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ABSTRACT
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A TOXIN FROM PAENIBACILLUS LARVAE
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University of Guelph, 2018

Advisor:
Dr. Rod Merrill

Mono-ADP-ribosyltransferase (mART) toxins are an important class of virulence factors
generated by bacterial pathogens that promote many disease states in the target host. They catalyze
the hydrolysis of the glycosidic bond joining nicotinamide with the N-ribose of NAD+ and transfer
ADP-ribose to a target protein. Plx2A has recently been characterized as a mART toxin from the
honey bee pathogen Paenibacillus larvae that plays a key role in American Foulbrood disease in
honeybees. An HPLC-based NAD+-glycohydrolase assay was developed and used to reveal
several plant extracts that demonstrated inhibition of Plx2A enzymatic activity. Additionally, a
library of natural product-derived compounds chosen based on structure-guided modelling was
tested against Plx2A, which identified one compound with inhibitory activity. The fractionation of
the most promising extracts was achieved by solid-phase extraction with the analysis of these
fractions by HPLC. Plant extracts provide novel lead inhibitors against these toxins to be used as
potential therapeutics.
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CHAPTER 1: INTRODUCTION
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1.1: Apis mellifera
The European honey bee, Apis mellifera, has a critical role as a key pollinator in human
agriculture and in our global ecosystem (1). The European honey bee has a wide geographical
distribution including the Americas, Europe, Central Asia and Africa (1). Honey bees contribute
significantly to modern agriculture by pollination of crops and 45% of leading global food
commodities rely on pollination by honey bees for fruit or seeds (1). Honey bees are ideal for
commercial pollination due to their large population of worker bees, ease of transportation, option
to be fed artificial diets to promote colony growth, and ability to forage for flowers over enormous
areas (1). Managed honey bees are essential to Canadian food production, accounting for
approximately $4-5 billion annually due to their pollination of fruits and seeds; these include
blueberries, alfalfa, canola, almonds, and apples (2). Additionally, honey bees are valued for hive
products such as royal jelly, beeswax, and propolis. These can be used in health foods, lotions,
candles, cosmetics, varnishes on fine wood and many more products. Honey remains a popular
food product today, with medicinal applications largely due to its antibacterial activity (3).
The number of managed honey bee colonies has been declining in both North America
(-49.5%) and Europe (-26.5%) in the past fifty years (1, 4). In North America, there is increasing
concern of an approaching pollination crisis since the demand for bee pollination has nearly tripled
during this period, while managed colonies continue to experience population declines (4). One
factor affecting the honey bee decline is the loss of diversity and richness of floral sources due to
ongoing habitat destruction throughout the past century (4). Additionally, agriculture has become
heavily reliant on pesticides such as neonicotinoids as a means of treating crop seeds, subjecting
honey bees to hundreds of agrochemicals as they forage (4). Also, human transportation of Apis
mellifera colonies around the world has led to the introduction of many new pathogens and
2

