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Mono-ADP-ribosyltransferase (mART) toxins are a class of bacterial proteins which
function by cleaving the nicotinamide moiety from NAD+ and attaching the ADP-ribose to a host
protein, to alter its function. These are important virulence factors for many diseases. Larvin is
a novel mART toxin from Paenibacillus larvae, the causative agent of American Foulbrood in
honey bees. Larvin targets RhoA as a substrate for its transferase reaction, and kinetics for the
RhoA substrate were characterized for the first time for the mART C3 subgroup. A small
molecule inhibitor of Larvin enzymatic activity was discovered, the first known inhibitor for C3
toxins. Larvin was crystallized, and its crystal structure was solved to 2.3 Å resolution. Larvin
was also shown to have a different mechanism of cell entry from other C3 toxins.
Characterization of Larvin allows for a fuller understanding of the mART family, and for
development of better inhibitors as potential therapeutics.
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Chapter 1 – Introduction
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1.1 Bacterial Pathogens

Pathogenic bacteria are a major cause of disease in countries throughout the world, and
are among the leading causes of death worldwide (Wilson, 2012). In addition, the economic
impact of bacterial pathogens is significant, leading to major hospital costs, as well as severely
reduced agricultural returns (Akhavan et al., 2013; Ham et al., 2011). Therefore, understanding
the mechanisms of bacterial pathogenesis is an important first step in combating these problems.
By furthering research on bacterial virulence factors, more effective and efficient treatments may
be divised which will decrease costs and mortality due to bacterial infection.
Infections occur when a bacterium or other pathogen is able to invade a host and begin to
multiply and grow (National Institutes of Health, (US), 2007). To initiate an infection, bacteria
must enter a host through natural orifices or wounds, which compromise the natural protective
barrier. Once inside a host, a pathogen can attach and grow at the initial point of infection,
spread, or localize to a specific site within the host body. Once a bacterium begins to damage the
host or impede host functions, it can be said to be causing disease. One way in which this can
occur is through the production and release of virulence factors (National Institutes of Health,
(US), 2007).
Virulence factors are compounds produced by a bacterium to help promote disease
(Peterson, 1996). They accomplish this by aiding in host invasion, inflicting disease symptoms,
or evading host defenses. Virulence factors fall into several categories. Adherence factors, such
as bacterial pili, are used to colonize the host and adhere to cells. Invasion factors are
components present on the cell surface which aid the bacterium in entering host cells. Capsules
can surround bacterial cells and protect them from the host immune system. Siderophores are
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iron-binding factors, produced by some bacteria, which can compete with host proteins for iron.
Endotoxins are compounds produced by bacterial cells which cause damage to the host upon cell
death, and are otherwise not released by the bacterium. Exotoxins are toxic proteins which are
produced and secreted by bacterial cells and which have negative consequences within the host
(Peterson, 1996).
Exotoxins are some of the most toxic proteins known (Peterson, 1996). Exotoxin effects
are usually localized within a specific cell type or receptor in the host, which is often remote
from the site of bacterial cell growth (Chakraborty et al., 2011; Peterson, 1996). Most exotoxin
genes can be deleted from the producing cells without negatively affecting bacterial cell viability
or growth, which can be important in the development of anti-virulence compounds (Peterson,
1996). Examples of bacterial exotoxins include anthrax from Bacillus anthracis, cholera toxin
from Vibrio cholerae, and tetanus toxin from Clostridium tetani (Cegelski et al., 2008).
1.2 Antibiotic Resistance

A major problem in treating bacterial infections has been the prevalence of antibiotic
resistance. Resistance to antibiotics was first reported in the late 1930’s, less than three years
after the introduction of the first effective drugs (Davies and Davies, 2010). Today, in the
United States alone, antibiotic resistance is responsible for $20 billion in health care costs and 8
million hospital days per year (Bush et al., 2011). Resistant bacteria have also become the
leading cause of death in intensive-care units in hospitals worldwide (Cegelski et al., 2008).
Over 20 000 potential resistance genes have been identified, and pathogenic bacteria are
becoming increasingly resistant to multiple antibiotic drugs (Davies and Davies, 2010).
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Antibiotic drug resistance can be acquired in several different ways (Tenover, 2006).
Many bacteria may possess innate resistance to a class of antibiotic, such that they never
possessed a target for the drug in the first place. Acquired resistance occurs in bacterial
populations which were initially good targets for an antibiotic drug, and have developed a
method of resisting the drug, and then use the selection pressure provided by the use of the drug
to spread and colonize the host. These resistance mechanisms can be acquired either through
mutation of an existing gene, or through genetic exchange with another, already resistant
bacterium (Tenover, 2006).
Antibiotic resistance has become very prevalent in modern times, and historically,
bacteria have been quick to develop resistance to newly introduced antibiotics (Davies and
Davies, 2010). The first widely used antibiotic class, the sulphonamides, were introduced in
1937, and resistance had been reported before the end of the decade. A β-lactamase enzyme,
responsible for conferring resistance to penicillin and related drugs, had been reported several
years before penicillin was used as a therapeutic. Today, there are almost 1 000 different βlactamase enzymes which confer resistance to a range of related antibiotics (Davies and Davies,
2010). Almost every significant bacterial pathogen has developed resistance to at least one class
of antibiotics (Allahverdiyev et al., 2013).
Multi-drug resistant bacteria have become a large problem in the medical community
recently. These are infectious bacteria which are resistant to multiple different classes of
antibiotics, making them exceptionally hard to treat and control (Allahverdiyev et al., 2013).
Examples of these multi-drug resistant bacteria, sometimes referred to as “superbugs”, include
Staphylococcus aureus, Neisseria gonorrhoea, and Mycobacterium tuberculosis (Palanichamy
and Kaliappan, 2010). These bacteria appear to develop resistance to each new class of
4

antibiotics approved as treatment, and are fast becoming resistant to every available antibiotic
class, at which point they may become untreatable (Palanichamy and Kaliappan, 2010).
Current antibiotic drugs target processes essential for bacterial survival, either through
interfering with cell wall synthesis, protein synthesis, nucleic acid synthesis, a metabolic
pathway, or by increasing the permeability of the bacterial membrane (Cegelski et al., 2008;
Tenover, 2006). While this is an effective means of eliminating pathogenic bacteria, it also
greatly increases selection pressure for antibiotic resistance. An alternative to targeting essential
processes is to target virulence factors involved in bacterial pathogenesis. It is thought that by
targeting virulence factors instead of essential processes, there will be less selection pressure on
the bacteria to develop resistance. By not being directly toxic to the bacteria, these antivirulence compounds also have the benefit of leaving natural gut microflora unharmed (Cegelski
et al., 2008).
Anti-virulence compounds can work in several distinct ways. They can be designed to
target the transcription of the virulence factor, to prevent its expression (Cegelski et al., 2008).
They can also serve as receptor mimics, to bind the virulence factors before they enter cells. The
third design strategy for anti-virulence compounds is to inhibit toxins produced by the
pathogenic bacteria, often inside the host cell. Any of these strategies will help limit the severity
of the bacterial infection, and allow the host immune system more time to combat it (Cegelski et
al., 2008).
Anti-virulence compounds have been used to treat bacterial diseases for over a century,
although their use has been largely supplanted by antibiotics (Keller and Stiehm, 2000). Early
anti-virulence compounds were antibodies, produced to target a specific bacterial toxin (Keller
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and Stiehm, 2000). In binding to these toxins, the antibodies can neutralize their effects
(Cegelski et al., 2008). These treatments are used today for toxins such as botulinum, diphtheria,
and tetanus (Cegelski et al., 2008; Keller and Stiehm, 2000). No non-antibody anti-virulence
compounds have successfully completed clinical trials; however, several have been successful in
combatting infections in animal models, and others have been discovered which have previously
been approved for other uses (Clatworthy et al., 2007; Hung et al., 2005; Khodaverdian et al.,
2013).
1.3 mART Toxins

Mono-ADP-ribosylatransferase (mART) toxins are a class of protein exotoxins which act
by removing an ADP-ribose group from NAD+ and covalently attaching it to a protein target
within a cell (Jørgensen et al., 2008). Examples of mART toxins include exotoxin A, a major
virulence factor in Pseudomonas aeruginosa, cholera toxin from Vibrio cholerae, diphtheria
toxin from Corynebacterium diphtheriae, and pertussis toxin from Bordetella pertussis
(Jørgensen et al., 2008; Morlon-Guyot et al., 2009). Several different amino acid residues have
been shown to be targets, including cysteine, arginine, asparagine, and diphthamide (a modified
histidine residue) (Fieldhouse and Merrill, 2008). Along with various potential target residues,
mART toxins have been shown to target a large range of different proteins within cells, including
actin, eEF2, and RhoA (Fieldhouse and Merrill, 2008). As well as having protein targets for
transferase activity, many mART toxins possess glycohydrolase activity, in which water is the
acceptor for the ADP-ribose group; however, the latter activity is much slower than the mART
activity (Holbourn et al., 2006).
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mART toxins can be classified by primary sequence features into two main groups, the
CT and DT groups, the former of which contains the structurally-divided sub-groups C2-like,
C3-like, and CT-PT (Fieldhouse and Merrill, 2008). Among the CT group, there is little amino
acid sequence identity (Figure 1.1), with some members having as little as 15% sequence identity
even among the core catalytic residues (Fieldhouse and Merrill, 2008). The catalytic core in this
case is defined as approximately 100 residues which make up a highly structurally conserved
region of mART toxins, consisting roughly of equal numbers of α-helices and β-strands
(Holbourn et al., 2006). This core contains the NAD+ binding site, which is essential to
catalysis. Two perpendicular β-sheets form an opening with either a loop or an α-helix, in which
NAD+ binds (Holbourn et al., 2006).
Despite the lack of sequence identity, several key conserved regions can be used to
identify CT mART toxins (Fieldhouse and Merrill, 2008). Region one contains an arginine
residue preceded by an aromatic residue in a β-sheet, which is integral to the active site and
facilitates NAD+ binding, but is not directly involved in catalysis (Fieldhouse and Merrill, 2008;
Holbourn et al., 2006). Additionally, in some toxins this arginine can be important for substrate
binding through direct interaction with NAD+, but only in those toxins which contain an α3 helix
motif instead of an active site loop (Holbourn et al., 2006). In these toxins, the arginine can form
hydrogen bonds with the phosphates of the NAD+. This has the effect of both improving the
NAD+ binding, as well as helping to stabilize NAD+ within the active site, and increasing
susceptibility to cleavage of the nicotinamide moiety (Holbourn et al., 2006).
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Figure 1.1: mART Toxin Identity Matrix. Identity matrix showing the sequence identity
between the 100 core catalytic residues of a range of mART toxins. Sequence identities are
coloured on a red to green scale, on which red indicates highly diverse sequences, whereas green
indicates a large amount of conservation between sequences. Sequences on the diagonal which
show 100% identity are of the same protein. The identity matrix was generated using ClustalX2
(Larkin et al., 2007) and coloured using Microsoft Excel.
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Region two contains an aromatic-hydrophobic-serine-threonine-serine motif (although
the second serine can sometimes be a glutamine or threonine residue) in a β-sheet, closely
followed by an α-helix (Fieldhouse and Merrill, 2008; Holbourn et al., 2006). This motif is
important for active site integrity, with the first serine forming a hydrogen bond with both the
catalytic glutamate, as well as a second nearby residue beneath the active site cleft (Holbourn et
al., 2006). This has the effect of orienting the catalytic glutamate for NAD+ catalysis (Holbourn
et al., 2006). As well, the STS motif plays a structural role, forming hydrogen bonds with the
perpendicular β-sheets to help stabilize the active site (Han et al., 2001).
Region three (the ADP-ribosyl-turn-turn, or ARTT loop) contains a conserved
glutamate/glutamine-X-(catalytic) glutamate sequence responsible for transferase activity of the
enzymes (Fieldhouse and Merrill, 2008). This region consists of either a short loop connecting
two β-strands, or a longer loop connecting an α-helix and a β-strand (Holbourn et al., 2006). The
catalytic glutamate in this region is essential for transferase but not necessarily glycohydrolase
activity (Holbourn et al., 2006). The secondary glutamine/glutamate residue, which is the first
residue in the Q/E-X-E sequence, has been shown to be involved in substrate specificity, and can
sometimes also be essential for transferase activity (Holbourn et al., 2006; Wilde et al., 2003). A
glutamine residue in this position indicates specificity for an asparagine residue, while a
glutamate indicates specificity for arginine or occasionally cysteine (Holbourn et al., 2006).
Mutational studies in which the secondary glutamine residue of C3lim from Clostridium limosum
was substituted with a glutamate changed the amino acid specificity from asparagine to arginine
(Vogelsgesang and Aktories, 2006). However, these studies showed that C3lim was no longer
able to ADP-ribosylate its natural substrate, and transferase activity could only be observed using
a poly-ʟ-arginine substrate (Vogelsgesang and Aktories, 2006).
9

