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ABSTRACT

Cytolethal distending toxins (CDTs) are intracellular-acting bacterial
genotoxins produced by a diverse group of mucocutaneous human pathogens,
including Campylobacter jejuni, a major cause of foodborne illnesses in the
United States. While CDTs, specifically those generated by C. jejuni (Cj-CDT),
are known to play a crucial role in bacterial infection, understanding their
mechanisms of action and contribution to pathogenesis remains limited. This
thesis aims to elucidate the functions of different subunits within the multimeric
Cj-CDT during cellular intoxication. Specifically, our focus is on assessing how
these subunits facilitate toxin delivery to the host cell nucleus and the
significance of subunit interactions and assembly in toxin functionality. In
investigating the intracellular trafficking of Cj-CDT subunits, our research
confirms the involvement of the endosome, Golgi apparatus, and endoplasmic
reticulum in toxin activity. However, our efforts to delineate the roles and
organelle trafficking patterns of individual Cj-Cdt subunits during cellular
intoxication have yielded inconclusive results. To further explore the importance
of subunit interaction and assembly in Cj-CDT function, we conducted
concentration-dependent analyses of subunit interactions and toxin cellular
activity using various experimental techniques. Our findings suggest that at
minimal toxin concentrations necessary for cell cycle arrest, mixtures of Cj-CdtA,
Cj-CdiB, and Cj-CdtC predominantly exist as non-interacting subunit monomers.
This discrepancy between toxin structure and cellular activity challenges the

prevailing notion that CDTs primarily intoxicate host cells through preassembled



heterotrimeric structures, warranting a reassessment of this model. Finally, we
present preliminary and future investigations to understand host cellular
relationships, an important gap in knowledge that needs to be addressed in order

to advance our understanding of Cj-CDT pathogenesis.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

Microbes are the most prevalent and adaptable organisms on Earth,
thriving across diverse environments, even coexisting within other life forms.
Remarkably, the human body houses trillions of these microorganisms and the
significance of microbes in human health is undeniable owing to their pervasive
presence within us. However, while numerous microbes coexist symbiotically,
certain bacterial entities, referred to as pathogens, can incite diseases when they
grow within human hosts. Understanding the intricate relationships between
bacterial pathogens and their human hosts has played a pivotal role in the
progress of human health and medical interventions. Moreover, comprehending
how pathogens successfully colonize and cause diseases in hosts has been
instrumental in deciphering various host cellular processes.

For a pathogen to colonize a host effectively, it must navigate a series of
challenges that impede its survival. Hostile factors such as temperature
fluctuations, atmospheric conditions, limited nutrients, and host defense
mechanisms act as obstacles. To surmount these barriers, pathogens employ
virulence factors—complex cellular apparatus aiding in colonization and disease
progression. These factors encompass diverse mechanisms, including
adherence factors, motility factors, capsules/spores/membranes, and protein
toxins. This dissertation, however, delves into bacterial protein toxins, centering

on the cytolethal distending toxin (CDT). Bacterial protein toxins are synthesized



by pathogens and are capable of eliciting a broad spectrum of responses and
effects within the host. Their mechanisms are diverse, disrupting host cell
membranes, inhibiting crucial cellular processes, and manipulating immune
responses. Despite their significance, the pathogenesis of cytolethal distending
toxins (CDT) remains largely uncharted territory. Hence, this thesis focuses on
comprehending various facets of CDT pathogenesis, particularly the interactions
between its subunits and their correlation with toxin function, as well as
elucidating how host cells recognize the toxin. Unraveling the intricacies of CDT
pathogenesis holds importance due to the distinctive mechanisms wielded by this

toxin, offering potential insights into novel therapeutic interventions.

1.2 AB-TYPE TOXINS AND THEIR ROLE IN PATHOGENESIS

Bacterial protein toxins exhibit a remarkable diversity, presenting a
multitude of mechanisms through which pathogens ensure their survival. These
toxins stand as some of the most potent poisons for humans, both in terms of
their efficacy and lethal dosages. Not only do these toxins differ vastly in their
functions, but they also vary in size, shape, and composition. Broadly
categorized into four major groups, bacterial toxins showcase distinct modes of
action: 1) Toxins acting directly on host cell plasma membrane receptors: These
toxins function as agonists or antagonists of host receptors, influencing vital host
signal transduction pathways. 2) Toxins disrupting membrane integrity: They
achieve this by either forming pores within the membrane or possessing

phospholipase activity, leading to the destabilization of the membrane lipid



bilayer. 3) Toxins with enzymatic components internalized into host cells: These
toxins gain entry into host cells through receptor-mediated endocytosis, carrying
enzymatic components that exert their effects internally. 4) Toxins directly
injected into host cells via specialized secretion systems: Some bacteria possess
injection systems akin to needles, enabling direct delivery of toxins into host
cells.

Despite their diverse origins, structures, and enzymatic activities, the most
potent bacterial toxins identified thus far target conserved key cellular factors and
pathways. Notable among these are actin, small RHO GTPases, ubiquitin,
translocation and snare machineries, DNA, ER stress responses, and cAMP
(85). Here are some examples of bacterial protein toxins and the host processes
that they target (Figure 1.1). Understanding the impact of bacterial protein toxins
on host cellular processes has been pivotal in scientific research. For instance,
researchers have investigated receptor endocytosis and vesicular trafficking,
exemplified by the retrograde transport of Shiga toxin (Stx) from the cell surface
to the endoplasmic reticulum, elucidating the translocation of their enzymatic
domains across intracellular membranes, and exploring the regulation and
function of their cellular targets.

Exploiting the diverse functions of bacterial toxins has led to numerous
therapeutic applications. Common toxins used in therapeutic contexts include
botulinum neurotoxin, lethal toxin, pertussis toxin, and cytotoxic necrotizing factor
1. Additionally, bacterial toxins serve as adjuvants or drug delivery agents,

exemplified by cholera toxin, zonula occludens toxin, and pertussis toxin (51).



Notably, the unique features of cytolethal distending toxin (CDT) pathogenesis
offer intriguing subjects for study, serving as the focal point of investigation within

this thesis.

1.2.1 AB-type Toxins

AB-type toxins belong to the third group of toxins, which harbor enzymatic
components internalized into host cells through receptor-mediated endocytosis.
These toxins are characterized by a two-component structure consisting of an
enzymatic A component coupled with one or more B components. The B
component(s) play a pivotal role in facilitating entry into host cells, while the A
component typically harbors varying enzymatic activities, exerting specific effects
on the host depending on the toxin's function. The entry of AB-type toxins into
host cells occurs through receptor-mediated endocytosis. This mechanism allows
the pathogenic bacteria to specifically target and affect host cells, evading the
host's defenses while causing various detrimental effects. Understanding the
intricate mechanisms behind these toxins holds paramount significance in the
study of bacterial virulence, unraveling how pathogenic bacteria manipulate host
cells to establish infections.

Among the myriad of bacterial protein toxins, AB-type toxins represent a
subset with distinct and impactful examples. These include cholera toxin, heat
labile enterotoxin (LT), Shiga toxin, pertussis toxin, anthrax toxin, ricin toxin, and
cytolethal distending toxin. The study of these toxins not only elucidates their

individual mechanisms of action but also unveils commonalities and unique



features among them. Furthermore, it sheds light on the different strategies used
by bacteria on their host organisms, showcasing the constant adaptation and
competition within the realm of infectious diseases. Understanding the intricate
relationship between the A and B components of AB-toxins is crucial for their
functionality. Unsurprisingly, there exists a diversity in structure as well as how
the components of AB toxins interact, elucidating the complexity behind their
biological functions. Included is a table summarizing the structure and function of
some extensively studied AB-type toxins: cholera toxin (CT), heat labile
enterotoxin (LT), Shiga toxin (ST), pertussis toxin (PT), anthrax toxin, and ricin
toxin. (Table 1.1). In addition, a figure that summarizes the structural and amino
acid sequence homology among these AB toxins (Figure 1.2). To further
examine their diversity and functionalities, a brief review of these AB-type toxins
will be presented, including the lesser understood cytolethal distending toxins.
Exploring the architecture of toxins stands as a pivotal focus of this dissertation
work, with a particular emphasis on dissecting toxin subunit interactions and their

functional significance.

1.2.2 Cholera Toxin

Cholera enterotoxin (CT) is a complex multimeric protein exotoxin
produced by the Gram-negative bacterium Vibrio cholerae, and it plays a central
role in the development of severe secretory diarrhea during infection. This
secretory diarrhea primarily occurs in the upper part of the small intestine. The

architecture of CT follows an AB5 format, consisting of a single large A subunit



(CTA) with an approximate molecular weight of 27 kDa and a pentameric B
subunit (CTB) composed of monomers weighing around 10.6 kDa each (92)
(Figure 1.3). However, this seemingly straightforward structure has additional
intricacies.

The CTA subunit is further divided into CTA1 and CTAZ2 subunits linked by
a disulfide bond, with CTA1 being the key player in toxicity (138). CTA1 exhibits
ADP-ribosylating activity, while the CTA2 fragment, which has a helical structure,
serves to anchor CTA1 within the center of the circular-shaped CTB pentameric
oligomer.(146) In addition, the CTB subunit is stabilized by hydrogen bonds and
salt bridges (100). Cholera toxin shares a significant structural resemblance with
another diarrhea-causing AB-type bacterial toxin, the heat-labile enterotoxin (LT),
boasting an approximate 80% amino acid sequence homology and highly similar
three-dimensional molecular structures (146).

The CT toxin is thought to be secreted as an assembled complex,
although it has not been definitively established. Following this, the toxin binds
with high affinity to GM1 ganglioside located in lipid rafts on the epidermal cell
surface of the small intestine's lumen. GM1 binding facilitates toxin endocytosis
through both caveolin-coated and clathrin-coated vesicles (129). Some
conflicting reports even suggest the internalization of CT may or may not require
an Arfé-dependent pathway and is independent from Dynamin-dependent

endocytic pathways (93).



The toxin's journey further continues as it is transported to the trans-Golgi
network, where the toxin is then transported to the endoplasmic reticulum (ER)
via Golgi retrograde transport mechanisms (137). This ER targeting is facilitated
by an endoplasmic reticulum retention motif (KDEL) located near the C-terminus
of the CTA chain, which interacts with the KDEL receptor, allowing the recycling
of ER components from the trans-Golgi network back to the ER (25). From the
ER, CTA escapes to the cytosol where it can act. In the cytosol, CTA1 induces
adenylate cyclase activity by stimulating the ADP ribosylation of the adenylate
cyclase Gsa subunit (110). This leads to an increase in cyclic AMP (cAMP)
levels, resulting in an electrolyte influx imbalance, ultimately causing substantial

water and electrolyte loss from the intestinal epithelium.

1.2.3 Heat Labile Toxins

Another type of AB toxins are the heat labile toxins. There are two types of
heat labile toxins, Type | and Type Il, both of which are structurally and
functionally similar to cholera toxin. In fact, these toxins exhibit extensive amino
acid sequence similarity to cholera toxin. (146). Produced by enterotoxigenic
strains of E. coli, both types of heat-labile toxins consist of a catalytic A subunit
(LTA) and a pentamer of B subunits (LTB), forming the characteristic ABS
architecture akin to cholera toxin (Figure 1.4). Remarkably, heat-labile toxin was

among the first AB toxins with a solved crystal structure (148).



The A subunit, analogous to cholera toxin, comprises two subunits linked
by a disulfide bridge: A1, the catalytically active region, and A2, a linker peptide
connecting A1 to the LTB pentamer (7). Interaction with host cells involves the
assembled hexameric complex of cholera toxin. Toxin delivery into host cells
hinges on the robust binding of the LTB subunit to the ganglioside receptor GM1,
a process mirroring that of cholera toxin (139). The N-terminus of the B subunits
serves a dual role in protein stabilization, protecting against proteolytic
degradation, and housing the GM1 binding site for the holotoxin complex (7).
Additionally, LTB interacts with paraglobosides, GM2, polyglycoceramides, and
glycoproteins containing polylactosamine (with lower affinity), expanding its
binding profile (31, 77, 115). The binding characteristics of LT-Ila and LT-IIb
variants remain less understood.

Uptake of the LT toxin necessitates the simultaneous binding of
pentameric LTB to five GM1 ganglioside receptors. For functional activation, LT
undergoes endocytosis and translocation to the cytoplasm, with localization to
lipid rafts being crucial for complex uptake (147). Although LT endocytosis is
believed to involve various pathways, including clathrin-dependent and caveolar-
dependent pathways, other unidentified intracellular transport mechanisms may
also play a role. The toxin undergoes retrograde trafficking in a manner similar to
CT, eventually reaching the endoplasmic reticulum (ER) (25). The catalytic A1
subunit of LT acts as an ADP-ribosyltransferase, activating the G protein Gsa.

This activated G protein induces cytotoxicity through adenylate cyclase, leading



to an elevation in intracellular cAMP levels (149). The heightened levels of cAMP

contribute to the characteristic "rice water" diarrhea associated with LT toxicity.

1.2.4 Shiga and Shiga-like Toxins

Shiga toxin (Stx) was first identified in Shigella dysenteriae, and it belongs
to a toxin family that includes Shiga toxin as well as other closely related Shiga
like toxins: Shiga-like toxin-1 (Stx1) and Shiga-like toxin-1 (Stx2) which are
produced by Enterohemorrhagic Escherichia coli and Shiga toxin producing E.
coli (74, 131, 157). These pathogens are gram-negative, rod-shaped, anaerobic,
and non-sporulating. Shiga toxin is considered a hexameric protein with a
molecular weight of 70.5 kDa. These toxins are composed of an enzymatic
subunit StxA monomer and a receptor-binding StxB homopentamer (116) (Figure
1.5).

The StxA subunit of the Shiga toxin has two fragments covalently
associated by a disulfide bridge, these two fragments A1 and A2 are
approximately 28 kDa and 4 kDa in size, respectively. The A2 subunit associates
with the B subunit homopentamer, with the Leu282, Gly283, Ala284, 11285,
Leu286, and Met287 residues in the C-terminus being important for holding
together the complex (55). The A1 subunit also bears significant amino acid
sequence homology to the plant enterotoxin, ricin, A subunit (136). Both Shiga
and ricin A subunits depurinate adenosine in the 28S ribosomal RNA of the 60S
ribosomal subunit. This modification makes tRNAs that are unable to associate

with the ribosomal complex, which ultimately leads to the inhibition of protein



synthesis in target cells (136). The StxB subunit of the Shiga toxin consists of five
identical B subunits that form a symmetric homopentameric ring-like complex.
This StxB complex associates with the StxA complex asymmetrically by having
only three of its B subunits interacting with the C-terminus of the A2 fragment,
which results in StxA bending to the side opposite from the three B subunits
(Figure 1.5) (55). The StxB subunit preferentially binds to globotriaosylceramide
(Gb3) and facilitates the internalization of the StxA into the target cells (74).

The Shiga toxin enters host cells via the retrograde transport pathway.
The first step involves Stx binding to Gb3 ganglioside that are located on lipid
rafts of target host membranes. The toxin is internalized via clathrin-mediated
endocytosis (135), where Stx is then carried into the trans-Golgi network via the
endocytic recycling compartment (134). Stx then is retro-trafficked from the trans-
Golgi network to the ER in coat protein complex | (COPI)-coated vesicles in a
KDEL-independent manner (133). From the ER lumen, Stx links with a pre-
associated large multi-chaperone complex of HEDJ, BiP, and a 94 kDa glucose-
regulated protein (GRP94) in order to partially unfold the Stx toxin so that it can
escape using host ERAD pathways (170). Stx avoids proteosome degradation by
evading ubiquitination, through the absence of lysine residues in its structure,
which is required to target the protein for degradation. The StxA subunit of the
toxin is activated via proteolytic cleavage by the enzyme furin at Cys242-Cys261

within vesicles of the Golgi apparatus (74).
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1.2.5 Pertussis Toxin

The pertussis toxin is an AB type toxin that’s produced by the gram-
negative bacterium Bordetella pertussis. The pathogen B. pertussis is a human
specific pathogen that’s best known for causing Whooping Cough and was first
identified in 1906. The pertussis toxin has a six membered oligometric structure
(152). The A component of pertussis toxin (PTA) consist of a single subunit (S1)
that contains enzymatic activity that transfers the ADP-rose from nicotinamide
adenine dinucleotide (NAD) to the cysteine residue of trimeric guanine
nucleotide-binding proteins (G-proteins), leading to a decoupling of the G-protein
a-subunit from its receptor. This results in the inhibition of adenylate cyclase
activity which results in an increase in intracellular cAMP (9).

The B component of pertussis toxin (PTB) consist of 5 subunits that,
unlike cholera and heat-labile toxin, are not similar: the S2 (23 kDa), S3 (22 kDa),
two S4’s (11.7 kDa each), and an S5 (9.3 kDa) that come together to form an
asymmetrical heteropentameric ring structure (Figure 1.6) (152). The PTB binds
preferentially to receptor glycoproteins and glycolipids, such as ganglioside
GD1a, which is located on lipid rafts on the host plasma membrane (67). Once
bound the toxin complex is internalized and retro- trafficked through the trans-
Golgi Network to the endoplasmic reticulum (42, 151). Travel through these
organelles results in activation of the PTA, establishing its ADP-ribosylating
activities. Once at the endoplasmic reticulum, the partially unfolded PTA is
recognized by the ER as a misfolded protein and is secreted into the cytosol for

endoplasmic reticulum associated protein degradation (151). Similar to Shiga

11



toxin, PTA lacks lysine residues which allow it to evade degradation and conduct

its enzymatic functions (168).

1.2.6 Anthrax Toxin

The anthrax toxin is produced by the gram-positive bacteria Bacillus
anthracis. This toxin consist of a tripartite structure that is composed of three
independent polypeptide chains, the edema factor (EF), lethal factor (LF), and
protective antigen (PA). Unlike the previously mentioned toxins (cholera, heat-
liable, Shiga, and pertussis) which consists of 6 subunit components. In the case
of the anthrax toxin, the EF and LF are considered the active A components, and
the PA to the binding B component (Figure 1.7).

The PA plays a role in delivering the EF and LF into host cells. PA is an 83
kDa polypeptide that binds to two identified anthrax receptors, tumor endothelial
marker 8 or capillary morphogenesis 2 (161). Once bound to its receptor, PA is
processed by furin into a 63 kDa polypeptide, leading to activation of the PA
triggering self-association into a heptameric pre-pore structure (124). Formation
of the heptameric complex induces the seven bound receptors to cluster in lipid
rafts or detergent-resistant membrane microdomains that results in the
endocytosis of the complex (3). This heptameric complex is able to competitively
bind up to three LF and /or EF subunits (104), this binding triggers activation of
src-like kinases that is required to initiate a conformational change in the PA
heptamer that facilitates uptake and ultimately the translocation of the LF or EF

into the cytoplasm (2). Receptor activation results in the endocytosis of the

12



anthrax complex via ubiquitin, actin, and clatherin dependent mechanisms and
fusion with an endosome (1). Once in the endosome, the PA forms a pore in the
endosome bilayer in a pH dependent manner. More specifically, this change in
pH disrupts a salt bridge that results in the decreased stability of PA and its
receptor interactions which results in detachment of the PA domain Il which
forms the pore (60). The pore acts as a proton/protein symporter that drives
translocation of LF and EF into the cell cytoplasm, where these subunits can
exert its effects (11). So, unlike the previously mentioned toxins, anthrax as B
component that is able to oligomerize with itself to form a 7 membered binding
complex that is able to aid in the internalization of either the LF and/or EF
subunits, with a maximum capacity of three subunits.

One in the host cell cytoplasm, LF is able to target and cleave mitogen-
activated protein kinase kinases (MAPKKSs) within the N-terminal proline-rich
regions that precedes the kinase domain. This inactivation of MAPKKSs results in
disruption of many signal transduction pathways and the decrease in
transcription/protein synthesis (41, 162). The other subunit, EF, acts as a calcium
independent calmodulin-dependent adenylate cyclase that results in the increase
of intracellular cAMP (86). The effects of both LF and EF results in a variety of
cytotoxin effects such as disruption of intracellular signaling pathways along with

sever altered water homeostasis.
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1.2.7 Ricin Toxin

Ricin Toxin is the only toxin non-bacterial protein toxin mentioned in this
dissertation, produced by the castor oil plant, Ricinus communis. Ricin is an
enterotoxin that exists in several isoforms including ricin D and ricin E. The ricin
holotoxin contains a catalytically active A chain (RTA) that is 32 kDa and
possesses ribosome-inactivating activities similar to Shiga toxin. The RTA chain
is linked by several disulfide bonds to the 34 kDA B subunit (RTB), which is a
galactose-binding lectin (Figure 1.8) (106). Unlike the other AB toxins mentioned,
the ricin toxin consists only of two protein polypeptide subunits. The ricin toxin is
synthesized as a single polypeptide that is cleaved into the A and B subunits.
The RTA subunit acts as an N-glycosidase that depurinates specific adenine
residues in 28S rRNA (rats) and 23S rRNA (E. coli). This results in the
inactivation of ribosomal activities which is detrimental to the cell (47).

The RTB subunit is responsible for binding the toxin to both glycoprotein
and glycolipids on the cell surface (150). While there is no specific receptor
identified for ricin, the lectin nature of ricin allows it to bind to a wide range of
galactosidases and glycoproteins (46). Ricin is thought to involve several
cholesterol dependent endocytosis mechanisms, including clathrin and caveolae
mediated endocytosis (137). Once endocytoses, ricin is thought to traffic from
late endosomes to the Golgi apparatus in a Rab9 independent manner and
instead involving Rab5 dependent vesicles (105). Ricin is thought to follow a
similar retro-trafficking route as cholera and Shiga toxin, however in a KDEL

independent manner. Alternatively, ricin is thought to interact with calreticulin,
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which has a KDEL retention motif, in the Golgi network which may be involved in
its delivery from Golgi to the endoplasmic reticulum (36). For most bacterial
toxins that require proteolytic cleavage, the A and B subunits of the toxins enter
the endoplasmic reticulum linked by disulfide bonds. For ricin, the B subunit
hinders the A subunit’s catalytic activity, and the two subunits are dissociated by

the ER chaperone protein disulfide isomerase (14).

1.3 CYTOLETHAL DISTENDING TOXINS: OVERVIEW

Cytolethal distending toxins are protein toxins produced by a wide range
of gamma and epsilon proteobacteria and are the group of toxins that will of
primary focus in this thesis. Remarkably, CDTs are the first and only bacterial
genotoxins to be identified, with the CDT genotoxin being first reported in E. coli
in 1987 (75). Out of the wide range of bacteria producing CDT, some of the
clinically relevant mucosal pathogens that produce CDT are Aggregatibacter
actinomycetemcomitans (Aa-Cdt), Campylobacter jejuni (Cj-CDT), Escherichia
coli (Ec-CDT), and Haemophilus ducreyi (Hd-CDT) (75, 123, 154). In addition,
CDTs have been shown to play an important role in the pathogenesis of many of
these pathogens (54, 121). Since these are common mucosal pathogens that
contribute to a wide range of clinical diseases, studying the toxin is an attractive
target for the development of pharmaceuticals. What categorizes CDT as a
genotoxin is that it has the ability to cause DNA damage on cells affected by the

toxin. This DNA damage leads to a wide range of outcomes such as G2/M cell
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cycle arrest, cellular senescence, dysregulation of the immune response,
dysregulation of autophagy, and even cell death.

One major point in the CDT field that | would like to comment on and
emphasize is that many aspects of CDT pathogenesis are poorly understood.
The major limitation to the overall understanding of CDT pathogenesis is the
incomplete and diverse work done in the field of CDT. There are several factors
that make our understanding of CDT pathogenesis very challenging. For one,
CDTs from different species have been shown to behave differently from one
another, making it hard to generalize the overall consequences of CDT activity
for the entire family of toxins. In addition, DNA damage elicits a wide range of
host responses that are different depending on the cell types affected and mostly
involve crosstalk between multiple systems, thus requiring the use of a more
comprehensive model/tissue level model in order to truly understand toxin
pathogenesis and more unity in the host systems used to study consequences of
CDT intoxication. Finally, a lot of the limited work done in the field of CDT has a
lot of variances in experimental conditions such as toxin concentration and
duration of toxin exposure, which we are becoming increasingly aware can have
profound effects on phenotypes. Despite these differences, this section of the
thesis will review several key aspects of CDT pathogenesis that are important to
the understanding of gaps in knowledge in the CDT field that will be covered in
this thesis.

The CDTs are encoded by three genes (cdtA, cdtB, and cdtC) which are

arranged on what is thought to be a single operon. Unlike the previously
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mentioned examples of AB-type toxins, the three CDT genes in code for three
distinct polypeptides named CdtA, CdtB, and CdtC whose molecular masses
vary depending on the species of toxin but are thought to interact to form a
heterotrimeric complex. This is very different from the previously discussed AB
toxins, which often have multimers of their B component that allow for host cell
recognition (Table 1). The difference in architecture between CDTs and other AB
type toxins begs the question of how CDTs are capable of delivering their cargo?
One major gap in knowledge in the field is the relationship between CDT toxin
structure and the function of the toxin.

Following the AB toxin paradigm, the CdtB subunit is thought to perform
like the A component, possessing DNase-like activities, while the CdtA and CdtC
are thought to perform like the B component, by playing a role in delivering the
CdtB component to the nucleus. One of the most unique features of all CDTs is
the ability of the active CdtB subunit to retro traffic to the nucleus where it causes
DNA damage. Both delivery to the nucleus and DNA damage activities has not
been demonstrated for any other protein toxin. To achieve successful localization
of the CdtB subunit and host cell DNA damage, the toxin requires the presence
of all three CdtA, CdtB, and CdtC subunits (81, 87, 127). This delivery pathway of
the CdtB subunit is poorly understood, but it is thought to follow a rather
unconventional/backward trafficking pathway within host cells, supposedly
utilizing existing host machinery (65). This reverse transport pathway is thought
to be similar to those utilized by many different AB type toxins, as previously

mentioned. For all AB toxins, the first step in this transport pathway requires the
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association of the toxin complex to its host cell receptor. Once bound to the host
cell, the toxin is then taken up in the cell. Typically, proteins are trafficked post
synthesis through the endoplasmic reticulum to the Golgi apparatus, where they
are then shipped to various destinations within the cells. While it's known that
eukaryotic cells can retrograde traffic important molecules in the cell, the
mechanisms with which host cells achieve this is poorly understood. Thus, better
understanding the mechanism with which CDT traffics to the nucleus may
provide novel insights to the players of intracellular retrograde trafficking.
Understanding the mechanism behind CDT nuclear transport remains a major
gap in knowledge in the field and is a topic that will be briefly addressed and
investigated in this thesis.

To achieve successful localization of the CdtB subunit and host cell DNA
damage, the toxin requires the presence of all three CdtA, CdtB, and CdtC. This
is because the CdtA and CdtC subunits are thought to play an important yet
poorly understood role in the delivery of the CdtB subunit to the nucleus. A major
gap in knowledge in the CDT field is the relationship between quaternary
structure of the CDT toxin and activity. The goal of my dissertation is to deeply
investigate the relationship between Cj-CDT holotoxin formation and biological
activity, focusing on understanding how the Cj-CDT subunits are involved with

toxin pathogenesis.
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1.4 CELLULAR CONSEQUENCES OF CDT INTOXICATION

The consequences of CDT intoxication have been fairly well studied,
however there are still many things we have yet to understand. Since being able
to evaluate biological activity of CDT is so important to our studies, this section
will provide a brief overview of the major consequences to CDT intoxication,
focusing primarily on DNA damage and host DNA damage response. As
previously mentioned, one of the many consequences of cellular intoxication with
all three CDT subunits is host cell cycle arrest at the G2/M phase. This is one of
the first phenotypes associated with CDTs (13, 29, 118, 122, 165) and is
commonly used to measure CDT activity. Cell cycle arrest activities of CDT are a
result of CDT directly dealing DNA damage on host cells. DNA damage is due to
the delivery of the catalytically active CdtB subunit to the nucleus. The CdtB
subunit from all species of CDTs are fairly conserved and belong to the DNase |
Mg*?-dependent phosphodiesterase family. A protein-specific iterated BLAST
(PSI-BLAST) analysis of the E. coli CDT-II polypeptide revealed striking
homologies between the CdtB subunit to mammalian type | DNases.
Furthermore, purified CdtB subunit was shown to have DNase like activity, and
was able to degrade supercoiled plasmid DNA in vitro (45) as well as having the
ability to induce nuclear fragmentation and marked chromatin disruption in
treated cells (82, 88). To further confirm that it was the CdtB subunits DNAse like
activity that causes DNA damage and to better understand how CdtB causes
DNA damage in host cells, mutations in conserved residues that play an

important role in mammalian DNase | activity such as those that were important
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for catalysis or magnesium binding were generated in Ec-CDT, as a results these
mutations abolished both the DNase as well as cytosolic activities of the CdtB
subunit (45). More notably, it's been shown that the Cdt’'s have much weaker
activities (almost 100 fold lower) compared to mammalian DNase | (purified
bovine) (44, 88). This weak DNA damage activity of the CDT toxins has been a
major question in the field, specifically, why would a weakly acting bacterial
genotoxin be maintained and shared by so many species of bacteria. If the goal
of the toxin was to induce DNA damage, then shouldn’t the toxin be more potent?
Several studies have been done to better understand the type of DNA damage
done by CDTs. However, one of the major challenges in understanding the
consequences of CDT treatment lies in the variance between experimental
conditions.

Detailed studies using E. coli CDT (Ec-CDT) revealed that the toxin
induces early DNA damage in the form of single-strand DNA breaks within 3 hrs
of low concentration (50 pg/mL) exposure to the toxin (53) and that this activity
required the histidine at position 153, as the EcCDTH'53A mutant had no activity.
At higher toxin concentrations (>75 ng/mL) and longer intoxication periods,
intoxication results in double strand breaks in host DNA (53). This is thought to
be a result of accumulation of juxtaposing single strand breaks on opposite
strands. In addition, this accumulation of damage that leads to double strand
breaks is thought to be independent of the cell cycle phase but are thought to
require progression through the S phase of the cell cycle. From the pathogen’s

perspective, what makes DNA damage an attractive target is the wide range of

20



cellular response with which it affects. In order to protect itself from the DNA
damage caused by CDTs, the cell activates a series of complex mechanisms
referred to as DNA damage responses (DDRs) that act to repair the genome and
minimize the probability of more permanent damage (72). These damage
responses are thought to be trigger by a wide range of DNA damage, such as
from reactive oxygen species, ionizing radiation, as well as other genotoxin
drugs. In addition, CDTs from different bacteria have been shown to induce
similar DNA damage responses on target cells (120). Host DNA damage
response can be broken into three stages: the recognition of DNA damage by
sensor proteins (MRN and Ku complexes, RPA) which activate
phosphatidylinositol 3-kinase-related protein kinases (ATM, ATR, and DNA-PK),
the signal amplification of these sensors by transducing proteins (p53, CDC25,
etc.), and finally the activation of DNA repair pathways (72). There are two key
signaling pathways that are activated in response to DNA damage, which are the
ATM-CHK2 and the ATR-CHK1 pathways. The ATM-CHK2 pathway is activated
in response to DNA damage that occurs in the form of double strand breaks
(DSB). When a DSB is formed, the MRN complex, which consists of the proteins
MRE11, RAD50, and NBS1, recruits the ATM kinase to the site of the breaks
(83). Once the MRN complex is localized to the site of the DSB, ATM is activated
by autophosphorylation, leading to the phosphorylation of many different
substrates, the most well known of them being CHK2 and p53. In addition, ATM
phosphorylates the H2AX histone around the site of DSBs which allows for

further signal amplification of sensors to DNA damage (125). The activated

21



CHK2 and p53 leads to a wide range of response including host cell repair
mechanisms for the DSB damage. Alternatively, the ATM-CHK1 pathway is
activated in response to DNA damage that occurs due to the accumulation of
single-stranded DNA (ssDNA). This typically occurs during the stalling of the
replication fork, for instance, when replication is blocked by DNA lesions
(whether it be from SSB, DSB, inter-strand and intra-strand crosslinks, base
modifications or adducts) the DNA polymerase is uncoupled from the replicative
helicase which results in the generation of sSsDNA. ssDNA is recognized by the
RPA protein complex, which protects and stabilizes the ssDNA, and leads to the
recruitment of the ATR/ATRIP complex (174). ATR then phosphorylates the
CHK1 transducing protein leading to a wide range of response and repair
mechanisms to remedy the damage (163, 171). These two response pathways
are summarized in Figure 1.9. In addition, there is a lot of cross talk between
these two pathways, but ultimately, depending on the type of DNA damage, the
ATM and ATR pathways can be specifically or sequentially activated, resulting in
cell cycle arrest, the activation of DNA repair machinery, and if need be, cell
death (94).

