorescent labeling of toxins. Purified toxins in 20 mM HEPES (pH 7.0), 50 mM NaCl were
incubated with a five-fold molar excess (over the cysteines) of thiol-reactive Alexa Fluor dyes
(A10258 and A20347; Thermo Fisher Scientific) at room temperature for 2 h in the dark. Excess
dye was removed by dialysis overnight at 4 °C using slide-A-lyzer dialysis cassettes (66380;
Thermo Fisher Scientific). Toxin concentration and degree of labeling were determined

according to manufacturer’s instructions and stored at — 80 °C for future use.

Immunofluorescence staining. 1x10* cells were seeded on 12 mm glass coverslips (# 1.5;
Fisherbrand) in 24-well plates and incubated at 37 °C for 48 h. For internalization assays, cells
were chilled at 10 °C for 45 min and then incubated with media containing 50 nM labeled toxin
or buffer (no toxin control) at 10 °C for 45 min. Unbound toxins were removed, and cells were
switched to 37 °C for various time intervals to allow internalization of toxin. Caco-2 cells lose
their actin cytoskeleton and begin to round after 30 min of toxin treatment. Therefore, for
imaging experiments 30 min was chosen as the last time interval for staining and image
analyses. At each time interval, cells were washed once with pre-warmed PBS and fixed with
4% paraformaldehyde in PBS at 37 °C for 15 min. Following fixation, cells were quenched with
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0.1 M glycine in PBS, washed three times with PBS and permeabilized with 0.2% Triton X-
100/PBS for 3 min at room temperature (RT). Cells were washed three times with PBS and
blocked overnight at 4 °C in PBS containing 4% BSA, 5% normal goat serum (Life
technologies), 0.1% Tween-20. The following day, cells were washed once in BSA-PBST (1%
BSA, 0.1% Tween-20 in PBS). Primary antibodies anti-CHC (1:1000, ab21679; Abcam), rabbit
anti-caveolin1 (1:50 for Caco-2 cells and 1:250 for wildtype MEFs, 610060; BD Biosciences),
mouse anti-caveolin1 (1:25 for wildtype MEFs (Fig 4), 610493; BD Biosciences), anti-cavin1
(1:100, ab48824; Abcam), anti-EEA1 (1:250, 610457; BD Biosciences) and anti-PACSIN2
(1:100, AP8088b; Abgent) were diluted in BSA-PBST and incubated with cells for 2 h at RT.
Primary antibody was removed and cells were washed four times with BSA-PBST, and
incubated with goat anti-rabbit Alexa Fluor 647 (A-21245; Life Technologies), goat anti-mouse
Alexa Flour 488 (A-11029; life Technologies) or goat anti-rabbit Alexa Fluor 546 (A-11035; Life
Technologies) in BSA-PBST for 1 h at RT (1:1000 for CHC; 1:500 for caveolin1, cavin1, EEA1
and PACSIN2). Cells were washed twice in BSA-PBST and twice in PBS and then mounted
using Prolong Gold Antifade Mountant (P36931; Life Technologies). For actin staining, cells
were incubated with 1:100 dilution of Phalloidin-647 (A2287; Thermo Fisher Scientific) for 30
min at RT. The phalloidin incubation step was performed after secondary antibody staining and
washes. After 30 min incubation, cells were washed twice in BSA-PBST and twice in PBS and

then mounted using Prolong Gold Antifade Mountant.

Confocal microscopy. Slides were imaged using a 63x/ 1.40 numerical aperture (NA) Plan-
Apochromat oil immersion objective on a LSM 710 Meta Inverted laser-scanning confocal
microscope (Zeiss) located in the Vanderbilt Cell Imaging Shared Resource (CISR) Core.
Alexa488 was excited using the 488 nm line of an Argon laser. Alexa546 was excited at 561 nm

and Alexa647 was excited at 633 nm using a HeNe laser. Fluorescence emission was detected
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using filters provided by the manufacturer. Pinhole size was identical for the fluors used. Single
sections of 0.49 um thickness from a Z-stack are presented. For the purpose of presentation,
raw images were exported in tiff format and brightness and contrast were adjusted to the same

extent using Fiji (276).