The PN-loop is a loop of variable length that starts approximately 10 residues after the
STS motif (Holbourn et al., 2006). It is only present in α-3 containing mART toxins. The loop
contains two key residues: an aromatic residue (this residue is not fully conserved), followed
after three residues by an arginine. The aromatic residue is responsible for stacking above the
nicotinamide ring of NAD+ in order to stabilize it (Holbourn et al., 2006). In C3stau2, the
aromatic residue in the PN loop has been substituted with a lysine (Evans et al., 2003). This
does not allow for the normal stacking interactions facilitated by the aromatic residue. Instead, a
hydrophobic pocket is formed (the PN loop in this toxin contains several additional hydrophobic
residues compared to that of toxins containing the aromatic residue), consisting of alanines,
glycines, and a lysine (Evans et al., 2003). The arginine residue in the PN loop is to be essential
for NAD+ binding, and forms a hydrogen bond with a phosphate group of NAD+ (Holbourn et
al., 2006).
The α-3 motif is found in the C2-like and C3-like toxins, but not in the CT-PT toxins
(Holbourn et al., 2006). This motif consists of an α-helix which helps to form a tighter binding
site by packing and stabilizing the binding site. Several key conserved residues are found in this
helix. The first important residue is a tyrosine (almost always followed by a threonine and then a
positively charged residue in the C3-like toxins), which is responsible for hydrogen bonding with
the first serine of the STS motif and with the catalytic glutamate. The interactions of these three
residues help to position the glutamate for catalysis, and ensure that it is oriented correctly to
stabilize the transition state intermediate (Han et al., 2001; Holbourn et al., 2006). Eight residues
from the tyrosine (seven in certain C2-like toxins) is an asparagine, followed in two residues by a
leucine, then by either an arginine (in C3-like toxins) or an isoleucine (in C2-like) (Holbourn et
al., 2006). The asparagine and arginine residues are responsible for binding the adenine portion
10

of the NAD+ molecule, stabilizing both it and the ADP-ribose intermediate. In most C3 toxins,
this occurs with the arginine showing hydrophobic packing with the adenine ring and the
asparagine binding to a nearby phosphate, however, in the C3stau toxins, the asparagine is not
present, and the arginine will bind directly to the adenine ring (Holbourn et al., 2006).
The detailed mechanism of the ADP-ribosylation reaction facilitated by mART toxins has
been the subject of much debate in the literature; however, conservation of the key catalytic
regions suggests a common mechanism among the toxins (Holbourn et al., 2006). Both an SN1
and an SN2 mechanism have been proposed, but biochemical and structural data seem to favour
the SN1 mechanism (Fieldhouse et al., 2012; Holbourn et al., 2006; Jørgensen et al., 2008).
The proposed SN2 mechanism for ADP-ribosylation suggests that the NAD+ molecule is
bound in a conformation such that the catalytic glutamate interacts with the 2’-hydroxyl group on
the ribose (Locht and Antoine, 1995). This then causes an oxocarbenium-like intermediate to
form within the NAD+ substrate (Locht and Antoine, 1995). As well, the target residue on the
protein substrate (or water in the case of the glycohydrolase reaction) is deprotonated by a
residue within the toxin (different proposed residues to achieve this include a conserved DT
group glutamate, the glutamine/glutamate-X-glutamate motif in CT toxins, or His35 in pertussis
toxin) (Holbourn et al., 2006; Locht and Antoine, 1995). The target residue (or water molecule
for glycohydrolase activity) would then be free to carry out a nucleophilic attack on the NAD+,
releasing nicotinamide, and forming the ADP-ribose bond (Holbourn et al., 2006; Locht and
Antoine, 1995). Several distances observed in crystal structures have shown that this mechanism
is at best incomplete. Examples show that the carboxylate group of glutamate 148 in diphtheria
toxin is too close to the C-N bond between the ribose and nicotinamide to interact with the
incoming diphthamide residue, as proposed (Bell and Eisenberg, 1996). As well, an 8 Å distance
11

in the iota toxin crystal structure between arginine 177 (of the actin target) and the carbon of the
same bond does not lend itself to the SN2 mechanism (Tsuge et al., 2008).
Unlike the SN2 proposed reaction, the SN1 reaction proceeds via an oxocarbenium ion,
instead of just one that is only oxocarbenium-like (Figure 1.2) (Holbourn et al., 2006). This
oxocarbenium ion is stabilized by either the catalytic glutamate residue(s) or by the first serine in
the STS motif (Holbourn et al., 2006; Tsuge et al., 2003). This, then, stays bound to the toxin
until attacked by a nucleophile provided by the protein substrate (Holbourn et al., 2006). This
reaction is thought to be a random order nucleophilic substitution, based on fast kinetic
measurements and product inhibition studies in which the pattern of substrate inhibition is
indicative of a random order mechanism (Armstrong and Merrill, 2004; Holbourn et al., 2006).
Supporting structural evidence for this is seen in that a toxin-substrate complex structure can be
produced in the absence of NAD+ (Armstrong et al., 2002). This result can be coupled with the
multiple crystal structures which exist for toxin-NAD+ complexes in this family to suggest that
the order of binding of NAD+ and protein substrate does not matter (Bell and Eisenberg, 1996;
Fieldhouse et al., 2012; Vogelsgesang et al., 2006). Further evidence suggests that the reaction is
a third order SN1 nucleophilic reaction (Holbourn et al., 2006; Jørgensen et al., 2008).
The distance between the target residue and the ADP-ribose appears somewhat problematic for
the SN1 mechanism; it is too large to allow for a one-step nucleophilic attack. One proposed
mechanism, as evidenced by transition state structures of iota toxin with actin and a nonhydrolyzable NAD+ analog, which accounts for this distance, suggests that a rotation along the
P-O bond closest to the N-ribose occurs after formation of the oxocarbenium ion, which places
the site for nucleophilic attack at 3.4 Å from the target residue (Tsuge et al., 2008; Tsurumura et
al., 2013). It is unclear how universal this second step would be to the mART
12

Figure 1.2: Basic Mechanism of the ADP-ribosyltransferase Reaction. The nicotinamide of
the NAD+ is cleaved by the mART toxin, and the A-ribose is covalently attached to the target
residue on the host cellular protein. This bulky group, in most cases, is responsible for sterically
impeding the host protein function.
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family in general, however, as it would require stabilization of the N-ribose by aspartate 179 of
actin (Tsuge et al., 2008; Tsurumura et al., 2013).
The majority of glutamine-X-glutamate mART toxins fall into the CT subgroup of C3like toxins (Fieldhouse and Merrill, 2008). C3-like mART toxins are all single domain toxins of
between 20 and 25 kDa (Aktories et al., 2005). They have been described in the literature as
being produced exclusively by four Gram-positive pathogens, two of which produce multiple C3
exotoxins. The seven known C3 exotoxins share a minimum of 35% sequence identity, and the
most similar are 77% identical (Figure 1.3, Figure 1.4). All C3 enzymes are single-domain
toxins, consisting solely of the <25kDa mART domain (Aktories et al., 2005). The C3 mART
domain has been shown to have both transferase and glycohydrolase activity, although
glycohydrolase activity is much weaker than transferase (Aktories et al., 2005; Wilde et al.,
2003).
Almost all C3 toxins have been shown to modify the small G-proteins RhoA, RhoB, and
RhoC at the asparagine 41 residue (Aktories et al., 2005). RhoA ADP-ribosylation occurs at the
highest rate, followed by that of RhoB and then RhoC (Wilde et al., 2003). Rac and Cdc42 have
also been shown to be targets of several C3 toxins, but show a much lower ADP-ribose acceptor
rate than that of RhoA (Aktories et al., 2005; Wilde et al., 2003). C3stau1 and C3stau2 are C3like toxins which modify RhoE and Rnd3 as well as RhoA, B, and C, but, again, at a much
slower rate than their modification of RhoA (Aktories et al., 2005; Fieldhouse and Merrill,
2008).
The one notable exception to the universal targeting of RhoA by C3 toxins is SpyA from
Streptococcus pyogenes (Coye and Collins, 2004). Structurally, SpyA closely resembles a C3
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Figure 1.3: C3 Toxin Sequence Alignment. Sequence alignment of C3 toxins and Larvin
produced using the T-Coffee web server to align the sequences and ESPript to generate the
figure (Gouet et al., 1999; Notredame et al., 2000; Di Tommaso et al., 2011). Key catalytic
regions are highlighted. Identical residues are highlighted in red, and similar residues are printed
in red text.
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Figure 1.4: C3 Toxin Identity Matrix. Identity matrix showing the amino acid identity
between the 100 core catalytic residues of known C3 toxins. Red indicates highly diverse
sequences, whereas green indicates a large amount of conservation between sequences. The
identity matrix was generated using ClustalX2 (Larkin et al., 2007) and coloured using Microsoft
Excel.
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toxin. It exists only as an A domain, is approximately the same size as the other C3 toxins, and
shares 25% amino acid identity (47% similarity) to members of the C3 subgroup. A key
difference between SpyA and the remainder of the C3 group, however, is that the catalytic
signature of SpyA matches the glutamate-X-glutamate signature of the C2 and CT-PT groups.
Similar to the C3lim mutational experiments mentioned previously, SpyA targets arginine
instead of asparagine, and has been shown to target several eukaryotic proteins, most notably
actin, but not any Rho proteins (Coye and Collins, 2004).
Crystal structures for several different C3 toxins have been solved, including C3bot1 both
with and without NAD+, in the same crystal form (Ménétrey et al., 2002). Thus, the changes
induced by NAD+ binding have been correlated with structural data. The ARTT loop undergoes
a large conformational change upon binding, in order to stabilize NAD+, moving three residues,
including the catalytic glutamine (which undergoes the largest movement, 7Å), closer to the
NAD+. The glutamine is then able to interact with another glutamine in the PN loop (the residue
preceding the conserved aromatic residue), and an active site water, which itself connects serine
207 (another part of the ARTT loop) and the catalytic glutamate. This interaction helps to lock
in place the catalytic glutamate (aided by the first serine of the STS loop), allowing for catalysis.
These movements also have the effect of stabilizing the loop conformation (Ménétrey et al.,
2002).
NAD+ binding can induce a “crab-claw” movement of the β8-β7-β2-α5 region of the
structure (Ménétrey et al., 2002). This region undergoes a 9° movement, which helps to close it
around the NAD+ binding site. This allows two side-by-side aspartates on the β1 strand to
interact with the adenine ribose hydroxyl group and aid in stabilizing the NAD+ substrate binding
(Ménétrey et al., 2002).
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mART toxins use several different strategies for cell entry. The CT-PT subgroup of
mARTs utilizes an AB5 structural organization, in which the A domain is responsible for mART
activity, and the B pentamer for cell entry (Fieldhouse and Merrill, 2008; Holbourn et al., 2006).
This group includes cholera toxin, heat-labile toxin from Escherichia coli, and pertussis toxin.
AB5 toxins use the B pentamer to bind to a receptor on the cell surface, and the toxin is then
internalized through endocytosis (Falnes and Sandvig, 2000; Haan and Hirst, 2004; Kaslow and
Burns, 1992; Lord and Roberts, 1998). After internalization, the toxin passes through the
endoplasmic reticulum, the A domain is released from the B pentamer, and it is secreted into the
cytoplasm (Haan and Hirst, 2004).
The C2-like mART subgroup is made up of AB toxins (Fieldhouse and Merrill, 2008).
Examples of these toxins include Iota toxin from Clostridium perfringens, Vegetative
Insecticidal Protein 2 from Bacillus thuringiensis, and Photox from Photorhabdus luminescens
(Fieldhouse and Merrill, 2008; Holbourn et al., 2006; Visschedyk et al., 2010). For cell entry by
these toxins, the B subunit forms a heptamer in solution (Haug et al., 2004). The heptamers are
necessary for interaction with a host cell receptor to allow cellular uptake (Heine et al., 2008).
The heptamers are then capable of forming pores in acidified endosomes, allowing the A subunit
to be released into the cytoplasm of the cell (Haug et al., 2004). Interestingly, unfolding of the A
domain seems to be essential for its release into the cell, where it is refolded by the host cell
chaperone Hsp90 (Haug et al., 2004; Heine et al., 2008).
1.4 C3-like mARTs