In the case of CDT there is a fair amount of research investigating the
cellular effects of toxin damage. We know intoxication leads to cell cycle arrests
at the G2/M interphase, which suggests that CDT induces the activation of the
DSB-related pathway, and therefore prompted an investigation of the recruitment
of the different DDR proteins that are involved in CDT mediated damage. First, |

will go over what is known about the DNA damage response to CDT intoxication.
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Upon CDT mediated DNA damage resulting in DSB, the cell recruits the MRN
complex at the site of the damage (88), followed by the activation of ATM. In
addition to activation of ATM and the phosphorylation of H2AX has been
measured in response to CDT from various species (16, 18, 52, 53, 66, 88, 91).
The phosphorylation of histone 2AX (gH2AX) is one of the standards in
measuring/detecting bacterial genotoxin-induced DNA damage. To further
support the idea that CDT induces DSB, another DSB marker, 53BP1, has been
shown to form foci after CDT treatment (18, 52, 53). ATM activation in response
to CDT leads to CHK2 phosphorylation, which in turn phosphorylates different
effectors, including two important cell cycle regulators of the phosphatase family,
CDC25A and CDC25C, as well as the activation and stabilization of p53, which
enhances the transcription of another cell cycle regulator p21 (15). In addition,
CDT treatment has also been associated with activation of the ATR-CHK1
pathway (52). As you can imagine, there is a lot of cross talk between cell cycle
regulators and transcription factors in order to maintain homeostasis and a
proper repair response.

One of the common responses to the DNA damage response is the
regulation of the cell cycle, which is regulated by sequential activation and
nuclear re-localization of CDK/Cyclin complexes (69). To briefly outline the
involvement of CDK/Cyclin complexes chronologically, we begin with the
regulation of G1-phase progression and entry into the S-phase, which is
controlled by CDK4/Cycin D and CDK2/Cycin E complexes respectively. S-phase

progression is regulated by the CDK2/Cyclin A complex. Completion of the S-
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phase and transition into the G2-phase is coordinated by the activation of
CDK1/Cyclin A complex. Finally, G2-phase transition to mitosis is dependent on
the activation and nuclear localization of the CDK1/Cyclin B complex. All these
CDK/Cyclin complexes are activated by CDC25-dependent dephosphorylation
and can be inhibited by different regulators such p16, p21, p27, and Wee1 (80).
In the case of CDT mediated DNA damage, CHK2 activation results in the
sequestration of CDC25C phosphatase in the cytoplasm, which prevents its
ability to activate the CDK1/Cyclin B complex in the nucleus (6). This results in
the hyperphosphorylation and inactivation of the CDK1/Cyclin B complex, which
prevents the cells from transitioning out of the G2-phase (27). CDC25C was
shown to play a major role in this process as overexpression of CDC25C is able
to prevent CDT mediated G2/M cell cycle arrest (48). As mentioned before, other
factors that play an important role in cell cycle regulation are p53 and its
downstream target p21 (56). One of the most confusing aspects of understanding
the consequences of CDT mediated DNA damage is that different cell types have
different responses to CDT intoxication at the cellular level, this includes variation
of p53 status. Without getting too complicated, the general interpretation is that
CDT intoxication leads to activation of p53 as well as p21, which ultimately leads
to cell cycle arrest at the G2/M interphase (Figure 1.10) (56, 66). By measuring
G2/M arrest activity of cells treated with CDT, we can evaluate whether we have

biologically active toxin.
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1.5 ROLE OF CDTS IN PATHOGENESIS

Understanding the intricate role of protein toxins in the pathogenesis of
microbial infections poses a significant challenge. Pathogenesis, being a
complex interplay of factors, encompasses not only the cellular activities of toxins
but also various elements contributing to a pathogen's ability to induce disease.
To unravel the role of toxins in pathogenesis, it becomes imperative to decipher
the intricate crosstalk between toxin-induced damage, the goals of the pathogen,
and the host responses to the infectious agent. This task is particularly
formidable, given that a comprehensive understanding of all processes during
pathogenesis is necessary. While there has been considerable research on CDT-
mediated DNA damage and the subsequent activation of host DNA damage
response pathways, the beneficial aspects of CDT-induced DNA damage for
pathogens remain relatively unexplored. Despite the incomplete comprehension
of CDT's role in pathogenesis, this section will delve into current models
proposing how CDT might contribute to the intricate processes underlying
disease development. Notably, limited literature exists on the contributions of
CDT to pathogenesis, with investigations focusing on specific CDT-producing
pathogens such as A. actinomycetemcomitans and C. jejuni.

Given the diversity in pathogens, each colonizing distinct host niches,
utilizing different virulence factors, and causing varied diseases, the role played
by CDTs in pathogenesis is inherently pathogen dependent. The complexity is
compounded by the intricate crosstalk between DNA damage and the DNA

damage response in different host systems, making it challenging to discern the
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connections between specific host cell responses and the role of CDTs in the
pathogenesis of diverse pathogens. This section will spotlight the investigations
into the contributions of CDT to pathogenesis, with a particular focus on A.
actinomycetemcomitans and C. jejuni. However, it is essential to acknowledge
that the presented models are inherently incomplete. The scarcity of research on
CDTs, spread across various CDT-producing species, coupled with the variability
introduced by the use of different cell lines, tissue samples, and toxin treatment
conditions, limits the depth of our understanding. Ultimately, the potential roles of
CDTs during pathogenesis are rooted in the DNA damage response induced by

CDT-mediated damage and the diverse effects of this damage on host cells.

1.5.1 Involvement of CDTs in the immune response

First and foremost, there is a widely held belief that CDT plays a crucial
role in the pathogenesis of numerous pathogens carrying the CDT genes. The
significance of this belief is underscored by the understanding that DNA damage,
induced by CDT, not only poses a threat to host cells but also has the potential to
disrupt their proper functioning. Moreover, DNA damage becomes an attractive
target for pathogens due to its capacity to elicit a diverse array of cellular
responses. Delving into this complexity, CDTs impact a broad spectrum of cells
during pathogenesis, particularly those constituting the various niches where
different CDT-containing pathogens establish colonization.

Among the myriad of cells affected by CDTs during pathogenesis, immune

cells emerge as a particularly attractive target for the genotoxic activities of CDT.
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Immune cells play a pivotal role in the pathogenesis of all three discussed
species of CDT-containing pathogens. Notably, CDT's DNA-damaging actions
have been implicated in the modulation of the immune response (IR). The
immune response, akin to the DNA damage response (DDR), constitutes a
complex system crucial for detecting and eliminating threats, essential for
maintaining organismal homeostasis. However, unlike the DDR, which operates
at the single-cell level, the IR is characterized by a higher level of complexity,
involving multiple cells and eliciting responses at the whole tissue level.

The immune response (IR) to host threats is extensive, and much of its
intricacies fall beyond the scope of this thesis. Nonetheless, a concise
exploration of how the DNA damage response (DDR) influences immunity is
important when thinking about role of CDT toward pathogenesis. The immune
response, tailored to the nature of threats and their effects, can be categorized
into three types: 1) response to intracellular threats, 2) response to large
extracellular threats, and 3) response against extracellular microorganisms.
Successful threat elimination relies on the coordinated efforts of innate and
adaptive immune cells. In addition, the nature of the response activated in the
face of an insult is not solely determined by the type of threat but is also
influenced by the specific tissue affected. This adaptive feature enables the host
to deploy optimal mechanisms for threat elimination while mitigating unnecessary
damage that could compromise tissue or organ function. Given that both the
DDR and IR are conserved systems dedicated to maintaining organismal

homeostasis, the intriguing possibility of crosstalk between these two systems
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emerges as an important rationale behind pathogens acquiring bacterial
genotoxin effectors. This section will only briefly delve into the consequences of
CDT mediated DNA damage and the modulation of the host immune response.
Understanding how CDTs influence the intricate dynamics of the immune
response is thus significant to comprehending the multifaceted role these toxins
play in the broader landscape of pathogenesis.

A significant immune phenotype that has garnered attention in research is
the proinflammatory impact of CDTs, as these inflammatory signals play a crucial
role in orchestrating an appropriate immune response. Notably, exposure to
AaCDTs has been associated with heightened secretion of IL-1B, IL-6, IFN-g,
and IL-8 in peripheral blood mononuclear cells, displaying a dose-dependent
pattern (5). Furthermore, induction of IL1B, IL6, and TNFa has been observed in
TPA-differentiated human THP-1 cells and monocyte-derived macrophages
(145). Importantly, the induction of pro-inflammatory mediators is not confined to
immune cells but has also been noted in cells of epithelial and mesenchymal
origin. For instance, Aa-CDT has been shown to stimulate the secretion of IL-6
from resident fibroblasts [110], while Cj~-CDT and Hh-CDT induce IL-8 secretion
or mRNA production in human embryo intestinal INT407 cells, as well as various
colorectal-derived cell lines (T84, CaCo-2, HCA-7) 72 hours post-treatment (68,
117, 172). Despite the clear association between CDT treatment and the
production of proinflammatory signals, the precise role of proinflammatory
signaling in CDT-mediated pathogenesis remains inadequately characterized.

Regrettably, there is limited published work on the in vivo effects of CDT during
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pathogenesis. Given the complexity of the immune response, which involves
diverse cell types coordinating at a tissue level or even higher, the understanding
of CDT's impact necessitates exploration beyond isolated cellular studies. Tissue
explants and animal models serve as valuable tools to assess the immune
response to pathogens, offering insights into the overall process, albeit in a
snapshot fashion. To unravel the intricate dynamics of CDT-mediated
pathogenesis, future research should strive to bridge the existing gaps in
knowledge by employing more comprehensive in vivo models and investigating
the long-term effects of CDT exposure on host immune responses.

Beyond its proinflammatory effects, CDT is believed to exert
immunosuppressive effects on the host microenvironment. This is primarily
attributed to CDT's capacity to induce apoptosis, inhibit cell proliferation, and
diminish IFN-g secretion by activated human CD8+ and CD4+ T lymphocytes
(112, 113, 142, 143). Additionally, CDT impacts the viability of monocytes and
immature monocyte-derived dendritic cells (DCs), compromising the stimulatory
activities of activated DCs (63, 155, 167). These cellular responses are integral
to the orchestration of an appropriate immune response. It is crucial to note that
a majority of these immunosuppressive effects have been demonstrated in in
vitro models, and there is limited data regarding the immunosuppressive effects
of CDTs within the context of in vivo natural infection models in
immunocompetent hosts. Despite this limitation, the accumulating evidence

suggests that CDTs may play a role in modulating the host immune
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microenvironment to create a conducive niche for the pathogen to replicate and
spread.

Considering these findings, it becomes evident that CDTs may contribute
to the intricate balance of inflammatory and anti-inflammatory responses, thereby
shaping the host immune microenvironment. The potential outcome of these
responses is complex and is likely influenced by various factors, including the
pathogen's characteristics and tissue tropism. As research progresses, gaining a
comprehensive understanding of how CDTs impact the host immune system,
both in vitro and in vivo, will be crucial for unraveling the nuanced role of these
toxins in pathogenesis. Future investigations employing immunocompetent hosts
and more physiologically relevant infection models will be instrumental in
elucidating the full spectrum of CDT-mediated effects on the host immune

response.

1.5.2 Importance/Potential Role of different species of CDTs on pathogenesis
In the examination of the potential contributions of Aa-CDT and Cj-CDTs
to the pathogenesis of their respective pathogens, it is crucial to underscore the
limited extent of in vivo investigations on CDTs, especially the lack of studies on
the roles of other species of CDT toward pathogenesis. Despite this dearth of
direct studies, a handful of work suggest the potential role of these toxins in the
intricate landscape of pathogenesis. As previously mentioned, unraveling the
multifaceted role of CDT in pathogenesis is inherently challenging, given its

involvement in diverse biological systems. In light of this, this section aims to
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briefly evaluate select studies that shed light on the repercussions of CDT
exposure, that could provide clues to understanding the potential role of CDT for
pathogenesis.

The first pathogen extensively investigated in the context of CDTs is A.
actinomycetemcomitans, a gram-negative coccobacillus implicated in various
human diseases, including endocarditis, meningitis, osteomyelitis, subcutaneous
abscesses, and periodontal disease. The discovery of Aa-CDTs dates back to
1998 (154) and their strong association with the development of aggressive
periodontitis (95). has since fueled extensive research endeavors. Much of the
focus on Aa-CDTs has been directed toward understanding their impact on
periodontal health, particularly their effects on cells within the oral epithelia.
Similar to CDTs found in other bacterial species, Aa-CDT has been shown to
induce cell distention and arrest in diverse cell lines, such as HeLa and Hep-2
(5). Human lymphocytes, in particular, exhibit heightened sensitivity to Aa-CDTs,
leading to apoptosis in response to treatment (141, 142). In contrast, Aa-CDTs
exhibit a different effect on human monocytes and macrophages, triggering the
release of pro-inflammatory cytokines rather than inducing cell death (8, 144).
This differential sensitivity and cytokine release in response to CDT suggest a
potential immunomodulatory role for Aa-CDT in the context of A.
actinomycetemcomitans pathogenesis. One major role attributed to Aa-CDT
involves its potential contribution to the pathogenesis of periodontitis. Aa-CDT-
mediated DNA damage has been shown to induce the expression of receptor

activator of NF-kB ligand (RANKL) in human gingival fibroblasts and periodontal
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ligament cells (12). Significantly, RANKL expression is linked to osteoclast
differentiation and contributes to bone resorption, suggesting that CDT-induced
RANKL expression may play a role in the pathogenesis of periodontitis. Further
exploration using an in vivo rat model demonstrated that the application of CDT
resulted in junctional epithelial tissue abrasion, neutrophil infiltration, and overall
gingival epithelial damage (32, 34, 114). Notably, despite the presence of CDT
during infection, it did not influence the colonization or invasion of the pathogen
(140). From these studies, it is evident that the presence of Aa-CDT influences
the damage and severity of periodontal disease caused by A.
actinomycetemcomitans. However, despite these insights, the precise role of the
toxin during pathogenesis remains incompletely understood.

Campylobacter jejuni, a gram-negative bacterium, is recognized as a
major causative agent of food-borne infections in humans and is notably a
producer of CDT. Despite its prevalence and clinical significance, there has been
limited exploration to elucidate the precise role of the toxin in C. jejuni
pathogenesis. Existing research, however, provides valuable insights into the
potential contributions of Cj-CDT to the virulence of C. jejuni. Studies have
demonstrated that Cj-CDT is implicated in damaging the colons of SCID mice,
pointing towards its potential role in the pathogenesis of this bacterium.
Additionally, Cj-CDT has been shown to facilitate colonization in mice,
suggesting a direct link between the toxin and the ability of C. jejuni to establish
and persist within the host (96, 122). Notably, further investigations have

revealed that the presence of Cj-CDT results in more aggressive gastritis and
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proximal duodenitis in mice, indicating a potential impact on the severity of the
infection (54, 73). Collectively, these studies imply that CDT plays a significant
role in the colonization, persistence, and virulence of C. jejuni. Despite these
findings, the intricate mechanisms by which Cj-CDT contributes to the

pathogenesis of C. jejuni warrant more in-depth exploration.

1.6 TOXIN ASSEMBLY, SECRETION, AND TRAFFICKING
1.6.1 Assembly and secretion of CDTs

The induction of DNA damage by CDTs hinges upon the successful
transportation of the catalytic CdtB subunit into the nucleus. The initial phase of
CDT pathogenesis involves the synthesis and excretion of the protein toxin.
Similar to many AB toxins, CDTs are presumed to be secreted into the
extracellular environment. However, our knowledge regarding the secretion
mechanisms of the CDT toxin remains limited, with only two studies delving into
CDT assembly and secretion. In a study focusing on Aa-CDT, researchers
proposed a model where CDT subunits assemble into a holotoxin complex within
the bacteria's periplasm, subsequently being secreted as a complex into the
extracellular milieu (158, 159). According to this model, the CdtA, CdtB, and
CdtC subunits are translocated from the bacterial cytoplasm across the inner
membrane to the periplasm in a manner reliant on the Sec-dependent pathway.
The assembly of the holotoxin occurs in stages, commencing with the interaction
between the CdtA and CdtC subunits at the outer membrane. Once the CdtA-

CdtC complex is formed, the dimer is liberated from the outer membrane,
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facilitating interaction with CdtB to form a tripartite CDT holotoxin complex (159).
Subsequently, this tripartite CDT complex is purportedly secreted from the
bacteria using yet-to-be-understood mechanisms. However, for other CDT
species, the mechanisms governing holotoxin assembly and bacterial secretion
remain unknown.

Alternatively, CDTs have been discovered within outer membrane vesicles
(OMVs), though the exact role of OMVs in bacterial pathogenesis remains poorly
understood. These vesicles are believed to harbor several potential roles in
pathogenesis, including the delivery of virulence factors to the host. Both A.
actinomycetemcomitans and C. jejuni OMVs have been found to contain CDTs
(43, 126). Furthermore, studies have demonstrated that these OMVs containing
Aa-CDTs induce a cytolethal distending effect on HeLa and HGF cells, indicating
their capacity to deliver biologically active CDTs (126). The intriguing aspect of
CDT secretion via OMVs lies in the potential impact on interactions with the
plasma membrane and potential receptors requiring toxin binding and
internalization. Despite the presence of CDTs in OMVs, the extent to which
OMVs contribute to CDT pathogenesis remains unclear. The precise role of
OMVs in the context of CDT pathogenesis warrants further investigation to

understand their significance in the overall mechanism of CDT-mediated toxicity.

1.6.2 Intracellular trafficking of CDTs
After protein toxins are released into the extracellular milieu, their next

crucial step involves identifying and binding to specific host cells to initiate their
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pathogenic effects. CDTs operate under a similar paradigm, relying on binding to
a particular host receptor as a prelude to infiltrating host cells. A critical
knowledge gap within the CDT research domain pertains to the elusive identity of
the host receptor that facilitates CDT binding—a pivotal yet poorly facet of CDT
biology. Addressing this gap stands as one of the objectives in this thesis,
emphasizing the delineation of the receptor associated with Cj-CDT
internalization. Addressing this gap in knowledge constitutes a focal point of the
concluding section of the thesis, and it will provide invaluable insights into
understanding the mechanism by which CDTs invade host cells, a crucial step in
comprehending their pathogenic effects.

Once bound to the host receptor, CDT’s are thought to be internalized via
a dynamin-dependent and Clathrin-dependent mechanism of endocytosis, as
shown for Hd-CDTs on HelLa cells (30). Subsequently, CDTs are thought to
travel through the endosomal compartments, specifically from the early
endosomes to the late endosomes. This was elucidated from experiments where
treatment of cells with drugs that block early-late endosomal maturation, such as
NHa4Cl, bafilomycin A1 and monensin, as well as using a dominant negative
mutant of the small GTPase Rab7, lead to an inhibition of CDT mediated DNA
damage (62, 65). Microscopy evidence also supports the endosomal localization
of Ec-CDTs (40). From the early to late endosomes, CDTs are believed to
journey to the trans-Golgi network—a phenomenon akin to other AB toxins like
Shiga toxin and cholera toxin (132, 164). However, the mechanism orchestrating

CDT delivery to the Golgi remains elusive. Several key findings substantiate the
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importance of Golgi trafficking in CDT activity. Disruption of the Golgi apparatus
with the drug Brefeldin A nullified Hd-CDT activity (62, 65). In addition, Hd-CDT
was shown to be sulphated during CDT intoxication of HeLa cells. Protein
sulphation is a post-translational modification that occurs exclusively in the trans-
Golgi and using a mutant Hd-CdtB containing a sulphation site (65). Transport
through the Golgi apparatus was also shown to be required for Ec-CDT (62).
Subsequently, CDTs are speculated to travel from the Golgi to the endoplasmic
reticulum (ER). This transition has been demonstrated via microscopy for both
Hd-CDT and Ec-CDT (62). Furthermore, biochemical assays utilizing a mutant
Hd-CdtB subunit containing a specific glycosylation site, an ER-specific post-
translational modification, corroborated this transit (65). However, understanding
the precise localization within the endoplasmic reticulum for Aa-CDT remains
elusive, as it has been inconclusively shown to localize in discrete foci, possibly
representing the trans-Golgi network or ER compartments via immuno-
fluorescence microscopy (4, 33).

The subsequent step in CDT pathogenesis involves its presumed exit from
the endoplasmic reticulum and subsequent translocation to the nucleus. This
process remains poorly understood and poses conflicting data. The ER-
associated degradation pathway has been shown to be crucial for the ER-cytosol
translocation for several other AB toxins mentioned previously, such as cholera,
Shiga, pertussis, and ricin toxins. One study by the Guerra group proposed that
Hd-CDT does not employ the classical ER-associated degradation pathway to

transition from the ER to the cytosol (65). Conversely, Eshraghi et al., identified
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three components of the ERAD pathway, namely Derlin-2, Hrd1, and ATPase 97,
as essential for the biological activities of Aa, Cj, Ec, and Hd-CDTs (49).
Although efforts using confocal microscopy analysis and biochemical assays
failed to detect Hd and Ec-CDT in the cytosol of intoxicated cells (62, 65),
suggesting the possibility of a direct translocation from the ER to the nucleus, Aa-
CDTs have been readily detected in the cytosol of CHO cells using fluorescent
microscopy (33).

Once in the cytosol, the prevailing hypothesis suggests that CDTs
translocate to the nucleus via a nuclear localization signal (NLS) found within the
amino-terminal region of CdtB (109). For Ec-CdtB, two NLS sequences (NLS1
and NLS2) have been identified in the carboxy-terminal region. Deleting these
regions prevented cell cycle arrest activities and nuclear localization without
affecting DNase activity (97). However, such NLS sequences remain unidentified
for Aa, Cj or Hd-CDTs. An overview of the potential retrograde transport pathway
taken by CDT is represented in Figure 1.11. The overall retro-transport
mechanism utilized by Cj-CDTs and less-studied CDTs from the cell surface to
the nucleus stands as a significant gap in knowledge, warranting further
investigation to unravel the intricate molecular pathways governing Cj-CDT retro-
trafficking, a crucial step in understanding its pathogenic mechanisms.

A poorly addressed and crucial gap in knowledge in CDT research lies in
comprehending the roles undertaken by the CdtA and CdtC subunits in
orchestrating the intracellular trafficking of the CdtB subunit. There exists a

compelling belief that these accessory subunits might significantly influence

37



distinct routes of endosomal trafficking, as evidenced by observations made with
Hd and Ec-CDTs (40). Intriguingly, insights into the trafficking of Aa-CDT
subunits suggest potential differences from the other CDTs. Notably, it is
hypothesized that while the Aa-CdtA subunit might not undergo internalization,
the Aa-CdtC subunit likely traffics alongside the Aa-CdtB subunit, albeit not to the
nucleus (33). These observations align with unpublished data indicating that only
the Hd-CdtC subunit translates to the Golgi apparatus, distinct from the Hd-CdtA
subunit. This collective data implicates the necessity of the CdtA and CdtC
subunits in the proper internalization of CDT. However, it raises intriguing
speculations that the intracellular trafficking of the CdtB subunit might depend on
one or both of these accessory subunits. Furthermore, the notion emerges that
different species of CDTs might employ disparate trafficking mechanisms to
facilitate the nuclear localization of the CdtB subunit. A clearer comprehension of
the functions executed by the CdtA and CdtC subunits could potentially illuminate
the strategies employed by CDTs to reach the nucleus. This understanding is
important in unraveling the intricate interplay and roles undertaken by individual
CDT subunits in dictating the complex trafficking routes and cellular destinations
of the toxin. By delineating the functions of these accessory subunits,
researchers could gain crucial insights into the mechanisms by which CDT
orchestrates its intracellular journey and ultimately achieves its pivotal role in

inducing cellular damage.
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1.7 STRUCTURAL INSIGHTS INTO CDTS

The three CDT genes in code for three distinct polypeptides named CdtA,
CdtB, and CdtC whose molecular masses vary depending on the species of
toxin, ranging from 20-30 kDa per subunit. Among the studied CDT variants, Aa
and Hd-CDT showcase the highest sequence similarity, with the CdtB subunit
emerging as the most conserved among all species (95, 120). These three CDT
subunits are thought to interact non-covalently in a 1:1:1 ratio, with points of
contact between all three subunits, to form a heterotrimeric complex. This is very
different from the previously discussed AB toxins, which often have multimers of
their B component (binding component) that allow for host cell recognition. For
these AB toxins, one common theme is that the multimeric B components form a
platform that enables the toxin to recognize their host receptor. We speculate
that having multiple binding subunits is required for these toxins in order to
interact with their receptors. An essential gap in current understanding, which
forms a pivotal focus in this dissertation, pertains to the relationship between the
CDT holotoxin complex and its biological activity. Presently, there exists no
conclusive evidence for the in vivo formation of a CDT holotoxin complex.
Detecting the CDT holotoxin complex in vivo poses a substantial challenge due
to the limited amounts of toxin secreted by pathogens during growth or infection.
The only CDT where the toxin subunits have been detected, using westernblot
analysis, from their native pathogen is Hd-CDT (153), suggesting that CDTs are

typically expressed in low concentrations from their native pathogens. Given the
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low expression of CDTs, most research laboratories utilize recombinantly
expressed CDTs for their investigative studies.

The prevailing belief that CDT subunits assemble into a heterotrimeric
complex is strongly influenced by the elucidation of crystal structures for Hd and
Aa-CDTs (Figure 1.12) (107, 169). High-resolution structural data for Aa-CDT
and Hd-CDT at toxin concentrations surpassing 100 uM indicated the formation
of a triangular tripartite structure where the three toxin subunits intricately
interface with one another. Notably, mutations designed based on these
structural insights, aimed at potentially disrupting subunit interactions, were
reported to attenuate the cellular activity of Aa-CDT (22, 169). However, despite
these crystallographic revelations, the structurally defined biologically active form
of the toxin binding to sensitive host cell surfaces remains inadequately
understood. The structural data from crystallography strongly suggests the
potential of Aa and Hd-CDT subunits to form a complex in solution. However,
these experiments were conducted at toxin concentrations far exceeding what is
believed to be physiologically relevant during infections. In vitro studies with
recombinant CDTs, including those from our laboratory and others, have
demonstrated toxin biological activity at much lower nanomolar concentrations.
Unlike other AB toxins that typically interact covalently, CDTs are believed to
interact with each other in a non-covalent manner. Whether the CDTs are
secreted as an assembled complex or exist as an assembled complex in solution

remains an area of uncertainty.
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It's notable that while Aa and Hd-CDTs exhibit significant sequence
homology (>90%), other species of CDTs differ substantially from each other. For
instance, Cj-CdtA shares only 25% amino acid sequence similarity with Hd-CdtA,
Cj-CdtB shares only 50% similarity with Hd-CdtB, and Cj-CdtC shares a mere
24% similarity with Hd-CdtC (120). This raises questions regarding how and
whether other species of CDTs interact to form a heterotrimeric complex, akin to
Aa and Hd-CDTs. Despite the known requirement for all three CDT subunits for
maximum cellular activity, it remains uncertain whether assembly into a
heterotrimeric complex is a prerequisite for the toxin's cellular activity. One
potential scenario posits that toxin activity might be achievable without the
subunits interacting, while another proposes that assembly into a holotoxin
complex might be necessary for activity but could occur prior to toxin secretion,
possibly at the host cell surface. Addressing this gap in understanding constitutes
a primary focus of the second chapter of this thesis, aiming to shed light on the
dynamics of CDT subunit interactions and their correlation with the toxin's

biological activity.

1.8 CDT HOST CELL BINDING AND RECEPTOR RECOGNITION

As previously highlighted, the initial phase of extracellular protein toxin
intoxication involves binding to a specific host cell receptor. For AB toxins to gain
entry into host cells, they must recognize and bind to these receptors, triggering
the endocytosis of the toxin. In the realm of CDT research, a major knowledge

gap pertains to the identification of the host cell receptor, and a goal of our work
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is to pinpoint potential receptors essential for CDT activity. Although the exact
receptor for CDT remains elusive, valuable insights shed light on how CDTs
interact with the host plasma membrane. Notably, CDTs have demonstrated a
reliance on lipid rafts for association with host cells. Several experiments have
evidenced that the depletion of cholesterol significantly diminishes toxin
association with the host cell surface, concurrently abrogating biological
activity(19, 50, 65, 89). This importance of cholesterol for CDT binding is further
supported by bioinformatics and molecular simulation data, indicating the
presence of a cholesterol recognition amino acid consensus (CRAC) region
within the CdtA and CdtC subunits of Aa, Cj, and Hd-Cdts, alongside surface-
exposed residues implicated in membrane binding. Mutations in these CRAC
sites and surface elements have shown a decrease in CDT binding and
biological activities (20, 108). Nevertheless, conflicting reports exist where
cholesterol depletion did not impede CDT binding and toxicity (33, 50). These
discrepancies likely stem from variations in cell lines used across different
studies, coupled with limitations in the use of compounds like methyl 3-
cyclodextrin to explore toxin internalization. Chemical agents may induce varying
alterations in cellular pathways and functions, yielding different outcomes based
on cell type. Moreover, factors such as toxin concentration and experimental
design may influence observed results.

Apart from cholesterol, Aa-CDT has exhibited co-localization with
ganglioside GM1, a recognized lipid raft marker, observed through immuno-

fluorescence microscopy (19). Sphingomyelin is also believed to play a crucial

42



role in CDT receptor recognition. The inactivation of the SGMS1 gene,
responsible for encoding sphingomyelin synthase 1, an enzyme pivotal in
sphingomyelin biogenesis, markedly reduced the biological activity of Aa, Cj, Ec,
and Hd-CDTs (23).

Despite efforts, identifying the specific receptor for CDTs remains a
challenge in the field, although the ideal receptor recognized by CDTs on the cell
surface is believed to be widely expressed, considering the sensitivity of diverse
cell types to CDT activity (64). Glycoproteins and glycolipids stand out as
potential candidates for CDT receptors. Several studies have explored potential
cell surface receptors for CDTs, yielding diverse findings. For instance,
investigations with Ec-CDT indicated the toxin's binding to fucose and fucose-
containing glycoproteins in vitro. Researchers demonstrated this through
competition experiments using fucose-specific lectins and by removing N-linked
surface sugar moieties, effectively blocking CDT intoxication of HeLa cells (98).
Similarly, a study involving Aa-CDT suggested that Aa-CdtA might interact with
fucosylated thyroglobulin, with a single point mutation in the Aa-CdtA subunit
disrupting this interaction (22). On the other hand, contrasting reports from our
lab have demonstrated that N- or O- linked glycosylation as well as fucose
biosynthesis was not required for the intoxication by Aa, Cj, Ec, and Hd-Cdts
(50). Intriguingly, our findings revealed diverse behaviors among different CDTs.
For example, inhibiting N-glycosylation using tunicamycin either prevented or
significantly reduced CHO cell intoxication by Aa, Ec, and Hd-CDTs, while

notably enhancing Cj-CDT activity. Tunicamycin has been demonstrated to affect
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receptor folding and export to the cell surface, suggesting that while receptors for
CDTs might be glycosylated proteins, glycosylation could also be pivotal for the
proper presentation of the receptor on the cell surface. Moreover, research on
Aa-CDT highlighted its binding to surface glycosphingolipids. Inhibitors of
glycosphingolipid synthesis or pre-incubation of Aa-CDT with GM3-containing
liposomes effectively hindered the intoxication of human monocytic U937 cells.
Additionally, they revealed strong binding of Aa-CDT to GM1, GM2, GM3, and
Gb4, with Aa-CdtC exhibiting a preference for GM1 and GM2, determined
through thin-layer chromatography analysis (103).

Collectively, these findings depict significant discrepancies regarding CDT
receptor identification. A plausible explanation for these disparities might lie in
different CDT members binding to distinct receptors. This notion is not
unfounded, given the lower conservation degree of the binding subunits, CdtA
and CdtC, among various toxin family members. Additionally, factors like
experimental design and cell type could substantially influence these outcomes.
The forthcoming third chapter of this thesis endeavors to evaluate the receptor
dynamics concerning Cj-CDTs, aiming to contribute valuable insights into
understanding the complex interplay between CDTs and their potential receptors

across different cellular contexts.