Image analyses and quantification. For measurements of colocalization, individual cells were
demarcated and Pearson’s correlation coefficient and Mander's overlap coefficients were
determined using the Colocalization plugin in Fiji. The Mander's coefficient determines the
fraction of channel1 that overlaps with channel2 and vice versa, with 100% overlap resulting in a
value of 1. Nuclei were excluded from the colocalization analyses. Qualitative analyses of
colocalization were performed using the plot profile feature in Fiji. The pixel intensities along the
line were obtained from the original 12-bit image for each channel and plotted as relative
intensities over distance using GraphPad Prism. PACSIN2, Cav1, transferrin and TcdA signals
in siRNA- or shRNA-expressing cells were determined by demarcating individual cells and
measuring the mean fluorescence intensities for each channel using Fiji. The mean
fluorescence intensities of PACSIN2 and TcdA (or transferrin) for each cell were converted to
relative intensity values and plotted against each other to generate the scatter plot. To
determine the correlation between PACSIN2 and TcdA (or transferrin) in cells, a linear
regression analysis was performed on the entire data set and R? value for best fit is

represented. Cells were chosen at random for colocalization and intensity analyses.

Cell rounding assay. Wildtype and caveolin1”™ MEF cells were seeded, in triplicate, at 200,000
cells/well in 6-well plates. The following day, cells were chilled at 10 °C for 45 min and allowed
to bind 10 nM TcdA for 45 min. Plates were then moved to a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek), and bright field images of cell morphology were captured at 15 min intervals
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for a 5 h time period, using a 20x/ 0.45 NA objective (1220517; BioTek). A total of 4 frames per
well were captured at each time point. The chamber was maintained at 37 °C with 5% CO, for
the duration of this experiment. Real-time videos of cells rounding in response to toxin were
generated using Fiji. For quantification, a total of 36 frames from three independent experiments
were analyzed for each cell type and results were expressed as the percentage of rounded
cells. Cell rounding assays with siRNA transfected cells were performed as described above
with a few modifications. Wildtype MEF cells (200,000 cells/well) were reverse-transfected with
20 nM siRNA against luciferase (non-targeting; negative control), Cav1l or PACSIN2 (Thermo
Fisher Scientific) using RNAiIMax transfection reagent (7 uL per well) as described by the
manufacturer. After 48 h, cells were intoxicated with 5 nM TcdA and images were captured
every 12 min for a total of 2 h. For quantification, a total of 12 frames (> 100 cells/frame) from
three independent experiments were analyzed for each time point and siRNA condition, and

results were expressed as the percentage of rounded cells.

Statistical analyses. Statistical analyses are described in figure legends. A p-value of < 0.05

was considered significant.
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CHAPTERIII

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

C. difficile is the leading cause of hospital-acquired diarrhea and pseudomembranous
colitis worldwide. Most clinical isolates produce two homologous toxins, TcdA and TcdB, which
enter host colonocytes to induce pathogenic effects that result in fluid secretion, inflammation,
and necrosis of the colonic mucosa. As a toxin-mediated disease, there is significant interest in
understanding the unique and shared roles each toxin plays in pathogenesis. A mechanistic

framework of how these toxins disrupt host cellular function is a priority among many in our field.

Disruption of cellular function by TcdA and TcdB requires entry into the host cell. When |
began my graduate work, it was generally accepted in the field that TcdA and TcdB interacted
with distinct receptor structures on colonic epithelial cells. Upon binding to different cellular
receptors, it was thought that both the toxins utilized similar endocytic mechanisms to gain entry
into the host cell. This view was based on a report from the Aktories group that stated that the
large clostridial glucosylating toxins enter cells by clathrin-mediated endocytosis (CME) (114).
However, while developing assays to identify cellular factors important for TcdA-induced toxicity,
| discovered that TcdA intoxication does not depend on clathrin heavy chain, a critical
component of CME. On close inspection, most of the experiments in the report published by the
Aktories group were conducted with TcdB. Mainly by analogy it was concluded that TcdA also
utilizes the same endocytic mechanism. My observation that TcdA intoxication does not require

clathrin suggested that TcdA and TcdB likely entered host cells by distinct mechanisms. | then
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began a systematic evaluation of all documented entry mechanisms to uncover the route of
TcdA entry. What | found is something quite novel: a process that depends on the presence of
dynamin and PACSIN2 but is independent of clathrin- or caveolae-mediated endocytosis
(Chapter IlI). PACSIN2 (also termed Syndapin Il) is a F-BAR domain protein previously shown
to be important for caveolae-mediated endocytosis; it contributes to the curvature of caveolae
and the recruitment of dynamin for caveolae fission. The observation that PACSIN2 can function
outside of the caveolae system suggests a novel mechanism of entry, one for which TcdA is
now a known cargo. Consequently, TcdA could serve as a valuable cell biology tool in furthering
our understanding of this uncharacterized host endocytic process. Cholera toxin and epidermal
growth factor receptor also depend on PACSIN2 for internalization, opening up the exciting
possibility that this endocytic mechanism could be used by multiple host and pathogenic factors

for internalization.