parasites with detrimental effects (4). Honey bee pathogens of great importance are Nosema apis,
Acarine (tracheal) mites, European foulbrood, Varroa destructor and American foulbrood (AFB).
1.2: Varroa destructor
The parasitic mite V. destructor is considered the most destructive pathogen affecting
honey bees worldwide (5). The original host of Varroa mites was the Asian honey bee, Apis
cerana; however, due to human transportation of colonies in the last half of the century, it has
switched hosts to Apis mellifera (4). This was detrimental to the European honey bee population
because it has little resistance to Varroa and a balanced host-parasite relationship has not yet
developed (5). Female mites reproduce in the honey bee brood, where they feed on the
haemolymph of the larvae during the cell capping growth and development period. Varroa mites
act as a vector for the transmission of viruses, and the association of mites with viruses is a
contributing factor in the collapse of honey bee colonies (6). V. destructor is managed in colonies
by the use of synthetic miticides; however, this leads to selection for mite chemical resistance and
leftover residues in honey and bees’ wax (5). Therefore, novel methods for controlling mites have
been introduced such as the use of natural compounds, including essential oils and organic acids
like lactic acid, oxalic acid, formic acid and thymol (5). The major advantages to using natural
compounds are generally adequate efficacy against mites, a small risk of residue accumulation in
honey and bees’ wax, and a lower probability of causing resistance with reoccurring treatment (5).
1.3: American Foulbrood
Before the appearance of Varroa mites in Apis mellifera, the most globally destructive
honey bee pathogens were the bacterial brood diseases European and American Foulbrood (7).
AFB remains one of the most harmful bee pathogens, causing significant global economic loss due
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to its highly contagious nature and nearly indestructible spores that remain viable for many decades
(7, 8). Spreading of spores is enabled by moving hive tools between colonies, honey robbing of
infected hives, trading queens, and managing high numbers of colonies in a small area (7). Once a
hive has become infected with AFB, the only effective control measure is to burn the colony along
with any spore-contaminated hive tools (7).
Paenibacillus larvae is the causative agent of AFB, it is a fastidious, Gram-positive, sporeforming bacterium (7). P. larvae spores are the infectious form of the disease and can only cause
AFB infection in the larvae stage, not in adult bees (7). Honey bee larvae are most vulnerable to
the disease from 12-36 h following egg hatching, where ingestion of only ten spores or fewer is
sufficient to initiate an AFB infection (7). At 12 h post-ingestion, the spores germinate in the
midgut of the honey bee larvae and proliferate for a few days (7). P. larvae proceeds to penetrate
the midgut epithelial barrier and enters the larval haemocoel; this invasion is shown to correlate
with larvae death (8). After death, the larvae are degraded by the bacteria to a ropy mass described
as a brownish, gooey aggregate at the bottom of the cell; this is the main clinical symptom for
diagnosis of AFB (Fig. 1.1) (8).
P. larvae includes four diverse enterobacterial repetitive intergenic consensus (ERIC)
genotypes, demonstrated using repetitive element polymerase chain reaction (rep-PCR) with
primers for ERIC I-IV (8). P. larvae ERIC III and ERIC IV have not been isolated in the field
recently and show little environmental significance (8). However, P. larvae ERIC I and ERIC II
are frequently isolated in AFB-diseased colonies throughout the world (9). ERIC I genotypes are
isolated in AFB-infected hives in both North America and Europe; however, ERIC II is
geographically limited to European countries (7). P. larvae ERIC I and II vary in their breakdown
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FIGURE 1.1: The main clinical symptom of American foulbrood. Larvae are degraded to a gooey
aggregate at the bottom of the brood cell (left) and a rare AFB-infected pupa (right) (7).
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of carbon sources, colony and spore appearance, hemolysis, and in their virulence (8). ERIC II
genotypes have been demonstrated to be significantly more virulent then ERIC I (9). P larvae
ERIC II was shown to kill larvae within 6-7 days after initial infection, whereas P. larvae ERIC I
required as many as 12 days after infection to kill all larvae (9). The differences in virulence
between ERIC I and II genotypes can be partly explained by the recent discovery that P. larvae
genotypes express diverse virulence factors (9).
1.4: Conventional strategies to treat AFB
Honey bee colonies infected with AFB in North America are treated with prophylactic
antibiotics in the early spring and late fall to avoid leftover chemical residues in honey, which are
a safety concern for humans (7). The antibiotic oxytetracycline hydrochloride (Oxytet-255®, OTC)
is used in Canada as a soluble powder, which is mixed with icing sugar to easily sprinkle onto the
brood box holding the youngest larvae (7). OTC works by controlling the vegetative phase of P.
larvae, but is not capable of killing the infectious spores (7). The problem with this treatment
method is that the spores will be reactivated at a later date when bees utilize the food supply and
the disease symptoms will reappear (7). Antibiotics added to larvae food may also affect the vitality
of the brood and lifespan of the bees (7). Additionally, a growing global concern is the recurrent
exposure of honey bees to antibiotics, leading to selection for resistant strains of P. larvae (7).
Thus, an alternative or supplementary method to antibiotics is needed to combat AFB
infections caused by P. larvae (7). Some other treatment approaches include breeding for honey
bees that demonstrate an improved immune response against AFB, both individually and socially
(7). Additionally, developing a biocontrol such as bacteria that are antagonistic against P. larvae
is a viable alternative (7). Lastly, treating with antimicrobials derived from natural products, for
example essential oils from propolis or plants, is another possible strategy (7).
6

1.5: Anti-virulence approach
The use of antibiotics for the treatment of microbial infections remains effective, but the
growing development of antibiotic resistance in microorganisms is becoming a worldwide health
problem (10). Additionally, novel classes of antibacterial drugs have become scarce in the past
twenty years; therefore, new methods are needed to combat infectious diseases (11). An alternative
is the ‘anti-virulence approach’, which uses compounds developed specifically to bind bacterial
virulence factors, neutralizing or decreasing the virulence of the invading pathogen (12). A
virulence factor is a pathogenic tool used by bacteria to facilitate disease, such as quorum sensing,
bacterial mobility, bacterial surfactants, bacterial pigments, bacterial biofilms, bacterial toxins and
bacterial enzymes (10, 13). Once the virulence of the pathogen has been neutralized or significantly
reduced, it becomes easier for the host’s immune system to clear the offending invader (10).
Anti-virulence compounds offer several advantages over conventional antibiotic treatment
(10). Firstly, these anti-virulence compounds strip bacterial pathogens of their virulence properties,
without directly affecting microbial survival; this reduces the risk for selection of drug-resistant
mutations (10, 12). Secondly, the anti-virulence approach gives rise to a multitude of
pharmacological targets and yields more antibacterial compounds with innovative action
mechanisms (10). Lastly, anti-virulence compounds offer a way to treat bacterial pathogens
without the negative side effects on the host microbiota commonly associated with antibiotics (11).
Ultimately, the best strategy may be a combination of antibiotics along with anti-virulence drugs
to increase their effectiveness, creating potential synergistic effects, and possibly reducing
bacterial resistance in microbial agents (10).
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1.6: mART toxins
Mono-ADP-ribosyltransferase (mART) toxins are an important class of virulence factors
generated by bacterial pathogens that promote many disease states in humans, animals, and plants
(13). mART toxins are a family of enzymes that catalyze a common reaction, and have a conserved
three-dimensional structure, but a low primary sequence identity (14). They catalyze the scission
of the glycosidic bond (C-N) joining nicotinamide with the N-ribose of NAD+, and transfer the
ADP-ribose moiety to a target macromolecule (14). The target is limited to only a few nucleophilic
amino acid residues such as asparagine, cysteine, arginine, and diphthamide (15). mART toxins
modify proteins that are usually central regulators of a cellular function; these proteins include
elongation factor-2 (eEF2), actin, GαS, Ras, and RhoA (16). The transfer of an ADP-ribose group
alters the function of the target protein, and can either inhibit or activate the protein to promote
bacterial pathogenesis (17). The mART enzymes can also transfer an ADP-ribose moiety to a water
molecule in the absence of a cellular target; this is known as NAD-glycohydrolase (GH) activity
(16). The best known examples of mART toxins are diphtheria toxin from Corynebacterium
diphtheria, cholera toxin from Vibrio cholera and pertussis toxin produced by Bordella pertussis
(13).
1.6.1: Classification
The mART toxin family can be split into two main groups based on protein domain
organizations and conserved active-site sequences (17). The two groups are the cholera toxin (CT)
group and the diphtheria toxin (DT) group (17). Additionally, the CT group can be further divided
into the C2-like, CT-like and C3-like mART toxins (17). The DT-like group are A/B toxins
composed of single-chain polypeptides and contain three domains: catalytic, binding, and
translocation (13, 17). DT toxins target eEF2 in the host cell, and inhibit the ribosomal translocase
8