1.9 OVERALL CONCLUSIONS
Our studies support the idea that the Cj-CdtA and Cj-CdtC subunits play

an important role in the delivery of the catalytically active Cj-CdtB subunit into the
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nucleus. The retro-transport of the Cj-CdtB subunit relies on intact Golgi
apparatus and endoplasmic reticulum, although the exact role of these
organelles as well as the roles of Cj-CdtA and Cj-CdtC subunits in the delivery of
the Cj-CdtB subunit to these organelles remains unclear. While the 3 Cj-CDT
subunits are thought to interact to form a heterotrimer complex that is required for
biological activity, our experimental results suggest solution mixtures of Cj-CDT,
at the lowest concentrations at which the toxin is biologically active, are
comprised primarily of non-interacting subunit monomers. These results suggest
that the existing paradigm that Cj-CdtA, Cj-CdtB, and Cj-CdtC functionally
interact with host cells as a preassembled, heterotrimeric complex should be
revisited. We propose alternative models, backed by preliminary work, to
address the disparity between heterotrimeric formation before host cell
interaction and toxin activity. Our proposed models include: 1) the Cj-CDT
subunits assemble into a functional heterotrimeric complex but at the host cell
surface. 2) The Cj-CDT subunits do in fact interact with cells as an assembled
heterotrimeric complex, albeit at very low concentrations that are undetectable by
experimental approaches used in this study, implying that assembled Cj-CDT
possesses a much higher specific activity than has been previously
experimentally determined. In addition, the weak toxin affinity might be a strategy
to allow the pathogen to limit toxin activity on host cells. Overall, these studies
challenge our understanding of the structure function relationships of
Campylobacter jejuni cytolethal distending toxin and bring new and important

insights to the behavior of CDTs and even other multimeric AB-type toxins.
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1.10 FIGURES AND TABLE

Figure 1.1

Bacterial Protein Toxins have diverse targets and actions

Plasma membrane:

S. aureus A toxin

S. aureus leukocidine
Perfringolysin

E. coli A toxin

C. perfringens enterotoxin

V. parahemolyticus hemolysin

Cytoskeleton:

C. botulinum C2 toxin
C. perfringens | toxin
V. cholerae RTX

Metabolism:
H. pyloriVacA toxin

Vesicular trafficking:
Aerolysin

Cell-cell adhesion:
Staphylococcal exofoliatin
B. fragilis toxin

Copyright © 2008 Pearson Education, Inc.. publishing as Pearson Benjamin Cummings.

Signal transduction:
E. coliLT/ST

Clostridial cytotoxin
Cholera toxin

Pertussis toxin

Bordetella DNT

Anthrax toxins

Super antigens

Genome integrety:
Cytolethal distending
toxins

Protein synthesis:
Diphtheria toxin
Pseudomonas exotoxin
Shiga toxin

Exocytosis:
C. botulinum neurotoxins
Tetanus toxin

Figure 1.1: Diversity of bacterial protein toxins. Bacterial toxins have a diverse range of

targets and functions. Here is a list of several examples of different bacterial protein toxins and

the cellular processes that they target. (Chen, unpublished 2024)
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Table 1.1

Table 1. Summary of Plant and Bacterial AB Toxin Structure and Function.

A Subunit(s) B Subunit(s) Enzymatic Activity Target Receptor(s)
3 Al: 22 kDa (%5) 10.6 kDa ADP-ribosyl transferase  Adenylate cyclase  GMI ganglioside
Cholera toxin : T T
A2:5kDa G-protein (G,,)
) Al: 22 kDa (%5) 11.6 kDa ADP-ribosyl transferase ~ G-profein (G.,) GMI1 ganglioside
E. coli (LT) . ..
A2: 5kDa Asialoganglioside
. . Al: 28 kDa (*5) 7.7 kDa N-glycosylase rRNA (28S) Gb3 glycolipid
Shiga toxin .
A2:4kDa (Cleaves adenine 4324)
S1: 28 kDa S2:23kDa ADP-ribosyl transferase ~ G-protein (G,,) GDla ganglioside
. S3: 22 kDa
Pertussis toxin
S4:(x2) 11.7 kDa
S5:9.3 kDa

Anthrax

Ricin

(LF): 90 kDa
(EF): 89 kDa

30

kDa

(PA): (x7) 83 kDa

29 kDa

Zn metalloprotease
Adenylate cyclase
N-glycosylase

(Cleaves adenine 4324)

MAPKK
Protein kinases
rRNA (28S)

ANTXR 1
ANTXR 2
Glycoprotein

Glycolipid

Table 1.1: Comparison of AB toxin Structure and Function. Summary of the six well studied

AB toxins, highlighting the different compositions of their A subunits and B subunits, enzymatic

activity of their A subunits and their targets, and the receptor with which the B subunits recognize

(111).
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Figure 1.2

Plant and Bacterial AB toxins
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Figure 1.2: Diagram representation of the structural and amino acid sequence homologies
among bacterial and plant AB toxins. (A) The top panel represents the catalytic A subunit
proteins. (B) The bottom panel represents the membrane binding B subunit proteins. The
approximate values for amino acid sequence homologies observed among these AB subunits
depicted from different enterotoxins are provided as percentages. Enterotoxin subunits with no

arrows between them share little or no amino acid or structural homologies (99).
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Figure 1.3

= CTB

Figure 1.3: Cholera toxin. Crystal structure of cholera toxin. Cholera toxin A subunit (CTA), in
blue, is a heterodimeric protein composed of two polypeptide chains, CTA1 (22 kDa) and CTA2
(5 kDa), linked by a single disulfide bond. The CTA2 subunit links the active CTA1 subunit to the
pentameric cholera toxin B subunits (CTB). The CTB (10.6 kDa) is composed of five identical
polypeptide subunits (yellow, purple, red, orange, and turquoise), each with membrane receptor

GM1 ganglioside binding capacity (111).
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Figure 1.4

Figure 1.4: Heat labile toxin. Crystal structure of Heat Labile LT-1 (Left) and LT-IIb (Right). The
A1 subunits are in gold (upper left) and the A2 subunits are in yellow (upper right). The B subunits
are identical and are displayed as red, white, pink, green, and blue ribbon structures. The
asterisks highlight the active site, while the black arrows highlight the disfulfide bonds that link the
two A subunits together (160).
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Figure 1.5

Figure 1.5: Shiga Toxin. Crystal structure of the Shiga toxin. The A subunit (StxA) is depicted in
yellow, is composed of two subunits A1 (28 kDa) and A2 (4 kDa) and sits upon the pentameric B
subunits (StxB) depicted in blue, purple, green, magenta, and red (each identical and 7.7 kDa).
The A subunit amino and carboxy terminus are labelled N and C respectively. C242 and C261
mark the two cysteines of the disulfide bridge linking A1 and A2. All 5 B subunits are linked
together via disulfide bridges. StxB associates with StxA by having only three of the B subunits
interacting with the C-terminus of the A2 fragment, thus making StxA bend to the side opposite
from the B subunit (55).

51



Figure 1.6

A)

Figure 1.6: Pertussis toxin. Pertussis crystal structure with side (A) and top-down (B) views of
the pertussis toxin (PT). The A subunit (PTS1, light blue) sits above and within the central cavity
of the B pentamer which is composed of an S2 subunit (purple), an S3 subunit (pink), two copies
of the S4 subunit (blue), and an S5 subunit (green) (156).
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Figure 1.7

A) B)

Figure 1.7: Anthrax Toxin. (A) Computer modeled top-down view of anthrax toxins protective
antigen (63 kDa) that forms a heptamer. Each individual PA monomer is comprised of four
domains. A hydrophobic region that binds LF and EF (blue), a heptamerization domain that plays
a role in membrane insertion (red), a functional domain (yellow), and a receptor binding domain
(purple). (B) Model of the anthrax edema factor (light blue) protein bound to calmodulin
(turquoise). (C) The anthrax lethal factor (LF), with domains 1-4 labeled respectively. (D)

Computational prediction of anthrax holotoxin structure (26, 111).
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Figure 1.8

RTB —

Figure 1.8: Ricin Toxin. Computer generated crystal structure of ricin with the A subunit (blue)
and the B subunit (gold). Ricin contains a catalytically active ribosome-inactivating (32 kDa) A
chain (RTA) linked by disulfide bonds to a galactose-binding lectin B subunit (34 kDa) (RTB) (58).
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Figure 1.9
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Figure 1.9: Activation and cross talk between ATM and ATR pathways. (A) Pathway in
response to double-stranded DNA breaks (DSB). The formation of DSBs results in the
recruitment of the MRN complex in an ATM-dependent manner. ATM also phosphorylates
numerous substrates, including itself and H2AX near the site of the DSB. The repair of the DSB
occurs through non-homologous end joining (NHEJ) or homologous recombination (HR)
mechanisms. During HR repair, DSB usually results in stretches of ssDNA that are recognized
and coated by RPA, leading to ATRIP-dependent ATR recruitment and activation. (B) Pathway in
response to ssDNA, which is usually produced as a result of replication fork (RF) stalling. ssDNA
is recognized and coated by RPA. Accumulation of RPA is recognized by ATRIP, which recruits
and activates ATR. ATR then phosphorylates other substrates, including H2AX. At this point the
RF can restart or collapse, which in this cause induces DSB formation and the previously

mentioned ATM-dependent repair response (15).
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Figure 1.10
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Figure 1.10: Consequence of CDT mediated DNA damage on the host cell cycle. This model
depicts the molecular events of the DDR response to CDT mediated DNA damage and the
consequences on host cell cycle progression. The dotted lines signify known events occurring
during the DDR but have not yet been demonstrated for CDT exposure. CdiB induces DNA
lesions that are detected by cellular sensors such as the MRN coplex and RPA, resulting in the
recruitment and the activation of the PI3K related kinases, ATM and ATR. ATM and ATR then
phosphorylate many different substrates, including H2AX, CHK1, CHK2 and p53 (black arrows).
This signaling cascade results in the regulation of cell cycle modulators (blue lines), through the
inhibition of CDC25C phosphatase by CHK2 and CHK1. Phosphorylated CDC25C is inactivated
and unable to activate the cyclin B/CDK1 complex (red crosses), which results in G2/M phase
arrest. In addition, p53 can lead to an accumulation of p21, which can result in cellular arrest in
the G1 phase by inhibiting the CDK2/cyclin E complex (15).
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Figure 1.11
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Figure 1.11: Intracellular Trafficking of CDT. The CdtB subunit is believed to undergo retro-
trafficking from the host cell surface to the nucleus. Initially, the CdtB subunit binds to an
unidentified host cell receptor, leading to internalization into endosomes. The CdtB subunit is then
hypothesized to traverse from early to late endosomes. From the late endosomes, the CdtB
subunit is then believed to traffic to the Golgi apparatus, where it engages with retro-trafficking
machinery to reach the endoplasmic reticulum. From the endoplasmic reticulum, the CdtB subunit
is thought to escape to the host cell cytoplasm using the endoplasmic reticulum associated
degradation pathway. Once in the cytoplasm, the CdtB subunit is then believed to localize to the
nucleus, using a non-canonical nuclear localization signal. The roles of the CdtA and CdtC
subunits in the retro-trafficking of the CdtB subunit remain poorly understood (Chen, unpublished
2024).
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Figure 1.12

Figure 1.12: Cytolethal distending toxin. (A) Crystal structure of Aa-CDT with the A subunit
(Red), CdtB subunit (Green), and CdtC subunit (Blue). Each subunit (~24.5 kDa, ~28 kDa, and
~18 kDa, respectively) has domains that contact one another form a heterotrimeric complex
(107). (B) Crystal structure of Hd-CDT with the A subunit (Red), CdtB subunit (Green), and CdtC
subunit (Blue). Each subunit (~24.5 kDa, ~31.5 kDa, and ~20.6 kDa, respectively) has domains

that contact one another form a heterotrimeric complex (169).
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CHAPTER 2: THE INTRACELLULAR TRAFFICKING OF THE CJ-CDT

SUBUNITS

2.1 INTRODUCTION

The cytolethal distending toxins (CDT) belong to the AB-type toxin family,
characterized by their genotoxic properties, and are produced by a diverse array
of clinically relevant gamma and epsilon proteobacteria. Among these bacteria,
Campylobacter jejuni stands out as a significant contributor to foodborne
illnesses in the United States. AB-type toxins exhibit a unique two-component
structure enabling the targeted delivery of enzymatic proteins to specific
intracellular sites within host cells, thereby manipulating essential cellular
processes. To achieve this, these protein toxins typically hijack host cellular
processes for site-specific transport. CDTs consist of three polypeptides: CdtA,
CdtB, and CdtC, with CdtB being the presumed active subunit possessing
DNase-like activities. Meanwhile, CdtA and CdtC are believed to aid in delivering
CdtB to the host cell nucleus. Previous studies, including our own, suggest that
CdtA and CdtC likely participate in the retrograde transport of CdtB to the
nucleus. However, the precise roles of CdtA and CdtC in this transport process
remain poorly understood.

After binding to host cell receptors, CDT is believed to undergo sequential
transport through various cellular compartments, including the endosome, Golgi
apparatus, endoplasmic reticulum, cytosol, and ultimately the nucleus. However,

a significant gap in our understanding lies in the role of the CdtA and CdtC
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subunits in facilitating this transport across different compartments. Unlike cells,
proteins lack inherent mechanisms for physical transport between compartments
and thus rely on cellular transport mechanisms to reach their destinations,
whether inside or outside the cell. Typically, proteins are synthesized by
ribosomes in the cytoplasm before being transported to the endoplasmic
reticulum for proper folding, a critical step for their functionality. Once folded
correctly, these proteins are sorted and directed to their designated locations
within the host cell by the Golgi apparatus. Transport of these proteins often
occurs within specialized organelle compartments known as endosomes. AB
toxins such as CDTs present a unique challenge as they require transport in the
opposite direction of the typical pathway followed by host proteins. To achieve
this, they exploit existing host transport mechanisms, a process known as
retrograde transport, which remains poorly understood. Specifically concerning
CDTs, the mechanism by which the CdtB subunit is transported from the host cell
surface to the nucleus remains elusive.

Here, we present investigations into Campylobacter jejuni CDT (Cj-CDT)
aimed at elucidating the involvement of the Cj-CdtA and Cj-CdtC subunits in the
retrograde transport of the Cj-CdtB subunit to the nucleus. Previous in vitro
studies, both from other labs and our own, have underscored the significance of
the CdtA and CdtC subunits for the biological activity of the toxin. In addition, the
importance of functional endosomes, Golgi apparatus, and endoplasmic
reticulum for toxin activity has been supported in our studies. However, the

specific roles and fates of these subunits remain unresolved. We hypothesize
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that if the Cj-CdtA and Cj-CdtC subunits indeed facilitate the delivery of Cj-CdtB
through various organellar compartments, we would expect to observe co-
localization of these subunits with Cj-CdtB at the respective organelles involved
in the delivery process. Through immunofluorescence microscopy imaging, we
attempted to capture the intracellular trafficking of the Cj-CdtA and Cj-CdtC
subunits within host cells. However, our findings proved inconclusive. While
these results do not provide definitive answers, they suggest potential
explanations. It is plausible that the techniques at our disposal lack the
necessary sensitivity to detect the intracellular trafficking of the Cj-CdtA and Cj-
CdtC subunit accurately. Alternatively, these subunits may not contribute
significantly to the intracellular transport of the active Cj-CdtB subunit. It is
important to highlight that this chapter presents unpublished work comprising
preliminary data, underscoring the need for further exploration and refinement of

our understanding in this area.

2.2 MATERIALS AND METHODS

Cell Culture. HCT116 (Human colon cancer epithelial cell line, male) cells
were maintained in McCoy’s 5A (modified) medium supplemented with a 10%
final concentration of fetal bovine serum (FBS). HeLa (Human adenocarcinoma
epithelial cell line) cells were maintained in DMEM supplemented with a 10%
final concentration of FBS. Cell lines were tested for mycoplasma contamination
using MycoAlert Mycoplasma Detection Kit. All cells were maintained at 37°C in

a humidified atmosphere under COz2 (5%).
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Bacterial Strains. Escherichia coli BL21 used for protein expression and
purification were grown in Luria broth (LB) supplemented with ampicillin (100
ug/mL final concentration) to select for E. coli BL21 containing the desired pET-
15b expression plasmid. Escherichia coli DH5a used for cloning were grown in
LB supplemented with ampicillin (100 ug/mL final concentration to select for E.
coli DH5 a containing the desired plasmid.

Cj-CDT expression and purification. Recombinant CDT subunits (CdtA,
CdtB, and CdtC) derived from Campylobacter jejuni (Cj-CDT), Haemophilus
ducreyi (Hd-CDT), and Escherichia coli (Ec-CDT) were expressed and purified
separately, as described previously (50). Briefly, the genes encoding the
individual CdtA, CdtB, and CdtC subunits (within pET-15b protein expression
plasmids, Millipore Sigma, 69661), each expressed with an amino-terminal
polyhistidine fusion peptide, were expressed separately in E. coli BL21 (DE3)
protein expression strains. 1 L of Luria broth (LB) in 6 L flasks were inoculated
with 1-3 mL starter cultures of E. coli BL21 (DE3) and were cultivated at 37 °C
with rotary agitation. Once cultures reached an optical density at 600 nm
(OD600) of 0.4-0.6, cultures were further cultivated with rotary agitation at 37 °C
in the presence of 0.2 mM isopropyl1-thio--D-galactopyranoside (IPTG) to
induce CDT subunit expression. After 3 h, cultures were harvested by
centrifugation at 8,000 x g at 4 °C. After 8 min, pellets were resuspended in 10
mL of ice-cold PBS pH 7.4 and disrupted via sonication (Fisher Scientific Model:
FB505 (500 Watt), Ampl. 25%, 2 sec ON / 5 sec OFF, Total ON = 3 min) on ice

and in the presence of 1 mM phenylmethylsulfonyl fluoride (PMSF). After
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sonication, contents were centrifuged at 8,000 x g at 4 °C. After 30 min, the
supernatant was discarded and pellets resuspended in 15 mL of 8 M urea
solution (8 M urea, 20 mM HEPES, 200 mM NaCl in water, pH 7.5 at 4°C) and
agitated on a rotary shaker on ice. After 30 min, contents were disrupted on ice
via sonication (Fisher Scientific Model: FB505 (500 Watt), Ampl. 25%, 2 sec ON /
5 sec OFF, Total ON = 3 min). The sonicated cell lysates were centrifuged at
8,000 x g at 4 °C. After 30 min, the supernatant was transferred into clean
conical tubes and purified by cobalt metal affinity chromatography using
approximately 4-6 mL of cobalt resin slurry (Talon Metal Affinity Resin) within a
gravity-flow column. Columns were washed with 1 mM imidazole (1 mM
imidazole in 8 M urea solution at pH 7.5) and eluted with 100 mM imidazole (100
mM imidazole in 8 M urea solution at pH 7.5) for the CdtA subunit and
approximately 25 mM imidazole (25 mM imidazole in 8 M urea solution at pH 7.5)
for the CdtB and CdtC subunits. The concentrations of each of the purified
subunits were then determined using a BCA Protein Assay Kit (ThermoFisher,
Rockford, IL). For the generation of refolded holotoxin, eluted subunits were then
diluted to 100 ug/mL with 8 M urea solution, combined in equimolar amounts of
CdtA, CdtB, and CdtC subunits in a final volume of around 200 mL, and then
transferred into regenerated cellulose dialysis tubing (6000 — 8000 MWCO). For
the generation of individual refolded subunits, eluted subunits were then diluted
to 100 ug/mL with 8 M urea solution and then individually transferred into
regenerated cellulose dialysis tubing (6000 — 8000 MWCO). The CdtA, CdtB, and

CdtC subunits were dialyzed, on a stir plate at 4 °C, against 4 L of HEPES buffer
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(20 mM HEPES, 200 mM NaCl, and 5% glycerol in water, pH 7.5). After every 6
h, for the next 12 h, dialysis tubing was transferred into fresh 4 L of HEPES
buffer and dialyzed on a stir plate at 4 °C. For refolded holotoxin, after 18 h of
dialysis in HEPES buffer, dialysis tubing containing CDT was transferred into 4 L
of phosphate buffer (PB buffer, 0.456g NaH2PO4, 4.343g Na2HPO4-7H20, 5%
glycerol in 1 L H20, pH 7.5) and dialyzed on a stir plate at 4 °C. After 6 h, dialysis
tubing was transferred into fresh 4 L of PB buffer and incubated on a stir plate at
4 °C. After 12 h of dialysis in PB buffer, for Cj~CDT holotoxin, contents of the
dialysis tubing, around 200 mL, were concentrated by binding the diluted CDT
holotoxin from the dialysis tubing onto a gravity flow anion exchange column
(DEAE Sephacel) containing 3 mL of slurry, and then eluted with 10 mL of PBS.
Approximately, 500 uL fractions were collected and analyzed for the presence of
all three subunits (refolded holotoxin) or individual subunits, as well as increased
protein band intensity using SDS-PAGE and Coomassie Brilliant Blue staining.
For individually refolded Cj-CDT subunits, the toxin was dialyzed in 4 L of PBS, 3
times similar to refolded holotoxin. After the final dialysis, the individually refolded
toxin subunits were then concentrated using Amicon Ultra — 15, 10,000 NMWL
centrifugal filter tubes (Millipore, Carrigtwohill, Co), to approximately 100x final
volume. For Ec- and Hd-CDT holotoxins, contents of the dialysis tubing were
transferred into centrifugal filters (Amicon Ultra — 15) in order to concentrate the
diluted individually refolded subunits post-dialysis. To isolate refolded holotoxin
containing equimolar concentrations of CdtA, CdtB, and CdtC subunits,

concentrated fractions containing CDT holotoxin were loaded onto a gravity flow
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size exclusion column (1 g, P-60 resin) pre-equilibrated with PBS as the mobile
phase and 500 uL elution fractions taken. Fractions were then analyzed for
stoichiometric equivalency of CdtA, CdtB, and CdtC subunits by assessing for
approximately equal band intensities of the CdtA, CdtB, and CdtC subunits using
SDS-PAGE and Coomassie Brilliant Blue staining. Fractions found to contain
approximately stoichiometrically equivalent amounts of CdtA, CdtB, and CdtC
subunits were aliquoted, with each aliquot containing toxin in PBS, and stored at
-80 °C. The individually refolded CdtA, CdtB, and CdtC subunits were also
aliquoted, with each aliquot containing toxin in PBS, and stored at -80 °C. The
concentration of the purified holotoxin or individual CDT subunits was determined
using a BCA Protein Assay Kit prior to storage. Activity of purified CDTs was
assessed through cell cycle phase assays, as described below.

Generation of mutant Cj-Cdt subunits. Cj-CdtA-Myc, Cj-CdtB-Myc, Cj-
CdtB-3xFLAG, Cj-CdtB-3xFLAG-Sulfation, Cj-CdtB-3xFLAG-Sulfation-
Glycosylation, and Cj-CdtC-HA tagged subunits were generated through Gibson
assembly to enhance immunofluorescence detection of the Cj~-CDT subunits.
Briefly, the Cj-CdtA-Myc tagged subunit was generated onto the Cj-CdtA gene
using a pET-16b protein expression vector containing Cj-CdtA as a template,
PfuUltra 1l Fusion HS DNA polymerase, and primers targeting the 6 x histag at
the Cj-CdtA N-terminus (forward primer: GAA CAA AAA CTC ATC TCA GAA
GAG GAT CTG CAT CAT CAT CAT CAT CAC AGC AGC, reverse primer: GCT
GCT GCC CAT GGT ATA). The Cj-CdtB-Myc tagged subunit was generated

onto the Cj-CdtB gene using a pET-16b protein expression vector containing Cj-
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CdtB as a template, PfuUltra Il Fusion HS DNA polymerase, and primers
targeting the 6 x histag at the Cj-CdtB N-terminus (forward primer: GAA CAA
AAA CTC ATC TCA GAA GAG GAT CTG CAT CAT CAT CAT CAT CAC AGC
AGC, reverse primer: GCT GCT GCC CAT GGT ATA).The Cj-CdtB-3xFLAG
tagged subunit was generated onto the Cj-CdtB gene using a pET-16b protein
expression vector containing Cj-CdtB as a template, PfuUltra Il Fusion HS DNA
polymerase, and primers targeting the 6 x histag at the Cj-CdtB N-terminus
(forward primer: CAT GAC ATC GAT TAC AAG GAT GAC GAT GAC AAG CAT
CAT CAT CAT CAT CAC AGC AGC, reverse primer: ATC TTT ATA ATC ACC
GTC ATG GTC TTT GTA GTC GCT GCT GCC CAT GGT ATA). The Cj-CdtB-
3xFLAG-Sulfation tagged subunit was generated onto the Cj-CdtB gene using a
pET-16b protein expression vector containing Cj-CdtB-3xFLAG tag as a
template, PfuUltra Il Fusion HS DNA polymerase, and primers targeting the 6 x
histag at the Cj-CdtB-3xFLAG N-terminus (forward primer: CAT CAC AGC AGC
GGC AGC GCA GAA GAC TAC GAA TAC CCA TCT, reverse primer: AGA TGG
GTATTC GTAGTC TTC TGC GCT GCC GCT GCT GTG ATG). The Cj-CdtB-
3xFLAG-Sulfation-Glycosylation tagged subunit was generated onto the Cj-CdtB
gene using a pET-16b protein expression vector containing Cj-CdtB-3xFLAG-
Sulfation tag as a template, PfuUltra Il Fusion HS DNA polymerase, and primers
targeting the Cj-CdtB-3xFLAG N-terminus (forward primer: AAC GGC ACC AAA
AAT AAC ACA TCC CAG GGC GGC AGC GAC TAC AAA GAC CAT GAC GG,
reverse primer: AGA TGG GTATTC GTAGTC TTC TGC GCT GCC GCT GCT

GTG ATG) The sulfation and glycosylation tagged subunits are reporter
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constructs that we wanted to use to monitor Golgi and ER localizaiton. The Cj-
CdtC-HA tagged subunit was generated onto the Cj-CdtC gene using a pET-16b
protein expression vector containing Cj-CdtC as a template, PfuUltra Il Fusion
HS DNA polymerase, and primers targeting the 6 x histag at the Cj-CdtC N-
terminus (forward primer: GTT CCA GAT TAC GCT CAT CAT CAT CAT CAT
CAC, reverse primer: ATC GTA TGG GTA GCT GCT GCC CAT GGT ATA).
Recombinant Cj-CDT subunits containing the specified epitope tags were
expressed and purified exactly as described above for the production of
recombinant Cj-CDT subunits containing the specified epitope tags and
biochemical modification.

Removal of polyhistidine fusion peptides. His-tagged recombinant
subunits, containing a thrombin cleavage site, were incubated at 21 °C with
biotinylated thrombin (Novagen, Billerica, MA), at approximately 1 units of
biotinylated thrombin per 1.5 mg of CDT toxin. After 20 — 24 h, biotinylated
thrombin was removed by incubation at room temperature with streptavidin
agarose beads (32 pL/unit of thrombin; (Thermo, Waltham, MA). After 30 min of
gentle mixing, the resin was removed using Spin-X centrifuge tube filters (pore
size, 0.22 ym; Corning Costar, NY) and centrifuged at 500 x g for 5 min. The
filtrates, containing thrombin-cleaved Cj-CDT subunits, free of biotinylated
thrombin, were quantified using the Pierce BCA assay (Thermo, Rockford, IL),
then aliquoted and stored at -20 "C. Thrombin cleavage was confirmed using
SDS-PAGE followed by staining with Coomassie Brilliant Blue. His-tagged

recombinant subunits containing a TEV cleavage site, were incubated at 30 °C
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with TEV protease-7 x histag (NEB, Ipswich, MA), at approximately 1 unit of TEV
per 15 ug of CDT toxin. After 1 h, TEV protease- 7 x histag was incubated with
10 uL of cobalt resin slurry (1-3 mg of 7 x histag binding capacity per 1 uL) on
ice. After 20 min of gentle mixing, the resin was removed using Spin-X centrifuge
tube filters and centrifuged at 500 x g for 5 min. The filtrates, containing TEV-
cleaved Cj-CDT subunits, free of TEV protease, were quantified using the Pierce
BCA assay, then aliquoted and stored at -20 °C. Thrombin cleavage was
confirmed using SDS-PAGE followed by staining with Coomassie Brilliant Blue.
SDS-PAGE Coomassie and Immunoblot detection of CDT subunits.
Protein or cellular lysate samples were run in a 12% SDS-PAGE gel for protein
analysis. After completion of the SDS-PAGE, gels were either stained with
Coomassie brilliant blue or used for western blot analysis. For western blot
analysis, following SDS-PAGE, resolved proteins were transferred to PVDF
membranes (MilliporeSigma, Burlington, MA) using a wet/tank blotting system
(Bio-Rad, Hercules, CA). Membranes were blocked at room temperature with 5%
bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) in TBS-T (0.1%
Tween-20 in TBS pH 7.4, Fisher, Fair Lawn, NJ). After 5 min, membranes were
washed with TBS-T to remove residual blocking buffer and then incubated at 4
°C with the indicated primary antibodies diluted in TBS-T. Cj-CdtA-specific
antibodies (1:1,000 antibody:buffer ratio) targeting the Cj-CdtA-specific sequence
255-CPFTAKPLYRQGEVR-268, Cj-CdtB-specific antibodies (1:1,000
antibody:buffer ratio) targeting the Cj-CdtB-specific sequence 185-

CDFNRDPSTITSTVDRELANR-204, and Cj-CdtC-specific antibodies (1:5,000
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antibody:buffer ratio) targeting the Cj-CdtC-specific sequence 44-
CFRDTSKDPIDQNWNIK-59 (YenZme, San Francisco, CA). After overnight
incubation, membranes were washed with TBS-T, and further incubated at room
temperature with anti-rabbit IgG biotinylated antibodies diluted in TBS-T (Cell
Signaling, Danvers, MA). After 1 h, membranes were washed with TBS-T, and
the membranes were further incubated at room temperature with anti-biotin HRP-
linked antibodies diluted in TBS-T (Cell Signaling, Danvers, MA). After 1 h,
membranes were washed with TBS-T, and then incubated with enhanced
chemiluminescent substrate for HRP detection (1:5 mixture of SuperSignal West
Femto Maximum Sensitivity and Pico Plus Chemiluminescent Substrates
(Thermo, Rockford, IL)). Immunoblots were imaged using the ChemiDoc system
(XRS+, Bio-Rad, Hercules, CA). Immunoblot densitometry analyses were
performed using Image Lab software (Bio-Rad, Version 6.0). For western blot
detection of the Cj-CdtA-Myc, Cj-CdtB-FLAG, Cj-CdtB-Myc, and Cj-CdtC-HA
tagged subunits, membranes were incubated at 4 °C with the indicated primary
antibodies diluted in TBS-T. Rabbit monoclonal anti-FLAG or anti-HA antibodies
(Cell Signaling Technology, Danvers, MA) at a 1:1000 dilution in PBS, or rabbit
monoclonal anti-Myc antibodies (Cell Signaling Technology, Danvers, MA) at a
1:5000 dilution in PBS.

Assessing DNA damage response initiation. The indicated cell lines were
seeded (approximately 0.04-0.05 X 10° cells per well) on 24-well culture plates
and incubated at 37 °C and under 5% COa2. After 24 — 36 h, the cells were

incubated with refolded Cj-CDT holotoxin at the concentrations indicated. After
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24 h, 24-well plates were placed on ice and cell monolayers were washed twice
with cold PBS pH 7.4. After washing the monolayers, 75-150 uL of RIPA buffer
(Thermo, Waltham, MA) supplemented with HALT protease and phosphatase
inhibitor cocktail (Thermo, Waltham, MA) were added to each well and the plate
incubated at 4 °C on a platform rocker with occasional agitation. After 20 min,
lysates were transferred to chilled microcentrifuge tubes and Laemmli sample
buffer (Thermo, Waltham, MA), supplemented with B-mercaptoethanol, was
added to generate a 1 x concentration of Laemmli sample buffer in cell lysate.
Lysates, on ice, were then passed through a 25-gauge needle three times to fully
homogenize samples and then boiled at 100°C for 10 min. Cellular lysates were
fractionated by SDS-PAGE using 12% polyacrylamide gels, transferred to PVDF
membranes, and membranes were blocked with 5% non-fat milk in TBS-T.
Membranes were then incubated with rabbit monoclonal anti-phospho-histone
H2AX (Ser139) (a-H2AX) (Cell Signaling Technology, Danvers, MA) antibodies
at a 1:3000 dilution in TBS-T, followed by anti-rabbit IgG, HRP-linked secondary
antibodies at a 1:10,000 dilution in TBS-T. HRP-conjugated secondary antibody
binding, immunoblot imaging, and immunoblot densitometry analysis were
performed as described above.