Many questions remain regarding TcdA entry mechanism and the regulation of the
PACSIN2- and dynamin-dependent endocytic pathway. Identification of the TcdA receptor that
mediates host cell entry via the PACSIN2-dependent route and characterization of receptor-
toxin interactions will be a priority for future studies in this area. Furthermore, elucidating
signaling events following receptor ligation and identifying additional host factors involved in
TcdA host cell entry are also key to building a molecular and mechanistic model of critical early
events occurring during intoxication. Our expectation is that these future studies using TcdA will
also allow a better understanding of this as-yet uncharacterized host endocytic process. My

efforts and ideas to address these questions are discussed next.
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Future Directions

Identify host cellular factors important for TcdA entry

As discussed earlier, except for PACSIN2 and dynamin, host factors involved in TcdA
entry into host cells are not known. These factors include cell surface receptors, signaling and
scaffolding proteins that may regulate internalization of receptor-toxin complexes, and other
intracellular proteins that may work in concert with PACSIN2 and dynamin to mediate formation
and scission of toxin-containing membrane-associated endocytic structures. To identify host
factors important for TcdA entry | took a discovery-based approach and conducted a genetic
screen using a mutant library generated by the gene-trapping technology. Gene-trapping
involves mutagenizing mammalian cells with a replication-deficient retroviral gene-trap vector
that carries a promoterless neomycin resistance gene. Insertion of the vector into an actively
transcribed region of the chromosome disrupts expression of the gene into which it has inserted
and confers resistance to neomycin (G418). Screens using gene-trap libraries have been
successful in identifying the receptor for C. difficile transferase (CDT) binary toxin (277) and key
host factors that promote C. perfringens epsilon toxin (278). The Lacy lab has used this
approach to identify 43 mammalian genes that contribute to TcdB-induced cytotoxicity - one of
which (Polio virus receptor-like 3 or Nectin3) was determined to be a receptor for TcdB and

published in PNAS (108).

To identify host factors that confer susceptibility to TcdA, | optimized and performed a
preliminary screen using a Madin-Darby Canine Kidney gene-trap library (MDCK GT). This
library was generated and provided to us by Jinsong Sheng and Don Rubin (Vanderbilt
University). Briefly, the library was incubated in media supplemented with G418 and treated with
5 nM of TcdA. After 9 hours, toxin-resistant clones (which are still flat and adherent) were
selected for growth by removing detached (rounded cells) and dead cells and allowed to recover
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for 10-14 days. The toxin treatment was repeated two more times and a small fraction of the
surviving clones was propagated until sufficient DNA could be isolated for sequencing analyses.
| picked around twenty clones for propagation but only eight survived. Mapping the insertion
with vector-specific primers identified seven genes that were disrupted (VMP1 was disrupted in
two clones). Results are presented in Table 3-1. The remaining toxin-resistant clones (>60)
were pooled and frozen for future deep sequencing analyses. Analyses of these clones should
yield additional host targets for validation and mechanistic evaluation. Our collaborators have
also generated a gene-trap library using Caco-2 cells, which we now have access to. Should
there be issues with reviving the frozen MDCK mutant cells, we can perform the screen using

Caco-2 cells, which are also more physiologically relevant.

The next step is to confirm that the candidate genes obtained from the MDCK screen are
indeed critical for TcdA intoxication in human colonic epithelial cells. This can be done by using
the siRNA-based viability assay described in my previous study (Chapter Il). Our laboratory
currently has two whole-genome siRNA arrays (siGENOME and ON TARGET plus SMART
pools, Dharmacon), which can be used for this validation step. | have already performed the
secondary validation assays for the seven targets we received from the initial round of
sequencing. After 48 h of treatment with target-specific siRNA pools, | challenged Caco-2 cells
with TcdA and calculated fold change of cell survival. Of the seven candidates tested, only
depletion of four and a half LIM domains protein 2 (FHL2) and neuron navigator 2 (NAV2)
conferred significant protection (greater than 1.5-fold compared to luciferase siRNA-treated
controls) against TcdA challenge in Caco-2 cells (Table 3-1; last column). Similar validation

approaches will be used for other targets that we identify from our future sequencing analyses.