C3-like mART toxins consist solely of an A domain (Fieldhouse and Merrill, 2008;
Holbourn et al., 2006). Examples of these toxins include C3lim, C3bot1 and C3bot2 from
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Clostridium botulinum, and C3stau1, C3stau2, and C3stau3 from Staphylococcus aureus (Figure
1.5) (Fieldhouse and Merrill, 2008). The A domain itself is no larger than that of the other CT
mART toxins, and no known protein is expressed in tandem with C3 mARTs to allow for cell
entry (Vogelsgesang et al., 2006). Several different mechanisms have been proposed to account
for the apparent lack of cell entry machinery. It is possible that the C3 exoenzymes are taken up
by target cells non-specifically, due to a large concentration of toxin being secreted by the
pathogenic organism (Vogelsgesang et al., 2006). It has also been proposed that a bacterial poreforming factor, which is expressed by C3-producing Clostridia, could be involved in mediating
cell entry. However, recent work has shown that both C3bot1 and C3lim can enter and induce
morphological changes within several cell lines, including J774A.1 mouse macrophage cells as
well as HL-60 human promyelotic leukemia cells, at concentrations as low as 300nM toxin
within the culture media and without additives (Fahrer et al., 2010; Rotsch et al., 2012). These
findings, unique to the C3-like class of mART toxins, would seem to discount the suggestions of
either a pore-forming factor or non-specific cellular uptake (Fahrer et al., 2010).
Because of these findings, another possible means of cell entry has been suggested for C3
toxins. C3 toxins have four N-terminal α-helices, which are conserved in the catalytic domain of
C2-I toxin from Clostridium botulinum, for which the C2-like group was named (Fahrer et al.,
2010; Fieldhouse and Merrill, 2008). These helices in C2-I have proven essential for binding to
the C2IIa (the B domain) and for translocation across the host cell membrane (Fahrer et al.,
2010). It is therefore possible that these α-helices are either directly involved in transport across
a host cell membrane or in an interaction with a host cell receptor which facilitates transport
across the membrane. To date, however, no direct experimental evidence exists for either
possibility. What is known is that this process seems to involve acidified endosomes. The
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Figure 1.5: Comparison of C3 Toxin Crystal Structures. Overlay of solved C3 toxin crystal
structures (A) and C3bot1 crystal structure, highlighting key catalytic regions (B). In (A),
C3bot1 (PDB ID: 1G24) is shown in light grey, C3bot2 (PDB ID: 1R4B) is shown in red, C3lim
(PDB ID: 3BW8) is shown in cyan, and C3stau2 (PDB ID: 1OJQ) is shown in dark grey. In (B),
blue corresponds to the α-3 motif, green to the catalytic R, pink to the STS motif, orange to the
PN loop, and yellow to the ARTT loop. Highlighted in red are the catalytic glutamine and
glutamate residues, and NAD+ is shown in black.
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uptake of C3lim and C3bot1 can be inhibited by the use of bafilomycin A1, which prevents the
acidification of endosomes, and can be stimulated by lowering the pH of the cell growth media
(Fahrer et al., 2010). While the transport of other ADPRT toxins across the cell membrane also
requires acidified endosomes, as seen for C2 toxin, C3-like toxins appear to utilize a different
method, as radicicol (which inhibits C2 transport) has no effect on C3 transport (Fahrer et al.,
2010; Haug et al., 2003, 2004).
A final mechanism which has been proposed for cell entry for C3 toxins is secretion from
the pathogenic bacterium directly into the cytoplasm of the host cell (Vogelsgesang et al., 2006).
C3stau2 is produced in higher amounts by Staphylococcus aureus when internalized within the
host cells (Molinari et al., 2006). It is therefore possible that at least some C3 toxins gain entry
into the host cell cytoplasm by direct secretion by the pathogenic bacterium.
1.5 Rho Proteins

As previously mentioned, RhoA, RhoB, and RhoC have been shown to be a substrate for
every known C3-like toxin. They are expressed in varying levels in almost every known tissue
type, and are extremely similar, sharing 85% amino acid sequence identity (Wheeler and Ridley,
2004). These three Rho proteins are small, 22 kDa GTP-binding proteins, which are present in
both the cytoplasm, and bound to the cell membrane (Aktories et al., 2005; Miyaoka et al.,
1996). They can all hydrolyse GTP and bind Mg2+, which is necessary for the GTP hydrolysis
(Ridley, 1997).
Rho in its GDP-bound, inactive form is found in the cytoplasm, while its GTP-bound,
active form is found attached to the cell membrane (Aktories et al., 2005). This exchange is a
highly regulated process, involving guanine nucleotide exchange factors (GEFs), GTPase
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activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). GEFs
promote GDP for GTP exchange, activating Rho. GAPs increase the rate of GTP hydrolysis of
Rho, causing the hydrolysis of bound GTP to GDP, and thus inactivating Rho. GDI proteins
bind Rho in the cytoplasm and prevent the release of GDP, trapping Rho in its inactive state
(Aktories et al., 2005). This tight regulation allows the Rho proteins to act as molecular
switches, regulating multiple signalling pathways (Ihara et al., 1998).
Several key structural features exist in the Rho family of proteins. In Ras, a member of
the Rho family and nearly structurally identical to RhoA, these features have been well studied
(while Ras is not ADP-ribosylated by C3-like toxins, it can be by other mARTs) (Boquet, 2000;
Fieldhouse and Merrill, 2008). The C-terminal cysteine-aliphatic-aliphatic-any residue (CAAX)
motif is an important feature found in 16 of 20 known Rho family members, including RhoA, B,
and C (Roberts et al., 2008). This motif is essential for proper Rho activity in the cell, as
posttranslational modifications at the cysteine residue have been shown to be extremely
important for localization and membrane association. A farnesyl or geranylgeranyl isoprenoid
lipid is enzymatically attached to the cysteine, the AAX is cleaved, and a methyl group is added
to the cysteine residue. The combination of these modifications allows for Rho GTPases to
properly target and interact with the cellular membranes (Roberts et al., 2008).
Switch-1 is a region located 30-35 residues from the N-terminus, extending for 8-10
residues, and is implicated in the ability of Rho GTPases to interact with effector proteins
(Boquet, 2000). This region can be seen to undergo a large conformational change when
interacting with an effector protein (Boriack-Sjodin et al., 1998). When bound to an effector,
switch-1 moves away from the bound nucleotide, allowing the effector to be inserted into that
region of the Rho GTPase and be activated (Boriack-Sjodin et al., 1998).
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Switch-2 is an approximately 16-residue region located 20-25 residues downstream from
switch-1, and is implicated in GTP hydrolysis (Boquet, 2000). This region contains a key
glutamine residue which is essential for GTP hydrolysis; substitution to any other residue
prevents GTPase activity (Ihara et al., 1998). In the GDP-bound form, switch-2 is disordered,
but becomes ordered upon GTP binding (Boriack-Sjodin et al., 1998).
The major divergence in primary sequence for RhoA, B, and C is found at the Cterminus, which has been shown to be responsible for Rho localization within the cell (Wheeler
and Ridley, 2004). RhoA and RhoC are found in the cytoplasm or at the cell membrane, while
RhoB localizes mainly to endosomes and lysosomes, where it plays a role in endosomal
trafficking. In general, Rho proteins play key roles in cell motility, polarity, and shape (Wheeler
and Ridley, 2004).
Many different roles have been discovered for RhoA. RhoA has been shown to be active
at the trailing end of motile cells, and promotes detachment of the cell from a surface (Wheeler
and Ridley, 2004). To do this, RhoA signals the formation of contractile actin-myosin stress
fibres, as well as the formation of focal adhesions further into the cell body (Wang et al., 2003).
Some evidence suggests that RhoA is even selectively degraded at the leading edge of cells, to
ensure it does not counteract other GTPases which are active in that area (Wang et al., 2003).
Other evidence suggests that RhoA is not entirely degraded, and in fact can be active at
the leading edge of a mobile cell (Kardash et al., 2010). In this case, RhoA has been shown to be
responsible for the retrograde motion of actin (Kardash et al., 2010). This motion allows
cytoplasm to move towards the leading edge of the cell, and for new actin filaments to form and
move the cell further forward (Kardash et al., 2010).
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At least 11 known effector proteins exist for RhoA, many of which have an unknown
function (Bishop and Hall, 2000). All of these have been shown to interact only with the GTPbound, active form of RhoA. Many of these effectors are activated through the interruption of
the effects of an autoinhibitory domain within the effector protein. Rho GTPases will bind to the
inhibitory domain, releasing the active domain of the effector protein and allowing it to carry out
its function (Bishop and Hall, 2000).
ADP-ribosylation of Rho occurs at the switch-1 region of the GTPase, at asparagine 41
(Aktories et al., 2005). ADP-ribosylated Rho proteins are still able to activate their effector
molecules, but this is dependent upon Rho being in an active conformation prior to ADPribosylation. ADP-ribosylation also does not affect nucleotide binding or hydrolysis by Rho
proteins (Vogelsgesang et al., 2006). Instead, ADP-ribosylation has effects on the interaction of
RhoA with two different regulatory proteins (Figure 1.6). First, it inhibits nucleotide exchange
promoted by GEF, preventing RhoA-GDP from releasing GDP and binding to GTP
(Vogelsgesang et al., 2006). Second, it increases the affinity of GDI proteins for RhoA, locking
it in an inactive state in the cytoplasm (Figure 1.6) (Aktories et al., 2005). This inactivated
RhoA causes a reorganization of actin throughout the host cell, which ultimately proves fatal
(Vogelsgesang et al., 2006). This inactivation can also cause interruptions or alterations in the
function of epithelial and endothelial barrier functions, phagocytosis and signalling in immune
cells, production of cytokines, adhesion and de-adhesion, and immune cell migration
(Vogelsgesang et al., 2006).
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Figure 1.6: Effect of the ADP-ribosylation of Rho Proteins. ADP-ribosylation prevents the
exchange of GDP for GTP, and sequesters Rho in the cytoplasm bound to a GDI (adapted from
Vogelsgesang et al, 2006).
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1.6 Identification of Novel mARTs