Cell cycle phase determination. Cj-CDT-dependent arrest of cell cycle
progression at the G2/M interface was assessed using flow cytometry
(FACSymphony A1, BD Biosciences, Franklin Lakes, NJ) as previously
described (50, 62). Briefly, the indicated cell lines were seeded (approximately

0.04-0.05 X 108 cells per well) on 24-well culture plates and incubated at 37 °C
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and under 5% COz. For continuous intoxication conditions, after 24-36 h the cells
were incubated at 37 °C and under 5% COz2 in complete medium containing CDT
at the indicated preparations, conditions, combinations, and concentrations, or,
were incubated with PBS pH 7.4 in place of CDT, as indicated in the figure
legends. All individually refolded Cj-CDT subunit combinations were mixed
together at a final concentration of 10 uM and incubated on ice for 1 h prior to
dilution and subsequent intoxication. After 24 h, cell culture medium containing
CDT or PBS, as the carrier control, was removed and cells were washed twice
with PBS. Cells were then detached from the cell culture plate by trypsinization at
37 °C. After detachment of cells was observed, 10% final concentration of FBS in
PBS was added to inhibit trypsin activity. Cells were then pelleted (500 x g, 5
min) and resuspended by adding ice cold 70% ethanol dropwise with constant
vortexing. Cells were incubated at -20 °C in the presence of 70% ethanol. After a
minimum of 1 h, cells were pelleted (800 x g, 5 min) and resuspended in PBS.
After 30 min at room temperature, cells were pelleted and resuspended in
staining solution (300 uL per sample; containing 0.1% Triton X-100, 1 mg/mL
RNase A, and 10 ug/mL propidium iodide in PBS pH 7.4). After 1 h at room
temperature, cells were analyzed using a BD FACS Canto Il flow cytometry
analyzer (FACSymphony A1, BD Biosciences, Franklin Lakes, NJ). Flow
cytometry data were processed using FCS Express software (De Novo Software)
and statistics performed using GraphPad Prism 7 (GraphPad Software). For
pulse intoxications, after 24-36 h the cells were incubated on ice and under

atmospheric conditions. After 30 mins, media was removed and cells were
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incubated with cold PBS containing CDT or in the absence of CDT at the
combinations and concentrations as indicated in the figures, on ice under
atmospheric conditions. After 1 h, PBS with or without toxin was removed and
replaced with complete medium and incubated at 37 °C and under 5% CO2. After
24, cell culture medium was removed and cells were washed twice with PBS.
Cells were then detached from the cell culture plate by trypsinization at 37 °C,
harvested, and analyzed in the same manner as the continuous intoxication
conditions described above.

Assessing cell cycle arrest in the presence of trafficking inhibitors. Cells
were seeded (approximately 0.04-0.05 X 108 cells per well) on 24-well culture
plates and incubated at 37 °C and under 5% CO.. After 24-36 h, the cells were
incubated at 37 °C and under 5% CO:2 in complete medium, with 125 nM
Bafilomycin A (InvivoGen), 0.2 ug/mL Brefeldin A (ThermoFisher), 50 uM Exo-2
(MedchemExpress), and 10 uM Golgicide A (Cayman Chemical) in the presence
or absence of 2 nM of refolded Cj-CDT holotoxin. After 24 h, cell culture medium
containing inhibitors and CDT or PBS pH 7.4 were removed and cells were
harvested and evaluated for G2/M cell cycle arrest as previously described.

DIC/Fluorescence microscopy. 8-well cell culture chamber slides (Lab-Tek
Il) were stained with the indicated anti-bodies (at a 1:1000 antibody to media
ratio) post treatment and analyzed using a DeltaVision RT microscope (GE Life
Sciences). Olympus Plan Apo x60 oil objectives were used. Images were
acquired using a Photometrics CoolSnap HQ camera (Photometrics). Images

were processed using SoftworX Explorer Suite (GE Life Sciences, Version 3.5.1).
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For each cell, images were collected from an average of approximately 6 Z-
planes using 0.2 uym intervals. Deconvolution was performed using SoftworX
constrained iterative deconvolution tool (ratio mode) and analyzed using Imaris
(Bitplane, Version 7.4.2).

Cellular localization of Cj-CDT subunits with immunofluorescence
microscopy. Cells were seeded, approximately 20,000 cells per well of an 8-well
cell culture microscope slide, and incubated at 37 °C and under 5% COz. For the
visualization of Golgi apparatus, endoplasmic reticulum, and nucleus, after 24 —
36 h, monolayers were washed three times with PBS pH 7.4. The cell
monolayers were then fixed with 4% formaldehyde in PBS. After 15 min at room
temperature, fixative was removed, and cell monolayers washed three times with
PBS. After washing, cells were permeabilized with 0.1% Triton X-100 in PBS at
room temperature. After 15 min, cell monolayers were then blocked with blocking
buffer (5% final concentration of bovine serum albumin in PBS pH 7.4). After 1 h,
cell monolayers were washed three times with PBS. After washing, cell
monolayers were incubated at 4 °C with rabbit polyclonal anti-Giantin (Golgi)
antibodies (Abcam, Cambridge, United Kingdom) and rabbit polyclonal anti-
Calreticulin (405-417) (ER) antibodies (Millipore Sigma, Darmstadt, Germany) at
a 1:5000 dilution in PBS. After overnight primary antibody incubation, cell
monolayers were washed three times with PBS. Cell monolayers were then
incubated in the presence of secondary antibody (goat anti-rabbit IgG (H+L)
Alexa Fluor 555 (Giantin) and 647 (Calreticulin) conjugates at a 1:1000 dilution in

PBS-T) (Invitrogen, Waltham, MA). After 1 h at room temperature, cell
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monolayers were washed three times with PBS. DAPI (500 ng/mL)
(ThermoFisher, Waltham, MA) staining solution was then added to the cellular
monolayers. After 30 min at room temperature, cell monolayers were washed
three times with PBS. Prolong Gold antifade reagent (ThermoFisher, Waltham,
MA) was then added to stained monolayers and coverslip applied and sealed
with clear nail polish. Cells were then analyzed using a DeltaVision RT
microscope. For evaluating cell surface localization of wildtype Cj-CDT subunits,
after 24 — 36 h, monolayers were incubated on ice under atmospheric conditions.
After 30 mins, cells were washed twice with cold PBS and incubated in the
presence or absence of Cj-Cdt holotoxin (mixed assembled, 10 nM final
concentration) on ice under atmospheric conditions. After 30 mins, monolayers
were washed twice with cold PBS. The cell monolayers were then fixed with 4%
formaldehyde in PBS. After 15 min at room temperature, fixative was removed,
and cell monolayers washed three times with PBS. After washing, cells were
permeabilized with 0.1% Triton X-100 in PBS at room temperature. After 15 min,
cell monolayers were then blocked with blocking buffer (5% final concentration of
bovine serum albumin in PBS). After 1 h, cell monolayers were washed three
times with PBS. After washing, cell monolayers were incubated at 4 °C with
rabbit polyclonal anti-Cj-CdtA or anti-Cj-CdtB at a 1:1000 dilution in PBS, or anti-
Cj-CdtC antibodies (YenZme) at a 1:5000 dilution in PBS. After overnight primary
antibody incubation, cell monolayers were washed three times with PBS. Cell
monolayers were then incubated in the presence of secondary antibody (goat

anti-rabbit IgG (H+L) Alexa Fluor 488 conjugate at a 1:1000 dilution in PBS)
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(Invitrogen, Waltham, MA). After 1 h at room temperature, cell monolayers were
washed three times with PBS. DAPI (500 ng/mL) (ThermoFisher) staining
solution was then added to the cellular monolayers. After 30 min at room
temperature, cell monolayers were washed three times with PBS. Prolong Gold
antifade reagent (ThermoFisher) was then added to stained monolayers and
coverslip applied and sealed with clear nail polish. Cells were then analyzed
using a DeltaVision RT microscope. For evaluating cell surface localization of
epitope tagged Cj-CdtA-Myc and Cj-CdtB-FLAG subunits, the same procedure
was performed as the cell surface localization of the wildtype Cj-CDT subunits,
with the exception of the intoxication step which was performed with Cj-CDT
holotoxin assembled with either the Cj-CdtA-Myc or Cj-CdtB-FLAG subunits, as
well as the primary antibody incubation step which was conducted using rabbit
monoclonal anti-Myc and anti-FLAG antibodies (Cell Signaling Technology,
Danvers, MA). For evaluating intracellular localization of epitope tagged Cj-CdtB-
FLAG, Cj-CdtB-Myc, and Cj-CdtC-HA subunits, after 24 — 36 h, monolayers were
incubated on ice. After 30 mins, cells were washed twice with cold PBS and
incubated in the presence or absence of Cj-Cdt holotoxin (mixed assembled, 100
nM final concentration) assembled using either the Cj-CdtB-FLAG, Cj-CdtB-Myc,
or Cj-CdtC-HA subunits. After 30 mins, monolayers were washed twice with cold
PBS and incubated at 37 °C and under 5% COz2. After 1 h or 24 h, monolayers
were washed three times with PBS. The cell monolayers were then fixed with 4%
formaldehyde in PBS. After 15 min at room temperature, fixative was removed,

and cell monolayers washed three times with PBS. After washing, cells were
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permeabilized with 0.1% Triton X-100 in PBS at room temperature. After 15 min,
cell monolayers were then blocked with blocking buffer (5% final concentration of
bovine serum albumin in PBS). After 1 h, cell monolayers were washed three
times with PBS. After washing, cell monolayers were incubated at 4 °C with
rabbit monoclonal anti-FLAG or anti-HA antibodies (Cell Signaling Technology,
Danvers, MA) at a 1:1000 dilution in PBS, or rabbit monoclonal anti-Myc
antibodies (Cell Signaling Technology, Danvers, MA) at a 1:5000 dilution in PBS.
After overnight primary antibody incubation, cell monolayers were washed three
times with PBS. Cell monolayers were then incubated in the presence of
secondary antibody (goat anti-rabbit IgG (H+L) Alexa Fluor 488 conjugate at a
1:1000 dilution in PBS) (Cell Signaling Technology). After 1 h at room
temperature, cell monolayers were washed three times with PBS. DAPI (500
ng/mL) (ThermoFisher) staining solution was then added to the cellular
monolayers. After 30 min at room temperature, cell monolayers were washed
three times with PBS. Prolong Gold antifade reagent (ThermoFisher) was then
added to stained monolayers and coverslip applied and sealed with clear nail
polish. Cells were then analyzed using a DeltaVision RT microscope.

Statistical Analyses. Each experiment was performed at least three
independent times, signified as n = 3, unless otherwise indicated. Error bars
represent standard deviations. Statistical analyses were performed using
GraphPad Prism 8.1.2. Dose response curves were fit to a log (agonist) vs
response (three parameters) equation. R2 values indicate fit of the data to the

regression model. Analysis of statistical differences was performed using one-
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way ANOVA followed by the Tukey’s post-hoc test. Statistical significance (P <

0.05) was determined at o = 0.05.

2.3 RESULTS
2.3.1 Cj-CDT cellular intoxication leads to a cell cycle arrest under different
experimental conditions

Host cell intoxication with CDTs induces DNA damage and leads to cell
cycle arrest at the G2/M phase, as previously demonstrated both in our
laboratory and others (81, 84). Like most CDTs, Cj-CDT comprises three
subunits: Cj-CdtA, Cj-CdtB, and Cj-CdtC, with predicted molecular masses of
29.9, 29.4, and 21.4 kDa, respectively (119). We confirm that the molecular
masses of the Cj-CDT subunits used in this study align with previous findings,
and we successfully detect these subunits using Coomassie staining and specific
antibodies for each (Figure 2.1 and Figure 2.2). The successful immunoblot
detection is crucial for our study, as we intend to employ these antibodies to
probe and quantify the trafficking of individual Cj-CDT subunits during cellular
intoxication, thereby elucidating their roles and mechanisms in trafficking to the
nucleus. For the Cj-CdtB subunit to localize to the nucleus of intoxicated cells
and induce DNA damage, it is believed that all three CDT subunits must interact
with each other prior to entering the target cell. This trafficking process of the Cj-
CdtB subunit likely involves the Cj-CdtA and Cj-CdtC subunits, a model primarily
derived from trafficking studies involving H. ducreyi and E. coli CDTs (40). To

experimentally evaluate this proposed model, we conducted experiments to
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assess the trafficking of Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits within host cells.
One major limitation from previous CDT studies is the variability in experimental
conditions used to assess CDT activity. Therefore, prior to investigating the
trafficking of Cj-CDT subunits, we conducted extensive studies to evaluate the
activity of our Cj-CDT toxin under various experimental conditions. These studies
were essential to validate the biological activity and proper functioning of the
toxin under different experimental conditions employed in subsequent studies.

Consistent with previous studies on Cj-CDTs (81, 84), our research
demonstrates that Cj-CDT-mediated activation of the DNA damage response and
subsequent host cell cycle arrest occur in a dose-dependent manner. This dose-
dependent response of cells to CDT intoxication is critical for comparing specific
activities among different preparations and treatment conditions. To assess the
DNA damage response to Cj-CDT, we evaluated the dose-dependent
phosphorylation of Histone-2AX, a widely recognized marker for assessing the
DNA damage response, in HCT116 cells exposed to refolded Cj-CDT holotoxin
(ranging from 0.1 to 100 nM) continuously for 24 h. Under these conditions, we
observed an increase in phosphorylated H2AX at concentrations of 10 and 100
nM of toxin (Figure 2.3). This finding aligns with unpublished data from our
laboratory (Crowder, unpublished) and confirms the successful purification of
functional Cj-CDT holotoxin. Furthermore, it verifies that our toxin preparations
exhibit activities consistent with our previous observations.

One of the primary outcomes of CDT-mediated DNA damage in host cells

is the arrest of cell cycle progression at the G2/M stage, a widely reported
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phenotype associated with CDT intoxication. To assess Cj-CDT's capacity to
induce host cell arrest, we examined the dose-dependent progression of cell
cycle arrest at the G2/M interface. In these cell cycle progression studies, we
evaluated G2/M cell cycle progression under various conditions of Cj-CDT
treatment. This was essential for ensuring comparable toxin biological activities
across different treatment conditions used in subsequent experiments, as well as
for comparing the effects of different treatment conditions on Cj-CDT toxin
activities. As outlined in the materials and methods section, we employed two
methods for preparing our Cj-CDT holotoxin. In one approach, denatured forms
of the Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits (in 8M urea) were combined and
allowed to refold together simultaneously. Alternatively, we individually refolded
the Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits and then mixed them in
stoichiometrically equal ratios post-refolding. Subsequently, we exposed HCT116
cells to the toxin in a dose-dependent manner over a continuous 24 h period and
determined the concentration of Cj~-CDT toxin required to induce 50% maximum
cell cycle arrest (CCAso0) within a monolayer of cells. Our experimental findings
revealed CCAso values of approximately 3 nM for the concurrently refolded toxin
and 2 nM for our individually refolded toxin (Figure 2.4A). These results indicate
that both toxin preparations, whether refolding all three subunits together or
individually, resulted in active toxins with comparable biological activities. In the
field, the evaluation of G2/M arrest activities of CDTs is a common readout for
CDT activity. However, CCAso values for CDTs are seldom reported despite their

significance in determining the specific activities of different CDT toxin
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preparations and experimental designs. Given the considerable variability in toxin
activity evaluation across studies due to differences in toxin species, cell lines,
and treatment conditions, establishing CCAso values for experiments assessing
toxin activity should be widely adopted to facilitate comparisons among various
studies of CDTs.

In a previous study, we assessed the impact of individually refolded
versus concurrently refolded toxin subunits on toxin biological activity. To purify
our recombinantly expressed Cj-CDT subunits, we employed a 6x polyhistidine
tag, a method commonly used for protein purification. While this tag has been
suggested to have no significant effect on the biological activity of other CDTs
such as Hd-CDT and Ec-CDT (Eshraghi and Gargi, unpublished), its potential
impact on the functionality of other CDT species, particularly Cj-CDT, has not
been clearly reported. Given that our thesis work focuses on understanding the
role of subunits during trafficking, which necessitates subunit interaction, it is
critical to establish that the addition of polyhistidine tags does not interfere with
toxin function. To evaluate this, we removed the polyhistidine tags from purified
and individually refolded Cj-CDT subunits as described in the materials and
methods. Subsequently, we mixed the three Cj-CDT subunits together at
stoichiometrically equal ratios to form active holotoxin. We then treated HCT116
cells with the individually refolded, polyhistidine tag-deficient toxin in a dose-
dependent manner over a continuous 24 h exposure and evaluated the CCAso
activity. Comparing it to the polyhistidine-tagged individually refolded Cj-CDT

toxin, which had a CCAso of 2 nM, the polyhistidine-deficient individually refolded
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CJj-CDT toxin exhibited a CCAso of 1 nM. This suggests that the polyhistidine tag
had minimal effect on toxin biological activity and function in HCT116 cells under
continuous toxin exposure (Figure 2.4A). We were unable to assess the effects
of the polyhistidine tag on the concurrently refolded toxin because we couldn't
remove the tag under the denaturing conditions necessary to maintain the toxin
subunits unfolded. However, since all three preparations of Cj-CDT, concurrently
refolded, individually refolded, and polyhistidine tag-deficient individually refolded
toxin, yielded similar biological activities, it indicates that any of the three toxin
preparations functioned comparably. Additionally, we evaluated the CCAso
activity of Gj-CDT on HelLa cells in a similar manner, by intoxication with
individually refolded Cj-CDT in a dose-dependent manner over continuous 24-
hour exposure (Figure 2.4B). Compared to HCT116 cells, which exhibited a
CCAso of about 2 nM, Hela cells had a CCAso of approximately 4 nM, suggesting
similar specific activities of Cj-CDT and consistent functionality across different
cell lines.

The 24 h continuous exposure of toxin in media, as described earlier, was
one of the conditions used to assess toxin function, a commonly adopted method
by labs studying CDT. To measure the time-associated trafficking of Cj-CDT
subunits during cellular intoxication, we employed pulse intoxications. This
technique, previously used to study the role of Hd-CdtA/B and Ec-CdtA/B
subunits in the transport of the CdtB subunit (40), allowed us to control the timing
and quantity of toxin entry into the cell, a crucial aspect for evaluating the

temporal and spatial organellar retro-transport associated with Cj-CDT nuclear
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localization. By chilling cells on ice, we permitted toxin binding to host cells while
limiting internalization (38, 78). Subsequently, we removed any unassociated
toxin before transitioning cells to 37 °C to initiate toxin entry, enabling us to
monitor the time-dependent trafficking of toxin subunits to various organellar
compartments from the moment of toxin internalization. However, given the
different variables associated with pulse intoxication compared to continuous
intoxication, we sought to assess whether this affected toxin activity on host cells.
Initially, we compared the effects of dose-dependent pulse intoxication of
individually refolded polyhistidine tagged Cj-CDT subunits to those of continuous
intoxication on HCT116 cells. Interestingly, under both conditions, we observed a
CCA=so of approximately 2 nM (Figure 2.5A). Next, we evaluated the effects of
pulse and continuous intoxication on HelLa cells. In this case, while continuous
intoxication resulted in a CCAso of 4 nM, pulse intoxication led to a slightly higher
CCAso of 6 nM (Figure 2.5B). These findings suggest that, for both HCT116 and
Hela cells, pulse versus continuous intoxication did not significantly impact toxin
activity.

The experiments outlined above indicate that the different toxin
preparations, treatment conditions, and cell lines used to assess toxin activity
were comparable to each other. Our next objective was to evaluate the
significance of the Cj-CdtA and Cj-CdtC subunits on toxin cellular activity. Prior
studies have demonstrated that maximum toxin cellular activity necessitates the
presence of all three Cj~-CDT subunits (81, 84), as the CdtA and CdtC subunits

from all CDT species are believed to share a similar role: facilitating the delivery
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of the catalytically active CdtB subunit to the nucleus of intoxicated cells. To
confirm that all three Cj-CDT subunits are indeed required for maximal cellular
activity, we conducted a dose-dependent continuous (Figure 2.6A,B) and pulse
intoxication ( of host cells with different combinations of individually refolded Cj-
CDT subunits (Cj-CdtA + Cj-CdtB, Cj-CdtA + Cj-CdtC, Cj-CdtB + Cj-CdtC, and
Cj-CdtA + Cj-CdtB + Cj-CdtC). Consistent with previous findings, we observed
that maximal cellular activity necessitates the presence of all three Cj-Cdt
subunits in both HCT116 and Hela cells. Moreover, in line with earlier research
(84), intoxication of HelLa cells with the Cj-CdtB + Cj-CdtC subunits resulted in
toxin activity lower than that observed with all three Cj-CDT subunits. These
findings strongly suggest that the Cj-CdtA and Cj-CdtC subunits play crucial roles

in cellular intoxication.

2.3.2 The endosome, Golgi apparatus, and endoplasmic reticulum are important
for Cj-CDT biological activity

As previously mentioned, the current model for the intracellular trafficking
of CDTs suggests sequential transport to the endosome, Golgi apparatus,
endoplasmic reticulum, cytosol, and finally the nucleus. To evaluate the
importance of these organellar compartments for the intracellular trafficking of Cj-
CDT, we investigated their involvement in the biological activity of Cj-CDT. We
employed four different drugs to disrupt the function of endosomes, Golgi
apparatus, and endoplasmic reticulum and evaluated Cj-CDT's ability to confer

its biological activity.
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First, Bafilomycin, an inhibitor of vacuolar H+-ATPases (V-ATPases), was
used to prevent the acidification of endosomes, a process crucial for various
endosomal functions including vesicular/protein trafficking, receptor recycling,
and endocytosis. We treated Hela cells in the presence or absence of 125 nM of
Bafilomycin A and in the presence or absence of 2 nM Cj-CDT. After 24 h of
continuous exposure to both the drug and toxin, we observed inhibition of Cj-
CDT mediated G2/M arrest in cells, but not cells treated with toxin alone,
suggesting that endosome acidification played an important role in Cj~-CDT
mediated cellular activity (Figure 2.7A).

Golgicide A is a specific inhibitor of the Arf1-GEF, GBF1. GBF1, the
ArfGEF responsible for Arf1 activation and COPI recruitment to cis-Golgi
membranes and plays an important role in coordinating bidirectional transport
and maintaining structural integrity of the Golgi. We treated HCT116 cells in the
presence or absence of 10 uM of Golgicide A and in the presence or absence of
2 nM Cj-CDT. After 24 h of continuous exposure to both the drug and toxin, we
observed inhibition of Cj-CDT mediated G2/M arrest in cells that were given
Golgicide A, suggesting that protein transport from the Golgi apparatus played an
important role in Cj-CDT mediated cellular activity (Figure 2.7B).

Brefeldin A disrupts the activity of at least three guanine exchange factors
of Arf1 (including BIG1, BIG2, and GBF1) and effects Arf3 and Arf4. Incubation of
cells in culture with Brefeldin A leads to blockade of protein transport from the
endoplasmic reticulum and leads to the accumulation of proteins in the

endoplasmic reticulum. We treated HCT116 cells in the presence or absence of
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0.2 ug/mL of Brefeldin A and in the presence or absence of 2 nM Cj-CDT. After
24 h, only cells exposed to the drug and toxin had inhibition of Cj~-CDT mediated
G2/M arrest in cells, suggesting that protein transport from the endoplasmic
reticulum played an important role in Cj~-CDT mediated cellular activity (Figure
2.7C).

Finally, Exo2 is a small-molecule inhibitor of secretion and retrograde
trafficking in cells. The exact target of Exo-2 is unknown; however, it is believed
to interact with a subset of the Arf-GEF targets of Brefeldin A. Cellular treatment
with Exo2 stimulates morphological changes in the Golgi and trans-Golgi
network, fusing the endoplasmic reticulum (ER) and Golgi apparatus. These
morphological changes have been demonstrated to prevent the release of
secretory cargo from the ER and disrupts the Golgi apparatus. We treated
HCT116 cells in the presence or absence of 50 uM of Exo-2 and in the presence
or absence of 2 nM Cj-CDT. After 24 h of continuous exposure to both the drug
and toxin, we also observed inhibition of Cj~-CDT mediated G2/M arrest in cells
that were administered Exo-2, further suggesting that protein transport from the
endoplasmic reticulum and functional Golgi played an important role in Cj~-CDT
mediated cellular activity (Figure 2.7D).

These studies demonstrated that disruption of endosome, Golgi
apparatus, and endoplasmic reticulum function led to a loss of Cj-CDT-mediated
G2/M arrest. While these findings do not elucidate the intracellular transport of
Cj-CDT subunits through these compartments, they suggest that proper function

of endosomes, Golgi apparatus, and the endoplasmic reticulum is essential for

85



transporting Cj-CDT to the nucleus, where the toxin can damage host DNA,

resulting in cell cycle arrest at the G2/M stage.

2.3.3 Intracellular trafficking of Cj-CdtA and Cj-CdtC subunits is not observable
with current immunofluorescence microscopy conditions use in our lab

The experiments described above underscored the significance of
endosomes, Golgi apparatus, and endoplasmic reticulum for the biological
activities of Cj-CDT. However, they did not address whether the Cj-CdtA and Cj-
CdtC subunits were involved in the transport through these intracellular
organelles. To delve deeper into the involvement of the Cj-CdtA and Cj-CdtC
subunits in the intracellular retrograde trafficking of Cj-CdtB, we examined the
intracellular trafficking of each of the Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits
from the cell surface to the Golgi apparatus and endoplasmic reticulum using
immunofluorescence microscopy in a time-dependent manner. To order to
assess subunit trafficking to these organelles, we stained for the Golgi apparatus
using antibodies against Giantin, a protein located at the cis-medial rims of the
Golgi apparatus (Figure 2.8A), and for the endoplasmic reticulum using
antibodies against Calreticulin, a highly conserved chaperone protein primarily
residing in the endoplasmic reticulum (Figure 2.8B).

First, we investigated the association of each individual Cj-CDT subunit at
the plasma membrane. Cells were treated with equimolar concentrations of all
three subunits (10 nM) on ice to allow toxin interaction with host cell receptors

while preventing internalization. After 30 mins, unbound toxin was removed, cells
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were washed, and then fixed in 4% paraformaldehyde to capture membrane-
associated toxin. Using primary antibodies specific for each Cj-CDT subunit, we
probed for membrane association of the individual subunits. However, from these
studies, we encountered challenges in clearly identifying the association of the
Cj-CdtA or Cj-CdtC subunits at the host cell membrane. Immunofluorescence
staining from our primary antibody showed similar intensity between intoxicated
and unintoxicated cells, indicating the inability to detect the subunits at the cell
surface. Additionally, we observed high background immunofluorescence
detection due to significant interaction of either the primary or secondary
antibody with our CDT-deficient slides (Figure 2.9A,C). Regarding the Cj-CdtB
subunit, although we observed an increased signal over background, the signal
appeared to be localized to the nucleus. This localization was unexpected since
the cells were treated under conditions where the toxin should remain at the
plasma membrane and not be internalized (Figure 2.9B). These findings
suggested that immunofluorescence staining with our primary antibodies and/or
the conditions used for immunofluorescence detection of host cell surface-
associated Cj-CDT subunits were insufficient for measuring surface binding of
our Cj-CDT subunits and subsequent localization to intracellular compartments.

In addition to the challenges posed by high background and non-
specificity of our primary antibodies for individual Cj~-CDT subunits, another
limitation was our inability to perform subunit colocalization studies due to all
three primary antibodies being generated from rabbits. To address these

limitations and to enhance our ability to study subunit localization and trafficking
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during cellular intoxication, we generated Cj-CDT subunit mutants with different
epitope tags: Cj-CdtA-Myc, Cj-CdiB-Myc, Cj-CdiB-FLAG, and Cj-CdtC-HA.
These epitope tags were selected to increase sensitivity to detection and enable
the use of commercially available primary antibodies specific to each tag,
facilitating subunit colocalization studies. We confirmed the purity of our epitope-
tagged subunits (Figure 2.10A), demonstrated their detectability using western
blot analysis with specific antibodies against the epitope tags (Figure 2.10B), and
validated their capacity for toxin activity by measuring their cell cycle arrest
activities (Figure 2.11A-E).

In previous studies conducted in our lab, the Hd-CdtB and Ec-CdtB
subunits were observed to localize in the host cell nucleus after 1 h of
intoxication (62). To assess whether Cj-CdtB could similarly localize to the host
cell nucleus, we conducted nuclear localization studies using two epitope-tagged
subunits: Cj-CdtB-FLAG under continuous intoxication and Cj-CdtB-Myc under
pulse intoxication, both for 24 hours. For continuous intoxication, cells were
treated with equimolar concentrations of all three subunits (Cj-CdtA + Cj-CdtB-
FLAG + Cj-CdtC, 100 nM) at 37 °C and under 5% COz for 24 hours. Following
treatment, cells were fixed to capture nuclear-localized toxin. In contrast, for
pulse intoxication, cells were treated with equimolar concentrations of all three
subunits (Cj-CdtA + Cj-CdtB-Myc + Cj-CdtC, 100 nM) on ice for 30 minutes to
prevent internalization. After removing unbound toxin, cells were then incubated
in media at 37 °C and under 5% COz2 for 24 h before fixation. Using primary

antibodies specific for the FLAG and Myc epitopes, we observed nuclear
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localization of both Cj-CdtB-FLAG and Cj-CdtB-Myc subunits. This observation
supports the model that Cj-CdtB, akin to other CdtB subunits, can localize to the
nucleus post-intoxication of host cells. Notably, in the pulse-intoxicated Cj-CdtB-
Myc subunit, we observed clear fluorescence puncta in the nucleus after 24 h,
suggesting predominant nuclear localization. (Figure 2.12A). However, in the
continuously intoxicated Cj-CdtB-FLAG subunits, we observed a weaker
fluorescence signal, with puncta distributed throughout the cell, indicating
ongoing uptake and trafficking to the nucleus over the 24 h period. (Figure
2.12B). An unexpected observation from the experiment was the absence of
enlarged cellular nuclei after 24 h, which is a common phenotype of Cj-CDT
intoxication.

In order to investigate the association of epitope-tagged Cj-CdtA-Myc, Cj-
CdtB-FLAG, and Cj-CdtB-Myc subunits at the plasma membrane, we employed
the same method as described earlier for the non-epitope tagged subunits. Host
cells were treated with holotoxin (100 nM) consisting of each of the three epitope-
tagged subunits separately under pulse conditions to assess membrane
association. However, we encountered challenges in detecting the Cj-CdtB-
FLAG subunit at the host cell membrane due to high background
immunofluorescence from our primary antibody stain, resulting in
indistinguishable signals between intoxicated and unintoxicated cells (Figure
2.13A). In contrast, the Myc epitope-tagged subunits exhibited better signal
detection, but with unexpected results. For the Cj-CdtA-Myc subunit, we

observed signal localized to the nucleus, contrary to our expectation of uniform
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distribution throughout the cell membrane (Figure 2.13B). Similarly, the
distribution of puncta throughout the cell for the Cj-CdtB-Myc subunit was
inconsistent with our expectations of membrane association (Figure 2.13C).
While nuclear localization of the Hd and Ec-CdtB subunit has been previously
reported in our lab (62), the localization of the three subunits at the host cell
surface has not clearly reported. The difficulty in detecting cell surface
localization of the CDT subunits suggests challenges similar to those
encountered in detecting the cell surface localization of the Hd and Ec-Cdt
subunits.

In order to evaluate intracellular localization, we performed a 1 h pulse
intoxication experiment using the epitope-tagged Cj-CdtB-FLAG, Cj-CdtB-Myc,
and Cj-CdtC-HA subunits. The goal was to examine whether the Cj-CdtC and Cj-
CdtB subunit could be captured in precursor trafficking organelles such as the
Golgi apparatus or endoplasmic reticulum, prior to reaching the host cell nucleus.
However, our observations did not yield any clear localization signals for the Cj-
CdtB-FLAG, Cj-CdtB-Myc, or Cj-CdtC-HA subunits compared to untreated cells
(Figure 2.14A-C), thus making it challenging to draw conclusions regarding
intracellular trafficking of these subunits. We also attempted several additional
pulse time points, such as 30 and 240 minutes, using the Cj-CdtB-Myc epitope-
tagged subunit, which showed more sensitivity in immunofluorescence staining
(Figure 2.12A and 2.13C). Despite these efforts, we were unable to obtain clear
results from various trafficking time points and epitope tag combinations (data not

shown), which led us to make the decision that conducting further intracellular
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trafficking experiments was not warranted at this stage and should possibly be
revisited later.