function, ultimately blocking protein synthesis (14). The DT group has a conserved active site
HYE motif which includes a histidine, two tyrosines and a glutamate (17).
The CT-like group are two-chain polypeptides with two catalytic domains that are
surrounded by a pore in the pentameric binding domain (17). The CT-like group targets a
heterotrimeric G-protein in the host cell, increasing cAMP signalling and fluid secretion (17). The
C2-like group is a binary toxin composed of a catalytic A-domain and receptor-binding B-domain
(Fig. 1.2A) (13). The C2 toxin group modifies actin with ADP-ribose to depolymerize the
cytoskeleton in the host cell (17). The C3-like group is composed of a single catalytic A-domain
and targets RhoA, RhoB, and RhoC G-proteins (Fig. 1.2B) (13). The ADP-ribosylation of Rho
proteins by C3 toxins disrupts intracellular signalling in the regulation of actin, and eventually
results in cytoskeletal collapse (17). The CT group uses a diverse active-site motif to the DT group
known as the RSE motif. This contains an arginine which is involved in NAD + binding, a Ser-ThrSer that creates the scaffold for the NAD+ binding pocket and a Glu/Gln-X-Glu motif which is
involved in enzyme catalysis (17). The Gln/Glu promotes the transfer of ADP-ribose to the target
macromolecule and the second Glu in the motif positions the NAD+ molecule for catalysis (17).
1.6.2: Catalytic mechanism
The catalytic mechanism of mART toxins is diverse depending on the DT-like or CT-like
group analyzed and the different protein targets; there is, however, basic conservation within the
protein family (18, 19). Generally, the mART toxin ADP-ribosylation reaction follows a SN1
strain-alleviation mechanism (17). In the first step of the mechanism, the NAD+ substrate binds to
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FIGURE 1.2: Structural comparisons of C2- and C3-like toxins.(A) C2-iota Ia toxin with the
catalytic mART domain (α-helices: red, β-sheets: yellow) and the adaptor domain (blue) shown as
a cartoon diagram (PDB: 4GY2). C2-like toxins have a catalytic A-domain that is expressed
separately from the receptor-binding B-domain, while the adaptor domain joins the A and B
subunits. (B) C3-Bot1 with the mART domain (α-helices: red, β-sheets: yellow) shown as a
cartoon diagram (PDB:1G24). C3-like exoenzymes are single chain proteins that consist solely of
a catalytic A-domain.
10

the toxin active site in a strained conformation, with an unfavourable torsion angle about the
glycosidic bond (NC1–NN1) (19). The strain in the bond is relieved by the scission of the glycosidic
bond within the NAD+ substrate, releasing nicotinamide and producing an oxocarbenium cation
intermediate (19). The highly reactive oxocarbenium intermediate is transiently stabilized by the
conserved Glu residue in the Q-x-E motif, which forms a hydrogen bond with the 2’OH of Nribose (19). In the second step of the mechanism, the target residue (e.g. Asn41 in RhoA for the C3like group) is activated by a conserved Gln residue in the Q-x-E motif (18). This activates the
target residue (e.g. Asn41) as a nucleophile to attack the oxocarbenium cation, specifically the
anomeric carbon of the N-ribose (18). The end result is the transfer of an ADP-ribose moiety to
the target macromolecule (e.g. RhoA) (18). mART toxin glycohydrolase activity follows the same
reaction mechanism; however, in the second step, the water molecule acts as the acceptor for the
ADP-ribose moiety (Fig. 1.3) (16).
1.7: mART inhibitors and co-crystal structures
1.7.1: DT-group
Poly(ADP-ribose) polymerases (PARP) act by transferring an ADP-ribose moiety from NAD+
to nuclear DNA-binding proteins when DNA strand breakage occurs (20). However, quick
activation of PARP decreases the concentration of NAD +, interfering with important energy
production mechanisms (20). Inhibitors developed to target PARP act by mimicking the
nicotinamide portion of NAD+ (20). The main interaction determined from co-crystal structures of
inhibitors bound to PARP show that the main chain of Gly-863 hydrogen bonds with either the
lactam or amide moiety of the inhibitor (20). Inhibitors designed against PARP will also work
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N-phosphate
A-ribose
A-phosphate

NAD+
N- ribose

Nicotinamide

A-ribose
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N-ribose
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ADP-ribose
N-ribose