Identification of new mART toxins can be challenging. As mentioned previously, mART
toxins share low primary sequence identity (Fieldhouse and Merrill, 2008). This presents a
challenge when attempting traditional BLAST searches, which may not find more distantlyrelated members of the family (Fieldhouse and Merrill, 2008). In many cases, PSI-BLAST
searches have been used to discover new mART toxins (Fieldhouse and Merrill, 2008; Otto et
al., 2000; Pallen et al., 2001). These searches have yielded several previously unidentified
mART toxins, including SpvB from Salmonella enterica, HopU1 from Pseudomonas syringae,
and SpyA (Fieldhouse and Merrill, 2008; Otto et al., 2000). Despite the functional similarities,
PSI-BLAST searches have been shown to be unable to link the CT and DT group toxins (Otto et
al., 2000).
Pattern-based searches are another approach by which novel mART toxins can be
identified (Fieldhouse and Merrill, 2008; Masignani et al., 2004). In this approach, a regular
expression is used which accurately encompasses as many known mART toxin sequences as
possible (usually focusing on either the CT or DT groups). The expression takes into account
conserved catalytic residues and the distances between them in the amino acid sequence, which
allows for identification of mARTs by the presence of these conserved residues. This expression
is then used to find all potential proteins in a set of genomes which match this expression. To
narrow down the results, secondary structure prediction can then be used for conserved regions,
to further match known mARTs (Fieldhouse and Merrill, 2008; Masignani et al., 2004). This
method has produced at least one known mART toxin, NarE from Neisseria meningitidis
(Masignani et al., 2004).

26

A further refinement of the mART-identification strategy is to implement fold
recognition techniques (Fieldhouse and Merrill, 2008). Fold recognition attempts to predict the
3D structure of a sequence and determine whether it is a match to the specific protein family of
interest. This method provides more distantly-related hits and fewer false positives than other
methods, although it takes more computational power. A search utilizing this method has
produced almost 50 potential mART toxins, currently undergoing biochemical analysis
(Fieldhouse and Merrill, 2008).
A yeast screen for toxin activity can be an effective tool for characterizing potential
mART toxins. Saccharomyces cerevisiae contains much of the same cellular machinery as
mammalian cells, and therefore can act as a means to verify mART toxicity (Turgeon et al.,
2009). Potential mARTs can be expressed in S. cerevisiae and their effects on cell growth can be
monitored. This approach can also be used to test the effect of variations in the protein
sequence, as well as inhibitors of mART toxins. Screening in this manner has been shown to
yield comparable results to the effects of mART toxins on mammalian cells since the toxins
usually target a conserved element/protein in eukaryotic cells (Turgeon et al., 2009).
Aside from developing anti-virulence factors to mART toxins, there are several other
medical benefits that can arise from their study. Several mART toxins (cholera toxin and heat
labile toxin from Escherichia coli) have been shown to be powerful mucosal immunogens, and
act as good adjuvants in mucosal vaccines in animals (Pizza et al., 2001). Variant forms of the
toxin which show no catalytic activity have been used as successful adjuvants in a variety of
different animal vaccines, including those against tetanus toxin, influenza, and herpes simplex
virus (Pizza et al., 2001).
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mART toxins can also be used to kill cancer cells. Pseudomonas aeruginosa exotoxin A
and Cholix toxin from Vibrio cholerae have been used in studies in a fusion protein as an
immunotoxin (Kreitman and Pastan, 2011; Sarnovsky et al., 2010). In the Cholix study, the
mART domain of cholix and its membrane translocation domain were expressed as a fusion
protein along with a single chain Fv antibody targeted to a human transferase receptor
(Fieldhouse et al., 2012; Sarnovsky et al., 2010). It has been suggested that this technique could
be used to create fusion immunotoxins which are specific to antigens presented by cancer cells,
allowing their specific targeting and destruction by these toxins (Sarnovsky et al., 2010).
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Chapter 2 – Experimental Procedures
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2.1 Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated.
2.2 Protein Expression and Purification

All proteins in this study were overexpressed and purified from Escherichia coli in their
soluble forms. The exact protocols are described below.
2.2.1 Larvin Purification
The Larvin gene was overexpressed in E. coli BL21 λDE3 cells and purified from the
soluble fraction of the lysed cells. The Larvin gene was cloned into a pET-28+ vector with an Nterminal His6 tag and a tobacco etch virus protease (TEV; expressed and purified from a clone
obtained from Detlef Brodersen Åarhus University, Denmark) cut site. The plasmid was used to
transform chemically competent E. coli BL21 λDE3 by incubating 100 ng of DNA with the
competent cells on ice for 45 min, followed by heat shock at 42°C for 45 s and then incubation
on ice for 2 min. Then, 900 μL of LB media was added and the cells were incubated at 37°C
with shaking for 1 h before plating on 2xYT agar containing 30 μg/mL kanamycin. Cells were
grown in 4 L 2xYT broth to an OD600 of 0.6 at 37°C. Upon reaching this OD, the temperature
was decreased to 16°C and 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added.
Cells were grown for a further 16 h, at which point they were harvested by centrifugation at 4
000 x g for 15 min.
The pelleted cells were resuspended in lysis buffer containing 50 mM trisaminomethane
(Tris), pH 7.5 and 500 mM NaCl, and lysed using an Emulsiflex-C3 high pressure homogenizer
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(Avestin Inc., Ottawa, Canada). The lysed cells were then centrifuged for 50 min at 14 000 g.
The supernatant was then passed over a 5 mL HiTrap Chelating Sepharose fast flow column (GE
Healthcare, Uppsala) charged with Ni2+ and equilibrated with lysis buffer containing 5 mM
imidazole. The protein was washed with lysis buffer containing 5 mM imidazole and lysis buffer
containing 75 mM imidazole, and then eluted with lysis buffer containing 250 mM imidazole.
Further purification was performed using a HiLoad 16/60 Superdex 200 column (GE
Healthcare, Uppsala) for size exclusion chromatography. Gel filtration buffer was the same as
lysis buffer.
Larvin purification for crystallography was performed in the manner described above,
with the exception that 150 mM NaCl was used in buffers instead of 500 mM.
For assays where Larvin was used with the His6 tag removed, a digestion with TEV
protease was run at room temperature for 2 h, and then 16 hours at 4°C. For every mg of Larvin
the digestion reaction contained 0.1 mg TEV in a buffer containing 500 μM EDTA and 1 mM
DTT.
2.2.2 Selenomethionine Larvin Purification

The Larvin plasmid was transformed into E. coli B834 (gift from Dr. Chris Whitfield,
University of Guelph) and plated on 2xYT agar with 30 μg/mL kanamycin. Cells were grown in
5 mL 2xYT broth at 37°C for 2 h and then 1 mL culture was transferred to 100 mL M9 minimal
media supplemented with 80 mg/mL selenomethionine at 37°C. At an OD600 of 0.6, 10 mL of
culture was transferred to 1 L M9 minimal media supplemented with 80 mg/mL
selenomethionine at 37°C. At an OD600 of 0.6, the temperature was reduced to 30°C and the
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cells were induced with 500 μM IPTG. After 12 h, the cells were harvested and purified as
described above, using the 150 mM NaCl buffers.
2.2.3 C3Bot1 and C3lim Purification

C3bot1 in pGEX2TGL plasmid was received as a gift from Thomas Jank (AlbertLudwigs-Universität Freiburg). This vector contains an N-terminal glutathione-s-transferase
(GST) followed by a thrombin cut-site to allow for removal of the GST tag. This was
transformed as previously described into E. coli BL21 λDE3 and grown overnight on 2xYT agar
containing 100 μg/mL ampicillin. Colonies were scraped into 50 mL LB broth containing
ampicillin and grown for 1 hour at 37°C. 50 mL of culture was used to inoculate 2 L of 2xYT,
which was then grown to an OD600 of 0.6. This culture was then induced with 1 mM IPTG and
grown for three more hours before centrifugation at 4000 x g for 15 min.
C3bot1 pellets were resuspended in 20 mM Tris pH 7.5, 10 mM NaCl, and 5 mM MgCl2.
These were lysed using an Emulsiflex-C3 homogenizer, with 1 mM phenylmethylsulfonyl
fluoride (PMSF) added just prior to lysis. After lysis was completed, the lysed cells were spun at
14 000 x g for 50 min, and the supernatant passed over a glutathione-agarose column previously
equilibrated with buffer A (20 mM Tris pH 7.5, 500 mM NaCl, 0.1% Tween). The column was
washed with 10 column volumes of buffer A, and then the C3bot1-GST eluted with 20 mL of
buffer B (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween, 20 mM reduced glutathione). The
eluted protein was dialyzed for 16 h at 4°C in 2L buffer B without glutathione.
The GST tag on C3bot1 was cleaved from the protein using thrombin. 1U thrombin was
added for each mg protein, and 5 mM CaCl2 (final concentration) was present in the reaction.
The digestion was left at room temperature with rotation for 8 h, and then at 4°C for another 16
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h. The cleaved GST tag was removed by passage through a glutathione agarose column
equilibrated with buffer B without glutathione, and the flow through collected and concentrated.
C3lim was purified in an identical manner to C3bot1.
2.2.4 RhoA Purification
Human GST-RhoA (ΔCAAX) plasmid was obtained as a gift from Dr. Joseph Barbieri
(Medical College of Wisconsin). GST-RhoA (ΔCAAX) in E. coli TG1 (also a gift from Dr.
Barbieri) was plated on 2xYT agar containing 30 μg/mL kanamycin. Cells were grown to an
OD600 of 0.6 at 37°C. The temperature was lowered to 27°C, and the cultures were induced with
1 mM IPTG for 16 h. The cells were then harvested and lysed as previously described for
Larvin, using a lysis buffer of 10 mM HEPES pH 7.5, 150 mM NaCl, 2.5 mM MgCl2 and 1 mM
DTT. Prior to lysis, 1 mg DNase was added.
After lysis and centrifugation, the supernatant was passed three times over a glutathione
agarose resin column equilibrated with lysis buffer. The column was washed with 10 column
volumes of lysis buffer, and the protein eluted with 5 column volumes of lysis buffer containing
10 mM reduced glutathione. The elution was then dialyzed into 1L lysis buffer overnight to
remove the glutathione.
2.3 Protein Crystallography

Larvin was screened for crystallization conditions using the Red Wing screen (Structural
Genomics Consortium, Toronto) in 96-well screening trays, using several different
concentrations of Larvin. Initial hits were seen after one month in a well containing 30% PEG
4000, 200 mM sodium acetate, and 100 mM Tris pH 8.5.