NAV2 is one of the three members of the neuron navigator family (NAV1, NAV2 and
NAV3). The full-length protein is 261 kDa with several functional domains (Figure 3-1) (279,

280).
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Table 3-1. Host factors identified from the MDCK gene-trap screen.

Gene Name Gene Description Proposed Function(s) RNA.i validation®
Mean fold survival
(s.d.)
FHL2 Four and a half LIM domains Protein-protein interactions; 2.40 (0.4)
protein 2 signal transduction
NAV2 Neuron navigator 2 Cell growth and migration; 3.16 (0.9)
endocytosis
VMP1 Vacuole membrane protein 1 Regulation of autophagy 1.01 (0.3)
ADNP Activity-dependent Regulation of gene expression 1.00 (0.3)
neuroprotector homeobox
TAB1 TGF-beta activated kinase 1 Signaling 1.04 (0.3)
(MAP3K?7) binding protein 1
PHAX Phosphorylated adaptor for RNA  RNA export from nucleus 1.34 (0.4)
export
BCAT1 Branched chain amino-acid Amino acid metabolism; cell 1.09 (0.3)
transaminase 1, cytosolic proliferation

" RNAI validation results are represented as fold-change of survival, which was obtained by normalizing the percent
viability for each target to that of luciferase non-targeting control. Mean fold-change of 1.5 or greater is considered
protective. Data represent average of at least 7 independent experiments with the standard deviation indicated within
parenthesis. Validation assays were performed in Caco-2 cells.
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Figure 3-1. Neuron navigator 2 (NAV2) is important for TcdA-induced cytotoxicity. A)
Domain organization of human NAV2. CH, calponin-homology domain that is often found in
cytoskeletal (actin-binding) and signal transduction proteins; SH3 binding motif, capable of
mediating protein-protein interactions; MTB domain, a cytoskeletal interacting domain that
enables binding to microtubule (MT) plus ends; CC, coiled-coil regions, which function as
oligomerization domains for a wide variety of proteins such as motor proteins and transcription
factors, and a AAA ATPase domain. Adapted from Muley et al. (280) and Van Haren et al.
(281). B) Caco-2 cells were transfected with 10 nM siRNA, exposed to 50 nM TcdA (black bars)
or TcdB (gray bars) and then assayed for cellular viability using CellTiterGLO. Relative survival
was obtained by normalizing the ATP values of treated cells to untreated controls. The data
represent the average of nine independent experiments performed in triplicate with the standard
error of the mean indicated as error bars. Data were analyzed using t test. ***p<0.005.
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All three mammalian navigator proteins are microtubule plus-end tracking proteins (281). NAV2
also contains an AAA ATPase domain at the C-terminus. AAA ATPases are involved in a wide
range of biological processes including DNA replication, protein degradation, membrane fusion,
and vesicle transport (cytoplasmic dynein) (282). The physiological functions of NAV2 are
largely unknown but it has been proposed to regulate cytoskeletal dynamics during cell
migration, outgrowth, and endocytosis (280, 283). NAV2 is a homolog and an ortholog of C.
elegans UNC-53, which has been shown to localize to the cytoskeleton, bind F-actin in vitro,
and interact with the actin cytoskeleton regulator, ABI-1 (Abelson kinase interactor-1) (280, 283,
284). In addition to modulating cytoskeletal dynamics at the leading edge of migrating or
outgrowing cells, UNC-53 is proposed to play a role in receptor-mediated endocytosis. Defects
in uptake of different ligands have been observed under UNC-53 knockdown conditions (283,
285), supporting a role for this protein and potentially NAV2 in endocytosis. Based on these
observations, | propose that NAV2 is involved in TcdA entry and this hypothesis will be
evaluated in the future. If NAV2 contributes to TcdA internalization in cells, it will be important to
determine whether NAV’2 role in toxin mechanism is dependent on its ATPase activity and/or

binding to cytoskeletal structures.