FIGURE 1.3: Schematic representation of the glycohydrolase reaction mechanism catalysed by
mART toxins. The reaction mechanism begins with the hydrolysis of the NAD + substrate
resulting in the production of both nicotinamide and ADP-ribose. The hydroxyl group of water
acts as the nucleophile attacking the oxacarbenium intermediate.
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against mART toxins, such as diphtheria toxin and exotoxin A (ExoA), because a great degree of
similarity exists between these enzymes (20).
Water-soluble inhibitors containing a benzamido group joined into a hetero-ring were
designed to mimic the nicotinamide group of NAD+, and were tested against ExoA transferase
activity (20). PJ34 was one of the most potent inhibitors discovered in this study, demonstrating a
low Ki value (140 nM) and was found to be a competitive inhibitor of ExoA (20). PJ34 is a
phenanthridinone derivative which was primarily designed to inhibit PARP (Table 1.1) (20). A cocrystal structure was obtained of PJ34 bound to ExoA confirming it resides in the nicotinamidebinding pocking and demonstrates the same hydrogen bond with Gly-441 as previously described
in PARP enzymes (20).
Cholix toxin is highly similar to ExoA in its structure, substrate, transferase activity and
type of inhibitors (21). Eleven high-resolution x-ray structures of Cholix bound to various
inhibitors (PJ34, V30, NAP and the P1-P8) were obtained to determine the binding mode for DT
toxins (21). Conclusions drawn from these data were that three essential inhibitor core features
superpose the nicotinamide group of NAD+, an H-acceptor and donor fulfilled by the cyclic amide
group and an aromatic center fulfilled by the pyridinium ring (21). The active site Gly residue in
the Y-H-G motif forms a key hydrogen bond in all inhibitors for DT toxins (21).
1.7.2: CT-group
A virtual screen was conducted against iota toxin bound with NADH (PDB: 1G1Q), to
identify a set of 26 drug-like compounds that could be used against C2/C3 toxins such as Vis; this
library was called the M-series (22). The M-series produced 11 compounds with moderate
inhibitory activity against Vis toxin (IC50 values < 1 mM), as well as six compounds (M2-M4, M6,
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M9, M19) with Ki values less than 100 µM (22). The only co-crystal structure determined from
this inhibitor series was M6 bound to Vis (22). M6 consists of a benzene ring joined to a
dihydropyridazinone with an acetate substituent (Table 1.1) (22).
The Vis protein contains fifteen residues that make van der Waals contacts with the M6
inhibitor and the benzene ring of M6 superimposes with the nicotinamide moiety of NAD + (22).
Gly118 and Arg177 form key hydrogen bonds with the M6 inhibitor (22). The secondary amine
and carbonyl of the M6 dihydropyridazinone ring make important hydrogen bonds with Gly118,
complementary to the interaction formed by the nicotinamide amide in NAD + (22). Notably,
Arg177 forms favourable electrostatic and hydrogen bonds with the acetate substituent in M6 also
complementary to those seen with the NAD+ substrate (22). Other stabilizing van der Waals
contacts are formed between Glu189 and Glu191 (E-x-E motif) with the benzene ring of M6 and
Phe153 with the dihydropyridazinone ring (22).
The M-series was also used in tests against C3larvin for inhibition of its enzymatic activity
(15). From this screen, M3 showed moderate activity with an IC 50 value of 104 ± 27 µM (Ki 11 ±
2 M) and did not work by precipitating C3larvin (15). M3 is quite different from previously
developed mART inhibitors since it contains an adenine ring joined to a piperidine ring attached
to a sulfated amine substituent (Table 1.1) (15). The ligand-binding pocket was assessed using a
molecular dynamics simulation for C3larvin (15). A ligand pharmacophore was built in the active
site of the toxin and M3 was fit into the pharmacophore model (15). The model revealed that M3
likely competes with the adenine moiety of NAD+ rather than the nicotinamide moiety as seen for
previous mART inhibitors (15). Predicted residues for interaction with M3 were Lys52, Asn55,
and Arg59 (15).
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TABLE 1.1: Synthetic mART inhibitors developed to act competitively against NAD + for various
DT and CT toxins.
Synthetic
Inhibitor