33

Crystallization conditions were further refined, and Larvin was crystalized in 18mm
hanging drop trays with 200 μL well solution containing 28% PEG 4000, 200 mM sodium
acetate, and 100 mM Tris pH 8.5. 1 μL of this solution was mixed with 1 μL 18 mg/mL Larvin
on the cover slide to form the crystal drop. The trays were incubated at room temperature, and
crystals would generally appear after two to three weeks. This process could be accelerated by
seeding with a crushed crystal mixture, at which point crystals would appear after one to two
days. Crystals were transferred to Paratone-N, where all traces of the original buffer were
removed, and the crystals were frozen in liquid nitrogen.
Crystals were sent to the Canadian Light Source at the Canadian Macromolecular
Crystallography Facility (08ID-1) for X-ray diffraction data collection. The data were processed
in XDS (Kabsch, 2010). Molecular replacement on the crystal data set was conducted using the
MR-Rosetta tool in Phenix (Adams et al., 2010; Terwilliger et al., 2012). The search model was
based on C3bot1 (PDB ID: 1G24), however, the model was truncated so that it began at residue
67, in order to remove the non-catalytic regions of the protein. Manual refinement was
performed in COOT (Emsley et al., 2010).
2.4 NAD+ Binding
NAD+ binding measurements were carried out using a Cary Eclipse fluorescence
spectrometer (Varian, Palo Alto, California), with an excitation wavelength of 295 nm and an
emission wavelength of 340 nm and band pass of 5 nm. Using quartz UV cuvettes, 1 μM Larvin
in 600 μL NAD+ buffer (20 mM Tris pH 7.9, 50 mM NaCl) was diluted using concentrations of
β-NAD+ in solution between 1 μM and 1 mM, and the fluorescence intensity measured at 340
nm. The fluorescence intensity data were adjusted to account for the increase in volume of the
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sample upon addition of NAD+, and a blank titration using N-acetyl tryptophanamide (NATA)
was used to account for inner-filter effects. The data were then analyzed using Graphpad Prism
5 (Graphpad Software, Inc.) to calculate the dissociation constant.
2.5 Glycohydrolase

Glycohydrolase measurements were carried out using either a Cary Eclipse fluorescence
spectrometer (Varian, Palo Alto, California) or FLUOstar Omega plate reader (BMG, Ortenberg,
Germany). Glycohydrolase was monitored using the fluorescent NAD+ analog etheno-NAD+
(εNAD+). Cleavage of the bond between nicotinamide and etheno-ADP-ribose causes a 10-fold
increase in the fluorescence quantum yield of the etheno group by reducing intramolecular
quenching (Klebl and Pette, 1996). Fluorescence was monitored using an excitation wavelength
of 300 nm (305 nm using the Cary Eclipse), and an emission wavelength of 405 nm, using
excitation and emission band pass of 5 nm. For measurement on the Cary Eclipse, a varying
concentration of εNAD+ (from 1 μM up to 2 mM) and Larvin (20 μM) were added to a buffer
containing 20 mM Tris pH 7.9, 50 mM NaCl (NADGH buffer) to a final volume of 70 μL, and
the reaction was covered with 200 μL of mineral oil. This was then monitored at 37°C for a
minimum of 2 h.
Monitoring of the reaction using the FLUOstar Omega occurred under similar conditions,
using a 96-well Grenier half-area clear plate (Corning, Corning, New York), with a final reaction
volume of 50 μL, sealed with clear tape.
Initial slopes of samples were measured and converted from fluorescence units/minute to
units of [εADP-ribose] formed/minute using an εAMP standard curve. These were then plotted
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against εNAD+ concentration and fitted to the Michaelis-Menten model using Graphpad Prism 5
(Graphpad Software, Inc.) to determine KM and Vmax.
2.6 εAMP Standards

Ethenoadenosine-monophosphate (εAMP) was used as a standard for the glycohydrolase
and transferase reactions, in order to convert between fluorescence units and molar concentration
of etheno-ADP-ribose. εAMP was dissolved in NADGH buffer, and a standard curve was
generated in triplicate at the following concentrations (in 70 μL final volume, 50 μL final volume
if the FLUOstar Omega was used) of NADGH buffer: 0, 1, 2, 3, 5, 7, 9, and 10 μM.
Fluorescence intensity was plotted against εAMP concentration in Excel (Microsoft), and the
inverse of the slope was used to calculate the rate of εADP-ribose formation in glycohydrolase
and transferase reactions.
2.7 N-Methylanthraniloyl Guanosine-Triphosphate Activity Assay

N-Methylanthraniloyl guanosine-triphosphate (mGTP) (Molecular Probes, Eugene,
Oregon) is a fluorescent GTP analog for which the fluorescence quantum yield increases upon
binding to proteins, making it ideal for use in nucleotide exchange assays with RhoA to monitor
whether RhoA is binding GDP/GTP, and thus correctly folded. RhoA was incubated with a twofold molar excess of GDP for at least 30 min at room temperature prior to the start of the assay.
RhoA was added to a final concentration of 1 μM in a reaction volume of 70 μL reaction buffer
(10 mM triethanolamine, pH 7.5, 150 mM NaCl, 2.5 mM MgCl2) containing 500 nM mGTP.
The reaction was monitored over the period of 1 h in the Cary Eclipse using an excitation
wavelength of 360 nm and an emission wavelength of 444 nm, using excitation and emission
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band pass of 5nm. The samples were excited for 1 s every 20 s to minimize photo-bleaching of
the mGTP.
2.8 Inhibitor Screens

Inhibitor screening was conducted against the glycohydrolase activity of Larvin, utilizing
inhibitors which were designed to be NAD+ competitive. M series was obtained from Molport,
Riga, Latvia. P6 Series was obtained from Sinova Inc., Bethesda, Maryland. V series inhibitors
were obtained from ChemBridge, San Diego, California. Screening was performed using a
FLUOstar Omega in 96-well Grenier half-area clear plates, with a final reaction volume of 50
μL. 20 μM Larvin was incubated with 300 μM εNAD and 30-50 μM of each inhibitor at 37°C.
Since some of the inhibitors were dissolved in DMSO, a control was performed using the same
volume of DMSO (1 μL) as the amount of inhibitors used. The remainder of the reaction volume
consisted of NADGH buffer. The reaction was monitored over the course of 8 h using an
excitation wavelength of 300 nm, and an emission wavelength of 405 nm. The initial slope of
each reaction was taken, and then normalized to the average of the DMSO control reactions.
2.9 IC50 Determination
IC50 determination was performed using a Cary Eclipse with an excitation wavelength of
305 nm and an emission wavelength of 405 nm, using 5 nm band pass. Larvin (20 μM) was
mixed in a cuvette with 300 μM εNAD, varying inhibitor concentrations, and NADGH buffer to
a final volume of 70 μL. Cuvette samples were then covered with mineral oil to prevent
evaporation. The reaction was monitored for a minimum of 2 hours, and the initial slopes were
measured. Slopes were converted from fluorescence units/minute to units of [εADP-ribose]
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formed/minute using an εAMP standard curve. The IC50 was calculated using non-linear
regression in Graphpad Prism 5.
2.10 Substrate Identification

Substrate identification was performed using bioinformatics predictions, as well as a
fluorescein-NAD+ blot. A solution of 8.33 μM fluorescein-NAD+ (Trevigen, Gaithersburg,
Connecticut) was incubated for 1 hour in a reaction containing 3 μM Larvin and 6.67 μM RhoAGST for 1 hour in a 15 μL reaction volume, with the remainder consisting of reaction buffer
(1 mM DTT, 5 mM MgCl2, 1 mM EDTA, 20 mM Tris HCl pH 7.5). While incubating, the
reactions were placed on a MixMate shaker (Eppendorf, Hamburg, Germany) at 300 rpm in the
dark.
After incubation, the reactions were mixed with 5μL Laemmli buffer and run on an SDSPAGE gel. The gel was exposed and an image of the fluorescence was acquired by imaging
using a ChemiDoc MP (Bio-Rad, Hercules, CA).
2.11 Transferase Reaction
Transferase kinetic parameters were determined using an end point fluorescein-NAD+
blot assay at 22°C. 3 μM Larvin was incubated with 25 μM fluorescein-NAD+, 275 μM βNAD+, and between 0 and 150 μM RhoA-GST in a 15 μL reaction volume in which the
remainder consisted of reaction buffer (1 mM DTT, 5 mM MgCl2, 1 mM EDTA, 20 mM Tris
HCl pH 7.5). The reactions were started with the addition of the NAD+ mixture and allowed to
continue for 10 seconds in the dark before the addition of 5 μL Laemmli buffer to stop the
reaction. The fluorescence of the band in each well corresponding to RhoA-GST was measured
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using ChemiDoc MP with Image Lab (Bio-Rad, Hercules, CA), and set relative to the band
containing 7 μM of RhoA-GST undergoing the same reaction. The data was then converted
from fluorescence intensity to concentration units using a standard curve, and analyzed using
Graphpad Prism 5 to generate KM, Vmax and kcat data.
The same technique was used to generate KM, Vmax and kcat data for the transferase
reaction with respect to the NAD+ substrate, in which case, the NAD+ concentration was varied,
while the RhoA-GST concentration was held at 200 μM.
The standard curve was generated by performing a control reaction as described above,
and separated on an SDS-PAGE gel, along with samples containing 5 μL Laemmli buffer and 25,
50, 75, 100, 150, and 200 μM fluorescein-NAD+. The fluorescence values of these samples were
taken relative to the control band using a ChemiDoc MP and plotted against their known
concentration values in order to obtain a standard curve.
2.12 Cell Assays

A frozen 1 mL aliquot of RAW 264.7 murine macrophage cells (ATCC, Manassas, VA;
catalogue number TIB-71) was rapidly heated to 37°C and diluted in 9 mL pre-warmed
Dulbecco’s modification of Eagle’s medium (DMEM) (Lonza, Basel, Switzerland) containing
10% fetal bovine serum (FBS) (Gibco, Life Technologies, Burlington, ON) and a penicillin (100
U/mL)-streptomycin (100 μg/mL) mixture (Lonza) in a 25cm2 culture flask (Corning, Lowell,
MA) and grown in a 37°C water-jacketed incubator at 5% CO2. Cells were passaged by scraping
to resuspend the cells and transferring 1 mL to a new 25cm2 flask containing 9 mL of prewarmed medum. The same revival and passaging protocols were followed for J774A.1 murine
macrophage cells (ATCC, Manassas, VA; catalogue number TIB-67).
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Cell morphology assays were performed in a similar manner. J774A.1 or RAW 264.7
cells were grown to confluency in 25cm2 culture flasks, the cells resuspended, and 100 μL was
transferred to 6-well or 96-well culture plates (Corning, Corning, New York) containing 4 mL
supplemented medum (200 μL in the case of the 96-well plates). In the case of RAW 264.7
cells, pressure was used to break up cell clumps, by keeping the pipette tip opening pressed
against the bottom of the plate, which ensured monolayer formation. J774A.1 cells naturally
form a monolayer, so there was no need to use pressure to break up clumps with these cells. The
cells were left for 48 h to grow in the new medum, at which point either toxin or control buffer
was added. The cells were observed 20 h later, and any morphology changes were recorded.
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Chapter 3 – Larvin
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3.1 Introduction