FHL2 is a member of the FHL family of proteins that also includes FHL1, FHL3, FHL4
and ACT (activator of cyclic AMP response element modulator (CREM) in the testis) (286). LIM
domain contains two zinc finger loops that mediate protein-protein interactions. FHL2 is
expressed in both the nucleus and the cytoplasm and is involved in signal transduction and
regulation of actin cytoskeletal dynamics and gene expression (286, 287). FHL2 has been
shown to interact with receptors and signaling and structural proteins including the cytoplasmic
domains of a and P integrins, focal adhesion kinase (FAK), and actin (288-291). FHL2 is also

involved in integrin-mediated signaling events at focal adhesions (292). Interestingly, siRNA-
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Figure 3-2. Host factors important for TcdA-induced toxicity in Caco-2 cells. A) Caco-2
cells were transfected with 10 nM siRNA against indicated host factors, exposed to 50 nM TcdA
(black bars) or TcdB (gray bars) and then assayed for cellular viability using CellTiterGLO. Fold
change of survival was obtained by normalizing the relative viability of samples to luciferase
control. The data represent the average of at least four independent experiments performed in
triplicate with the standard error of the mean indicated as error bars. Data were analyzed using
one-way ANOVA. p-values were generated using Dunnett's multiple comparisons test in
GraphPad Prism. ***p<0.005. B) Integrins are af heterodimers. The figure depicts the
mammalian subunits and their aff associations. Adapted from Richard O Hynes, Cell, 2002
(293).
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mediated depletion of integrins alpha 3, alpha 6, beta 1, alpha V, and beta 8 also conferred
significant protection against TcdA challenge in Caco-2 cells, suggesting a role for integrins in
TcdA mechanism (Figure 3-2A). Integrin receptors exist as heterodimers of a and 3 subunits
(Figure 3-2B), and have been shown to promote attachment and/or cell entry of several viruses,
including rotavirus, human cytomegalovirus, human metapneumovirus, and reovirus (294-297).
Whether integrins contribute to TcdA-induced toxicity by mediating attachment and/or

internalization of TcdA is a question for future study.

In summary, | have identified several host factors that are important for TcdA-induced
pathogenic effects in human colonic epithelial cells. Notably, depletion of these factors inhibited
TcdA-induced cytotoxicity but had no effect on TcdB intoxication (Figure 3-1B and Figure 3-2A).
As discussed earlier, it is likely that some of these factors may contribute to TcdA entry. Moving
forward, we will directly determine if these identified factors (and any additional factors that we
obtain from our future sequencing efforts) mediate entry of TcdA into host cells. In the
preliminary entry assay, siRNAs will be used to knockdown selected candidates in Caco-2 cells.
Cells will be incubated at 4 °C for 1 hour (to inhibit endocytosis) and exposed to either mock
(buffer) or Alexa Fluor 546 labeled TcdA at 4 °C for 1 hour, washed and then incubated in fresh
media at 37 °C. Surface bound toxins will be stripped and internalized toxin signal will be
quantified by using flow cytometry. | have optimized conditions and developed a protocol for
efficient stripping of surface-bound toxins. Additionally, | have validated this procedure by using
a known inhibitor of toxin entry (Figure 3-3). We will adapt this protocol to a flow cytometry-
based read out to obtain measurements of toxin and target host factor levels within whole cells
under control and different knockdown conditions. We will corroborate these results with data
obtained from colocalization studies. Host factors that are important for TcdA entry will be

mechanistically evaluated to elucidate their role in TcdA cell binding and/or entry. Priority will be
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Figure 3-3. Validation of the entry assay using dynasore. A) Caco-2 monolayers were
pretreated with either 80 yM dynasore or with an equal amount of DMSO control for 1 h at 37
°C. Cells were switched to 4°C for 1 h and then intoxicated with 25 nM 3xFLAG-TcdBcgosa
(cleavage-defective mutant of TcdB). Toxins were allowed to bind at 4°C for 1 h and then
internalize at 37 °C for the indicated time points. To assess the bound toxin levels, cells were
washed twice with PBS, dislodged by using a cell scraper, collected and homogenized to obtain
lysates. To assess internalized toxin levels, the medium was removed and cells were washed
once with PBS and then incubated with an acid solution (0.2 M acetic acid, 0.5 M NaCl in PBS)
for 45 s. The acid solution was then removed and cells were washed twice with PBS, and
further treated with trypsin solution to facilitate proteolysis and removal of any toxin still bound to
the surface post-acid treatment. Cells were then collected and lysates were prepared for SDS-
PAGE and Western blot. The blot was probed with antibodies against the toxin (anti-FLAG),
unglucosylated and total Rac1, and GAPDH. The efficiency of the stripping procedure was
assessed by comparing the total bound toxin levels before and after acid wash and trypsin
treatment. B) Three independent replicates of the experiments shown in a were quantified by
densitometry. The relative amounts of internalized TcdB were determined by normalizing the
internalized toxin signal to that of total bound toxin (pre-strip), and the values were expressed as
a percentage. Results reflect the mean and SEM, and were analyzed using two-tailed t-test.