a

Chemical Structure

PJ34

b

M3

c

M6

a

PJ34 = N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino)acetamide hydrochloride
M3 = N-[(1-{1H-pyrazolo[3,4-d]pyrimidin-4-yl}piperidin-3-yl)methyl]methanesulfonamide
c
M6 = 2-(4-oxo-3,4-dihydrophthalazin-1-yl)acetate
b
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1.8: NAD+-glycohydrolase assays
Traditionally, a radioactively-labelled NAD+ substrate was used for measuring ADPribosylation of mART enzymes (23). However, this involves a discontinuous assay for the
measurement of enzyme initial rates and is more tedious than a continuous, fluorescence-based
assay, which can be semi-automated (23). In the case of ExoA, a novel assay was established that
provided a statistically more robust determination of initial rates from the slopes of the progress
curves (20 data points/s), which also provided the kinetic data in digital format (23).
1.8.1: Fluorescence-based assay
A fluorometric assay was developed by Armstrong and Merrill (2001), that uses a
fluorescent analogue of NAD+, known as etheno-NAD+, to monitor the ADP-ribosylation reaction
of ExoA (23). The nicotinamide moiety of ɛ-NAD+ causes an intramolecular quenching of the
adenine etheno bridge, which is alleviated upon scission of the N-glycosidic bond (24). This
removal of nicotinamide results in an increase in fluorescence intensity which can be monitored
in the assay (23). A standard curve for ɛ-AMP was used to correlate the increase in fluorescence
intensity to concentration, to determine the amount of ADP-ribosylated product (23). The
fluorometric assay offers several advantages, it is both continuous and rapid offering the capability
of high-throughput screening of enzyme inhibitors (23). However, the assay is an indirect measure
of enzyme activity and has its limitations in measuring certain inhibitors or analogues of NAD+,
especially if these compounds are fluorescent, which can cause optical screening and interfere with
the ɛ-NAD+ fluorescence signal (24).
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1.8.2: HPLC-based assay
Another mART enzyme assay was developed by Yates and Merrill (2005), which uses
HPLC to measure the hydrolysis of NAD+ by monitoring the production of ADP-ribose or
nicotinamide calibrated to an internal standard (24). The HPLC-based assay was used to measure
the hydrolysis of different NAD+ analogues catalyzed by ExoA, where the fluorescence-based
assay was not suitable (24). The advantage of the HPLC assay is its ability to directly measure
product formation, while the fluorescence-based assay is an indirect measure of fluorescence
change presumed to correlate with the scission of the NAD+ glycosidic bond (24). The HPLC assay
is particularly useful for studying the effect of highly fluorescent inhibitor compounds that can
interfere with the ɛ-NAD+ fluorescence assay.
1.9: Plx2A, a honey bee mART toxin
Through the use of bioinformatics techniques, four toxin genes have been identified that
act as key virulence factors in the pathogenicity of P. larvae ERIC I (9, 25). Among these four
toxins, Plx2A was identified as a mART toxin that plays a key role in the disease (9, 26). Plx2 is
a binary AB-toxin containing a catalytic A-domain and a B-domain for binding and translocation
(9). BLASTX analysis showed that Plx2A resembled a C3-like mART toxin, with similarity to
C3cer from Bacillus cereus, while its associated B-subunit showed similarity to its counterpart in
C2-like mART toxins (9). Plx2A possesses the common catalytic signature of mART enzymes,
including the catalytic Q-x-E motif, the NAD+ binding pocket S-T-S motif and the NAD+
phosphate-binding R83 site (9). The conserved active-site Q-x-E motif implies that Plx2A has
ADP-ribosylation activity (9). Along with a Q-x-E motif, Plx2A has the distinctive ADP-ribosyl
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turn-turn (ARTT) loop with a conserved Tyr residue, which is a characteristic feature for Rho
substrate recognition in C3-like toxins (9). The sequence and structural data suggest Plx2A is likely
a member of the C3-like subgroup of mART toxins with the Rho protein family as the
macromolecule target causing reorganization of the actin cytoskeleton in the host (9).
Funfhaus et al. (2013) produced gene knockout mutants for Plx2A (ATCC9545Δplx2A)
and Plx2B (ATCC9545Δplx2B) to test whether Plx2 is a significant virulence factor of P. larvae
ERIC I (9). Knocking out Plx2A or Plx2B expression caused a significant reduction in the overall
larval mortality (9). Based on the results from these experiments, Plx2A accounted for
approximately 60% of the virulence of P. larvae against the exposed honey bee larvae (Fig. 1.4)
(9). Additionally, Plx2B accounted for approximately the same degree of virulence in P. larvae
ERIC I strains, indicating, that both the A and B subunits of Plx2 are required for biological activity
in the cell (Fig. 1.4) (9).
In a yeast growth-deficiency assay developed in the Merrill lab, Plx2A was tested for
cytotoxicity along with variants altering NAD+-binding and the catalytic site (Plx2AAXA,
Plx2AQ166A, Plx2AE168A, Plx2AAAA, Plx2AR83Q) (27). Plx2A was expressed in yeast with a copperinducible promoter (CUP1) (27). Results showed that wild-type Plx2A caused a growth-defect
phenotype in yeast relative to the negative control; however, the variants demonstrated no growth
defect (Fig 1.5A) (27). This proved Plx2A is cytotoxic in a eukaryotic host and that its enzyme
activity and catalytic signature were required for the growth-defect phenotype in yeast, verifying
it belongs in the C3-like subgroup (27). GH activity has been demonstrated in other C3-like toxins
such as C3larvin and C3bot1(15, 28). Hence, the GH activity of Plx2A and the previously
mentioned variants were characterized using ɛ-NAD+ in the fluorometric assay (27). Wild-type
Plx2A demonstrated Michaelis-Menten kinetics with a kcat of 57.6 ± 1.0 x 10-3 min-1 and a KM of
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FIGURE 1.4: Examination of Plx2 as a potential virulence factor produced by P. larvae using
exposure bioassays. In vitro reared larvae were infected with the following knockout mutants:
ATCC9545Δplx2A, ATCC9545Δplx2B, ATCC9545Δplx2A Δplx2B and ATCC9545 wild type.
When compared to the wild type, all experimental knockouts resulted in a statistically significant
reduction in larvae death (Student’s t-test, P < 0.0001; error bars signify mean values ± SEM) (9).