The honey bee (Apis mellifera) plays an essential role in the pollination of both wild and
cultivated plants, including many crops (Genersch, 2010). They are the most economically
viable of crop pollinators, and often can be the only option for farmers to pollinate their crops
(Genersch, 2010). For example, in 2000, the value of crops directly pollinated by honey bees in
the United States alone was estimated at $14.6 billion (Oldroyd, 2007). In recent years, many
developed countries have seen a sharp decrease in their number of viable honey bee colonies
(Aizen and Harder, 2009). As well, the agricultural demand for honey bees has been growing at
a much faster rate than the supply of commercially available bees (Aizen and Harder, 2009). An
important reason for the decline in honey bee populations has been various diseases, including
American Foulbrood (Genersch, 2010).
American Foulbrood is one of the most economically important honey bee diseases,
causing considerable damage for beekeepers (Genersch, 2010). This disease only affects the
larvae in a colony (individuals are most susceptible less than 36 hours after egg hatching, adults
are not affected), degrading infected individuals to a semi-liquid state. This disease is caused by
the pathogen Paenibacillus larvae (Genersch, 2010).
P. larvae is a Gram-positive, spore forming bacterium which is capable of being
transmitted within and between colonies (Genersch, 2010). The only effective method for
control of an infected colony is burning of the colony and associated equipment (Genersch,
2010). Adult bees can act as carriers for the spores, and then infect the larval food with these
spores. As few as ten spores are needed to cause infection, and an infected individual can release
millions of spores to further infect the colony (Genersch, 2010). P. larvae has also been shown
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to be capable of infection in humans, although cases have proven to be extremely rare (Rieg et
al., 2010).
While oxytetracycline has been used as an effective control for P. larvae for many years,
recently resistant strains have started to appear with alarming frequency (Evans, 2003; Tian et
al., 2012). Recently, the antibiotic tylosin has been approved for use with honey bees, but it has
been suggested that it is causing disruption of the natural microflora, and making the bees
vulnerable to other infections (Tian et al., 2012).
3.2 Identification

Larvin was identified in silico as a potential mART toxin in P. larvae subspecies larvae
BRL-230010. Due to the large primary sequence diversity between mART toxins, BLAST and
PSI-BLAST searches do not always prove to be reliable. Therefore, a different approach was
taken to identify novel mART toxins. The Larvin gene was identified by searching the Gene3D
and Superfamily databases using the Structural Classification of Proteins (SCOP) codes
d.166.1.1 (mART), d.166.1.2 (PARPs), d.166.1.3 (ARTs), d.166.1.4 (AvrPphF ORF2, a type III
effector), d.166.1.5 (Tpt1/KptA), d.166.1.6 (BC2332-like) and d.166.1.7 (CC0527-like) and the
Class Architecture Topology Homology (CATH) codes 3.90.175.10 (DT Group mART),
3.90.176.10 (C2- and C3-like mARTs, ARTs), 3.90.210.10 (CT-PT-like mARTs) and
3.90.182.10 (Anthrax_PA-like) (Murzin et al., 1995; Orengo et al., 1997).
These search results were then filtered based on several parameters. The results were
only kept if the gene originated from a bacterial pathogen, possessed a secretion signal, and there
was no hydrolase encoded near it in the genome (this often suggests a regulatory role, rather than
a toxic one) (Van Melderen and Saavedra De Bast, 2009). The resulting sequences were then
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filtered again based on a regular expression designed to detect key mART catalytic features,
including the catalytic arginine, the STS motif, and the Q/ExE motif. The final step in this
process was to use fold-recognition servers such as 3D-Jury to predict the overall structure of
these sequences (Ginalski et al., 2003).
The final results of this search showed several putative mART toxins, including Larvin,
the focus of this thesis research.
3.3 Yeast Cytotoxicity

A growth deficiency assay in Saccharomyces cerevisiae was used to confirm Larvin
toxicity. The gene encoding Larvin was expressed in a low-copy-number plasmid under the
control of a CUP1 promotor in yeast (Turgeon et al., 2009). This screen shows that at low levels
of copper induction, Larvin is extremely toxic to yeast cells, much greater even than that of
ExoA from P. aeruginosa (control toxin) (Figure 3.1). Also of note is that none of the catalytic
variant toxins showed any cell death. It is normally expected that the single catalytic variants
would have at least some toxicity to cells; however, in one previous case, catalytic variants of
C3cer have been shown to lose all transferase activity when either the catalytic glutamine or
glutamate were substituted with an alanine residue (Wilde et al., 2003). This suggests a highly
specialized catalytic site, where both the glutamine and glutamate are absolutely essential for
proper function. Thus, these results suggest that Larvin is a bona fide mART toxin, and
confirmed its cytotoxicity in eukaryotic systems.
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Figure 3.1: Larvin Inhibition of Yeast Growth. Inhibition of yeast growth by Larvin and
selected catalytic variants. All growth is compared to that of yeast expressing a control toxin,
PE24. Growth is shown at four different concentrations of copper induction, indicated on the
abscissa.
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3.4 Overexpression and Purification

The Larvin gene was cloned into a pET28+ vector and overexpressed in E. coli BL21
λDE3 cells. Larvin was successfully isolated from E. coli cell lysate by immobilized metal
affinity chromatography followed by size exclusion chromatography. SDS-PAGE analysis
confirmed the purity of the protein product, and a Western blot with a monoclonal antibody
specific to the polyHis tag confirmed the protein identity (Figure 3.2). The yield of Larvin was
approximately 10 mg protein/L culture.
3.5 NAD+ Binding

A tryptophan fluorescence-quenching assay was used to determine the dissociation
constant of Larvin with NAD+ to be 21.4 ± 3.2 μM (Figure 3.3). This value is within the range
reported for other mART toxins, including Photox (11.2 ± 0.3 μM) (Visschedyk et al., 2010), and
C3bot1 (60 ± 6 μM) (Ménétrey et al., 2002). These data fit best to a one-site model of substrate
binding, as is seen with many other mART toxins, although C3lim and Cholix have been
suggested to have a second NAD+ binding site based on NAD+ binding experiments (Böhmer et
al., 1996; Fieldhouse et al., 2012).
3.6 Glycohydrolase

Larvin glycohydrolase activity was characterized with a fluorescence-based assay. It
displayed Michaelis-Menten kinetic behaviour. Larvin was shown to have a KM = 120 ± 16 μM.
The kcat was determined to be 1.3x10-3 ± 0.05x10-3 min-1. Other C3 enzymes have been shown to
have similar kinetic values for glycohydrolase activity; for example, C3lim had a KM =
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Figure 3.2: Recombinant Larvin Expression. Purification of Larvin from E. coli lysate. Lane
A contains impure E. coli cell lysate, lane B contains Larvin after gel filtration purification, and
lane C contains a more concentrated pure Larvin sample to illustrate the degree of purity.

47

1 - Relative F.I.

0.6

0.4

0.2

0.0
0

500

1000

1500

[NAD+ ] (M)

Figure 3.3: NAD+ Binding by Larvin. The fluorescence measurements were divided by the
initial NAD+-free measurement to obtain the relative fluorescence intensity, and then subtracted
from 1 to obtain the binding curve.
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160 μM and a kcat = 2x10-3 min-1 (Böhmer et al., 1996). This indicates that Larvin was properly
folded and was an active enzyme (Figure 3.4).
Glycohydrolase reaction rates for the catalytic mutant Q155A/E157A were found not to
be detectable. This is consistent with results from other C3 enzymes, in which the catalytic
glutamate is essential for any detectable transferase or glycohydrolase activity (Böhmer et al.,
1996; Vogelsgesang and Aktories, 2006; Wilde et al., 2003).
3.7 ADP-Ribosylation

Every previously characterized C3 toxin has been shown to target RhoA as its primary
substrate, and has also been shown to target both RhoB and RhoC (C3stau1, 2, and 3 have also
been shown to have several other secondary substrates). Because of this, and the primary
sequence similarity between Larvin and other C3s, it was hypothesized that Larvin would target
a Rho protein. The honey bee genome was investigated to seek a RhoA homolog, as human
RhoA would not be expected to hold physiological relevance to Larvin. A Basic Local
Alignment Search Tool (BLAST) query was performed using the RhoA protein sequence as a
search template, and several predicted proteins with primary sequences showing high identity to
RhoA were discovered in the honey bee genome (Altschul et al., 1997). One protein in
particular, Rho1, proved to be identical to RhoA for the first N-terminal 124 amino acids,
including the previously identified C3 target residue, asparagine 41 (Figure 3.5). As the Cterminal region of the Rho proteins has previously been implicated in targeting within the cell,
and shown to have minimal effect on labelling by C3 toxins, it was determined that human RhoA
would be a suitable homolog to work with, for the purpose of these experiments.
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Figure 3.4: Glycohydrolase Activity of Larvin. Larvin activity as a function of eNAD+
concentration. The sample included 20 μM Larvin at 37°C and the data were fit to the
Michaelis-Menten model.
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Figure 3.5: Sequence Alignment of Rho Proteins. Sequence alignment of human RhoA,
RhoB, and RhoC with the putative honey bee protein Rho1, aligned in ClustalX and visualized
using ESPript (Gouet et al., 1999; Larkin et al., 2007). Identical amino acids are highlighted in
red and conserved amino acid residues are in red lettering.
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For simplification of the experiments, a constitutively active RhoA-GST mutant, with a
deleted CAAX box, was used. This allowed for a simplified assay to determine if RhoA-GST
was properly folded, as there were no additional steps required for activation which could pose
problems. An mGTP binding assay was performed on purified RhoA-GST before use in
ADPRT assays to confirm that the sample was properly folded and active.
RhoA was confirmed as the target for Larvin transferase activity by using fluoresceinNAD+ as an NAD+ substrate analog. The addition of the fluorescein group to the adenine ring of
the NAD+ molecule allows for visualization of the ADP-ribose moiety on an SDS-PAGE gel.
After separating the reaction mixture on an SDS-PAGE gel and illuminating it with ultraviolet
light, a band corresponding to RhoA-GST was visualized, confirming RhoA as the target (Figure
3.6).
Using this fluorescein-NAD+ blotting technique, Larvin was found to have KM = 16.8 ±
2.5 μM and a kcat 5.26 = 0.23 min-1 with respect to the RhoA substrate (Figure 3.7). These values
assume that the fluorescein-NAD+ is consumed at the same rate as β-NAD+ as a substrate for
Larvin. Previously, it has been shown that etheno-NAD+ is utilized at a 6-fold slower rate than
β-NAD+ (Yates and Merrill, 2005). However, in the structure of ε-NAD+, the etheno group is an
additional “bridge” on the ADP-ribose group, whereas in the structure of fluorescein-NAD+, the
fluorescein group is attached by a large, flexible linker (Table 3.1). Because of this linker
region, it is likely that the fluorescein group will cause less interference than the etheno group,
and provide KM and kcat values which are more similar to the natural β-NAD+ substrate. These
values represent the first of their kind among the C3 subgroup, as no previously published results
have provided meaningful KM or kcat values for C3 toxins with respect to RhoA.
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Figure 3.6: ADP-ribosylation of RhoA-GST by Larvin. A fluorescein group on the ADPribose allows for visualization of the ADP-ribosylated protein. Increasing concentrations of
RhoA-GST are used in lanes A-H, at 7, 14, 21, 28, 35, 42, 29, and 56 μM. The fluorescent band
that appears corresponds to RhoA-GST. An increase in fluorescence intensity indicates an
increase in labelling. The colours in this image have been inverted.
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Figure 3.7: Transferase Activity of Larvin with Respect to the RhoA-GST Substrate. Larvin
activity as a function of RhoA-GST concentration. 3 μM Larvin at 22°C, fit to the MichaelisMenten model.
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Table 3.1: Structures of NAD+ and analogs used for Larvin kinetics.
β-NAD+

ε-NAD+

fluorescein-NAD+
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Using this same technique, kinetic values were also obtained for NAD+ under conditions
of saturating RhoA. In the presence of 200 μM RhoA-GST, Larvin was shown to have KM for
NAD+ = 33.6 ± 11.9 μM, and kcat = 3.39 ± 0.32 min-1 (Figure 3.8). These values are summarized
in Table 3.2. Literature comparisons for this value cannot be done, as work on previous C3
toxins did not obtain these values at saturating concentrations of RhoA (Böhmer et al., 1996;
Wilde et al., 2003).
3.8 Cell Entry