*p<0.05. C) Similar experiment performed with 3xFLAG-TcdAcreoa show that dynasore
treatment prevents toxin entry.
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given to cell surface proteins as they are likely to serve as receptors for TcdA. In addition to the
genetic screen described above, we are pursuing biochemical approaches to identify receptors
that mediate TcdA binding and entry. Our additional efforts toward receptor identification are

discussed next.

Identify determinants of cell binding

Receptor-binding is a critical first step in TcdA mechanism. Identifying cellular receptors
for TcdA and determining structural features or regions within the toxin that are critical for TcdA
interaction with the host cell surface are key to understanding and preventing toxin entry. Our

current and future efforts in these areas are discussed below.

Identify TcdA receptor(s) on human colonic epithelial cells

The entry mechanism is often directed by the cell surface receptor. Three receptors
have been recently identified for TcdB, but the human epithelial cell receptor (or receptors) for
TcdA is currently unknown and represents an important question for future study. A previous
report showed that TcdA can interact with heat shock protein gp96 (96). Depletion of gp96
inhibits TcdA-induced cytotoxicity in Caco-2 cells (Figure 3-2A). However, it is currently unclear
whether gp96 promotes entry of TcdA into human colonic epithelial cells. Gp96 is also present
within the cell, where it facilitates proper folding and expression of many cell surface proteins
including integrins and Wnt coreceptor LRP6 (97-99). Consequently, depletion of gp96 could
have indirect effects on TcdA cytotoxic mechanism. Moving forward, we will evaluate the role of
gp96 in TcdA cell binding and entry using colocalization studies and antibody-blocking

experiments. The specificity of the anti-gp96 antibody will be determined prior to use in the
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assays. Even if gp96 could serve as a receptor for TcdA and promote entry via the PACSIN2-
dependent pathway, the modest inhibition of TcdA-induced cytopathic effects observed in the
presence of an anti-gp96 antibody suggests the existence of additional receptor structures (96).
Interestingly, while investigating the role of a host factor identified in my gene-trap screen |
made the observation that integrins o3, a6, aV, B1, and B8 play a role in TcdA cytotoxic
mechanism (discussed in the previous section). We will also evaluate whether integrins
contribute to TcdA cell binding and entry. However, both gp96 and integrins are multi-functional
proteins, and it is possible that they contribute to TcdA-induced -cytotoxicity through
mechanisms other than mediating toxin binding and/or entry. Furthermore, it is also possible
that TcdA binds multiple surface proteins, which may make it difficult to identify receptor
candidates through the genetic screen described above. Therefore, we have decided to also
pursue a biochemical approach which will involve, 1) cross-linking desthiobiotinylated TcdA to
the cell surface, 2) solubilizing cells with a detergent-based buffer, 3) pull-down using magnetic
streptavidin beads to enrich for the complex, and 4) elution with biotin (desthiobiotin binds
streptavidin with lower affinity than biotin) and downstream analyses by mass spectrometry. |
have already generated a TcdA construct with a N-terminal AviTag, which is recognized by an
E. coli biotin ligase, BirA. | have optimized a protocol to add a biotin or D-desthiobiotin to the
tagged toxin enzymatically using BirA. Additionally, | have confirmed that the procedure does
not affect toxin function (Figure 3-4). Candidates obtained through this cell-based pull-down
approach will be validated and mechanistically evaluated using in vitro binding assays, and cell-

based binding and entry assays in the presence of function blocking antibodies or siRNA.