19

FIGURE 1.5: The cytotoxicity and glycohydrolase activity of Plx2A. (A) Yeast growth deficiency
assay showing that wildtype Plx2A is highly toxic to yeast cells. The growth of S. cerevisiae was
tested under the influence of Plx2A expression, Plx2A variants expression, or the positive control
(PE24 of P. aeruginosa) expression. An empty plasmid of pRS415 CUP1 was used as the negative
control (error bars signify mean values ± SD). (B) Glycohydrolase activity determined for Plx2A
and both catalytic and NAD+-binding variants. The Plx2AQ166A variant showed decreased GH
activity relative to wildtype, while all other variants demonstrated no measurable activity (error
bars signify mean ± SEM) (Closed circle: Plx2A wt; triangle: Plx2AQ166A) (27).
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176.2 ± 7.6 µM (Fig. 1.5B) (27). No GH activity was found for any of the variants, apart from
Plx2AQ166A, which showed decreased activity compared to wild-type (27). This proved that the
catalytic signature QxE is required for glycohydrolase activity in Plx2A (27).
Since many C3 mART toxins act by ADP-ribosylating RhoA as their cellular target, RhoA
was examined as the target protein for Plx2A, using a fluorescein-NAD+-blotting assay (27). RhoA
was used in this study because it is identical to the honey bee protein, Rho1 for the first 124 amino
acids, including Asn41, which is the residue modified in Rho proteins (27). In the assay, Plx2A,
RhoA-GST and fluorescein-NAD+ were incubated together (27). The fluorescein tag on NAD+,
linked to the A-ribose moiety, allows ADP-ribosylated RhoA detection on Western blots or on
SDS-PAGE gels (27). Samples that were incubated with Plx2A demonstrated a band on the SDSPAGE gel that matched fluorescein-NAD+ labelled RhoA-GST (27). No bands were present for
any of the previously mentioned catalytic or NAD+-binding variants (27). This proved that RhoA
is a cellular target of Plx2A and the catalytic Q-x-E motif and NAD+-binding motifs are required
for ADP-ribosylation of the RhoA substrate (27).
1.10: Natural products as anti-virulence compounds
Plants naturally yield many diverse secondary metabolites that function as a chemical line
of defense against microorganisms present in the soil (10). Furthermore, natural compounds have
complex chemical structures that could not be easily acquired from the synthetic pathway; these
could lead to novel drug-like mechanisms of action as compared with antimicrobials (10). Natural
compounds derived from plants are well known to possess biological activities such as
antimicrobial, antioxidant, anticancer, wound healing and analgesic activity (29). Therefore, using
plants as a natural source of anti-virulence compounds is a suitable strategy, with the potential to
be complementary to antibiotic use (10).
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Antimicrobials derived from plants can be divided into six major groups: phenolics and
polyphenols, terpenoids and essential oils, alkaloids, lectins and polypeptides, mixtures and other
compounds (30). Phenolics and polyphenols can be further subdivided into simple phenols and
phenolic acids, quinones, flavonoids, tannins, and coumarins (30). The function of phenolic
components in plants are for antioxidant activity, lignin biosynthesis for structural support, defense
response against microorganisms, attractants, UV screens, and signal compounds (31). Some of
the simplest bioactive compounds from plants are composed of a phenolic ring with one
substitution (30). Examples of bioactive phenol compounds that are toxic to microorganisms are
catechol and pyrogallol (30). Pyrogallol contains three hydroxyl groups while catechol only has
two; increased toxicity has been shown for phenol rings with more hydroxyl substitution (30). The
mechanism proposed for their bioactivity against microorganisms is enzyme inhibition by the
oxidized components, potentially by reacting with sulfhydryl groups of the protein (30).
Flavones are phenols composed of one carbonyl group; while flavonoids contain a C6-C3
unit joined to a benzene ring and are also considered phenolic compounds (30). Flavonoids are
active antimicrobial agents against many different microorganisms, in vitro (30). Catechins are
part of the flavonoid class and are found in Oolong green teas (30). Catechins were found to
inactivate the CT-like mART toxin, cholera toxin in Vibrio cholerae (30). The mechanism of
action was likely due to the ability to complex with nucleophilic amino acids causing loss of
function in the protein (30). Coumarins are composed of a benzene ring joined to an α-pyrone ring
and are also phenolic compounds (30). Coumarins containing hydroxyl groups are known to be
phytoalexins released in carrots in response to fungal infections and therefore demonstrate
antifungal activities (30).
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Essential oils are highly complex because of vastly functionalized chemical compounds of
various chemical classes, such as monoterpenoids, sesquiterpenoids, and phenylpropanoids (32).
Terpenoids are built from isoprene units (2-methylbutadiene, (C5)n) and classification is based on
the homologous chains of isoprene units within their structure (ex: monoterpenes C 10,
sesquiterpenes C15) (32). Terpenoids exhibit bioactivity against numerous bacteria, viruses, fungi,
and protozoa–30% of essential oils derivatives show bacterial inhibition (30). Lastly, alkaloids are
aromatic compounds containing nitrogen groups (30). A well-known alkaloid with bioactivity is