Larvin cell entry was tested against the macrophage cell lines J774A.1 and RAW 264.7,
both of which are derived from mice. C3bot1 and C3lim can enter these cell lines at nanomolar
concentrations (Fahrer et al., 2010). Both toxins were previously shown to cause distinct
morphology changes in both cell lines, with the most obvious changes occurring in J774A.1 cells
(Fahrer et al., 2010). Using the same conditions for Larvin, no obvious morphology changes
were observed, using Larvin with or without the His6 tag cleaved. In the same experiment, both
control toxins, C3lim and C3bot1, showed the expected morphology changes (Figure 3.9). This
indicates that either Larvin does not enter these macrophage cell lines by the same mechanism as
C3bot1 and C3lim, or that its effect on the cells is different than that of C3bot1 and C3lim.
Previous work has suggested that the N-terminal helices of C3bot1 and C3lim may be
important for their cell entry (Fahrer et al., 2010). In examination of the structure of the four Nterminal α-helices of these three toxins, Larvin clearly shows a truncated helix-1. If these helices
do contribute to cell entry, it is possible that this truncation may be part of the reason Larvin does
not appear to enter macrophage cells. Larvin also lacks several conserved residues from other
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Figure 3.8: Transferase Activity of Larvin with Respect to the NAD+ Substrate. Larvin
activity as a function of NAD+ concentration with 3 μM Larvin at 22°C, fit to the MichaelisMenten model.
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Table 3.2: Kinetic parameters of the glycohydrolase and transferase reactions of Larvin.
Substrate
NAD+

NAD+

(Glycohydrolase)

(Transferase)

KM (μM)

120 ± 16

33.6 ± 11.9

16.8 ±2.5

Vmax (nM min-1)

26.4 ± 1

10200 ± 1000

15800 ± 680

kcat (min-1)

1.3x10-3 ± 0.05x10-3

3.39 ± 0.32

5.26 ± 0.23

kcat/KM (M-1min-1)

10.9

1.01x105

3.13x105

Parameter

RhoA-GST

Kinetic parameters were obtained as described in Chapter 2, and represent the mean ± standard error. All represent
at least 3 replicates.
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Figure 3.9: Larvin Cell Entry Experiments. J774A.1 cell entry assay showing cells at 0 and
20 h after treatment. The cells were treated with (A) Larvin buffer (control), (B) 300 nM
C3bot1, (C) 300 nM C3lim, and (D) 300 nM Larvin. The elongated protrusions from the cells
visible in B and C are phenotypic changes indicative of infection with C3 toxins.
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C3s in this N-terminal region, including arginine-14 (a serine in other C3 toxins), leucine-20 (an
alanine in other C3 toxins), and alanine-26 (either an arginine or a lysine in other C3 toxins). No
specific residues have been shown so far to play a role in C3 cell entry, but the overall
conservation of these residues in other C3 toxins could indicate that they are of some importance.
Although cell entry mechanisms for the C3 toxins are not well understood, these results
suggest that Larvin may use a different mechanism than both C3bot1 and C3lim. P. larvae has
previously been shown to be an extracellular pathogen, so it is also unlikely that Larvin follows
the entry method of C3stau2 (Genersch, 2010).
It is possible that Larvin simply does not enter macrophage cells, but uses a similar
uptake mechanism for a different cell type within bee larvae. The cell entry mechanism shown
for C3bot1 and C3lim (both of which are produced by bacteria pathogenic to humans) previously
did not show uptake into several other cell lines, including CHO and HeLa cells (Fahrer et al.,
2010). The specificity of this uptake mechanism indicates that it is highly evolved for its target
cell. As Larvin would be expected to target larval insect cells and not mammalian macrophages,
it is possible that it too is specific for its target cell type, which was not identified in this study.
3.9 Inhibitor Studies

Previous work with C3 toxins has revealed no inhibitors of enzyme function (although at
least one cell entry inhibitor has been identified for both C3bot1 and C3lim). Since a number of
mART inhibitors of enzyme function have previously been developed (Turgeon et al., 2011), it
suggests that there are properties to the C3 subgroup which make them unique. Even Certhrax, a
non-C3 QxE toxin from Bacillus cereus, has several potent inhibitors of its enzyme activity
(Visschedyk et al., 2012).
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However, several promising inhibitors have now been identified which are mildly
effective against Larvin. These were initially tested via a broad screen of a range of compounds
from our mART libraries, where the most effective ones were then narrowed down and tested
individually.
An initial screen only showed one promising compound, Suramin (Figure 3.10A).
However, upon further investigation, it was seen that Suramin precipitated Larvin. The
inhibitory effects seen were therefore likely due to the precipitation interfering with the
fluorescence measurement, as well as decreasing the concentration of Larvin in the reaction
solution.
A second screen of a different suite of inhibitors revealed several compounds which
showed mild inhibition; however, further investigation of many of them (including M4 and M8,
two of the most promising from the screen) revealed that high concentrations of the compounds
also caused precipitation of Larvin (Figure 3.10B). The most promising inhibitors which did not
operate by a precipitation mechanism were then tested further to generate IC50 data.
Inhibition with the compound M3 had an IC50 of 103.5 = 27.1 μM (Figure 3.11, Table
3.3). M3 also caused similar inhibition in C3bot1, indicating that it may have some universal
significance to the C3 subgroup. M18 was also tested (other promising inhibitors were seen to
cause precipitation); however, it proved not to be an effective inhibitor of either Larvin or
C3bot1.
While M3 is not highly potent, it represents the first known C3 subgroup inhibitor, and
can act as a lead compound to develop inhibitors with greater efficacy. M3 differs from many
other inhibitors which have been shown to be effective against other mART toxins in that it
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Figure 3.10: Larvin Glycohydrolase Inhibition by a Potential mART Inhibitors. Graph A
shows the inhibition of Larvin in the presence of 30 μM inhibitor. Graph B shows the inhibition
of Larvin in the presence of 50 μM inhibitor. Not shown is inhibitor M3, which was not tested in
these screens. Larvin concentration was 20 μM in both screens.
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Figure 3.11: Larvin Inhibition by M3. Inhibition of Larvin was tested at increasing
concentrations of M3 in the presence of 20 μM Larvin at 37°C.
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Table 3.3: Structure of M3, inhibitor of Larvin glycohydrolase activity.
Inhibitor

Structure

M3

a

IC50 (μM)a

103.5 ± 27.1

IC50 value represents the mean ± standard error of at least three different replicates.
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consists of an adenine ring segment which is not modified from that seen in NAD+. This is also
the only inhibitor tested on which the amine group of the adenine is the only site at which an Rgroup is linked to the main ring. It may be that this relatively unmodified adenine ring is
necessary for binding in the active site, indicating a very specific interaction with the α-3 helix in
Larvin.
3.10 Crystallography

Larvin crystals were obtained under the conditions mentioned previously. Crystals were
sent to the Canadian Light Source, where the best crystals diffracted to 1.7Å.
Initially, molecular replacement on the data set was attempted using Phaser in Phenix. A
variety of template structures were used, including C3bot1, C3bot2, C3lim, C3stau2, and
Certhrax. When these attempts failed, truncations of the models were attempted; with C3bot1 in
particular, helices were removed sequentially from the model from the N-terminus, along with
truncations from the C-terminus. However, none of these proved successful in providing phase
data for the Larvin data sets.
Because of the inability to perform molecular replacement with Phaser, several heavy
atom soaks were attempted. Soaks at various concentrations of NaBr or Hg2SO4 caused the
Larvin crystals to dissolve. Soaks in millimolar concentrations of NaI showed little effect on the
stability of the crystal for time periods less than 1 h, so several crystals were soaked under
various NaI conditions for up to 2 h and sent for diffraction. Unfortunately, data sets for these
crystals revealed no heavy atoms by which phase data could be obtained.
Crystallization of Larvin was then attempted using a selenomethionine variant. Wildtype Larvin has only three methionine residues: the first is the N-terminal residue, and the second
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was predicted to exist in a loop. The possibility then exists that the loop would be too flexible to
refine properly, and that this methionine would not be present in the final structure. This left one
methionine predicted to be in a relatively stable region of the protein. Phase determination
utilizing selenium in this manner only works when at least 1% of the residues in the structure
contain selenium (Doublié, 2007). Since there are also no cysteine residues in the structure
(which can also be replaced with selenocysteine), two point mutations were made in Larvin to
substitute in extra methionine residues. Two leucine residues were chosen for the mutagenesis.
Leucine and isoleucine are the recommended residues for mutation in cases such as this, as they
are the most commonly substituted with methionine naturally (Doublié, 1997, 2007). Leucine 53
and Leucine 132 were chosen for replacement with methionine. These residues were chosen for
their presence in predicted secondary structures, to maximize the likelihood that density would
be present in collected datasets, and for their distance from the active site, to minimize any
potential disruption of the structure in that region. These residues were also predicted to lie at
the protein surface, so substitution was expected to have little effect on protein folding.
Crystals of the selenomethione-incorporated protein did not form under the same or
similar conditions as those previously used. Crystal trays were set up using decreasing
concentrations of Larvin, as well as decreasing concentrations of PEG 4000, with no success.
Seeding wells using wild-type crystals was also attempted, again with no success. While an
initial hit was seen under entirely new conditions in a screening tray (0.1M BT pH 7, 2.7M
ammonium sulphate), a useful crystal was not produced.
Due to the failure of selenomethionine-incorporated protein to form crystals, molecular
replacement was retried, this time using MR-Rosetta. MR-Rosetta uses the Rosetta software to
enhance standard molecular replacement done in Phaser by adding several extra iterative model
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building and refinement steps. Using this technique, a molecular replacement solution was
obtained which had an initial R-free value of 0.33, and an R-work of 0.3, using a C3bot1 model
in which the four N-terminal helices had been manually removed. Attempts to use a full-length
C3bot1 model showed little improvement upon the standard molecular replacement which had
been attempted earlier, suggesting there may be a significant difference in the N-terminal region
of Larvin as compared to other C3s (previous C3 structures have all been solved utilizing a full
C3bot1 template). This solution was further refined through manual steps in COOT, and
produced a crystal structure with an R-work value of 0.19, and R-free value of 0.23, and a
resolution of 2.3 Å (Figure 3.12).
The Larvin crystal structure displays a characteristic mART fold, containing two
perpendicular β-sheets next to a NAD+ binding loop. The N-terminus of the structure appears to
be truncated compared to that of other solved C3 toxins (Figure 3.13), resulting in a shortened
helix-1, and no N-terminal loop (the loop seen at the N-terminus of the structure is an artefact of
the construct used for crystallography, and would not be present for a wild-type sequence, which
starts at methionine 23). As previously mentioned, this truncation could be responsible for a
change in toxin behaviour in relation to cell entry. Helix-1 in Larvin extends several residues
more towards the C3-terminus than in other C3s. Helices 2, 3, and 4 all appear quite similar to
previous C3 structures (helix-2 and helix-3 combine to contain the α-3 motif), although helices 3
and 4 are oriented at a slightly different angle compared to the rest of the structure in Larvin as
compared to other C3s.
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Figure 3.12: Crystal structure of Larvin. (A) Larvin is coloured by secondary structure
element. In (B), blue corresponds to the α-3 motif, green to the catalytic R, pink to the STS
motif, orange to the PN loop, and yellow to the ARTT loop. Highlighted in red are the catalytic
glutamine and glutamate residues.