Elucidate the role of sugar-binding and CROPS C-terminus in cell surface binding

There are several lines of evidence that show that the CROPS domain mediates TcdA

interaction with the host cell surface. The isolated CROPS domain from TcdA can bind to host
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Figure 3-4. N-terminal AviTag and enzymatic biotinylation do not affect TcdA function. A)
Western blotting using streptavidin-HRP confirms biotinylation of N-terminal AviTagged TcdA.
Purified TcdA_avi was incubated at a final concentration of 3 yM. The biotinylation reaction
occurred overnight at room temperature. Biotinylated toxins were then separated from the
reaction mixture by size-exclusion chromatography and probed for biotin using streptavidin-HRP
(BD biosciences). B) Young adult mouse colonic epithelial cells were intoxicated with indicated
concentrations of untagged (control) or biotinylated AviTagged TcdA and then assayed for
cellular viability using CellTiterGlo. Result indicates that the cytotoxicity of untagged holotoxin
and biotinylated AviTagged toxin is comparable across toxin concentrations.
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cells (89, 90), and excess TcdA CROPS competes with holotoxin in cell binding and cytopathic
assays (89-91). TcdA CROPS contains seven putative sugar binding sites and it has been
shown to bind carbohydrates known to be present in mammalian cell surface glycoconjugates
(78, 82-88). A widely-held view in the field is that this sugar-binding property of CROPS is
critical for TcdA’s interaction with the host cell. However, recent studies on TcdA neutralizing
anti-CROPS antibodies have questioned the importance of carbohydrate-binding in mediating

toxin interaction with the cell surface.

We recently elucidated the mechanism of TcdA neutralization by a monoclonal anti-
CROPS antibody, PA50 (298). Structural and functional analyses showed that PA50 Fab binds
the C-terminus of TcdA CROPS, specifically repeats 5, 6, and 7 (R5, R6, and R7), and
neutralizes toxin function by blocking receptor-binding (Figure 3-5). It is important to note that
PA50 Fab does not occlude the carbohydrate binding site on CROPS (Figure 3-6). Studies by
other groups on two neutralizing single-domain antibodies (sdAbs), A20.1 and A26.8, show that
these sdAbs also bind the C-terminus of TcdA CROPS (299). A20.1 binds a region that overlaps
with the PA50 epitope (Figure 3-6), whereas, A26.8 binds a site in R7 located at the extreme C-
terminus of the CROPS. Notably, A20.1 and A26.8 binding do not impair trisaccharide binding
by TcdA (93). These observations suggest that there are sugar-independent interactions that
are critical for binding and entry of TcdA. To test this hypothesis, we plan to generate a TcdA
construct that can no longer bind trisaccharides and perform side-by-side comparisons of cell
binding and entry with wildtype toxin. To generate such a toxin construct, we need to mutate the
seven putative sugar binding sites in the CROPS region. Unfortunately, repetitive sequences
within this region make mutagenesis difficult. To address this issue, we generated a CROPS
sequence with reduced repeating motifs using a codon optimization tool (cool.syncti.org), had it
synthesized by GenScript, and inserted it into our toxin vector by Gibson Assembly to generate
holotoxin A with this new CROPS (TcdA opti-CROPS).
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Figure 3-5. PA50 Fab binds C-terminus of TcdA CROPS and blocks toxin binding to the
cell surface. Top schematic shows TcdA domain organization. CROPS short repeats (SRs) are
in light green and long repeats (LRs) are in dark green. There are a total of 33 SRs and 7 LRs
organized into seven repeat regions R1-7. A) Cartoon model of TcdA holotoxin, following the
coloring in the domain schematic. B) Reference-free class showing TcdA holotoxin alone or C)
the complex with Fab bound to CROPs-R5-R6-R7. Panels A-C were contributed by Dr. Heather
Kroh, postdoctoral fellow in the Lacy lab. D) Purified TcdA (25 nM) was pre-incubated with 4- or
8-fold excess of PA50 Fab or an isotype control Fab. Caco-2 monolayers were allowed to bind
TcdA-Fab complexes for 1 h at 10 °C (lanes 3-6). Unbound toxins were washed and whole cell
lysates were prepared for SDS-PAGE and Western blot. The blot was probed with antibodies
against TcdA and GAPDH. Cells that did not receive toxin and cells that received only toxin
without any antibody were used as controls (lanes 1-2). E) Experiments shown in (A) were
quantified by densitometry and binding of TcdA to cells was determined by normalizing bound
TcdA levels to that of GAPDH. Relative TcdA binding to cells was determined by normalizing
the binding values to that of the toxin only controls (*p<0.05). (C) and (D) Similar experiments
performed with TcdA-Fab complexes (*p<0.05). Results reflect the mean + SD of three
independent experiments and were analyzed using one-way ANOVA.
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PA50 A20.1