The results from our experiments collectively indicate the significance of
endosomes, Golgi apparatus, and endoplasmic reticulum in the biological activity
of Cj-CDT. However, the trafficking experiments we conducted to elucidate the
intracellular transport of Cj-CDT subunits during cellular intoxication yielded
inconclusive results. Despite our efforts to investigate the involvement of the Cj-
CdtA and Cj-CdtC subunits in the retrograde trafficking of the Cj-CdtB subunit to
the nucleus, we encountered challenges in reliably detecting subunit localization
at the plasma membrane and subsequent intracellular organelles. The limitations
in immunofluorescence detection sensitivity, coupled with the lack of clear
subunit association signals, hindered our ability to draw definitive conclusions
regarding subunit trafficking. While our findings provide valuable insights into the
role of key organelles in Cj-CDT activity, further research employing alternative
methodologies or improved detection techniques may be necessary to fully
elucidate the trafficking mechanisms of Cj-CDT subunits during cellular

intoxication.
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2.4 DISCUSSION

The studies described herein were designed to address one of the most
poorly understood aspects of CDT biology, which is the role and mechanism of
the Cj-CDT subunits for the intracellular trafficking and ultimately nuclear
localization of the Cj-CdtB subunit. Similar to other AB-type toxins, CDTs are
thought to function as two component toxins where the CdtA and CdtC subunits
function as the binding/delivery subunits which transports the catalytically active
CdtB subunit to the cytoplasm where the CdtB subunit is then able to localize to
the nucleus. In addition, the CdtB subunit is widely considered the only active
subunit as it possesses structural homology to DNase | (107) as well as is the
only subunit that is able to cause DNA damage by itself when microinjected into
host cells (82). Before conducting studies aimed at elucidating the trafficking
fates of the Cj~-CDT subunits we demonstrated that host cell intoxication resulted
in G2/M cell cycle arrest, consistent with previous work, and that treating cells
under different experimental conditions, specifically a pulse intoxication where
cells were expose to toxin for a limited duration, had little effect on toxin activity.
Furthermore, our activity studies revealed the Cj-CDT toxin had CCAso values
that were in the low nanomolar range (< 10 nM). A closer look at the structure of
the CdtA and CdtC subunit reveals several motifs that may play a role in
recognition of the host cell membrane (107), supporting their role as delivery
components. Similar to previous work (40, 81, 141), our studies with Cj-CDT also
demonstrated that all three Cj-CDT subunits were required for maximal cellular

activity under different experimental conditions, cell lines, and in a dose
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dependent manner, supporting the previously established model suggesting that
nuclear localization of the Cj-CdtB subunit required the Cj-CdtA and Cj-CdtC
subunits.

While compelling evidence suggests that the nuclear trafficking of the
CdtB subunit follows a retrograde pathway involving sequential transport from the
host surface into endosomes (30, 40, 65), Golgi apparatus (62, 65), endoplasmic
reticulum (49, 62, 65), cytosol (33, 49), and finally the nucleus (97, 109),
understanding the role and mechanism of the individual subunits during
trafficking remains limited. This chapter of the thesis aims to address a significant
knowledge gap concerning Cj-CDT transport: the intracellular trafficking fates of
the individual Cj-CDT subunits during cellular intoxication. To assess the
involvement of Cj-CdtA and Cj-CdtC subunits in nuclear delivery, we confirmed
the significance of endosomes, Golgi apparatus, and endoplasmic reticulum,
implying their importance in the nuclear trafficking of the Cj-CdtB subunit.
However, we encountered challenges in measuring the time-dependent
intracellular transport of the individual Cj-CDT subunits during cellular
intoxication. Despite employing immunofluorescence microscopy, we were
unable to detect the trafficking of Cj~-CdtA and Cj-CdtC, even with epitope-tagged
subunit isoforms. Conversely, we did observe nuclear localization of the Cj-CdtB
subunit, consistent with prior reports. Unfortunately, these negative and
incomplete findings do not clarify the involvement of the Cj-CdtA and Cj-CdtC
subunits in intracellular trafficking and, ultimately, the nuclear localization of Cj-

CdtB. Additionally, we generated sulfation and glycosylation Cj-CdtB mutants as
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an alternative approach to evaluate Golgi apparatus and endoplasmic reticulum
trafficking of the Cj-CdtB subunit. However, we were also unable to assess
trafficking to these organelles using these Cj-CdtB mutants (data not shown).
Outside of these studies, there has been relatively little published work on
the trafficking nature of the individual CDT subunits, particularly CdtA and CdtC.
Previous immunofluorescence microscopy studies have shown that for Hd and
Ec-CDTs, CdtA and CdtC influence distinct routes of endosomal trafficking,
implying their involvement in the intracellular trafficking of the CdtB subunit (40).
Specifically, the Ec-CdtBC subunit combination has been observed to localize to
early and late endosomes in a time-dependent manner, while the Ec-CdtAB
combination is internalized but does not localize at the endosomal level.
However, this study also revealed that both Hd and Ec-CDT subunits exhibited
toxin activity with binary combinations (AB or BC). This is in contrast to other
studies that have shown that partial Hd-CDT combinations does not have activity
(57, 87), same with partial Aa-CDT subunit combinations (127), and Cj-CDT
combinations (81). Nevertheless, since both AB and BC combinations of Ec-CDT
were shown to be able to enter host cells, it suggests several models. Firstly, for
E. coli CDTs, both the CdtA and CdtC subunits are capable of binding to a host
cell receptor, as the toxins are able to enter host cells, but may play distinct roles
in trafficking. For instance, the Ec-CdtAB subunit may traffic in a manner that
does not involve the endosomes, such as caveolar mediated endocytosis
pathway which has not been demonstrated for Ec-CDTs. While on the other

hand, the Ec-CdtBC subunit combination might be trafficking in a manner that
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involves endosomes, which is the more widely observed model for CDT entry. In
addition, it's important to note that for these studies, different cell lines have
different sensitivities to the different combinations of Ec-CDT subunits,
suggesting that the CdtA and CdtC subunit not only might play a role in
trafficking, but also might play a role in targeting different host cell types and
have different trafficking properties in different cell lines.

For other CDTs, such as Aa-CDTs, it has been shown that while the Aa-
CdtA subunit may not undergo internalization, the Aa-CdtC subunit likely traffics
alongside the Aa-CdtB subunit, although not reaching the nucleus (33). Utilizing
live immunofluorescence microscopy techniques, researchers observed that the
Aa-CdtC subunit was also present at the host cell surface but primarily trafficked
along with the Aa-CdtB subunit to the host cell cytoplasm after 18 h of toxin
exposure.

These findings leave gaps in understanding the intracellular localization of
the CdtA and CdtC subunits between cellular internalization and cytoplasmic
localization of the CdtB subunit, as well as their role in the retrograde trafficking
of the CdtB subunit. The challenge of measuring the intracellular trafficking of the
CdtA and CdtC subunits persists in the CDT field. Efforts to measure toxin
subunit intracellular transport have yielded either vague or incomplete results
across various laboratories. This suggests several possibilities regarding the role
of the CdtA and CdtC subunits in toxin trafficking and our ability to study them.
One possibility is that the CdtA and CdtC subunits do not play a major role in the

intracellular trafficking of the CdtB subunit and may only be involved in receptor
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recognition and internalization, as their intracellular trafficking remains elusive.
However, this does not explain the difficulty in detecting toxin at the host cell
surface, which may be due to challenges such as epitope masking when toxin
subunits are complexed and bound to host receptors or even scarce host cell
receptors at the surface which would limit that amount of toxin associated at the
membrane. Another possibility is that toxin internalization is much less efficient
than previously assumed, with limited toxin entering host cells due to factors
such as scarce host cell receptors at the surface or complicated conditions
required for productive toxin internalization and trafficking to the cell nucleus.
Given these limitations, a better understanding of the relationship between CDT
holotoxin complex formation and biological activity is crucial. While the prevailing
model suggests that CDT binds to and intoxicates sensitive host cells as an
assembled tripartite toxin, the biologically active structure of the toxin that binds
to the surface of sensitive host cells remains poorly understood. Addressing this

significant knowledge gap has prompted our next series of major studies.
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2.5 FIGURES

Figure 2.1
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Figure 2.1: Coomassie analysis of purified Cj-CDT subunits with and without the
polyhistidine tag. Individually purified and refolded Cj-CDT subunits (Cj-CdtA, Cj-CdtB, and Cj-
CdtC) with and without the polyhistidine tag were diluted to a final concentration of 5 uM and 2.5
pM. Each of the subunits were then loaded separately, as indicated in the figure, ran on a 12%
SDS-PAGE gel, and stained with Coomassie brilliant blue. Data shown are representative of 3
independent biological replicates (n = 3).
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Figure 2.2
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Figure 2.2: Immunoblot analysis of purified Cj-CDT subunits with and without the
polyhistidine tag. Individually purified and refolded Cj-CDT subunits (Cj-CdtA, Cj-CdtB, and Cj-
CdtC) with and without the polyhistidine tag were combined at stoichiometrically equivalent ratios,
as determined by BCA protein quantification and Coomassie staining, and diluted to a final
concentration of 100 nM and 10 nM. Each of the subunit combinations consisting of all three Cj-
CDT subunits were then loaded separately as indicated in the figure, ran on a 12% SDS-PAGE
gel, and immunoblotted with primary antibodies specific to each Cj-CDT subunit. Data shown are

representative of 3 independent biological replicates (n = 3).
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Figure 2.3
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Figure 2.3: H2AX response of HCT116 cells exposed to refolded Cj-CDT for a 24 h
continuous exposure. HCT116 cells were incubated in McCoy’s 5A medium + 10% FBS, at 37
°C, and under 5% COg, in the absence or presence of concurrently refolded Cj-CDT (100 pM —
100 nM). 24 h after the initial intoxication, cells were harvested and cell lysates were analyzed by
immunoblot analysis for yH2AX and B-actin. Data shown are representative of 3 independent

biological replicates (n = 3).
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Figure 2.4
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Figure 2.4: Concurrently refolded and individually refolded Cj-CDT subunits have similar
activities in HCT116 and HelLa cells. (A) HCT116 cells were incubated in McCoy’s 5A medium
+ 10% FBS, at 37 °C, and under 5% COz, in the absence or presence of concurrently refolded Cj-
CDT subunits, or individually refolded Cj-CDT subunits with or without the polyhistidine tag (10
pM — 100 nM). 24 h after the initial intoxication, cells were harvested and evaluated for cell cycle
arrest progression. (B) HCT116 cells and HelLa cells were incubated in cell culture medium +
10% FBS, at 37 °C, and under 5% COz, in the absence or presence of individually refolded Cj-
CDT subunits (10 pM — 100 nM). 24 h after the initial intoxication, cells were harvested and
evaluated for cell cycle arrest progression. The data were combined from 3 independent
biological replicates (n = 3) and represent the percentage of cells within the monolayer arrested
at the G2/M interface. Error bars represent standard deviations. The data were fit to a log[Cj-CDT]
vs response equation on GraphPad Prism (version 8.1.2). The CCAsp (i.e., ECso) value was

determined for each condition. R? values indicate fit of the data to the regression model.

100



Figure 2.5
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Figure 2.5: Continuous and pulse intoxication of Cj-CDTs leads to similar activity. For the
continuous intoxication condition, HCT116 cells (A) or HeLa cells (B) were incubated in culture
medium + 10% FBS, at 37 °C, and under 5% COg, in the absence or presence of Cj-CDT,
containing all three individually refolded Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits (10 pM — 100
nM). 24 h after the initial intoxication, cells were harvested and evaluated for cell cycle arrest
progression. For the pulse intoxication condition, HCT116 cells (A) or HelLa cells (B) were chilled
on ice. After 30 mins, cells were incubated in PBS, on ice, and under atmospheric conditions in
the absence or presence of Cj-CDT, containing all three individually refolded Cj-CdtA, Cj-CdtB,
and Cj-CdtC subunits (10 pM — 100 nM). After an additional 30 mins, toxin was removed and
incubated in culture medium + 10% FBS, at 37 °C, and under 5% COx2. 24 h after the initial
intoxication, cells were harvested and evaluated for cell cycle arrest progression. The data were
combined from 3 independent biological replicates (n = 3) and represent the percentage of cells
within the monolayer arrested at the G2/M interface. Error bars represent standard deviations.
The data were fit to a log[Cj-CDT] vs response equation on GraphPad Prism (version 8.1.2). The
CCAxo (i.e., ECso) value was determined for each condition. R? values indicate fit of the data to

the regression model.
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Figure 2.6
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Figure 2.6: Maximal Cj-CDT activity requires all three subunits. HCT116 cells (A) or HeLa
cells (B) were incubated in McCoy’s 5A medium + 10% FBS, at 37 °C, and under 5% COz, in the
absence or presence of Cj-CDT (ABC), Cj-CdtA + Cj-CdtB (AB), Cj-CdtA + Cj-CdtC (AC), or Cj-
CdtB + Cj-CdtC (BC) (10 pM — 100 nM). 24 h after the initial intoxication, cells were harvested
and evaluated for cell cycle arrest progression. (C) HCT116 cells were chilled on ice. After 30
mins, cells were incubated in PBS, on ice, and under atmospheric conditions, in the absence or
presence of Cj-CDT (ABC), Cj-CdtA + Cj-CdtB (AB), Cj-CdtA + Cj-CdtC (AC), or Cj-CdtB + Cj-
CdtC (BC) (10 pM — 100 nM). After an additional 30 mins, toxin was removed and cells were
incubated with culture medium + 10% FBS, at 37 °C, and under 5% COz. 24 h after the initial
intoxication, cells were harvested and evaluated for cell cycle arrest progression. The data were
combined from 3 independent biological replicates (n = 3) and represent the percentage of cells
within the monolayer arrested at the G2/M interface. Error bars represent standard deviations.
The data were fit to a log[Cj-CDT] vs response equation on GraphPad Prism (version 8.1.2). The
CCAso (i.e., ECs0) value was determined for Cj-CDT (ABC) but not the binary subunit

combinations. R? values indicate fit of the data to the regression model.
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Figure 2.7
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Figure 2.7: Effect of endosome, Golgi apparatus, and endoplasmic reticulum disruption on
Cj-CDT activity. (A) HelLa cells were incubated in DMEM medium + 10% FBS, at 37 °C, and
under 5% COz, in the absence or presence of Cj-CDT (2 nM), with or without Bafilomycin (125
nM). 24 h after the initial intoxication, cells were harvested and evaluated for cell cycle arrest
progression. HCT116 cells were incubated in McCoy’s 5A medium + 10% FBS, at 37 °C, and
under 5% COz, in the absence or presence of Cj-CDT (2 nM), with or without (B) Golgicide A (1
p1M), (C) Brefeldin A (0.2 mg/mL), and (D) Exo-2 (50 uM). 24 h after the initial intoxication, cells
were harvested and evaluated for cell cycle arrest progression. The data were combined from 2
independent biological replicates (n = 2) and represent the percentage of cells within the
monolayer arrested at the G2/M interface. Error bars represent standard deviations. Statistical
analyses of the data were conducted using one-way Anova, followed by Tukey’s multiple
comparisons test. P < 0.05 indicates statistical significance (o = 0.05). “ns” indicates differences

were not statistically significant.
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Figure 2.8
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Figure 2.8: HCT116 cells stained with Golgi apparatus and Endoplasmic reticulum
markers. HCT116 cells within McCoy’s 5A + 10% FBS medium were probed with (A) the Golgi
apparatus marker Giantin or (B) the endoplasmic reticulum marker Calreticulin, then examined
using immunofluorescence microscopy. Images are representative of those collected from 2

biologically independent replicates (n = 2) collected at 60X magnification.
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Figure 2.9
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Figure 2.9 (cont.)
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Figure 2.9: Plasma membrane localization of the Cj-CDT subunits. HCT116 cells were
incubated in McCoy’s 5A + 10% FBS medium, on ice, at atmospheric conditions, and in the
absence or presence of Cj-CDT containing all three subunits (Cj-CdtA, Cj-CdtB, and Cj-CdtC) (10
nM). After 30 mins, unbound toxin was removed and cells were imaged using fluorescence
microscopy staining with (A) anti-Cj-CdtA, (B) anti-Cj-CdtB, and (C) anti-Cj-CdtC primary
antibodies. Cell nuclei were stained with DAPI. White scale bars from representative images
indicate 10 um. Images are representative of those collected from 2 biologically independent

experiments (n = 2) collected at 60X magnification.
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Figure 2.10
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Figure 2.10: Coomassie and immunoblot analysis of purified epitope tagged Cj-CDT
subunits. Individually purified and refolded epitope tagged Cj-CDT subunits (Cj-CdtA-Myc, Cj-
CdtB-FLAG, and Cj-CdtC-HA) were diluted to a final concentration of 5 uM, 2.5 uM, and 100 nM.
Each of the subunits were then loaded separately as indicated in the figure, ran on a 12% SDS-
PAGE gel, and stained with Coomassie brilliant blue or immunoblotted with primary antibodies
specific to each epitope. Data shown are representative of 2 independent biological replicates (n
=2).
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Figure 2.11
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Figure 2.11 (cont.)

Figure 2.11: Epitope tagged Cj-CDT is biologically active. HCT116 cells were incubated in
McCoy’s 5A medium + 10% FBS, at 37 °C, and under 5% COz, in the absence or presence of
individually refolded Cj-CDT subunits (10 pM — 100 nM) at the following combinations: (A) Cj-
CdtA + Cj-CdtB + Cj-CdtC, (B) Cj-CdtA-Myc + Cj-CdtB + Cj-CdtC, (C) Cj-CdtA + Cj-CdtB-FLAG +
Cj-CdtC, (D) Cj-CdtA + Cj-CdtB-Myc + Cj-CdtC, or (E) Cj-CdtA + Cj-CdtB + Cj-CdtC-HA. 24 h
after the initial intoxication, cells were harvested and evaluated for cell cycle arrest progression.
The data were combined from 2 independent biological replicates (n = 2) and represent the
percentage of cells within the monolayer arrested at the G2/M interface. Error bars represent
standard deviations. The data were fit to a log [Cj-CDT] vs response equation on GraphPad
Prism (version 8.1.2). The CCAso (i.e., ECso) value was determined for each condition. R? values

indicate fit of the data to the regression model.
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Figure 2.12
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Figure 2.12 (cont.)

Figure 2.12: 24 h localization of epitope tagged Cj-CDT subunits. HelLa cells were incubated
in DMEM + 10% FBS medium, on ice, at atmospheric conditions, and in the absence or presence
of Cj-CDT containing (A) Cj-CdtA + Cj-CdtB-Myc + Cj-CdtC (100 nM), or (B) Cj-CdtA + Cj-CdtB-
FLAG + Cj-CdtC (100 nM). After 30 mins, unbound toxin was removed and cells were incubated
in DMEM + 10% FBS medium at 37 °C and under 5% CO.. After 24 h, cells were fixed and
imaged using fluorescence microscopy staining with (A) anti-Myc and (B) anti-FLAG primary
antibodies. Cell nuclei were stained with DAPI. White scale bars from representative images
indicate 10 um. Images are representative of those collected from 2 biologically independent

experiments (n = 2) collected at 60X magnification.
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Figure 2.13
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Figure 2.13 (cont.)
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Figure 2.13: Plasma membrane localization of epitope tagged Cj-CDT subunits. HelLa cells
were incubated in DMEM + 10% FBS medium, on ice, at atmospheric conditions, and in the
absence or presence of Cj~-CDT containing (A) Cj-CdtA + Cj-CdtB-FLAG + Cj-CdtC (100 nM), (B)
Cj-CdtA-Myc + Cj-CdtB + Cj~CdtC (100 nM), or (C) Cj-CdtA + Cj-CdtB-Myc + Cj-CdtC (100 nM).
After 30 mins, unbound toxin was removed and cells were imaged using fluorescence microscopy
staining with (A) anti-FLAG and (B+C) anti-Myc primary antibodies. Cell nuclei were stained with
DAPI. White scale bars from representative images indicate 10 um. Images are representative of
those collected from 2 biologically independent experiments (n = 2) collected at 60X

magnification.
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Figure 2.14
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Figure 2.14 (cont.)
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Figure 2.14: 1 h localization of epitope tagged Cj-CDT subunits. HelLa cells were incubated in
DMEM + 10% FBS medium, on ice, at atmospheric conditions, and in the absence or presence of
Cj-CDT containing (A) Cj-CdtA + Cj-CdtB-FLAG + Cj-CdtC (100 nM), (B) Cj-CdtA + Cj-CdtB + Cj-
CdtC-HA (100 nM), or (C) Cj-CdtA + Cj-CdtB-Myc + Cj-CdtC (100 nM). After 30 mins, unbound
toxin was removed and cells were incubated in DMEM + 10% FBS medium at 37 °C and under
5% COa2. After 1 h, cells were fixed and imaged using fluorescence microscopy staining with (A)
anti-FLAG and (B) anti-Myc primary antibodies. Cell nuclei were stained with DAPI. White scale
bars from representative images indicate 10 um. Images are representative of those collected

from 2 biologically independent experiments (n = 2) collected at 60X magnification.
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CHAPTER 3: THE RELATIONSHIP BETWEEN CJ-CDT STRUCTURE AND

FUNCTION

3.1 INTRODUCTION

The cytolethal distending toxins (CDTs) are a broadly distributed family of
intracellular-acting genotoxins produced by mucocutaneous pathogens of the y-
and e-Proteobacteria (79, 165). CDTs have been isolated and functionally
characterized from multiple pathogens, including Aggregatibacter
actinomycetemcomitans (Aa), Hemophilus ducreyi (Hd), Escherichia coli (Ec),
and Campylobacter jejuni (Cj) (28, 35, 95, 165). Within the extracellular
environment, CDTs bind and are taken up into host cells, ultimately resulting in
DNA damage, activation of the DNA damage response, and arrest of cell cycle
progression (64). Phosphatidylinositol-3,4,5-triphosphate phosphatase activity
has also been associated with Ec-CDT, Cj-CDT, Hd-CDT, and Aa-CDT (62, 70,
143). Although increasing evidence implicates individual CDTs as important
determinants of virulence (54, 73, 121), the structure-function relationships that
underlie toxin interactions with host cells remain incompletely understood.

Most CDTs comprise three distinct subunits, CdtA, CdiB, and CdtC, which
are encoded by contiguous genes within a single operon (61). Analogous to most
intracellular-acting bacterial protein exotoxins, CDTs are believed to possess
classic “A-B” functional architecture, where the CdtA and CdtC subunits together
are thought to constitute the “B component”, which facilitates the binding, uptake,

and intracellular trafficking of the “catalytically active A component” (17), CdtB,
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within host cells (33, 49, 71, 97). High-resolution structural data indicate that, at
high concentrations (>100 uM), the CdtA, CdtB, and CdtC subunits of Hd-CDT
(107) and Aa-CDT (169) are assembled into heterotrimeric complexes, leading to
a widely accepted model that these three subunits assemble into a functional,
oligomeric holotoxin complex. Nonetheless, the importance of an assembled
tripartite toxin complex for CDT cellular activity has not been definitively
established.

Herein, we describe studies designed to evaluate the importance of the
CDT tripartite structure for the cellular activity of the toxin from the human
intestinal pathogen Campylobacter jejuni (Cj-CDT). Human epidemiological data
coupled with animal infection studies support a role for Cj-CDT as an important
determinant of pathogen colonization and virulence (54, 73). However, the
mechanisms by which Cj-CDT is assembled and secreted from C. jejuni resulting
in functional toxin have not been reported. Also, the structure of functional Cj-
CDT generated and released by the bacterium prior to intoxication of host cells
has not been experimentally resolved. Strikingly, the isolation and purification of
Cj-CDT from C. jejuni in culture has never been reported which makes it
challenging to effectively carry out studies to delineate toxin structure-function
relationships. Using three different experimental approaches, our studies here
suggest that at concentrations at which Cj~-CDT induces the arrest of cell cycle
progression in mammalian cells, the three subunits (Cj-CdtA, Cj-CdtB, and Cj-
CdtC) exist in solution as predominantly non-assembled monomers. These

results suggest that the existing paradigm that Cj-CdtA, Cj-CdtB, and Cj-CdtC
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functionally interact with host cells as a preassembled tripartite toxin should be

revisited.

3.2 MATERIALS AND METHODS

Cj-CDT expression and purification. Recombinant forms of Cj-CdtA, Cj-
CdtB, Cj-CdtC were generated and purified as previously described (50). Subunit
purity was evaluated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Biorad, Hercules, CA) followed by Coomassie
Brilliant Blue staining (Sigma, St. Louis, MO), and quantified using the Pierce
BCA protein assay (Thermo, Rockford, IL).

Removal of polyhistidine fusion peptides. His-tagged recombinant
subunits were incubated at 21 °C with biotinylated thrombin (Novagen, Billerica,
MA). After 20—24 h, biotinylated thrombin and cleaved polyhistidine peptides
were removed using Pierce streptavidin agarose beads (ThermoFisher,
Waltham, MA) and TALON Metal Affinity Resin (TaKaRa, Mountain View, CA),
respectively. The beads and resin were removed using Spin-X centrifuge tube
filters (pore size, 0.22 ym; Corning Costar, NY). Cj-CDT subunits free of
polyhistidine fusion peptides, were quantified using the Pierce BCA assay.
Polyhistidine removal was confirmed using SDS-PAGE and Coomassie Brilliant
Blue staining.

Mammalian cell culture. Human cancer colonic epithelial cells (HCT116,
ATCC, Manassas, VA) were maintained in McCoy’s 5a Modified Medium

(Corning, Manassas, VA) supplemented with 10% fetal bovine serum (Sigma, St.
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Louis, MO) and cultivated at 37 °C and under 5% CO2 within a humidified
environment.

Cell cycle phase determination. Cj-CDT-dependent arrest of cell cycle
progression at the G2/M interface was assessed using flow cytometry
(FACSymphony A1, BD Biosciences, Franklin Lakes, NJ) as previously
described (50, 62).

Dialysis retention assays. Purified Cj-CDT subunits were incubated
together on ice or 37 °C. After 1 h, the mixtures were dialyzed at 37 °C against
PBS pH 7.4 (1:1000 sample to buffer ratio), using Micro Float-A-Lyzer Dialysis
Devices with a Molecular weight cutoff (MWCO) of 50 kDa (Spectrum Labs, CA).
After 48 h, samples were harvested and evaluated for retention of Cj-CdtB using
immuno-blot analyses.

Immunoblotting. Following SDS-PAGE, resolved proteins were transferred
to PVDF membranes (Millipore Sigma, Burlington, MA) using a wet/tank blotting
system (Bio-Rad). Membranes were blocked with 5% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO) in TBS-T (0.1% Tween-20 in TBS pH 7.4, Fisher,
Fair Lawn, NJ) and incubated with primary antibodies. Primary antibodies
specific for each Cj-CDT subunit were generated commercially against peptide
sequences unique to Cj-CdtA, Cj-CdtB, and Cj-CdtC (YenZme, San Francisco,
CA) as follows: antibodies specifically targeting the Cj-CdtA-specific sequence
255-CPFTAKPLYRQGEVR-268, the Cj-CdtB-specific sequence 185-
CDFNRDPSTITSTVDRELANR-204, and the Cj-CdtC-specific sequence 44-

CFRDTSKDPIDQNWNIK-59. Membranes were then incubated with anti-rabbit
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IgG biotinylated antibodies (Cell Signaling, Danvers, MA), and subsequently with
anti-biotin HRP-linked antibodies (Cell Signaling, Danvers, MA). Immunoblots
were imaged using the ChemiDoc system (XRS+, Bio-Rad, Hercules, CA)
following exposure to a 1:5 mixture of SuperSignal West Femto Maximum
Sensitivity: Pico Plus Chemiluminescent Substrates (Thermo, Rockford, IL).
Immunoblot densitometry analyses were performed using Image Lab software
(Bio-Rad, Version 6.0).

Microscale thermophoresis analysis (MST). Polyhistidine-tagged Cj-CDT
subunits, which had been labeled with NTA — Atto 647 N dye (NanoTemper,
Munchen, Germany), were incubated at 37 °C and with non-polyhistidine-tagged,
non-labeled, non-cognate subunits. After 1 h, samples were loaded into capillary
tubes (Monolith NT .115 Series capillaries, NanoTemper, Minchen, Germany)
and placed into the microscale thermophoresis instrument (Monolith NT .115,
software version 1.2.1, NanoTemper, Munchen, Germany). Samples were
allowed to equilibrate, in the instrument, for an additional 15 min at 37 °C before
collecting data. All readings were taken using the MO.Control program (version
1.6.1, NanoTemper, Munchen, Germany) using red excitation (650 nm, 30-100%
power), and medium MST power (40%). MST values were determined, at the 3
second temperature jump. Data were normalized to the fraction of complexed
molecules (FB) as previously described (173). MST values were fit to a log [Cj-
CDT subunit] vs response equation to generate binding curves (GraphPad Prism

version 8.1.2).
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Cj-CDT co-immunoprecipitation. Co-immunoprecipitation was conducted
using antibodies bound to protein A magnetic beads (Dynabeads, Invitrogen,
Waltham, MA). Purified Cj-CDT subunits were incubated on ice. After 1 h, the
mixtures were further incubated at 4 °C with the indicated antibodies.
Immunoprecipitation (IP) antibodies were generated from sera obtained from
rabbits immunized with full length recombinant Cj~-CDT subunits (Immunological
Resource Center, Univ. lllinois, Urbana, IL). After 24 h, the bound proteins were
recovered by incubating beads in NUPAGE sample reducing agent plus LDS
sample buffer (Invitrogen, Norway). Recovered Cj-CDT subunits were analyzed
using SDS-PAGE followed by immunoblot analyses.

Statistical Analyses. Each experiment was performed at least three
independent times, signified as n=3. Error bars represent standard deviations.
Statistical analyses were performed using GraphPad Prism 8.1.2. Dose response
curves were fit to a log (agonist) vs response (three parameters) equation. R?
values indicate fit of the data to the regression model. Analysis of statistical
differences was performed using one-way ANOVA followed by the Tukey’s post-

hoc test. Statistical significance (P < 0.05) was determined at o = 0.05.

3.3 RESULTS
3.3.1 Cj-CdtA, Cj-CdtB, and Cj-CdtC are required for maximal Cj-CDT cellular
activity

The active form of Cj-CDT is generally considered to constitute a tripartite

complex comprising equimolar Cj-CdtA, Cj-CdtB, and Cj-CdtC (61, 84), which is
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a model that has emerged primarily from high resolution structural data obtained
for Aa-CDT and Hd-CDT (107, 169) and previous functional studies of Cj~-CDT
(81). To experimentally evaluate this widely accepted model, we conducted
experiments to compare the concentrations at which mixtures of Cj-CdtA, Cj-
CdtB, and Cj-CdtC are assembled into a tripartite structure and induce arrest of
cell cycle progression at the G2/M interface within human colonic intestinal
epithelial-derived HCT116 cells. Congruent with previous reports (81, 84), our
studies revealed that Cj-CDT-dependent arrest of cell cycle progression occurs in
a dose-dependent manner (Figure 3.1). Moreover, maximal cellular activity
requires all three CDT subunits. The concentration of Cj-CDT subunit mixtures
required to arrest approximately 50% of HCT116 cells within a monolayer (i.e.,
CCAb50) was experimentally determined to be approximately 1 nM (Figure 3.1).
Notably, this concentration was >10,000-fold lower than the toxin concentration
used to generate crystals suitable for collecting high-resolution structural data for
Aa-CDT and Hd-CDT. These results were comparable to those obtained with
preassembled recombinant toxin (CCA50 = 2.8 (x 1.0) nM), which is prepared by
concurrently refolding together equimolar concentrations of purified and
denatured recombinant Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits. Arrest of Cell
cycle progression was observed in cells exposed to mixtures of Cj-CdtA, Cj-
CdtB, and Cj-CdtC (each at 10 nM) for only 60 min, which was comparable to
cells that had been continuously exposed to the toxin for 24 h (Figure 3.2). These
results are consistent with previous work (165) showing that within the first hour

of exposure to Cj-CDT, the toxin had sufficiently bound and been internalized into
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host cells, resulting in DNA damage, induction of the DNA damage response,
and arrest of cell cycle progression.

Additional studies to assess whether concurrent exposure of HCT116
cells to mixtures of Cj-CdtA, Cj-CdtB, and Cj-CdtC is essential for toxin cellular
activity, revealed that prebinding of Cj-CdtA and Cj-CdtC, followed by removal of
unbound subunits, and subsequent addition of Cj-CdtB, resulted in detectable
arrest of cell cycle progression, albeit to a lesser degree than cells exposed to
equimolar mixtures of the three subunits (Figure 3.3). While these studies did not
reveal the mechanism of cellular intoxication in the absence of concurrent Cj-
CDT subunit exposure, the results are consistent with a conclusion that
concurrent administration of Cj-CdtA, Cj-CdtB, and Cj-CdtC to cells is not

essential for intoxication.