68

Table 3.4: Data collection and refinement statistics for Larvin
Sample

Larvin (apo)

Beam-line

CLSI 08-ID-1

Wavelength (Å)

0.979

Resolution Range (Å)

41.02 - 2.30

Space group

P 41 21 2

Unit Cell

55.85 55.85 120.88 90 90 90

Total reflections

84064

Unique reflections

9065

Multiplicity

9.3

Completeness (%)

99.98

Mean I/Sigma (I)

25.83

Wilson B-factor

36.49

R-merge

0.06246

R-meas

0.06617

R-work

0.1869

R-free

0.2250

RMS (bonds)

0.005

RMS (angles)

0.87

Ramachandran favored (%)

99

Ramachandran outliers (%)

0

Average B-Factor

45.90

Number non-hydrogen atoms

1681

macromolecules

1640

ligands

0

water

41

Protein Residues

200
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Figure 3.13: Overlay of Larvin with other known C3 structures. Larvin is shown in pink,
C3bot1 (PDB ID: 1G24) is shown in light grey, C3bot2 (PDB ID: 1R4B) is shown in red, C3lim
(PDB ID: 3BW8) is shown in cyan, and C3stau2 (PDB ID: 1OJQ) is shown in dark grey.
Features present in Larvin that are not seen in other structures are indicated.
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An interesting feature present in Larvin is the presence of a β-strand at the N-terminal
region of the ARTT loop, which is not present in any other C3 structure. This extends the βsheet containing the STS and QxE motifs, and may provide more stability within the active site.
Both of the other strands in this β-sheet are extended when compared to their counterparts in
C3bot1. This applies to the majority of β-strands throughout the Larvin structure, as most appear
to be slightly extended compared to those in C3bot1. The largest extension is seen in the two Cterminal β-strands, which are each extended by three amino acids.
The active site is remarkably similar to that of C3bot1, at first glance, with the location
and size of the β-strands appearing almost identical within the two structures. However, a closer
look at the active sites reveals that the catalytic glutamine is in a radically different position than
those found in other C3s (Figure 3.14). It is rotated almost a full 90° along the axis of the main
chain, moving 7.9Å from the closest R-group atom of the catalytic glutamate, 4 Å greater than
the distance in C3bot1. In response, the catalytic glutamate is shifted from its location in other
C3 structures, appearing slightly closer to the glutamine residue. This shift, however, is not
nearly as pronounced as the shift in the glutamine residue. The source of this change in
orientation may lie in the residue separating the glutamine and glutamate. In other solved
structures, the residue which separates the catalytic residues is a lysine (or another glutamine, in
the case of C3stau2). Larvin is the first C3 structure solved in which that residue has been
substituted with a tyrosine (tyrosine is also present in this position in C3cer, which does not have
a crystal structure). This tyrosine may exert some steric hindrance with residues in nearby areas
of the protein, and cause a displacement of the backbone of the structure in this area. It is
possible that there is an induced-fit mechanism in this region of the structure, in which binding
of a substrate would cause the glutamate to shift to a catalytically relevant position. A
71

Figure 3.14: Catalytic residues of Larvin in the active site. Larvin QxE residues are shown in
green, while C3bot1 QxE residues are shown in cyan. The overall Larvin structure is shown in
grey. The tyrosine and glutamate residues in Larvin are in a completely different conformation
in the Larvin crystal structure than that seen in other C3 structures.
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second possibility is that the position of the residue is an artefact of the crystallography
conditions (or the excess N-terminal residues of this particular construct of Larvin), and that
under more relevant physiological conditions (for example, a lower pH), the residue would be in
a position more relevant to catalysis.
In summary, in silico techniques were used to identify the novel mART toxin, Larvin
from P. larvae. Larvin was shown to be a member of the C3 subgroup of mART toxins, and to
share a common protein substrate, RhoA. Larvin was used to discover the first known inhibitor
of C3 catalysis, M3. A crystal structure of Larvin was solved, which showed a high level of
similarity to other C3 structures. Despite the similarities of target proteins and overall structure,
Larvin was shown not to utilize the same mechanism of cell entry as other C3 toxins.
Characterization of Larvin has allowed for increased understanding of the C3 subgroup of toxins,
and will allow for future development of potent inhibitors against them.
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Chapter 4 – Conclusions and Future Directions
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4.1 Conclusions

Upon their discovery, antibiotics were seen as wonder drugs, capable of quickly curing
almost any bacterial infection. Unfortunately, bacteria can rapidly and effectively develop
resistance to antibiotics faster than new compounds can be produced. Today, almost every
important bacterial pathogen has developed resistance to at least one class of antibiotics, and
some are fast becoming resistant to every available class. This situation requires a new approach
to combat pathogenic bacteria without quickly giving rise to resistance. One such approach is
the use of anti-virulence compounds. These compounds are targeted inhibitors of bacterial
virulence, and can be designed to target specific bacterial toxins. They target bacterial processes
which are not essential for survival, exert less selection pressure on the bacterium, and slow the
evolution of resistance, while still rendering the bacterium relatively harmless to its host. By
developing anti-virulence compounds against mART toxins, it is hoped that effective therapies
can be developed for a wide range of diseases.
In this study, Larvin, a novel mART toxin from P. larvae, was identified and
characterized. In silico methods were used to discover Larvin within the sequenced genome of
P. larvae by identifying conserved mART toxin residues and identifying the characteristic fold
of mART toxins. After its in silico discovery, Larvin was tested in a yeast assay and shown to be
cytotoxic. Importantly, Larvin catalytic mutants designed to reduce or eliminate mART activity
showed no toxicity to yeast, indicating that Larvin is indeed a mART toxin with enzymatically
driven cytotoxicity in a eukaryotic cell host.
Larvin was expressed and purified from E. coli and was shown to possess both
glycohydrolase and transferase activities, using RhoA as a substrate. This is similar to
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previously characterized C3 mART toxins, all of which have been shown to label RhoA. The
characterization of the glycohydrolase activity using a fluorescent NAD+ analog revealed that
Larvin follows Michaelis-Menten kinetics with respect to the NAD+ substrate. Kinetic
parameters were determined for the glycohydrolase activity, and were similar to those previously
determined for C3 toxins. Transferase kinetic parameters were also determined quantitatively
for a C3 toxin for the first time. Based on the glycohydrolase activity, potential inhibitors were
tested. These inhibitors are NAD+ analogs which are designed to bind to the active site of
mART toxins. Many of these inhibitors were previously shown to be effective against other
mART toxins; however, the majority had no effect on Larvin. One inhibitor, M3, was identified.
This is the first known inhibitor for the C3 subgroup of mART toxins, and may be used as a lead
compound to develop more effective inhibitors.
While previously characterized C3 toxins are capable of entry into macrophage cell lines,
Larvin did not display the same effect. As Larvin is the first C3 discovered in an organism
which targets a non-mammalian host, it is thought that the macrophage cell lines tested were not
similar enough to the natural target cell for Larvin, thus preventing cell entry.
The crystal structure of Larvin was determined to 2.3 Å, and Larvin shows a high
similarity to previously crystalized toxins from the C3 subgroup. However, several important
differences between Larvin and previous C3 toxins were revealed through crystallography, most
notably a truncated N-terminal helix. The four N-terminal helices were previously implicated in
cell entry, suggesting that Larvin is either utilizing a different mechanism of entry, or targets
another receptor on the cell surface. This supports the findings of the cell entry experiments in
showing that Larvin does not utilize the same mechanism of entry as other characterized C3
toxins.
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4.2 Future Directions

While RhoA has been identified as a protein substrate for Larvin, it can be safely
assumed that human RhoA is not the natural substrate, since P. larvae primarily infects honey
bees. The natural substrate of Larvin remains to be shown conclusively, as it has not been tested
against insect proteins. BLAST searches reveal a putative protein within the Apis mellifera
genome which closely resembles RhoA; they share identical amino acids for the first 120
residues. Testing with Larvin against this protein, and any others which can be located in the
honey bee genome which bear resemblance to RhoA, could yield a natural substrate (or
substrates) for Larvin. Larvin could also be tested for activity against human RhoB and RhoC.
Both of these proteins are substrates for other C3 toxins. While they are extremely similar to
RhoA, no C3 toxin has identical kinetic parameters for the three proteins. Investigation of the
activity of Larvin against the three Rho proteins, and the residues involved (both from Larvin
and the Rho) could lead to a better understanding of the C3 catalytic mechanism, and the specific
interactions between Rho proteins and C3 toxins which allow for substrate recognition.
Previous work done on C3bot1 has shown several non-enzymatic functions of the
enzyme (Ahnert-Hilger et al., 2004; Pautsch et al., 2005; Vogelsgesang et al., 2006). These
functions suggest that C3bot1 has toxic effects independent of its transferase activity, which may
apply to the broader C3 family (its interactions with the RalA GTPase, in which C3bot1 acts as a
GDI, are seen to apply to the broader C3 subgroup, while its neurotrophic functionality has thus
far shown to be specific to just C3bot1). An investigation of these effects with Larvin (as well as
identification of the appropriate homologous targets in honey bees) could allow for a greater
understanding of the effects of Larvin, and for better ways to protect against it.
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So far, Larvin has not been seen to enter any macrophage cell lines, potentially because
all tested cell lines have been mammalian. It seems likely that there is some mechanism of cell
entry for Larvin that has yet to be discovered. P. larvae was previously shown to be an
extracellular pathogen, making it unlikely that Larvin follows the cell entry mechanisms of the
C3stau toxins. A logical next step would be to test Larvin for cell entry into an insect cell line.
Until recently, there have been no available honey bee cell lines for testing; however, a honey
bee cell line has now been developed (Goblirsch et al., 2013). This cell line could be tested to
see whether it allows Larvin entry. Previous C3 cell entry work has shown a distinct
morphological change of cells upon entry; however, it may be prudent to fluorescently label
Larvin prior to these experiments, to ensure it is visible within the cell even if no morphology
changes occur. It may also be possible to use this cell line to determine a receptor for Larvin on
the cell surface. Receptors for C3 toxins in cell entry have previously been posited to exist, but
to date, none have been discovered.
With the discovery of the M3 inhibitor, there is now a structural basis from which new
inhibitors can be derived. Modifications of M3 may provide for tighter interactions with Larvin,
and overall better inhibitors. One way to determine modifications to try would be to cocrystalize Larvin and M3. This co-crystallization would reveal exactly how M3 binds to Larvin,
and which residues are important for the interactions. This would allow the introduction of
groups onto the M3 inhibitor to interact specifically with Larvin amino acid residues, or for
changes in the backbone structure of M3 to fit better into the binding pocket. These future
inhibitors could represent potent anti-virulence compounds against Larvin.
Several other co-crystallization experiments could be conducted which would give more
insight into the catalytic mechanism of Larvin. Presently, several mART toxins have been
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crystalized with their protein substrates. However, no structures exist of a C3 toxin with its
mART substrate (C3bot1 has been crystalized with RalA). Co-crystallization of Larvin with a
protein substrate such as RhoA would give insight into the residues involved in interaction and
binding, and could potentially give insights into the catalytic mechanism. As well, Larvin could
be co-crystallized with an NAD+ analog. While it would be ideal to co-crystallize with NAD+,
the pH of the crystal conditions does not allow for it. However, in crystalizing with an NAD+
analog, many of the conformational changes that occur upon NAD+ binding would still be seen.
This could allow for a more thorough understanding of the differences of the active site of Larvin
as compared to other C3s.
Bacterial infections are a major source of disease and death worldwide, as well as a
detriment to crop yields. Previously controlled with antibiotics, pathogenic bacteria are now
rapidly developing resistance to these compounds, making them increasingly difficult to treat. In
utilizing anti-virulence compounds to target virulence factors, it is hoped that the impact of these
pathogens can be diminished. The study of mART toxins allows for the development of antivirulence compounds which can eventually mitigate much of the damage caused by these
bacteria.
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