berberine, which is active against plasmodia and trypanosomes (30). The mechanism of action of
berberine is credited to its ability to intercalate with DNA (30).
Several steps are needed to acquire the biologically active components from plants, these
include: extraction, a biological assay, and isolation and identification of the target compounds
(29). HPLC is a broadly used technique for fractionation and characterization of natural products
after a crude extract has demonstrated activity in a biological assay (29). Frequently, the active
compound is only found as a minor component in the extract and HPLC is appropriate for
analytical separation of multi-component samples (29). Fractionation occurs in HPLC due to the
different retention times of compounds based on their polarity with a given mobile phase and on a
specific column (29). Separation of components in an extract can be achieved by either isocratic
or gradient conditions (29). “Isocratic” refers to using a mobile phase concentration that remains
constant throughout the separation process (29). Gradient elution is the change in concentration of
organic solvent relative to aqueous solvent over time and is often used when several compounds
are being studied that differ in retention time (29). The goal of HPLC purification is to separate
the target compound(s) from other interfering components present in the extract (29). Optimal
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fractionation is achieved by altering conditions such as the percent organic in the mobile phase,
type of detection, flow rate and the stationary phase (29).
Identification of components is a vital part of HPLC, which requires the proper selection
of a detector (29). UV detectors are widely used due to their high sensitivity and since most naturalbased compounds have some degree of UV absorbance around 190-210 nm (29). HPLC coupled
with mass spectrometry is also a useful technique for the characterization of complex multicomponent extracts (29). Tandem mass spectrometry (MS-MS) is often used for accurate structural
elucidation of the target compound (29). The combination of HPLC and mass spectrometry
provides faster and more precise compound identification, especially for complex mixtures such
as plant extracts (29).
1.11: Solid-phase extraction
Solid-phase extraction is widely used for sample clean-up, fractionation based on chemical
group, extraction, and pre-concentration of pollutants from samples in the food and beverage,
environmental or clinical industries (33). The fundamentals of SPE consist of a solution added
onto a solid phase, a cartridge comprising of the sorbent, which is able to retain the analyte of
interest (33). Many SPE sorbents are offered that comprise a wide range of analytes; some
examples of interactions that can be used for fractionation include reversed-phase, normal-phase,
ion-exchange, and mixed-mode (ion-exchange and reversed-phase) (33). Contaminants are
washed from the sorbent and another solvent is used to elute the target analyte into collection tubes
(33). Conditioning and equilibration of the SPE sorbent is performed by loading organic solvents
and water through the column to increase the surface area for interacting with compounds and
decrease interferences (33). Once the contaminants are washed away, the interactions between the
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sorbent and analyte are interrupted by washing with organic solvents, in order for desorption of
the desired analyte from the sorbent to occur (33).
Although a wide variety of stationary phases has been developed and optimized for
different assortments of functional groups, they all share a similar motif which is presumed to
control the process of analyte binding to the stationary phase (29). The mechanism is similar to
that of liquid-liquid extraction in which a partitioning of a target analyte can be controlled from
one solution to another based on its chemical properties (33). In this case, one of the liquids is
considered to be immobilized (the stationary phase) while the solution containing the target analyte
(mobile phase) is passed through, and much like an equilibrium, the target analyte will distribute
into the more favorable portion (33).
1.12: Research rationale and objectives
Plant extracts provide a plethora of chemical structures to find novel lead inhibitors for C3like mART toxins with the capacity to provide treatment for honey bee bacterial diseases. Ideally,
a natural-based inhibitor would provide benefits for treating diseases in hives due to the use of
honey as a food product. The thesis work presented in the following subsections expands on the
work completed by Ebeling et al. (2017). The goal of this research was to develop an HPLC-based
assay to identify plant extracts with anti-virulence properties against the enzymatic activity of
Plx2A.
First, the adaption and development of an HPLC-based NAD+-glcohydrolase assay based
on a previous method, Yates and Merrill (2005), is presented. The HPLC assay was used for the
first time to demonstrate the inhibition of a mART toxin GH activity by several plant extracts.
Next, pure natural product compounds chosen based on structure-guided modelling were tested
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against Plx2A for inhibition of the honey bee toxin. Lastly, the fractionation of the most promising
extracts was achieved by solid-phase extraction with the analysis of these fractions by HPLC.
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CHAPTER 2: MATERIALS AND METHODS