3.3.2 High molecular weight Cj-CDT tripartite structures are not captured during
dialysis at low concentrations of toxin sufficient to induce arrest of cell cycle
progression

To evaluate the importance of the predicted tripartite Cj-CDT structure for
toxin activity, we next determined the concentrations at which mixtures of Cj-
CdtA, Cj-CdtB, and Cj-CdtC are retained within dialysis tubing. Equimolar
concentrations of Cj-CdtA, Cj-CdtB, and Cj-CdtC (between 0.01 and 10 uM) were
premixed on ice. After 1 h, the subunit mixtures were transferred to dialysis
membrane cassettes (50 kDa molecular weight cutoff (MWCO)), which were then

incubated in dialysis buffer at a 1:1000 volume ratio of sample to dialysis buffer.
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After 48 h, the retentates were collected, and analyzed versus the corresponding
input (i.e., non-dialyzed) mixtures of Cj-CdtA, Cj-CdtB, and Cj-CdtC. Based on
the molecular mass cutoff of 50 kDa, we predicted that Cj-CdtA (29.9 kDa), Cj-
CdtB (29.4 kDa), and Cj-CdtC (21.4 kDa), if assembled into a heterotrimeric
complex (with a calculated molecular mass of approximately 80.7 kDa), would be
recoverable from the dialysis membrane. In contrast, we predicted that if
mixtures of Cj-CdtA, Cj-CdtB, and Cj-CdtC failed to assemble, then the subunits
would diffuse out from the dialysis membrane and not be detected within the
dialysis retentate. For these studies, we used immunoblot analyses to compare
the relative levels of Cj-CdtB in both the input mixtures and corresponding
recovered retentates of the same concentration, under the premise that Cj-CdtB
would be recovered within the retentate when in complex with Cj-CdtA and Cj-
CdtC, but not if the subunit was present as a non-associated monomer. To
compare the relative recovery of Cj-CdtB more easily within individual dialysis
retentates, each of the input mixtures and recovered retentate samples were
equally diluted to a final theoretical concentration of 0.01 uM, as a point of
comparison against the non-dialyzed input Cj-CdtB sample at 0.01 uM (Figure
3.4A). As an example, for the 1 uM condition, both the non-dialyzed and dialyzed
samples were diluted 100-fold prior to immunoblot analysis. These experiments
revealed that Cj-CdtB was not detected within the retentates of dialyzed subunit
mixtures at concentrations of 0.01, 0.1, or 1.0 uM (Figure 3.4A). However, Cj-
CdtB was detected within the retentates of Cj-CDT subunit mixtures dialyzed at

concentrations of 5 or 10 uM (Figure 3.4A). The same degree of Cj-CdtB
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retention within the dialysis tubing was observed in studies where the
preincubation of equimolar mixtures of Cj~-CDT subunits was conducted at 37 °C
(Figure 3.4B). Similar results were also obtained using preassembled toxin,
which is toxin prepared by concurrently refolding purified and denatured
recombinant forms of Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits (Figure 3.4C).
These data suggest that, at the lowest concentrations of toxin that are sufficient
to induce arrest of cell cycle progression, Cj-CdtA, Cj-CdtB, and Cj-CdtC interact
with cell monolayers predominantly as mixtures of non-interacting subunit

monomers.

3.3.3 MST reveals low affinity interactions between Cj-CDT subunits

Dialysis retention experiments described immediately above (Figure 3.4A)
suggested that at low nanomolar concentrations, biologically active Cj~-CDT
exists primarily as mixtures of non-associated monomers of Cj-CdtA, Cj-CdtB,
and Cj-CdtC, complicit with the idea that Cj-CDT subunits interact with relatively
low affinities. To evaluate Cj-CDT subunit interactions more quantitatively, we
employed microscale thermophoresis (MST) (166). Overall, these studies
indicated that Cj-CDT subunit interactions (i.e., Cj-CdtA and Cj-CdtB, Cj-CdtA
and Cj-CdtC, Cj-CdtB and Cj-CdtC) occur with relatively low affinity (Table 3.1)
and were not detectable by MST at concentrations at which the toxin induces
arrest of cell cycle progression (i.e., 1-10 nM) (Figure 3.1). Sigmoidal, saturable
binding curves were obtained for mixtures of Cj-CdtA and Cj-CdtC as well as

mixtures of Cj-CdtB and Cj-CdtC, with dissociation constants (KD) of
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approximately 0.7 uM and 0.5 uM, respectively (Figure 3.5A and Figure 3.5B).
Cj-CdtA interactions with Cj-CdtB occurred with even lower affinity, as MST
measurements yielded an apparent KD of >20 uM (Figure 3.5C). Non-sigmoidal,
non-saturable binding curves were obtained from experiments using NTA-565
dye-labeled Cj-CdtC, suggesting that labeling of Cj-CdtC interfered with
interactions between Cj-CdtA and Cj-CdiB. Our MST data suggest aberrant
binding between amino-terminal labeled Cj-CdtC and Cj-CdtA. The source of
these aberrant binding data cannot be readily explained, as high-resolution
structural data are not yet available for Cj-CDT. However crystal structures of the
tripartite structures of Hd-CDT and Aa-CDT, reveal that the amino-terminus of
the CdtC subunit contacts both the CdtA and CdtB subunits at the interdomain
surfaces present in the assembled tripartite structures of both these toxins. From
these structures, it's reasonable to predict that alterations in the interdomain
spanning CdtC amino-terminal peptide might impact the stability of the
assembled heterotrimer. Nonetheless, it's not clear whether the relevance of
these interdomain interactions of the CdtC subunit carboxy! termini of Hd-CDT
and Aa-CDT extends to Cj-CdtC as well. Overall, these data are consistent with
those obtained using dialysis retention, where at the lowest concentrations of
toxin found to be sufficient to induce arrest of cell cycle progression, mixtures of
Cj-CdtA, Cj-CdtB, and Cj-CdtC consist primarily of non-interacting, subunit

monomers.

126



3.3.4 Immunoprecipitation of Cj-CDT tripartite complex

To more directly assess the capacity of Cj~-CDT subunits in solution to
assemble into tripartite complexes, we examined the recovery of Cj-CdtA, Cj-
CdtB, and Cj-CdtC from co-immunoprecipitation experiments using antibodies
specifically targeting Cj-CdtA, Cj-CdtB, or Cj-CdtC. In experiments using 0.1 uM
mixtures of Cj-CdtA, Cj-CdtB, and Cj-CdtC, immunoprecipitation of Cj-CdtB
resulted in the recovery of Cj-CdtB, but neither Cj-CdtA nor Cj-CdtC, indicating
that detectable complex had not formed (Figure 3.6A). In contrast,
immunoprecipitation of Cj-CdtB from mixtures containing Cj-CdtB (at 0.1 uM) with
10-fold higher concentrations of either Cj-CdtA, and Cj-CdtC (both at 1.0 uM),
revealed the detectable recovery of all three subunits (Figure 3.6A), consistent
with the idea that Cj-CdtA and Cj-CdtC were recovered as part of the
heterotrimeric complex with Cj-CdtB. Likewise, at the higher 1.0 uM subunit
concentrations, Cj-CdtB and Cj-CdtC were recovered from
coimmunoprecipitation experiments using an antibody targeting Cj-CdtA (Figure
3.6B). Finally, again at 1.0 uM subunit concentrations, Cj-CdtA and Cj-CdtB were
recovered from coimmunoprecipitation experiments using an antibody targeting
Cj-CdtC (Figure 3.6C). When taken together with the dialysis retention and MST
results described above, the findings from our coimmunoprecipitation studies that
heterotrimeric complexes were only recovered when using higher subunit
concentrations, further support the idea that, at the lowest concentrations of toxin

found to be sufficient to induce arrest of cell cycle progression, mixtures of Cj-
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CdtA, Cj-CdtB, and Cj-CdtC consist primarily of non-interacting subunit

monomers.

3.4 DISCUSSION

The studies described herein were designed to address one of the most
poorly understood aspects of CDT biology, which is the relationship between
CDT holotoxin structure and toxin cellular activity. Work conducted using CDTs
from several mucocutaneous human pathogens have repeatedly demonstrated
that all three toxin subunits, CdtA, CdtB, and CdtC, are necessary for maximal
toxin cellular activity (40, 81, 141). High resolution structural data for Aa-CDT and
Hd-CDT indicated that, at high toxin concentrations exceeding 100 uM, the three
toxin subunits assemble into a triangle-shaped tripartite structure with each CDT
subunit in direct contact with the other two subunits (107, 169). Structurally
inspired mutations, designed to potentially interfere with subunit-subunit
interactions, were reported to attenuate cellular activity for Aa-CDT (22, 169).
Collectively, these results have contributed to the emergence of a widely-
accepted model that CDT binds to and intoxicates sensitive host cells as an
assembled tripartite toxin (61). Nonetheless, the biologically active structure of
toxin that binds to the surface of sensitive host cells remains poorly understood.
Here, we addressed this gap in knowledge by experimentally comparing the
concentrations of Cj-CDT subunits required for both toxin biological activity, and
the assembly of Cj-CdtA, Cj-CdtB, and Cj-CdtC into a heterotrimeric structure.

Three independent experimental approaches revealed that solution mixtures of
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Cj-CDT, at the lowest concentrations at which the toxin is biologically active, are
comprised primarily of non-interacting subunit monomers. These results bring
into question the existing model that Cj-CDT cellular intoxication is initiated
through interactions of an assembled tripartite toxin, as the biologically active
form required for cell surface interactions.

The binding of intracellular-acting AB exotoxins to the plasma membrane
of sensitive cells is critical for defining the cell and tissue tropism for specific
toxins (17). As such, a thorough understanding of the molecular determinants by
which CDTs recognize and bind to the cell surface is necessary for the
development of strategies to mitigate the consequences of toxin action during
infection. The experimental observation that both Cj-CdtA and Cj-CdtC are
required for maximal toxin cellular activity (Figure 3.1A), is consistent with the
prevailing model that these two subunits together comprise the B component of
Cj-CDT, which is responsible for the binding of the catalytically active A
component, Cj-CdtB, to the surface of sensitive host cells. However, studies to
identify the Cj-CDT subunits that bind to the plasma membrane of sensitive cells
revealed that both Cj-CdtA and Cj-CdtC, but not Cj-CdtB, were able to bind
independently and in the absence of the other subunits (84). Similar observations
have also been made for Aa-CDT (19), Ec-CDT (98), and Hd-CDT (71). Taken
together, these results suggest the possibility that active toxin complexes need
not be preassembled to productively interact with host cells, but instead may
assemble directly at the surface of host cells in a sequential manner involving

initial binding of CdtA and/or CdtC as a requisite step preceding CdtB binding. In
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addition, because both CdtA and CdtC are required for maximal cellular activity
of all the characterized CDTs, and each subunit can independently bind to the
plasma membrane of host cells, we speculate that CdtA and CdtC may
contribute in disparate ways to the binding, uptake, and intracellular trafficking of
CdtB. This, in fact, has been reported for Aa-CDT, Ec-CDT and Hd-CDT (33, 40).

The exclusive use of recombinant forms of Cj-CDT subunits in the work
described here and from other groups (81, 84) stems from the notoriously low
levels of the toxin recovered from culture supernatants of C. jejuni. The
successful purification or concentration of secreted Cj-CDT from C. jejuni has not
been reported. In our laboratory, toxin cellular activity within liquid or biphasic
cultures (in which bacteria are cultivated within a thin layer of liquid medium
overlaying the surface of solid agar plates) is detectable at levels equivalent to
recombinant toxin at low or sub-nanomolar levels. Detection of individual
subunits by immunoblot analysis is difficult, suggesting that active toxin is
present in culture filtrates at subnanomolar levels.

The structure of functional Cj-CDT generated and released by the
bacterium prior to intoxication of host cells has not been definitively resolved.
One model is that the tripartite complex of the toxin is assembled prior to release
into the extracellular environment, possibly following translocation of Cj-CdtA, Cj-
CdtB, and Cj-CdtC across the inner membrane from the cytosol to the
periplasmic space, which promotes protein folding and assembly of multi-
component proteins (101). Indeed, cholera and pertussis toxins, both multi-

subunit toxins, are believed to be secreted following assembly in the periplasm of
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the pathogens that generate these toxins (21, 130). In contrast, the multi-
component anthrax toxins (26) and lota toxin from Clostridium perfringens (128)
are secreted as individual subunits, which assemble only after secretion. In the
case of the anthrax lethal and edema toxins, the individual components
assemble on the surface of host cells. An important gap in knowledge in Cj-CDT
biology remains the mechanisms by which the individual CDT subunits are
folded, assembled, and released into the extracellular environment. Interestingly,
genes homologous to those typically found in type Il secretion systems, which
facilitate secretion of a variety of toxins to the extracellular environment, have not
been identified in the genomes of C. jejuni, as well as other e-proteobacteria (59).
Cj-CDT has been reported to be associated with outer membrane vesicles
(OMVs) (90), which are generated and released by many Gram-negative bacteria
(76), although the role of OMVs in the Cj-CDT intoxication mechanism remains to
be delineated. Nonetheless, the robust biological activity of highly purified
recombinant CDT subunits indicates that association with OMVs is not essential
for the capacity of the toxin to bind and enter host cell in order to exert genotoxic
activity.

In summary, the results of the studies described here suggest that the
existing paradigm that Cj-CdtA, Cj-CdtB, and Cj-CdtC functionally interact with
host cells as a preassembled, heterotrimeric complex should be revisited.
Although the mechanism of how mixtures of Cj-CDT subunits interact with
sensitive host cells has not been definitively established, our data prompt

consideration of alternative models. In particular we speculate that individual
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subunits assemble into biologically active toxin at the cell surface, probably by a
mechanism facilitated by interactions with one or more cell surface receptors.
However, because equilibrium binding between subunits occur at very high and
perhaps non-physiological concentrations of Cj-CdtA, Cj-CdtB, and Cj-CdtC, we
cannot rule out the possibility that the toxin does interact with cells as an
assembled heterotrimeric complex, albeit at very low concentrations that are
undetectable by experimental approaches used in this study. Notably, such a
scenario implies that assembled Cj-CDT possess a much higher specific activity
than has been previously experimentally determined. Additional work will be
required to fully understand how Cj-CDT subunits collaborate to carry out cellular

intoxication.
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3.5 FIGURES AND TABLE

Figure 3.1
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Figure 3.1: Maximal Cj-CDT activity requires all three subunits. HCT116 cells were incubated
in McCoy’s 5A medium + 10% FBS, at 37 °C, and under 5% COz2, in the absence or presence of
Cj-CDT (ABC), Cj-CdtA + Cj-CdtB (AB), Cj-CdtA + Cj-CdtC (AC), or Cj-CdtB + Cj-CdtC (BC) (10
pM — 100 nM). 24 h after the initial intoxication, cells were harvested and evaluated for cell cycle
arrest progression. The data were combined from 3 independent biological replicates (n = 3) and
represent the percentage of cells within the monolayer arrested at the G2/M interface. Error bars
represent standard deviations. The data were fit to a log[Cj-CDT] vs response equation on
GraphPad Prism (version 8.1.2). The CCAso (i.e., ECso0) value was determined for Cj-CDT (ABC)
but not the binary subunit combinations. R? values indicate fit of the data to the regression model.
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Figure 3.2
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Figure 3.2: Cj-CDT activity is time dependent. HCT116 cells were incubated in the absence or
presence of Cj-Cdt (ABC) (10 nM). After 10, 30, 60 min, or 24 h, cells were washed twice to
remove unbound Cj-CDT, and further incubated at 37 °C. 24 h after the initial intoxication, cells
were harvested and evaluated for cell cycle arrest progression. The data were combined from 3
independent biological replicates (n = 3) and represent the percentage of cells within the
monolayer arrested at the G2/M interface. Error bars represent standard deviations. Statistical
analyses of the data were conducted using one-way Anova, followed by Tukey’s multiple
comparisons test. P < 0.05 indicates statistical significance (o = 0.05), “ns” indicates differences

were not statistically significant.
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Figure 3.3
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Figure 3.3: Concurrent exposure to all three Cj-CDT subunits is not required for toxin
activity. Pre-chilled HCT116 cells were incubated on ice in the absence or presence of Cj-CdtA
and Cj-CdtC subunits (100 nM) (first exposure). After 30 mins, cells were washed twice with cold
medium and then further incubated at 37 °C, in the absence or presence of Cj-CDT or Cj-CdtB
(second exposure). 24 h after the initial intoxication, cells were harvested and evaluated for cell
cycle arrest progression. The data were combined from 3 independent biological replicates (n =
3) and represent the percentage of cells within the monolayer arrested at the G2/M interface.
Error bars represent standard deviations. Statistical analyses of the data were conducted using

one-way Anova, followed by Tukey’s multiple comparisons test. P < 0.05 indicates statistical

significance (o = 0.05).
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Figure 3.4
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Figure 3.4: High molecular weight Cj-CDT tripartite structures are not captured during
dialysis of biologically active mixtures of Cj-CDT subunits. Equimolar concentrations of Cj-
CdtA, Cj-CdtB, and Cj-CdtC (all 10 uM), were incubated together on (A) ice or (B) at 37 °C. After
1 h, the mixture was diluted in PBS pH 7.4 (to final concentrations of 10 uM, 5 uM, 1 uM, 100 nM,
and 10 nM), and then dialyzed at 37 °C using a 50 kDa molecular weight cutoff dialysis
membrane at a 1:1000 sample-to-dialysis buffer volume ratio. After 48 h, the dialyzed toxin was
evaluated for holotoxin complex retention using immunoblot analysis, by employing an antibody
specific for Cj-CdtB. The ratios of the input mixtures and corresponding recovered retentates of
the same concentration were independently compared for each concentration using densitometric
analyses, indicated above the blot. (i.e., for the 10 uM Cj-CdtB concentration we compared non-
dialyzed input to dialysis retentate). For the 5 uM Cj-CdtA/B/C sample, the variance (between the
3 independent biological replicates) of the ratio between non-dialyzed sample to dialysis retentate
was calculated as (A) £ 0.06 and (B) £ 0.09. For the 10 uM Cj-CdtA/B/C sample, the variance of
the ratio between non-dialyzed sample to dialysis retentate was calculated as (A) £ 0.05 and (B)
1 0.14. (C) Dialysis of Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits that were refolded concurrently
together (denatured subunits refolded concurrently) was compared to mixed Cj-CDT subunits
(denatured subunits refolded individually). Data shown are representative of 3 independent

biological replicates (n =3).
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Table 3.1

MST-derived Cj-CDT subunit binding parameters?

first
concentration
subunit binding ;T;;gﬂ;t saturable
- - b - - - -
combinations affinity® detectable binding®
signal above
background
>20 uM
A+B 0.65 (+/- 0.1) 2.0 uM no 0.95
A*+C uM 0.31 uM yes 0.95
B*+C 0.48 (+/- 0.1) 0.15 uM yes 0.93
uM

a NTA fluorescent dye labeled Cj-CdtA or Cj-CdtB were incubated with unlabeled Cj-CDT
subunits (no ¥, 0.02 — 20 uM) and evaluated for binding using MST

b A = Cj-CdtA, B = Cj-CdtB, C = Cj-CdtC, * = NTA labeled subunit

¢ binding affinity derived from a nonlinear regression model fitted to an equation, describing
dose (log (Cj-CDT)) vs response (fraction bound)

d concentrations of titrant at which MST signals above background were first observed

¢ observation of a clear saturated binding curve for the indicated subunit interaction
combination

fR2 values indicate fit of the data to the regression model
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Figure 3.5
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Figure 3.5: Microscale thermophoresis analysis of Cj-CdtA, Cj-CdtB, and Cj-CdtC subunit
interactions. NTA fluorescent labeled Cj-CdtA or Cj-CdtB subunits were incubated at 37 °C with

the indicated unlabeled Cj-CDT subunit(s) (with polyhistidine tags removed) as follows: (A) NTA-
labeled-Cj-CdtA (0.1 uM) + unlabeled-Cj-CdtC (0.04 — 20 uM), (B) NTA-labeled-Cj-CdtB (0.1 uM)
+ unlabeled-Cj-CdtC (0.04 — 20 uM), and (C) NTA-labeled-Cj-CdtB (0.1 uM) + unlabeled-Cj-CdtA
(0.02 — 20 uM), as indicated on the graphs. After 1 h, subunits were evaluated for binding at 37

°C using microscale thermophoresis. The data on the graph were combined from 3 independent

biological replicates (n = 3). The data were fit to a log[Cj-CDT] vs response equation on

GraphPad Prism 8.1.2. The Kb was derived from each binding curve. R? values indicate fit of the

data to the regression model.
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Figure 3.6
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Figure 3.6 (cont.)

Figure 3.6: Co-immunoprecipitation of Cj-CdtA, Cj-CdtB, and Cj-CdtC. Immunoprecipitation
(IP) was conducted as follows: (A) Mixtures of purified Cj-CdtA, Cj-CdtB, and Cj-CdtC (at 100 nM)
(panel on the left), or, mixtures of purified Cj-CdtB and Cj-CdtC (at 1 uM) and Cj-CdtA (at 100
nM) were incubated together on ice (panel on the right). After 1h, the mixtures were incubated
with a-Cj-CdtA antibody bound protein A Dynabeads at 4 °C. The next day, the beads were
washed, and the bound subunit(s) was/were then eluted and evaluated using immunoblot (I1B)
analysis, probing with antibodies specific for Cj-CdtA, Cj-CdtB, or Cj-CdtC subunit. This process
was repeated using (B) purified Cj-CdtA, Cj-CdtB, and Cj-CdtC (at 100 nM) or, mixtures of
purified Cj-CdtA and Cj-CdtC (at 1 uM) and Cj-CdtB (at 100 nM), incubated with a-Cj-CdtB
antibody bound protein A Dynabeads at 4 °C. Finally, (C) purified Cj-CdtA, Cj-CdtB, and Cj-CdtC
(at 100 nM) or, mixtures of purified Cj-CdtA and Cj-CdtB (at 1 uM) and Cj-CdtC (at 100 nM),
incubated with a-Cj-CdtC antibody bound to protein A Dynabeads at 4 °C. Each immunoblot
presents data, at identical exposure times, from a single experiment representative of results
collected from 3 independent biological replicates (n = 3). The dividing line in each image

indicates data that were not directly relevant to the figure and were therefore spliced out.
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CHAPTER 4: UNDERSTANDING CDT ACTIVITY AS A WEAKLY

ASSOCIATED HETEROTRIMERIC COMPLEX

4.1 INTRODUCTION

In this chapter, we delve into further preliminary work related to our
studies on subunit interaction and toxin activity. This encompasses experiments
that were excluded from our publications, along with endeavors aimed at
addressing new gaps in knowledge. Our exploration into understanding the
significance of subunit interactions for toxin activity suggests a need to
reevaluate the existing model of Cj-CDT subunits interacting with the host as a
preassembled, heterotrimeric complex. A significant gap in knowledge identified
in the previous chapter is how the Cj-CDT subunits could operate independently
of a holotoxin complex in solution. Drawing from our understanding of bacterial
toxins, we propose two potential models to explain this phenomenon.

First of all, the Cj-CDT subunits might assemble into a functional
heterotrimeric complex at the host cell surface. This model suggests that
subunits bypass the weak assembly nature of the holotoxin in solution by binding
to a host cell receptor, utilizing receptor subunit interactions to drive complex
formation, potentially with higher affinity akin to many pore-forming toxins (85).
Within this chapter, we detail studies evaluating the ability of Cj-CDT to assemble
into an active toxin complex at the host cell surface. Our findings indicate that the
Cj-CDT subunit could indeed have the potential to form an active complex at the

host cell surface.

141



In the second model, we propose that the toxin interacts with cells as an
assembled heterotrimeric complex, albeit at concentrations so low they are
undetectable by experimental approaches used in this study. This suggests that
assembled Cj-CDT may possess a much higher specific activity than previously
determined experimentally, challenging earlier perceptions. Notably, much of the
previous work done on Cj-Cdts has demonstrated cellular activity in the mid
nanomolar range. An important point is that it is difficult to compare specific
activities between different species of CDTs as cell types have a strong impact
on activities. However the general observation is that compared to other species
of CDT, the specific activity of Cj-Cdts are much higher than Ec and Aa-CDTs,
but lower than that of Hd-Cdts (50). To address this model, we conducted several
experiments following up on important results observed in the previous chapter,
assessing the relationship between subunit complex formation and toxin activity.
In addition to the higher specific activity model, we propose that the Cj-CDT toxin
still behaves as a weakly assembled holotoxin complex. While initially seeming
counterintuitive from the pathogen’s perspective, this strategy may allow the
pathogen to limit toxin activity on host cells. Though not directly addressed, we
discuss the plausibility of this idea.

Regarding additional incomplete and future work, we include preliminary
but relevant findings that could not be incorporated into the paper but contribute
to understanding cytolethal distending toxin intracellular trafficking, structure-

function relationships, and host cell interaction.
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4.2 MATERIALS AND METHODS

Mammalian Cell Culture. HCT116 (Human colon cancer epithelial cell line,
male) cells were maintained in McCoy’s 5A (modified) medium supplemented
with a 10% final concentration of fetal bovine serum (FBS). HeLa (Human
adenocarcinoma epithelial cell line) cells were maintained in DMEM
supplemented with a 10% final concentration of FBS. Cell lines were tested for
mycoplasma contamination using MycoAlert Mycoplasma Detection Kit. All cells
were maintained at 37°C in a humidified atmosphere under COz2 (5%).

Bacterial strains. Escherichia coli BL21 used for protein expression and
purification were grown as previously described. Campylobacter jejuni strains
containing cdt genes (81-176), cytolethal distending toxin mutants (DS104), and
DS104 mutants complemented with cdt genes in trans (DS104(pRAM33), were
given to us by the Guerry lab (68). Campylobacter jejuni strains were streaked on
Mueller Hinton plates supplemented with Iron(ll) Sulfate Heptahydrate, Sodium
Bisulfite, and Sodium Pyruvate (0.25 mg/mL final concentration) and grown in a
tri-gas incubator at 42 °C, with 10% COz2 and 5% O2. After 2 days, plates
containing C. jejuni were then used for further experiments.

Cj-CDT expression and purification. Recombinant forms of Cj-CdtA, Cj-
CdtB, Cj-CdtC were generated and purified as previously described (50). Subunit
purity was evaluated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Biorad, Hercules, CA) followed by Coomassie
Brilliant Blue staining (Sigma, St. Louis, MO), and quantified using the Pierce

BCA protein assay (Thermo, Rockford, IL).

143



Removal of polyhistidine fusion peptides. His-tagged recombinant
subunits were incubated at 21 °C with biotinylated thrombin (Novagen, Billerica,
MA). After 20—24 h, biotinylated thrombin and cleaved polyhistidine peptides
were removed using Pierce streptavidin agarose beads (ThermoFisher,
Waltham, MA) and TALON Metal Affinity Resin (TaKaRa, Mountain View, CA),
respectively. The beads and resin were removed using Spin-X centrifuge tube
filters (pore size, 0.22 ym; Corning Costar, NY). Cj-CDT subunits free of
polyhistidine fusion peptides were quantified using the Pierce BCA assay.
Polyhistidine removal was confirmed using SDS-PAGE and Coomassie Brilliant
Blue staining.

Cell cycle phase determination of recombinant Cj, Ec, and Hd-CDTs. Cj-
CDT-dependent arrest of cell cycle progression at the G2/M interface was
assessed using flow cytometry (FACSymphony A1, BD Biosciences, Franklin
Lakes, NJ) as previously described (50, 62). Briefly, the indicated cell lines were
seeded (approximately 0.04-0.05 X 108 cells per well) on 24-well culture plates
and incubated at 37 °C and under 5% COz. For Cj-CDT warm or cold pulse
intoxications, after 24-36 h the cells were incubated on ice and under
atmospheric conditions (cold pulse) or kept at 37 °C and under 5% (warm pulse).
After 30 mins, media was removed and cells were incubated with cold PBS (cold
pulse) or warm PBS (warm pulse) containing CDT or in the absence of CDT at
the combinations and concentrations as indicated in the figures, on ice and under
atmospheric conditions. After 1 h, PBS with or without toxin was removed and

replaced with complete medium and incubated at 37 °C and under 5% CO:. After
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24, cell culture medium was removed and cells were washed twice with PBS.
After 24 h, cell culture medium containing CDT or PBS, as the carrier control,
was removed and cells were washed twice with PBS. Cells were then detached
from the cell culture plate by trypsinization at 37 °C. After detachment of cells
was observed, 10% final concentration of FBS in PBS was added to inhibit
trypsin activity. Cells were then pelleted (500 x g, 5 min) and resuspended by
adding ice cold 70% ethanol dropwise with constant vortexing. Cells were
incubated at -20 °C in the presence of 70% ethanol. After a minimum of 1 h, cells
were pelleted (800 x g, 5 min) and resuspended in PBS pH. After 30 min at room
temperature, cells were pelleted and resuspended in staining solution (300 uL
per sample; containing 0.1% Triton X-100, 1 mg/mL RNase A, and 10 pg/mL
propidium iodide in PBS). After 1 h at room temperature, cells were analyzed
using a BD FACS Canto Il flow cytometry analyzer. Flow cytometry data were
processed using FCS Express software (De Novo Software) and statistics
performed using GraphPad Prism 7 (GraphPad Software). For Ec-CDT and Had-
CDT intoxication conditions, after 24-36 h the cells were incubated at 37 °C and
under 5% COz2 in complete medium containing CDT at the indicated
concentrations, or were incubated with PBS in place of CDT, as indicated in the
figure legends. All individually refolded Ec and Hd-CDT subunit combinations
were mixed together at a final concentration of 10 uM and incubated on ice for 1
h prior to dilution and subsequent intoxication. After 48 h, cell culture medium

containing CDT or PBS, as the carrier control, was removed and cells were
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washed twice with. Cells were then detached and analyzed for cell cycle arrest
as previously mentioned.

Krypton staining and immunoblotting. Following SDS-PAGE, resolved
proteins were either stained with Krypton Protein Stain or transferred to PVDF
membranes (Millipore Sigma, Burlington, MA) using a wet/tank blotting system
(Bio-Rad). Membranes were blocked with 5% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO) in TBS-T (0.1% Tween-20 in TBS pH 7.4, Fisher, Fair
Lawn, NJ) and incubated with primary antibodies. Primary antibodies specific for
each Cj-CDT subunit were generated commercially against peptide sequences
unique to Cj-CdtA, Cj-CdtB, and Cj-CdtC (YenZme, San Francisco, CA) as
follows: antibodies specifically targeting the Cj-CdtA-specific sequence 255-
CPFTAKPLYRQGEVR-268, the Cj-CdtB-specific sequence 185-
CDFNRDPSTITSTVDRELANR-204, and the Cj-CdtC-specific sequence 44-
CFRDTSKDPIDQNWNIK-59. Membranes were then incubated with anti-rabbit
IgG biotinylated antibodies (Cell Signaling, Danvers, MA), and subsequently with
anti-biotin HRP-linked antibodies (Cell Signaling, Danvers, MA). Immunoblots
were imaged using the ChemiDoc system (XRS+, Bio-Rad, Hercules, CA)
following exposure to a 1:5 mixture of SuperSignal West Femto Maximum
Sensitivity: Pico Plus Chemiluminescent Substrates (Thermo, Rockford, IL).
Immunoblot densitometry analyses were performed using Image Lab software
(Bio-Rad, Version 6.0).

Microscale thermophoresis analysis (MST). Polyhistidine-tagged Cj-CDT,

Ec-CDT, and Hd-CDT subunits, which had been labeled with NTA — Atto 647 N
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dye (NanoTemper, Minchen, Germany), were incubated at 37 °C and with non-
polyhistidine-tagged, non-labeled, non-cognate subunits. After 1 h, samples were
loaded into capillary tubes (Monolith NT .115 Series capillaries, NanoTemper,
Munchen, Germany) and placed into the microscale thermophoresis instrument
(Monolith NT .115, software version 1.2.1, NanoTemper, Minchen, Germany).
Samples were allowed to equilibrate, in the instrument, for an additional 15 min
at 37 °C before collecting data. All readings were taken using the MO.Control
program (version 1.6.1, NanoTemper, Munchen, Germany) using red excitation
(650 nm, 30-100% power), and medium MST power (40%). MST values were
determined, at the 3 second temperature jump. Data were normalized to the
fraction of complexed molecules (FB) as previously described (173). MST values
were fit to a log [Cj~-CDT subunit] vs response equation to generate binding
curves (GraphPad Prism version 8.1.2).

Alphafold modeling of Cj-CDT subunit interactions. Alphafold models for
all the Cj-CDT subunit combinations included in this thesis were generated using
ChimeraX version 1.4 using the command Alphafold function. Briefly, amino acid
sequences for the different CDT subunits that we wanted to model were imputed
into the ChimeraX program in a fasta format under the tools:Alphafold function
and run through the prediction program to generate our predicted models (102).

Cj-CDT size exclusion chromatography. Concurrently refolded Cj-CDT
subunits or Cj-CdtB subunit alone was loaded onto a Bio-Gel P-60 gel filtration
column (Bio-rad, Hercules, CA) that was previously equilibrated in PBS pH 7.4.

Fractions (1 mL) were collected and protein content of each fraction was
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analyzed by running on an SDS-PAGE gel followed immunoblot analysis probing
for each subunit as previously described.

Paraformaldehyde crosslinking evaluation of Cj-CDT subunit interactions.
Cj-CDT subunits were incubated at the indicated subunit concentrations and
combinations on ice. After 1 h, samples were crosslinked at 37 °C with 1%
paraformaldehyde. After 10 mins, samples with quenched with 500 mM glycine.
After 5 mins, quenched, crosslinked Cj-CDT subunits were either boiled or un-
boiled at 100 °C for 10 mins. Samples were then run on a 12% SDS-PAGE gel
and toxin subunits were evaluated either using Krypton Protein Stain or
immunoblotting with the indicated primary antibodies as previously described.