Figure 3-6. PA50 Fab and sdAb A20.1 epitopes on TcdA CROPS do not occlude the sugar
binding site. Surface view of the relative location of the different antibodies to the trisaccharide
binding pocket (yellow sticks) at CROPs-R6. TcdA-CROPs (green), PA50 Fab heavy (gray) and
light (light gray) chains, A20.1 (pink). Figure credit: Dr. Heather Kroh.
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We have fully sequenced TcdA opti-CROPS construct to confirm that no extraneous mutations
were introduced during the cloning process. We will purify this toxin and perform cell-based
assays to confirm that TcdA opti-CROPS functions similar to wildtype TcdA. Next, we will
mutate the sugar binding sites by site-directed mutagenesis, confirm the lack of sugar binding
using an in vitro assay (such as microscale thermophoresis or surface plasmon resonance), and

test cell binding and internalization of TcdA opti-CROPS (vs wildtype TcdA).

In addition to sugar-binding, we are investigating the role of the C-terminal region of
TcdA CROPS in host receptor-binding. A recent study showed that a CROPS truncation
construct containing only R5, R6, and R7 (TcdAzsz3.2710) bound cells with an apparent Ky equal
to that of full length CROPS and was internalized into epithelial cells (300). In the same study, a
CROPS construct lacking R5, R6, and R7 was unable to bind or enter cells. These observations
suggest a critical role for the C-terminal portion of CROPS in TcdA binding and entry, which is
consistent with results from the studies on anti-CROPS antibodies discussed above. It is likely
that the C-terminus of TcdA CROPS comprising R5, R6, and R7 mediates the proposed sugar-

independent interaction with the host cell surface. We plan to test this hypothesis in the future.

Overall, the studies described in this subsection will allow a better understanding of how
the toxin interacts with the host cell surface and will inform development of strategies (such as
monoclonal antibodies) to prevent toxin binding to host cells. Furthermore, if the C-terminus of
TcdA CROPS mediates sugar-independent interactions with the host cell, then toxin constructs
generated for those studies (holotoxin with no sugar binding sites or CROPS R5-R6-R7 with no

sugar binding sites) can be used in our receptor identification studies discussed earlier.
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Investigate the role of microtubule and microtubule-based motors in TcdA entry

One of the observations | made while investigating TcdA entry by colocalization studies
is that, in Caco-2 cells, TcdA was often found in PACSIN2-positive structures that did not have
the typical vesicular appearance. PACSINZ2 is a BAR-domain protein that bends membranes. In
addition to being associated with vesicular structures such as caveolae, PACSIN2 is also known
to create tubular membrane invaginations (232). | speculate that in Caco-2 cells, TcdA is
internalized into PACSIN2-positive tubules, resulting in the extended structures observed in the
images. Interestingly, recent work by the Kenworthy lab shows that microtubules and
microtubule motor dynein provide mechanical force for plasma membrane tubulation during
clathrin-independent endocytosis of cholera toxin B subunit (CTxB) (301). Microtubules and
dynein are also involved in the internalized of Shiga toxin B subunit (STxB) via endophilin A2-
positive tubules (241). It is possible that microtubules, dynein, and PACSIN2 may work in
concert to generate the tubular structures that contain TcdA. Moving forward, we will test if an
intact microtubule network and dynein activity are required for the clathrin-independent,
PACSIN2-dependent endocytosis of TcdA. Determining whether microtubules are involved in
TcdA internalization will also help us mechanistically evaluate the role of NAV2, a microtubule

plus-end binding ATPase, in TcdA intoxication.

In summary, receptor-binding and host cell entry are key events in the intoxication
mechanism. The studies described in this chapter are likely to contribute significantly to our
understanding of how TcdA intoxicates host cells. Results from these studies will be contrasted
with ongoing work on TcdB to build a mechanistic framework of how both toxins cause toxicity in
epithelial cells. Identifying mechanisms that are unique or shared by TcdA and TcdB will be
critical towards the development of therapeutic strategies to prevent pathology associated with

CDl.
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