Cj-CDT subunit sequential exposure intoxication experiments. Cj-CDT-
dependent arrest of cell cycle progression at the G2/M interface was assessed
using flow cytometry (FACSymphony A1, BD Biosciences, Franklin Lakes, NJ) as
previously described (50, 62). For all sequential exposure experiments,
treatments were performed with Cj-CDT subunits that had the polyhistidine tag
removed. To evaluate Cj-CDT subunit sequential exposure activity, HCT116 cells
lines were seeded (approximately 0.04-0.05 X 108 cells per well) on 24-well
culture plates and incubated at 37 °C and under 5% CO:2. After 24-48 h, cells
were chilled on ice at atmospheric conditions. After 30 mins, cells were exposed
to the indicated Cj-CDT toxin combinations, as indicated in the figures, in cold
PBS pH 7.4 or cold media, on ice, and under atmospheric conditions. After 30
mins, as indicated in the figures, toxin containing PBS or media was removed

and cells were either washed twice with cold PBS or media, or unwashed. Cells
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were then exposed to the second set of Cj-CDT toxin combinations, as indicated
in the figures, in cold PBS or cold media, on ice, and under atmospheric
conditions. After another 30 mins, as indicated in the figures, toxin containing
PBS was washed once with cold PBS or for the media condition was unwashed.
For cells that were subjected to a third set of exposures, cells were exposed to
the third set of Cj-CDT subunits in cold media, on ice, and under atmospheric
conditions for 30 mins before the cells were washed with media. After the final
wash step or incubation step, cells were incubated with complete medium at 37
°C and under 5% COa2. After 24, cell culture medium was removed, and cells
were washed twice with PBS. Cells were then detached from the cell culture
plate by trypsinization at 37 ° C, harvested, and analyzed in the same manner as
previous cell cycle experiments described above.

Cj-CDT subunit dialysis activity experiments. Purified Cj-CDT subunits,
individually refolded and concurrently refolded, were incubated together on ice at
a final concentration of 10 uM. After 1 h, the mixtures were diluted to a final
concentration of 1 uM and either incubated at 37 °C or dialyzed at 37 °C against
PBS pH 7.4 (1:1000 sample to buffer ratio), using Micro Float-A-Lyzer Dialysis
Devices with a Molecular weight cutoff (MWCO) of 50 kDa (Spectrum Labs, CA).
After 48 h, samples were harvested and evaluated for retention of Cj-CdtB using
immunoblot analyses (normalized to 10 nM) and cellular activity under warm
pulse conditions. Briefly, HCT116 cells were seeded (approximately 0.04-0.05 X
108 cells per well) on 24-well culture plates and incubated at 37 °C and under 5%

COo2. After 24-36 h, media was removed and cells were incubated with PBS
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containing recombinant CDT, either dialyzed or un-dialyzed, or in the absence of
CDT at the dilution factors indicated in the figures, under atmospheric conditions.
After 1 h, PBS with or without toxin was removed and replaced with complete
medium and incubated at 37 °C and under 5% COa2. After 24, cell culture medium
was removed, and cells were washed twice with PBS. Cells were then detached
from the cell culture plate by trypsinization at 37 ° C, harvested, and analyzed in
the same manner as previous cell cycle experiments described above.
Campylobacter jejuni native toxin expression quantification and biological
activity assays. C. jejuni (81-176), (DS104), and (DS104(pRAM33)) strains were
streaked onto MH plates as previously described. After the formation of colonies,
an individual colony was selected and incubated in 10 mL of Mueller Hinton broth
in a tri-gas incubator at 42 °C, with 10% CO2 and 5% Oz2, shaking at 120 rpm.
After an overnight incubation, the cultures were allowed to reach an OD ~ 0.6,
culture optical density was measured at 600 nm (Genesis 20 Spectrophotometer,
Thermo, Rockford, IL), and then was spun at 8,000 x g for 10 mins to pellet the
bacteria. Culture supernatant, devoid of bacteria, was collected and filtered
through a 0.22 um filter (Millex-MP, Millipore, Carrigtwohill. IRL). Culture filtrate
was then immunoblotted with antibodies specific to all three Cj-CDT subunits, as
previously described. Alternatively, culture filtrate was used to intoxicate host
cells to evaluate cellular activity. Cj~-CDT-dependent and C. jejuni culture filtrate
arrest of cell cycle progression at the G2/M interface was assessed using flow
cytometry (FACSymphony A1, BD Biosciences, Franklin Lakes, NJ) as

previously described (50, 62). To evaluate C. jejuni culture filtrate activity,
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HCT116 cells were seeded (approximately 0.04-0.05 X 108 cells per well) on 24-
well culture plates and incubated at 37 °C and under 5% COz2. After 24-36 h,
media was removed and cells were incubated with PBS pH 7.4 containing
recombinant CDT, C. jejuni culture filtrate, or in the absence of CDT at the
concentrations or dilutions indicated in the figures, at 37 °C under atmospheric
conditions. After 1 h, PBS with or without toxin was removed and replaced with
complete medium and incubated at 37 °C and under 5% CO.. After 24, cell
culture medium was removed, and cells were washed twice with PBS. Cells were
then detached from the cell culture plate by trypsinization at 37 ° C, harvested,
and analyzed in the same manner as previous cell cycle experiments described
above.

Campylobacter jejuni infection studies. C. jejuni (81-176), (DS104), and
(DS104(pRAM33)) strains were streaked onto MH plates as previously
described. After the formation of colonies, an individual colony was selected and
incubated in 10 mL of Mueller Hinton broth in a tri-gas incubator at 42 °C, with
10% CO2 and 5% Oz2, shaking at 120 rpm. After an overnight incubation, the
cultures were allowed to reach an OD ~ 0.6, culture optical density was
measured at 600 nm (Genesis 20 Spectrophotometer, Thermo, Rockford, IL). C.
jejuni density was calculated previously at 1 x 10" CFU/mL per 1 OD. HCT116
that were seeded (approximately 0.04-0.05 X 10° cells per well) on 24-well
culture plates and incubated at 37 °C and under 5% CO:2 for 24-48 h, were then
counted using a hemocytometer and infected with the indicated multiplicity of

infection (MOI) of C. jejuni or not infected, in complete medium at 37 °C and
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under 5% COa2. After 24, cell culture medium was removed, and cells were
washed twice with PBS pH 7.4. Cells were then detached from the cell culture
plate by trypsinization at 37 ° C, harvested, and analyzed in the same manner as
previous cell cycle experiments described above.

Cj-CDT receptor crosslinking and identification. Epitope tagged Cj-CdtC-
HA subunit were treated with SATA reagent (Thermo, Rockford, IL) to add
protected sulfhydryl groups onto the subunit at a 10 x molar access of SATA to
Cj-CDT. SATA modified proteins were deacetylated using 0.5 M hydroxylamine
and desalted to purify the sulfhydryl-modified protein from the hydroxylamine.
Immediately after desalting, our bifunctional crosslinker KMUH (Thermo,
Rockford, IL) was added at a 10 x molar excess to our sulfhydryl modified
protein. Cj-CdtC-HA subunits conjugated to our KMUH crosslinker was then
dialyzed to remove un-bound crosslinker, quantified using Coomassie Plus
(Bradford) assay (Thermo, Rockford, IL), and analyzed by running the protein-
crosslinker on a 12% SDS-PAGE gel followed by Coomassie staining. In order to
prepare cells for Cj-CdtC-HA subunit-receptor crosslinking, HCT116 cells were
treated with 15 mM sodium periodate on ice, in the dark. After 30 mins of sodium
periodate treatment, cells were incubated with 10 uM Cj-CdtC-HA-KMUH on ice.
After 2 h, unbound Cj-CDT was removed and cells detached using an enzyme-
free, PBS-based, cell dissociation buffer (Gibco, Grand Island, NY) incubated at
37 °C. Membrane proteins containing crosslinked Cj-CdtC-HA subunits were
isolated from detached cells using the Mem-PER Plus membrane protein

extraction kit (Thermo, Rockford, IL). Cj-CdtC-HA subunits crosslinked to
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membrane proteins were separated from un-crosslinked membrane proteins
using immunoprecipitation with an HA-tag rabbit monoclonal antibody conjugated
to magnetic beads (Cell Signaling, Danvers, MA). Purified Cj-CdtC-HA
crosslinked to host cell receptor proteins were then submitted to mass
spectrometry (Mass Spectrometry Lab, Univ. lllinois, Urbana, IL) for receptor
identification.

Statistical Analyses. Each experiment was performed at least three
independent times, signified as n = 3, unless otherwise indicated. Error bars
represent standard deviations. Statistical analyses were performed using
GraphPad Prism 8.1.2. Dose response curves were fit to a log (agonist) vs
response (three parameters) equation. R2 values indicate fit of the data to the
regression model. Analysis of statistical differences was performed using one-
way ANOVA followed by the Tukey’s post-hoc test. Statistical significance (P <

0.05) was determined at o = 0.05.

4.3 RESULTS
4.3.1 Cj-CDT subunit interaction evaluation through Alphafold, size exclusion
chromatography, and paraformaldehyde crosslinking

Our previous findings suggest that the Cj-CDT subunits might not
assemble into a functional heterotrimeric complex before interacting with host
cells, challenging the previous assumption that Cj-CDT complex formation is
crucial for toxin activity. To investigate this further, we conducted additional
studies including Alphafold modeling, gel filtration, and paraformaldehyde

complex crosslinking. First, to better understand how the Cj-CDT subunits might
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be interacting with one another to form a heterotrimeric complex, we use
Alphafold to predict the protein structures of the different Cj-CDT subunit
interactions. We confirmed the accuracy of Alphafold in predicting CDT
structures by comparing an Alphafold prediction of the Hd-CDT heterotrimeric
complex to that of the known crystal structure of Hd-CDT, yielding a root-mean-
square-deviation, a measure of the average distance between the atoms of the
superimposed molecules, of 0.21 angstroms (Figure 4.1A). Using Alphafold we
modeled the Cj-CDT heterotrimer (Cj-CdtA + Cj-CdtB + Cj-CdtC) (Figure 4.1B),
heterodimer (Cj-CdtA + Cj-CdtB, Cj-CdtA + Cj-CdtC, and Cj-CdtB + Cj-CdtC)
(Figure 4.2A-C), and homodimers (Cj-CdtA + Cj-CdtA, Cj-CdtB + Cj-CdtB, and
Cj-CdtC + Cj-CdtC) (Figure 4.3A-C). The Alphafold predictions suggested that
the Cj-Cdt subunits were able to interact with each other to form heterodimer and
heterotrimer complexes, with high confidence. In addition, only the Cj-CdtC
subunit was predicted to interact with itself to form a homodimer complex with
high confidence (Figure 4.3C), implying that Alphafold did not predict interactions
between the Cj-CdtA or Cj-CdtB homodimers. The Cj-CdtC homodimer structural
prediction is interesting because it suggests the possibility that Cj-CdtC
homodimers may facilitate the association of Cj-CdtA or Cj-CdtB subunits,
possibly by providing a stable intermediate complex preceding heterotrimer
formation. To test this idea, we used Alphafold to model Cj-CdtC homodimer
interactions with either Cj-CdtA (Cj-CdtC + Cj-CdtC + Cj-CdtA) (Figure 4.4A) or
Cj-CdiB (Cj-CdtC + Cj-CdtC + Cj-CdtB) (Figure 4.4B). Interestingly, Alphafold

predicted that the Cj-CdtC homodimer could interact with the Cj-CdtB subunit,
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suggesting that Cj-CdtC + Cj-CdtC + Cj-CdtB complex, involving the Cj-CdtC
homodimer could form during subunit interaction and complex assembly.

It has been previously shown that higher molecular weight Cj-CDT
complexes could be isolated using size exclusion chromatography (81). To verify
that our toxin behaved similarly to previous findings, we conducted size exclusion
chromatography on assembled Cj-CDT holotoxin and observed the formation of
higher molecular weight complexes (Figure 4.5). While other groups have seen
the capacity of the CDTs to form a higher molecular weight complex, there is a
lack of association between complex formation and toxin activity. Therefore, to
further assess the significance of the predicted tripartite Cj-CDT structure for
toxin activity, we determined the concentrations at which mixtures of Cj-CdtA, Cj-
CdtB, and Cj-CdtC could be crosslinked using paraformaldehyde. In experiments
using 0.5 uM of Cj-CdtA and increasing concentrations of equimolar Cj-CdtB and
Cj-CdtC, we saw formation of high molecular weight complexes (~100 kDa) only
when incubated with 5 and 10 uM of Cj-CdtB and Cj-CdtC (Figure 4.6A,B). In
addition, we only detected the formation of heterodimeric complexes at subunit
concentrations above 1 uM (Figure 4.7A) and only the formation of a Cj-CdtC
homodimer complex at concentrations above 1 uM (Figure 4.7B). When taken
together with our dialysis retention, MST, and co-immunoprecipitation results as
described earlier, our findings further support the idea that, at the lowest
concentrations of toxin sufficient to induce arrest of cell cycle progression,
mixtures of Cj-CdtA, Cj-CdtB, and Cj-CdtC primarily consist of noninteracting

subunit monomers.
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4.3.2 MST reveals low affinity interactions in different species of CDTs

In the previous chapter, microscale thermophoresis (MST) studies
revealed low binding affinities for the individual Cj~-CDT subunits in the formation
of heterodimer, notably contrasting with the concentrations requisite for cellular
toxin activity. Furthermore, the retrieval of the heterotrimer complex via dialysis
retention and immunoprecipitation exhibited similarly low affinities. To provide a
more quantitative assessment of Cj-CDT heterotrimeric complex formation, we
utilized MST to probe heterotrimer formation. Similar to the binary Cj-CDT
subunit interactions, Cj-CdtA + Cj-CdtB + Cj-CdtC subunit interaction occurred
with a very low affinity, as evidenced by MST measurements yielding a non-
saturable, non-sigmoidal binding curve with an apparent KD of >20 uM (Figure
4.8). Notably, the first concentration of titrate yielding detectable signal above
background in our MST binding curve was 10 uM, implying even lower affinity of
Cj-CDT heterotrimer formation compared to heterodimer pairs. These data are
consistent with the idea that Cj-CDT heterotrimer complex formation occurs with
low affinity. However, given that MST gauges the change in movement of a
labeled subunit to determine binding, a notable limitation arises regarding its use
in assessing heterotrimeric complexes, as it cannot distinguish between
heterodimeric and heterotrimeric interactions. Given the propensity of Cj-CDT
subunits to form dimeric complexes, we believe that the formation of various
subunit complexes may impede our measurement of heterotrimeric complex

formation via MST.
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All preceding data collectively suggest a need to reassess the model of Cj-
CdtA, Cj-CdtB, and Cj-CdtC interacting functionally with host cells as a
preassembled, heterotrimeric complex. However, it remains uncertain whether
this behavior is unique to Cj-CDT or if other CDTs exhibit similar characteristics.
To address this gap, we conducted MST measurements with Ec-CDT and Hd-
CDT subunits. Consistent with prior findings (62), our studies revealed that both
Ec-CDT and Hd-CDT-dependent arrest of cell cycle progression occurs in a
dose-dependent manner (Figure 4.9A,B), with Ec-CDT having a lower specific
activity compared to Hd-CDT (CCAso = 150 (£ 13.0) nM and 14 (+ 3.0) pM,
respectively). Overall, these studies indicated that Hd-CDT subunit interactions
(i.e., HA-CdtA + Hd-CdtB, Hd-CdtA + Hd-CdtC, Hd-CdtB + Hd-CdtC, and Hd-
CdtA + Hd-CdtB + Hd-CdtC) occurred with relatively low affinity and were not
detectable by MST at concentrations which the toxin induces arrest of cell cycle
progression (i.e., 10-100 pM) (Figure 4.9B). Sigmoidal, saturable binding curves
were obtained for mixtures of Hd-CdtA and Hd-CdtB as well as mixtures of Hd-
CdtA and Hd-CdtC, with dissociation constants (KD) of approximately 0.16 uM
and 0.31 uM respectively (Figure 4.10A,B). Hd-CdtB interactions with Hd-CdtC
occurred with even lower affinity, as MST measurements yielded non-saturable,
non-sigmoidal binding curve with an apparent KD of >5 uM (Figure 4.10C), as
well as the trimer combination which yielded a non-saturable, non-sigmoidal
binding curve with an apparent KD of >10 uM (Figure 4.10D). On the other hand,
for the Ec-CDT subunit interactions we obtained non-saturable, non-sigmoidal

binding curves for all subunit combinations at the concentrations tested (Figure
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4.11A-D), suggesting that the Ec-CDT subunits were not interacting with each
other under the MST conditions used. These data suggest that similar to Cj-
CDTs, the Ec and Hd-CDT subunits consist of primarily non-interacting subunits
at the lowest concentrations of toxin found to be sufficient to induce arrest of cell

cycle progression.

4.3.3 Cj-CDT subunits holotoxin complex formation could be occurring at the host
cell surface

Previous experiments evaluating subunit interactions suggest that Cj-CDT
may not require heterotrimer complex formation prior to interacting with host
cells. Given the requirement of all three Cj-CDT subunits for maximum cellular
activity and the incongruence between Cj-CDT heterotrimeric complex formation
prior to interacting with host cells and toxin biological activity, we suggest the
possibility that the Cj~-CDT subunits might be overcoming the weak affinity for
complex formation in solution by forming an active complex at the host cell
surface. To evaluate the possibility of active complex formation at the host cell
surface we performed several Cj-CDT subunit sequential exposure experiments,
where cells were exposed to different combinations of subunits under non-
internalizing conditions, to limit subunit interaction and the formation of an active
holotoxin complex to that of only membrane associated Cj-CDT subunits. We
utilized different conditions such as toxin subunit combinations, washing
conditions, and buffers. HCT116 were chilled on ice to block subunit endocytosis

(37, 78). After 30 mins, cells were incubated with the first set of indicated subunit
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combinations in cold complete media. After 30 additional minutes, cells were
washed twice with cold complete media to remove any unbound subunits and
then incubated with the second set of indicated subunit combinations in warm
complete media at 37 °C and under 5% CO2. After 24 h, cells were then
harvested and evaluated for cell cycle arrest. This sequential exposure condition
revealed that HCT116 cells were insensitive to media washed sequential
exposure to 10 nM of Cj-CDT subunits (Figure 4.12A). However, the media
washed sequential exposure to 100 nM of Cj-CDT subunits resulted in toxin
activity (Figure 4.12B), specifically the A+BC and AC+BC sequence of Cj-CDT
subunit exposures. For both the 10 nM and 100 nM concentrations, toxin that
was concurrently premixed and exposed to cells had greater biological activity
(Figure 4.12A,B).

We also evaluated the effects of exposing cells to sequential exposures of
toxin in PBS instead of media, which yielded no activity with 100 nM of Cj-CDT
subunits (Figure 4.13). Under these conditions cells were washed once more
with ice cold PBS after the final incubation step, which led to a loss in toxin
activity in the sequential exposure conditions compared to concurrently exposed
Cj-CDT subunits. Notably, toxin activity was slightly lower for conditions where
toxin subunits were concurrently mixed during the second exposure compared to
toxin that was premixed and added to cell (Figure 4.13), which suggests the
possibility that toxin subunits that is in complex prior to contact with host cells,

preassembled toxin, is more active than toxin subunits that are assembling
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concurrently at the host cell surface, mixed toxin subunits at the second
exposure step.

A concern raised with the previous experiments was that the washing
conditions during sequential exposure might impact toxin complex formation at
the host cell surface. To address this, we evaluated another condition wherein
cells were exposed to sequential Cj-CDT subunit exposures in media without
washing steps. After cells were incubated in cold complete media with the first
set of subunit combinations, we removed media containing toxin subunits and
added in the second set of subunit combinations, without washing, in warm
complete media at 37 °C and under 5% COg, as indicated in the figures. After 24
h, cells were then harvested and evaluated for cell cycle arrest. Under this no
wash sequential exposure condition, we saw activity even at the 10 nM subunit
concentration (Figure 4.14A), as well as full activity compared to concurrent toxin
exposure for the 100 nM subunit concentration (Figure 4.14B).

Finally, we performed a three-step sequential exposure experiment, where
a single subunit was added to host cells under chilled media conditions and
washed between each sequential exposure. Under these conditions, we
observed no activity when toxin subunits were individually and sequentially
exposed at 100 nM (Figure 4.15). The loss of toxin activity in this experiment
could be due to several factors, we think the primary reason was due to the
extensive washing steps after each exposure. HelLa cells were also tested under
the PBS pulse conditions and did not exhibit activity similar to that of HCT116

cells (data not shown). While we cannot distinguish whether the Cj-CDT toxin

160



subunits are forming a complex at the host cell surface or in solution under these
experimental conditions, we believe that it is possible that the assembly of active

Cj-CDT holotoxin could be occurring at the cell surface level.

4.3.4 Specific activity of Gj-CDT could be much higher than previously observed

Sequential exposure experiments described immediately above suggest
the possibility of complex formation on the host cell surface as an alternative
mechanism for holotoxin complex assembly despite the low subunit affinities
observed in solution. However, biological activity was observed under sequential
exposure conditions where either cells were exposed to high concentrations of
toxin (100 nM) (Figure 4.12B) or under conditions where cells were not washed
prior to sequential exposure steps (Figure 4.14A,B). Under these conditions, we
cannot rule out the possibility of the Cj-CDT subunits forming heterotrimeric
complex, albeit at levels much lower than used to treat cells. It is plausible that
Cj-CDT heterotrimeric complex formation prior to encountering the host cell is
required for toxin activity, but the toxin might be in complex at concentrations
undetectable by the experimental approaches used in our studies. An alternative
model to the relationship between Cj-CDT heterotrimer complex formation and
biological activity is that Cj~-CDT specific activity is much higher than previously
observed. Based on our subunit interaction studies, if the affinity for Cj-CDT
heterotrimeric complex formation seems to exceed 1 uM, then that suggests that
at our determined CCAso concentrations for Cj-CDT G2/M arrest activities (~1

nM) only 0.1% of our toxin would be in complex. This would imply that the CCAso
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of active toxin in complex is in the low pM range. To evaluate the activity of Cj-
CDT toxin that’s in complex, we compared the biological activities of our dialyzed
toxin to that of un-dialyzed toxin. Toxin activity was evaluated by treating cells
with Cj~-CDT under a warm pulse 1 h PBS pulse, which we observed to have
slightly higher biological activities compared to toxin that was cold pulsed in PBS
(Figure 4.16). Cj-CDT holotoxin where the subunits were refolded together or
where the subunits were refolded individually was diluted to 1 uM and dialyzed
for 48 h at a 1:1000 (sample:buffer ratio) at 37 °C, resulting in a loss of subunit in
complex (Figure 4.17A), as previously shown (samples were normalized to 10
nM for immunoblot analysis), indicating that retentates had toxin in complex well
below 10 nM in concentration. Post dialysis retentates and un-dialyzed toxin,
incubated at 37 °C (1 uM), were then sequentially diluted and used to intoxicate
HCT116 cells. While immunoblot analysis revealed that less than 10 nM of toxin
was retained post dialysis (Figure 4.17A), toxin activity was measurable up to 3
log fold dilutions of what was contained in the post dialysis retentates (Figure
4.17B,C). These data demonstrate that the dialysis retentates, which should
consist of toxin in its heterotrimeric form, had toxin activity in the low pM
concentration ranges, supporting the idea that the Cj-CDT holotoxin might have a
much higher specific activity that previously observed.

A significant gap in knowledge regarding the structure-function
relationships of the Cj-CDT toxin lies in understanding its behavior during
infection. To address this relationship, we measured the specific activity of Cj-

CDT expressed in cultures of C. jejuni. It's worth noting that little is known about
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the Cj-CDT complex during infection, and a major challenge in studying CDT
during infection is the low levels of toxin produced by the pathogen.
Campylobacter jejuni strains containing cdt genes (81-176), cytolethal distending
toxin mutants (DS104), and DS104 mutants complemented with cdt genes in
trans (DS104(pRAMS33), were grown overnight to an OD ~ 0.6 (600 nm). Filtrate
from all three Cj-CDT strains were then evaluated for the presence of Cj-CDT
toxin using immunoblot analysis and G2/M arrest activity under a warm pulse
treatment. Interestingly, our immunoblot measurements of Cj-CDT subunit
content failed to detect any of the Cj-CDT subunits in the culture filtrate from C.
jejuni (81-176) (Figure 4.18), C. ejuni (DS104), or C. jejuni (DS104(pRAM33))
(Data not shown). Our limit for subunit detection using immunoblot analysis was
10 nM, suggesting that less than that amount of Cj-CDT, if any, was present in
the culture filtrate of our C. jejuni strains. Additionally, we could not quantify toxin
concentration through mass spectrometry (data not shown). However, when we
evaluated culture filtrate activity, G2/M arrest was measurable up to 2 log fold
dilutions from C. jejuni (81-176) and C. jejuni (DS104(pRAM33)) culture filtrates
(Figure 4.19A,C). C. jejuni (DS104) a mutant strain that has been shown to not
express Cj-CDT (68), had no biological activity, suggesting that G2/M arrest
response from culture filtrate treatment was caused by Cj-CDT in the culture
filtrate. As a control, we intoxicated HCT116 cells with recombinant Cj-CDT
under the same conditions as the culture filtrates (Figure 4.19D). These data
suggest that CDT produced by C. jejuni were biologically active and has an

activity in the sub nM concentration ranges, supporting the idea that that the Cj-
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CDT holotoxin might have a much higher specific activity. Furthermore, when
comparing the activity to our previous subunit interaction studies, the data
suggests that the majority of toxin produced by the pathogen would not be in a
complex.

Finally, to better understand how toxin levels produced by C. jejuni during
infection translates to toxin activity from culture filtrates and recombinant Cj-CDT
studies, we perform multiplicity of infection studies to evaluate cellular G2/M
response to C. jejuni as a surrogate for measuring toxin concentration. Our
infection experiments revealed a significant increase in G2/M arrest in host cells
infected with 1 — 10 MOI of C. jejuni (81-176) (Figure 4.20A) but not in cells
infected with C. jejuni (DS104) or (DS104(pRAM33)) (Figure 4.20B,C). In
addition, G2/M arrest never exceeded 50% and was similar to cellular response
to the lower range of recombinant toxin concentrations (< 1 nM). These data
suggest that either Cj-CDT is being produced at low concentrations during
infection or other factors from the pathogen are limiting Cj-CDT mediated G2/M

arrest activities.

4.4 DISCUSSION

The studies described in this chapter provide additional work to better
understand Cj-CDT subunit interactions and how Cj-CDTs might be functioning
independently of a holotoxin complex in solution. Previous work conducted using
CDT from different mucocutaneous human pathogens have contributed to the

widely accepted model that CDT binds to and intoxicates sensitive host cells as
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an assembled tripartite toxin (40, 81, 141). However, our work has demonstrated
that Cj-CDT exists predominantly as monomers in solution at concentrations
shown to have cellular activity (24). In addition, interaction studies with both Ec-
CDTs and Hd-CDT suggest that the weakly associated heterotrimeric nature of
CDTs might extend beyond just Cj-CDTs. Regarding these results, we conducted
additional experiments to evaluate Cj-CDT holotoxin assembly and to further
demonstrate that higher molecular weight complexes were forming at lower
affinities than previously realized. Our studies revealed that Cj~-CDT complex
formation might not be as straightforward as we previously believed. For
instance, Alphafold modeling of Cj~-CDT subunit interactions and
paraformaldehyde crosslinking experiments revealed that the Cj-CdtC subunit
could potentially interact with itself to form homodimer complexes. Evidence for
Cj-CdtC subunit interaction with itself to form a homodimer complex has been
seen but not discussed in previous studies (81). The possibility that the Cj-CdtC
subunit can form different heterotrimeric complexes with itself and the other Cj-
CdtA and Cj-CdtB subunits might also explain why in our MST studies we are
unable to measure sigmoidal binding curves with NTA-565-dye-labeled Cj-CdtC
subunits, as the termini used to label the Cj-CdtC subunit could be important for
subunit interactions. It is unclear as to the significance or relevance of the
formation of these homodimeric Cj-CdtC complexes, but it could possibility play a
role in toxin assembly and function. Since all three Cj-CDT subunits have been
shown to interact with each other, homodimeric Cj-CdtC subunits could be

important for the assembly of the heterotrimeric complex, which we have shown
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to have a rather weak affinity (24). Alphafold predictions of the Cj-CdtC
homodimer suggest that the complex has a pocket where the Cj-CdtB subunit
can interact within (Figure 4.4B). This homodimer pre-complex could be
important in recruiting the Cj-CdtA and Cj-CdtB subunits together. In addition, the
ability of the Cj-CdtC subunit to interact at different sites and configurations
shown in the Alphafold models perhaps suggests that the Cj-CdtC subunit plays
an important role in holding the heterotrimeric complex together. This idea is also
supported by our MST data which demonstrated that the Cj-CdtA + Cj-CdtC and
Cj-CdtB + Cj-CdtC subunit combinations have significantly higher affinity than the
Cj-CdtA + Cj-CdtB subunit combination.

One major takeaway from our subunit interaction studies is the puzzling
notion of how Cj-CDTs could function independently of a holotoxin complex in
solution. We believe it's unlikely that the subunits can function in isolation without
interacting with each other, as there's no precedent among AB toxins or other
bacterial toxins where protein subunits independently interact in a manner
resulting in site-specific intracellular trafficking. However, it's conceivable that
CDTs could be secreted as individual subunits and only assemble into a
functional complex after secretion. This strategy for toxin assembly is seen in
other multi-component toxins such as anthrax toxins (26) and lota toxin from
Clostridium perfringens (128), which assemble at the host cell surface. We
hypothesize that the Cj~-CDT subunits may interact with a host factor, specifically
the host cell surface receptor, to facilitate the assembly of the heterotrimeric

complex. Previous studies have demonstrated that the Cj-CDT subunits (84), as
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well as the subunits from other species of CDTs (19, 71, 98), can bind
independently to the plasma membrane of sensitive cells, suggesting that Cj-
CDT subunits could associate at the host cell plasma membrane as a precursor
to complex assembly. In addition, considering the known role of the CdtC
subunits in binding to host cells (39, 103, 107), it's possible that the previously
observed homodimeric Cj-CdtC complexes could further enhance host receptor
recognition and surface assembly. Studies conducted to assess the involvement
of surface assembly in toxin activity, employing sequential exposure
experiments, suggest the plausibility of this model. Based on our current
understanding of the roles of the three Cj-CDT subunits, particularly the notion
that Cj-CdtA and Cj-CdtC serve as the canonical binding and transport subunits,
one would anticipate toxin surface assembly to occur sequentially, with the initial
binding of Cj-CdtA and/or Cj-CdtC preceding Cj-CdtB binding as a necessary
step. However, our findings indicate that cellular activity could still be measured
when cells were sequentially exposed to the Cj-CdtB subunit before the Cj-CdtA
and Cj-CdtC subunits. This observation contradicts the notion that Cj-CDT
assembles at the host cell surface, as the Cj-CdtB subunit is believed to be
unable to bind to host cells independently (84). In addition, it has been previously
shown that precomplexed subunit combinations, specifically the Hd-CdtA and
Hd-CdtC subunits, could block the cell killing activities of HAd-CDTs expressed in
culture filtrates (37). This study supports the model that Hd-CDTs are functioning
as a preassembled complex prior to reaching the host cell surface rather than

assembling into an active holotoxin complex at the host cell surface. In order to
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better understand how Cj-CDTs are interacting at the host cell surface, we
believe it's important to identify the specific host receptor. Currently we are
working to identify potential Cj-CDT host cell receptors using cross-linking mass
spectrometry.

Another possible explanation to the disparity between the structure
function relationships of Cj-CDT is that the toxin does interact with cells as an
assembled heterotrimeric complex, albeit at extremely low concentrations that
were previously undetectable by experimental methods used in earlier studies.
Our data indicate that even at toxin concentrations well below the limit of
detection, we are able to observe toxin activity. These findings suggest that the
specific activity of Cj-CDT is significantly higher than previously recognized,
possibly with CCso values in the pM or even fM concentration ranges.

One of the major gaps in knowledge concerning host-pathogen interactions
involves understanding the role of toxins, particularly CDTs, in bacterial
infections. This poses a major challenge because replicating similar infection
conditions in laboratory settings is nearly impossible. To gain a better
understanding of these roles, it's crucial to study toxin functions under
physiological conditions, such as concentrations relevant to infection conditions.
Unfortunately, many studies on CDTs overlook evaluating the dose-response to
the toxin and often use concentrations much higher than those likely to be
physiologically relevant. While numerous studies have reported the
cytolethal/cell-killing effects of CDT, our infection studies have not observed cell

death (data not shown). Although the role of CDTs during infection remains
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poorly understood, it's highly unlikely that C. jejuni produces CDT with the
intention of killing host cells; rather, it may disrupt cellular homeostasis in a
manner advantageous to the pathogen. We speculate that the amounts of toxin
produced and secreted during infection are critical and likely well controlled by
the pathogen. Hence, we propose that Cj-CDT might have evolved to possess
low subunit affinity as a post-translational strategy to limit toxin activity to local
environments (Figure 4.21). We envision this as the toxin having a built-in "kill
switch" mechanism, where if the toxin disperses too far from the site of infection,
it is turned off due to disassembly. This hypothesis aligns with our model of how
C. jejuni colonizes and modulates its surrounding environment, particularly the
crypt region of the intestines. During infection, Cj-CDT is secreted as a holotoxin
complex, targeting and damaging crypt cells at the infection site. These cells are
in close proximity or even in direct contact with the pathogen, resulting in the
effective presence of toxin at extremely high concentrations. However, as the
toxin diffuses away from the infection site, the complex begins to disassemble
and deactivate due to the weak subunit affinities for complex formation and the
significant change in the concentration gradient, from close cell contact to the
open villus space. This concept of a "kill switch" feature in toxins is novel and
warrants further exploration. It sheds light on new potential mechanisms by which

pathogens could regulate toxin activity and adapt to their host environments.
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4.5 FIGURES

Figure 4.1
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Figure 4.1: Alphafold models of Hd-CDT and Cj-CDT heterotrimeric complexes. (A) Hd-CDT

crystal structure (teal) was superimposed onto the Alphafold generated Hd-CDT heterotrimeric

complex shown with high confidence residues colored blue, and lower confidence in yellow,

orange and red. (B) The Alphafold generated Cj-CDT heterotrimeric complex prediction shown

with high confidence residues colored blue, and lower confidence in yellow, orange and red.
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Figure 4.2
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Figure 4.2: Alphafold models of Cj-CDT heterodimer combinations. (A) Alphafold generated
Cj-CdtA + Cj-CdtB, (B) Cj-CdtA + Cj-CdtC, (C) Cj-CdtB + Cj-CdtC subunit heterodimer complex

predictions shown with high confidence residues colored blue, and lower confidence in yellow,

orange and red.



Figure 4.3
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Figure 4.3: Alphafold models of Cj-CDT homodimer combinations. (A) Alphafold generated
Cj-CdtA + Cj-CdtA, (B) Cj-CdtB + Cj-CdtB, (C) Cj-CdtC + Cj-CdtC subunit homodimer complex
predictions shown with high confidence residues colored blue, and lower confidence in yellow,

orange and red.
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Figure 4.4
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Figure 4.4: Alphafold models of Cj-CdtC homodimer binding with the Cj-CdtA and Cj-CdtB
subunits. (A) Alphafold generated Cj-CdtA + Cj-CdtC + Cj-CdtC, (B) Cj-CdtB + Cj-CdtC + Cj-
CdtC subunit heterotrimer complex predictions shown with high confidence residues colored blue,
and lower confidence in yellow, orange and red.
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Figure 4.5
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Figure 4.5: Cj-CDT heterotrimer size exclusion chromatography. Purified Cj-CDT subunits,

refolded concurrently (Cj-CdtABC) or the individual Cj-CdtB subunit, were loaded onto a Bio-Gel
P-60 gel filtration column. Fractions (1 mL) were collected and analysis by immunoblot analysis

probed with primary antibodies specific to each individual Cj-Cdt subunit. Data shown are

representative of 2 independent biological replicates (n =2).
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Figure 4.6
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Figure 4.6: Cj-CDT heterotrimer paraformaldehyde crosslinking. Purified Cj-CdtA (0.5 mM)
was incubated with equimolar concentrations of both Cj-CdtB and Cj-CdtC (10 nM — 10 uM) on
ice. After 1 h, 1% paraformaldehyde was added to the subunit mixtures at 37 °C. After 10 mins,
samples with quenched with 500 mM glycine. After 5 mins of quenching, crosslinked Cj-CDT
subunits were either boiled or un-boiled at 100 °C for 10 mins. Samples were then run on a 12%
SDS-PAGE gel and toxin subunits were evaluated either using Krypton Protein Stain or
immunoblotting with anti-Cj-CdtA primary antibodies. Data shown are representative of 3

independent biological replicates (n =3).
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Figure 4.7
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Figure 4.7: Cj-CDT heterodimer and homodimer paraformaldehyde crosslinking. (A)
Purified Cj-CdtB (0.5 uM) + Cj-CdtA (100 nM — 10 uM), Cj-CdtA + Cj-CdtC (10 nM — 50 uM), and
Cj-CdtB + Cj-CdtC (10 nM — 50 uM) were incubated on ice. After 1 h, 1% paraformaldehyde was
added to the subunit mixtures at 37 °C. After 10 mins, samples with quenched with 500 mM
glycine. After 5 mins of quenching, crosslinked Cj-CDT subunits were boiled or un-boiled (data
not shown) at 100 °C for 10 mins. Samples were then run on a 12% SDS-PAGE gel and
evaluated using Krypton Protein Stain. (B) Purified Cj-CdtA (500 nM — 10 uM), Cj-CdtB (500 nM —
10 uM), and Gj-CdtC (1 uM — 100 uM) were incubated on ice. After 1 h, 1% paraformaldehyde
was added to the subunit mixtures at 37 °C. After 10 mins, samples with quenched with 500 mM
glycine. After 5 mins of quenching, crosslinked Cj~-CDT subunits were boiled or un-boiled (data
not shown) at 100 °C for 10 mins. Samples were then run on a 12% SDS-PAGE gel and
evaluated using immunoblotting with anti-Cj-CdtA, anti-Cj-CdtB, or anti-Cj-CdtC primary

antibodies. Data shown are representative of 2 independent biological replicates (n =2).
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Figure 4.8
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Figure 4.8: Microscale thermophoresis analysis of Cj-CdtA, Cj-CdtB, and Cj-CdtC subunit
heterotrimer interaction. NTA fluorescent labeled Cj-CdtB subunits were incubated at 37 °C
with, polyhistidine tags deficient, unlabeled-Cj-CdtC (2 uM) + unlabeled-Cj-CdtA (0.02 — 20 uM)
subunits, as indicated on the graph. After 1 h, subunits were evaluated for binding at 37 °C using
microscale thermophoresis. The data on the graph were combined from 3 independent biological
replicates (n = 3). The data were fit to a log[Cj-CDT] vs response equation on GraphPad Prism
8.1.2. The Kb was derived from the binding curve. R? values indicate fit of the data to the

regression model.
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Figure 4.9
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Figure 4.9: Biological activities of Hd-CDT and Ec-CDT. Hela cells were incubated in DMEM
medium + 10% FBS, at 37 °C, and under 5% CO2, in the absence or presence of (A) Ec-CDT
containing all three individually refolded Ec-CdtA, Ec-CdtB, and Ec-CdtC subunits (100 pM — 1
uM) or (B) Hd-CDT subunits containing all three individually refolded Hd-CdtA, Hd-CdtB, and Had-
CdtC subunits (100 fM — 10 nM). 48 h after the initial intoxication, cells were harvested and
evaluated for cell cycle arrest progression. The data were combined from 3 independent
biological replicates (n = 3) and represent the percentage of cells within the monolayer arrested
at the G2/M interface. Error bars represent standard deviations. The data were fit to a log[CDT] vs
response equation on GraphPad Prism (version 8.1.2). The CCAxo (i.e., ECso) value was
determined for each condition. R? values indicate fit of the data to the regression model.
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Figure 4.10
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Figure 4.10: Microscale thermophoresis analysis of Hd-CdtA, Hd-CdtB, and Hd-CdtC
subunit interactions. NTA fluorescent labeled Hd-CdtA or Hd-CdtB subunits were incubated at
37 °C with the indicated unlabeled Hd-CDT subunit(s) (without polyhistidine tags) as follows: (A)
NTA-labeled-Hd-CdtA (0.1 uM) + unlabeled-Hd-CdtB (0.005 — 5 uM), (B) NTA-labeled-Hd-CdtA
(0.1 uM) + unlabeled-Hd-CdtC (0.005 — 5 uM), (C) NTA-labeled-Hd-CdtB (0.1 uM) + unlabeled-
Hd-CdtC (0.08 — 5 uM) and (D) NTA-labeled-Hd-CdtA (0.1 uM) + unlabeled-Hd-CdtB (2 uM) +
unlabeled-Hd-CdtC (0.005 — 5 uM), as indicated on the graphs. After 1 h, subunits were
evaluated for binding at 37 °C using microscale thermophoresis. The data on the graph were
combined from 3 independent biological replicates (n = 3). The data were fit to a log[Hd-CDT] vs
response equation on GraphPad Prism 8.1.2. The Kp was derived from each binding curve. R?

values indicate fit of the data to the regression model.
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Figure 4.11
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Figure 4.11: Microscale thermophoresis analysis of Ec-CdtA, Ec-CdtB, and Ec-CdtC
subunit interactions. NTA fluorescent labeled Ec-CdtA or Ec-CdtB subunits were incubated at
37 °C with the indicated unlabeled Ec-CDT subunit(s) (without polyhistidine tags) as follows: (A)
NTA-labeled-Ec-CdtA (0.1 uM) + unlabeled-Ec-CdtC (0.08 — 5 uM), (B) NTA-labeled-Ec-CdtB
(0.1 uM) + unlabeled-Ec-CdtA (0.004 — 2.5 uM), (C) NTA-labeled-Ec-CdtB (0.1 uM) + unlabeled-
Ec-CdtC (0.08 — 5 uM) and (D) NTA-labeled-Ec-CdtB (0.1 uM) + unlabeled-Ec-CdtC (2 uM) +
unlabeled-Ec-CdtA (0.002 — 4 uM), as indicated on the graphs. After 1 h, subunits were evaluated
for binding at 37 °C using microscale thermophoresis. The data on the graph were combined
from 3 independent biological replicates (n = 3). The data were fit to a log [Ec-CDT] vs response
equation on GraphPad Prism 8.1.2. The Ko was derived from each binding curve. R? values

indicate fit of the data to the regression model.
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Figure 4.12
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Figure 4.12 (cont.)

Figure 4.12: G2/M cell cycle arrest activities of Cj-CDT subunit sequential exposures with
media washing. HCT116 cells were chilled on ice. After 30 mins, cells were incubated in cold
McCoy’s 5A medium + 10% FBS, on ice, and at atmospheric conditions, in the absence or
presence of the first combination of indicated Cj-CDT subunit(s) (first exposure). After 30 mins,
cells were washed twice with cold media and incubated in warm medium, at 37 °C, and under 5%
COz, in the absence or presence of the second combination of the indicated Cj-Cdt subunit(s)
(second exposure). After 24 h, cells were harvested and evaluated for cell cycle arrest
progression. Toxin exposures were performed with either (A) 10 nM or (B) 100 nM of Cj-CDT
subunits (without polyhistidine tags). “ABC (prior)” indicates Cj-CDT subunits that were mixed in
equimolar concentrations prior to second exposure step. The data were combined from 3
independent biological replicates (n = 3) and represent the percentage of cells within the
monolayer arrested at the G2/M interface. Error bars represent standard deviations. Statistical
analyses of the data were conducted using one-way Anova, followed by Tukey’s multiple
comparisons test. P < 0.05 indicates statistical significance (o = 0.05), “ns” indicates differences

were not statistically significant.
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Figure 4.13
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Figure 4.13: G2/M cell cycle arrest activities of Cj-CDT sequential exposures with PBS
washing. HCT116 cells were chilled on ice. After 30 mins, cells were incubated in cold PBS, on
ice and at atmospheric conditions, in the absence or presence of the first combination of indicated
Cj-CDT subunit(s) (first exposure). After 30 mins, cells were washed twice with cold PBS and
were incubated in cold PBS, on ice, and under atmospheric conditions, in the absence or
presence of the second combination of the indicated Cj-Cdt subunit(s) (second exposure). After
30 mins, cells were washed once with cold media and incubated in warm medium, at 37 °C, and
under 5% COa2. After 24 h, cells were harvested and evaluated for cell cycle arrest progression.
Toxin exposures were performed with 100 nM of Cj-CDT subunits (without polyhistidine tags).
“ABC (prior)” indicates Cj-CDT subunits that were mixed in equimolar concentrations prior to
second exposure step. “ABC” indicates Cj-CDT subunits that were mixed on the cells during the
second exposure step. The data were combined from 3 independent biological replicates (n = 3)
and represent the percentage of cells within the monolayer arrested at the G2/M interface. Error
bars represent standard deviations. Statistical analyses of the data were conducted using one-
way Anova, followed by Tukey’s multiple comparisons test. P < 0.05 indicates statistical

significance (o = 0.05), “ns” indicates differences were not statistically significant.
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Figure 4.14
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Figure 4.14 (cont.)
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Figure 4.14: G2/M cell cycle arrest activities of Cj-CDT sequential exposures in media
without washing. HCT116 cells were chilled on ice. After 30 mins, cells were incubated in cold
McCoy’s 5A medium + 10% FBS, on ice, and at atmospheric conditions, in the absence or
presence of the first combination of the indicated Cj-CDT subunit(s) (first exposure). After 30
mins, media with/without toxin was removed and cells were incubated in warm medium, at 37 °C,
and under 5% COz, in the absence or presence of the second combination of the indicated Cj-Cdt
subunit(s) (second exposure). After 24 h, cells were harvested and evaluated for cell cycle arrest
progression. Toxin exposures were performed with either (A) 10 nM or (B) 100 nM of Cj-CDT
subunits (without polyhistidine tags). “ABC (prior)” indicates Cj-CDT subunits that were mixed in
equimolar concentrations prior to second exposure step. “ABC” indicates Cj-CDT subunits that
were mixed on the cells during the second exposure step. The data were combined from 3
independent biological replicates (n = 3) and represent the percentage of cells within the
monolayer arrested at the G2/M interface. Error bars represent standard deviations. Statistical
analyses of the data were conducted using one-way Anova, followed by Tukey’s multiple
comparisons test. P < 0.05 indicates statistical significance (o = 0.05), “ns” indicates differences

were not statistically significant.
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Figure 4.15

100
P < 0.0001

_ 80} ns |

h ns

9 I ns 1

s 60 | ns '
2 I ns 1
N ' '
o 40 F /=
N

20

0

first — A A B B C C —
(exposure)
second — B C A C A B —
(exposure)

third — C B C A B A ABC
(exposure) (prior)

Cj-CDT subunits (A, B, or C) (100 nM)

Figure 4.15: G2/M cell cycle arrest activities of Cj-CDT sequential exposure in media with
washing after each individual subunit. HCT116 cells were chilled on ice. After 30 mins, cells
were incubated in cold McCoy’s 5A medium + 10% FBS, on ice, and at atmospheric conditions, in
the absence or presence of the first combination of the indicated Cj-CDT subunit (first exposure).
After 30 mins, cells were washed twice with cold media and incubated in cold medium, on ice,
and at atmospheric conditions, in the absence or presence of the second combination of the
indicated Cj-Cdt subunit (second exposure). After 30 mins, cells were washed twice with cold
media and incubated in warm medium, at 37 °C, and under 5% CO., in the absence or presence
of the third combination of the indicated Cj-Cdt subunit (third exposure). After 24 h, cells were
harvested and evaluated for cell cycle arrest progression. Toxin exposures were performed with
100 nM of Cj-CDT subunits (with polyhistidine tags removed). “ABC (prior)” indicates Cj-CDT
subunits that were mixed in equimolar concentrations prior to second exposure step. The data
were combined from 3 independent biological replicates (n = 3) and represent the percentage of
cells within the monolayer arrested at the G2/M interface. Error bars represent standard
deviations. Statistical analyses of the data were conducted using one-way Anova, followed by
Tukey’s multiple comparisons test. P < 0.05 indicates statistical significance (o = 0.05), “ns”

indicates differences were not statistically significant.
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Figure 4.16
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Figure 4.16: Cj-CDT warm vs cold pulse intoxication G2/M cell cycle arrest activities.
HCT116 cells were either incubated at 37 °C (warm pulse) or chilled on ice (cold pulse). After 30
mins, cells were incubated in PBS, at 37 °C (warm pulse) or on ice (cold pulse), and under 5%
CO2 (warm pulse) or atmospheric conditions (cold pulse), in the absence or presence of Cj-CDT
containing all three individually refolded Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits (10 pM — 100
nM). After an additional 30 mins, toxin was removed and cells were incubated with culture
medium + 10% FBS, at 37 °C, and under 5% CO.. After 24 h, cells were harvested and evaluated
for cell cycle arrest progression. The data were combined from 3 independent biological
replicates (n = 3) and represent the percentage of cells within the monolayer arrested at the G2/M
interface. Error bars represent standard deviations. The data were fit to a log[Cj-CDT] vs
response equation on GraphPad Prism (version 8.1.2). The CCAso (i.e., ECso) value was

determined for each condition. R? values indicate fit of the data to the regression model.
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Figure 4.17
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Figure 4.17 (cont.)

Figure 4.17: Cj-CDT pre- and post-dialysis G2/M cell cycle arrest activities. (A) Dialysis of Cj-
CdtA, Cj-CdtB, and Cj-CdtC subunits that were mixed (denatured subunits refolded individually)
was compared to refolded concurrently together (denatured subunits refolded concurrently) Cj-
CDT subunits before (pre-dialysis) and after dialysis (post-dialysis) of the toxin, as previously
shown. HCT116 cells were incubated in PBS, at 37 °C, and under 5% COz, in the absence or
presence of 1 uM Cj-CDT subunits that were (B) mixed or (C) refolded concurrently together, pre-
dialysis or post-dialysis at the dilutions indicated, (10 — 100,000 fold for pre-dialysis) and (5 —
3125 fold for post dialysis). After an additional 30 mins, toxin was removed and cells were
incubated with culture medium + 10% FBS, at 37 °C, and under 5% COz. After 24 h, cells were
harvested and evaluated for cell cycle arrest progression. The data were combined from 3
independent biological replicates (n = 3) and represent the percentage of cells within the

monolayer arrested at the G2/M interface. Error bars represent standard deviations.
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Figure 4.18
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Figure 4.18: C. jejuni native CDT culture expression. C. jejuni (81-176) was grown to an OD ~
0.6, pelleted, and culture supernatant filtered. Samples collected from the culture, pellet,
supernatant, and culture filtrate, along with 10 and 100 nM of purified recombinant Cj-CDT, was
ran on a 12% SDS-PAGE gel and immunoblotted with primary antibodies specific to each Cj-
CdtA, Cj-CdtB, and Cj-CdtC subunit. Data shown are representative of 3 independent biological
replicates (n = 3).
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Figure 4.19
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Figure 4.19: C. jejuni culture filtrate G2/M cell cycle arrest activities. C. jejuni (81-176),
(DS104), and (DS104(pRAM33)) were grown to an OD ~ 0.6, pelleted, and culture supernatant
filtered. HCT116 cells were incubated in PBS, at 37 °C, and under 5% COz, in the absence or
presence of different dilutions of (A) C. jejuni (81-176), (B) (DS104), and (C) (DS104(pRAM33))
culture filtrate (1 — 10,000 fold). After 30 mins, culture filtrates were removed and cells were
incubated with culture medium + 10% FBS at 37 °C and under 5% CO.. After 24 h, cells were
harvested and evaluated for cell cycle arrest progression. (D) HCT116 cells were incubated in
PBS, at 37 °C, and under 5% COg, in the absence or presence of Cj-CDT containing all three
individually refolded Cj-CdtA, Cj-CdtB, and Cj-CdtC subunits (10 pM — 100 nM). After an
additional 30 mins, toxin was removed and cells were incubated with culture medium + 10% FBS
at 37 °C and under 5% CO2. After 24 h, cells were harvested and evaluated for cell cycle arrest
progression. The data were combined from 3 independent biological replicates (n = 3) and
represent the percentage of cells within the monolayer arrested at the G2/M interface. Error bars
represent standard deviations. (D) The data were fit to a log[Cj-CDT] vs response equation on
GraphPad Prism (version 8.1.2). The CCAso (i.e., ECso0) value was determined from the dose

response curve. R? values indicate fit of the data to the regression model.
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Figure 4.20

A) B)
100 r ns 100 ns
B 8o | P<01 . 580 N i~
& g0 b P <001 @ 60 | <
< L
(8 40 (8
* 20 | * 20 F
0 0
PBS 1 10 100 PBS 1 10 100
C. jejuni (81-176) C. jgjuni (DS104)
multiplicity of infection multiplicity of infection
C)
100 r | ns
%80 -, P=015
= 40
U]
2 20 t
0

PBS 1 10 100

C. jejuni (DS104(pRAM33))
multiplicity of infection

Figure 4.20: C. jejuni infection activities. C. jejuni (81-176), (DS104), and (DS104(pRAM33))
were grown to an OD ~ 0.6. HCT116 cells were incubated in McCoy’s 5A medium + 10% FBS, at
37 °C, and under 5% COz, with uninfected or 1, 10, or 100 multiplicities of infection of (A) C. jejuni
(81-176), (B) (DS104), and (C) (DS104(pRAM33)). After 24 h, cells were harvested and
evaluated for cell cycle arrest progression. The data were combined from 2 independent
biological replicates (n = 2) and represent the percentage of cells within the monolayer arrested
at the G2/M interface. Error bars represent standard deviations. Statistical analyses of the data
were conducted using one-way Anova, followed by Tukey’s multiple comparisons test. P < 0.05

indicates statistical significance (o = 0.05). “ns” indicates differences were not statistically

significant.
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Figure 4.21

Figure 4.21: Model of low toxin affinity post translational limitation of Cj-CDT toxin activity.
C. jejuni colonizes the intestinal crypts, a small space compared to the rest of the intestine. When
Cj-CDT is secreted by the pathogen, which is in close contact to host cells, they are released into
a very confined space and are theoretically at a high enough concentration to maintain a
heterotrimeric complex and be biologically active. However, as the toxin diffuses away into the
larger villus space, the toxin is essentially being diluted, resulting in the toxin being at lower

concentrations that do not support complex formation and activity.
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS

5.1 CONCLUSIONS

Bacteria protein toxins, specifically CDTs, are worthy of attention because
they “are proteins capable of achieving multiple remarkable tasks. They function
as autonomous molecular devices, targeting specific cells in an organism,
punching holes in their membranes, or modifying intracellular components.
Intoxication processes involve highly specialized steps of great complexity. It is
thus tempting for the biochemist, the protein engineer, the biotechnologist, or the
medical scientist to exploit the sophisticated properties of bacterial toxins to
design new toxin-derived molecules for research, biotechnology, or medical
treatments” (10). Bacterial toxins can also be powerful tools for the researcher to
better understand host cellular processes and strategies used by pathogens
during infections. Our understanding of bacterial toxins has advanced
considerably over the years, but there's still much to learn. Despite significant
progress, there are still challenges in understanding the full scope of bacterial
toxin function, particularly regarding less-studied toxins and their interactions with
host cells. To do this we need a good grasp on their mechanisms of action,
contribution to pathogenesis, response to toxins, and even evolution. Only then
can we elucidate their roles in disease and develop effective strategies for
prevention and treatment.

This thesis addresses several poorly understood concepts regarding Cj-

CDT biology, including subunit intracellular trafficking, subunit function
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relationships, and subunit host cell interaction. CDTs, functioning as multimeric
toxins, are typically categorized as AB-type toxins, with the CdtB subunit as the
active component (A) and the CdtA and CdtC subunits as the binding component
(B). However, the precise role of CdtA and CdtC in toxin function remains a
significant gap in knowledge. Little is known about the structural interaction
between CdtA, CdtC, and CdtB during cellular intoxication, their interactions with
host cells at the surface level, or their involvement in the intracellular trafficking of
the toxin to the nucleus, where toxin activity occurs. This summary highlights our
major findings and briefly discusses their implications for understanding the
functions of CDTs.

It is widely acknowledged that the CDT subunits interact to form a
heterotrimeric complex comprising CdtA, CdtB, and CdtC subunits, which is
crucial for toxin function. However, exceptions to this model exist. For instance
the Ec-CDTs and Hd-CDTs have been shown to have activity with only binary
combinations of the subunits, CdtA + CdtB or CdtB + CdtC (40). In addition, with
high enough concentrations of Cj-CDTs, toxin activity can also be observed in
binary combinations of toxin (84). While these studies challenge the idea that a
heterotrimeric complex is necessary for toxin function, our studies strongly
support the model that all three Cj~-CDT subunits are required for maximum
cellular activity. Additionally, our findings underscore the significance of
experimental conditions in evaluating toxin activities. We demonstrated that toxin
activity could be measured with as little as 10 nM of toxin exposure for as short

as 10 minutes, contrasting with many studies involving CDTs that employ
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extended incubation times (> 1 - 2 days) and high concentrations of the toxin (>
100 nM). These previously reported conditions may lack physiological relevance,
given the dynamic nature of the infection microenvironment and the limited
production of toxin by the pathogen. Therefore, we emphasize the importance of
thoroughly testing the effects of different experimental conditions and being
mindful when comparing how these conditions may reflect the host cellular
response.

That being said, our studies demonstrate that Cj-CDT, and possibility Ec-
CDT and Hd-CDT, required high concentrations (>100 nM) to form heterotrimeric
complexes. Contrary to our activity studies, binding data suggest that at the lower
concentrations of toxin sufficient to induce a cellular response, the majority of the
Cj-CDT toxin exists as non-assembled monomers. This discovery is significant
as it fundamentally alters our understanding of Cj-CDT and possibly other CDTs'
behavior. The challenge lies in comprehending how the toxin functions without
being in a complex. For most AB-type toxins, a key obstacle is delivering the
catalytically active subunit to the intracellular destination where it can elicit its
activities. In the case of CDT, not only does the toxin need attach itself to the
host cell, but it must also utilize preexisting host mechanisms to traffic the active
CdtB subunit into the nucleus, where it induces DNA damage. A portion of our
work aimed to better understand the trafficking mechanisms of Cj-CDT,
particularly how the Cj-CdtA and Cj-CdtC subunits are involved in transporting
the Cj-CdtB subunit intracellularly to the nucleus. Similar to previous work, our

studies supported the idea that Cj-CDT intracellular trafficking was dependent on
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functional endosomes, Golgi apparatus, and endoplasmic reticulum. However, in
our trafficking studies, we encountered challenges in reliably measuring the
intracellular trafficking of the Cj-CdtA, Cj-CdtC, and even the Cj-CdtB subunits to
these organellar compartments. These incomplete experiments suggest that the
intracellular trafficking Cj-Cdt is very dynamic and difficult to capture, as we can
only see strong localization of the Cj-CdtB subunit at the end point of the
trafficking pathway, the nucleus. It's possible that only a small fraction of the toxin
is active under our experimental conditions, leaving a limited amount of toxin
available for capture in our trafficking studies. Additionally, we lack a
comprehensive understanding of the receptors involved in CDT host cell
recognition; perhaps the toxin targets a receptor that is not abundant, resulting in
only a fraction of the toxin binding and entering the cell. Alternatively, it's
conceivable that the Cj-CdtA and Cj-CdtC subunits are not trafficked
intracellularly with the Cj-CdtB subunit.

Without being in a complex, it appears unlikely that the CdtB subunit alone
possesses the capability to execute all the necessary trafficking functions while
inducing DNA damage. Therefore, our data suggests two models considering our
current understanding of the structure function relationships to Cj-CDT. In our
first proposed model, the active toxin may not function as an assembled entity in
solution before reaching host cells. Instead, it might adopt a post-secretion
assembly approach, where individual non-associated subunits utilize host
factors, such as a cell surface receptor, to facilitate assembly on the host plasma

membrane. Our data suggest this scenario as a possibility, but further

197



experiments are necessary to validate this model. The second proposed model is
that the toxin has a much higher specific activity than previously observed.
Specifically, the concentrations at which we observe biological activity may not
reflect the true concentration of active toxin, but rather only a very small fraction
of the toxin might be active at those concentrations. This could explain our
inability to detect toxin trafficking and why we observe toxin activity at
concentrations much lower than previously documented. Moreover, this disparity
between toxin complex formation and activity could be deliberate. The toxin may
have evolved to be most effective in the local infection microenvironment, where
the concentration of toxin is much higher than sites more distal to the infection.
Cells are highly intolerant to DNA damage, and numerous cellular mechanisms
exist to respond to it. Thus, from the pathogen's perspective, it's crucial to finely
tune and control the amount of DNA damage inflicted on host cells, regardless of

the role that damage might play during infection.

5.2 ADDITIONAL QUESTIONS AND FUTURE WORK

In this final section of the thesis, we aim to delve into the remaining
questions concerning our work and the CDT field. We will discuss current and
future studies, along with highlighting some of the major outstanding questions
related to the research presented.

What is the host cell receptor for Cj-CDT? To address a significant portion
of the questions raised in this thesis, a better understanding of the host cell

receptor targeted by Cj-CDT is imperative. Currently, neither the host cell
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receptor for CDT nor the mechanisms involved in toxin internalization are fully
understood. Many AB-type toxins target host membrane glycoproteins and
glycolipids. Our ongoing research endeavors in the laboratory are focused on
utilizing cross-linking mass spectrometry to identify potential host membrane
glycoproteins and glycolipids that could serve as the receptor for Cj-CDT. By
resolving the receptor question, we aim to design experiments that will enhance
our comprehension of how the toxin gains entry into cells, which subunits
mediate this entry, and whether Cj-CDTs assemble into a heterotrimeric complex
at the cell surface rather than in solution.

What is the quaternary structure and mechanism of assembly of Cj-CDT?
Our knowledge of the quaternary structure of Cj-CDT remains limited, and recent
data challenge the necessity of a heterotrimeric complex for toxin activity. The
advent of artificial intelligence, exemplified by programs like Alphafold, offers
promising avenues for predicting Cj-CDT's structure. However, a deeper
understanding of subunit interactions is essential for elucidating toxin function.
This understanding could unveil critical subunit residues relevant for host cell
recognition and intracellular trafficking, akin to findings in Aa-CDT and Hd-Cdt.
Furthermore, the mechanism of toxin assembly remains enigmatic. While some
studies propose assembly in the bacterial periplasm followed by secretion as a
holotoxin complex, our research indicates potential assembly of individually
refolded subunits in solution or at the host cell surface. Additionally, other studies
suggest association of CDTs with outer membrane vesicles, potentially

influencing toxin delivery and function. A better understanding of toxin assembly
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would offer insights into its behavior during infection and cellular intoxication,
informing strategies to combat toxin activity and potentially facilitating the
development of protein molecules we could use for research and medicine that
mimic CDT functions, such as nuclear delivery.

What are the roles of the CdtA and CdtC subunits and how does the CdtB
subunit traffic to the nucleus? The role of the CdtA and CdtC subunit remains a
major gap in knowledge in the CDT field. While it's apparent that one or both
subunits are crucial for binding to host cells, their potential additional functions
beyond host cell recognition remain unclear. In our investigations, we
encountered challenges in evaluating the trafficking behavior of these subunits.
To reach the nucleus, the active CdtB subunit must hijack existing host trafficking
mechanisms, moving against the typical direction of cellular proteins. This
process involves signal sequences directing the protein to specific organelles.
However, little is known about the signal sequences involved in CDT-mediated
nuclear transport, including which subunits participate in transporting CdtB to the
Golgi apparatus and endoplasmic reticulum. Furthermore, the specific
mechanisms of CDT intracellular transport involving the CdtA, CdtB, and CdtC
subunits remain poorly understood. Despite previous pathways for protein
retrograde transport and nuclear localization, discovered mechanisms do not
seem to apply to CDTs. Unraveling these mysteries of CDT transport will
enhance our comprehension of host protein retrograde transport mechanisms
and could lead to the design of molecules utilizing host mechanisms for various

applications, including the development of improved research tools and drugs.
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What is the role of CDTs in pathogenesis? Understanding the role of
bacterial toxins in pathogenesis poses one of the most challenging questions in
this field. CDTs are the only known bacterial protein toxins to cause DNA
damage. Targeting host DNA offers an appealing strategy for manipulating
cellular homeostasis, given DNA's fundamental role in many cellular processes.
However, the precise benefit to the pathogen conferred by DNA damage remains
elusive. Many researchers speculate that bacterial effectors causing DNA
damage primarily act to subtly modulate the host immune response, thereby
promoting colonization and subsequent bacterial spread to new hosts, rather
than directly enhancing the virulence traits of the infection process. Currently, our
laboratory is exploring the potential role for Cj-CDT-mediated DNA damage,
which we believe is to alter intestinal barrier function in a manner that facilitates
invasion by C. jejuni. Ultimately, deciphering the role of CDTs in pathogenesis

holds promise for the development of effective strategies to combat infections.
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