27

2.1: Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
indicated.
2.2: Plx2A purification
The expression and purification of Plx2A (GenBank Accession Number KC456422.1)
were performed using recombinant protein Plx2A-His6 (27). A pET-28+ vector containing a
tobacco etch virus protease cut site and an N-terminal His6-tag was used to harbour the Plx2A
gene (27). Chemo-competent BL21 kDE3 E. coli cells were transformed with the Plx2A construct
(27). In 2x YT medium (1.6 w/v (%) tryptone, 1 w/v (%) yeast extract, 0.5 w/v (%) NaCl)
containing kanamycin (30 mg/mL) bacteria cultures were grown to an OD 600 of 0.6 at 37ºC (27).
The expression of Plx2A was induced with 200 µM isopropyl β-D-1 thiogalactopyranoside (IPTG)
(27). For 16 h at 16ºC, the bacteria cultures were incubated and the cells were harvested at 3315 x
g for 12 min at 4ºC (27). The cell pellets were added to NaCl-Tris buffer (500 mM NaCl, 50 mM
Tris-HCl, pH 7.5) then lysed by high-pressure homogenization using an Emulsiflex-C3 (Avestin,
Ottawa, ON, Canada) (27). The cell debris was discarded using centrifugation at 23,700 x g for 50
min at 4 ºC (27). The supernatant was loaded to a Chelating Sepharose TM Fast Flow (GE
Healthcare, Uppsala, Sweden) column (3 mL) with gravity-driven flow and charged with Ni2+
(200 mM NiSO4) to capture Plx2A from sample (27). Buffer A (50 mM TRIS-HCl, 500 mM
NaCl, pH 7.5) containing 25 mM imidazole was used to wash the column, followed by a second
wash with Buffer A containing 40 mM imidazole; the protein was then eluted in Buffer A
containing 250 mM imidazole (27). The fractions containing Plx2A protein were then dialyzed in
50 mM TRIS-HCl and 500 mM NaCl buffer. Gel filtration chromatography using a HiLoad 16/60
Superdex 200 column (GE Healthcare) attached to a Fast Protein Liquid Chromatography (FPLC)
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AKTA PURE (GE Healthcare, Uppsala, Sweden) and pumped at 0.8 mL/min flow was used to
further purify the Plx2A protein (27). SDS-PAGE followed by Coomassie blue staining was used
to assess protein purity (27). The recombinant protein Plx2A is made up of 227 amino acid residues
with a molecular weight of 25.7 kDa (27). Western blot analysis by an anti-His antibody covalently
attached to alkaline phosphatase (Sigma-Aldrich, St. Louis, MO, USA) was used to confirm the
identity of Plx2A (27).
2.3: HPLC instrumentation
The high-performance liquid chromatography (HPLC) system was an Agilent 1100 series
instrument equipped with a degasser, binary pumps, variable wavelength detector and an
autosampler (Santa Clara, CA) (Fig. 2.1). An Agilent Zorbax Eclipse plus C18 column (4.6 x 250
mm, 5 µm) was used with a guard column of the same material (4.6 x 12.5 mm). The mobile phase
consisted of 20 mM NaHPO4, pH 5.5: acetonitrile (95:5%) applied at a flow rate of 0.8 mL/min at
85 bar. Samples were injected into the HPLC column using an autosampler (15 µL) and sample
detection was at 259 nm. The samples were monitored at 259 nm since this is the maximum
wavelength for absorption of NAD+.
2.4: ADP-ribose standard curve
The ADP-ribose standard curve was generated using various concentrations of ADP-ribose
(0 - 900 pmol) in 25 µL of NADGH buffer (20 mM Tris, pH 7.9, and 50 mM NaCl). Each ADPribose sample was then added to 75 µL of mobile phase containing internal standard (PABA 3.2
µg/mL) and 15 µL was injected into the HPLC system. The area under the ADP-ribose peak was
determined using the peak analysis function in Origin 8.0 (Northhampton, MA) and standardized
with the internal standard PABA. The standardized peak area was plotted against the picomoles of
ADP-ribose in Origin 8.0, and the inverse of the slope was used to calculate the number of moles
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FIGURE 2.1: A schematic diagram of high-performance liquid chromatography. The HPLC
system pumps an analyte mixture in a pressurized solvent (mobile phase) through a column
(stationary phase), leading to the fractionation of NAD+-GH reaction components.
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of ADP-ribose produced in glycohydrolase reactions. The number of picomoles was divided by
the injection volume and multiplied by the dilution factor to obtain the concentration of ADPribose (µM).
2.5: Base hydrolysis of NAD+
The base hydrolysis reaction of NAD+ was performed with 475 µM NAD+ and 50 mM
NaOH in 500 µL water at 25°C. Immediately after mixing in the NaOH, a 25 µL aliquot of the
reaction was added to 75 µL mobile phase containing internal standard (PABA 3.2 µg/mL) and
injected into the HPLC system for the zero-time sample. Aliquots were taken at t = 1, 2, 3, 4, and
5 min and prepared in mobile phase for HPLC analysis as described previously. The peak area of
ADP-ribose was determined using Origin 8.0 and converted to picomoles of ADP-ribose produced
using the standard curve.
2.6: Affinity chromatography
Chelating Sepharose (CS) Fast Flow (100 µL; GE Healthcare Bio-Sciences, Uppsala,
Sweden) was added to a Bio-Rad spin chromatography column. The resin was charged with 100
mM NiSO4 and equilibrated with 20 mM NaHPO4 pH 5.5 buffer: acetonitrile (85:15%).
2.7: HPLC-based NAD+-glycohydrolase assay
The reactions were performed at 5 µM Plx2A (final concentration) with 455 µM NAD + at
25°C for a total of 4 h, in 275 µL buffer (20 mM Tris, pH 7.9, and 50 mM NaCl). Aliquots (25
µL) were taken at t= 0, 0.5, 1, 2, 3 and 4 h, and subsequently added to 75 µL mobile phase (20
mM NaHPO4 pH 5.5: acetonitrile, 85:15%) containing internal standard (PABA 3.2 µg/mL) then
placed on ice. Each sample was individually added to Bio-Rad spin columns composed of 100 µL
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of CS resin, to remove Plx2A from the other reaction components. After spinning, the flowthrough was collected and injected into the HPLC system.
2.8: Non-enzymatic hydrolysis of NAD+
NAD+ (455 µM) was prepared in 275 µL buffer (20 mM Tris, pH 7.9, and 50 mM NaCl)
at 25°C for a total of 4 h. Aliquots (25 µL) were taken at the previously defined times and added
to 75 µL of mobile phase containing internal standard (PABA 3.2 µg/mL) and were then placed
on ice. Each time-point sample was added to Bio-Rad spin columns containing CS resin as
described above and the flow-through was injected into the HPLC system.
2.9: PJ34 inhibition of Scabin
Scabin (5 nM, final concentration) was mixed with 250 µM NAD+, and 12 µM (final
concentration) of PJ34 at 25°C for a total of 20 min, in 275 µL buffer (20 mM Tris, pH 7.9, and
50 mM NaCl). Aliquots were taken at t = 0 and 20 min, and subsequently added to 75 µL of 20
mM NaHPO4 pH 5.5: acetonitrile (85:15%) containing internal standard (PABA 3.2 µg/mL) then
placed on ice. The samples were processed through Bio-Rad spin columns containing CS resin and
injected into the HPLC system. The amounts of ADP-ribose (µM) produced per min in the PJ34
reactions were normalized to the average of the Scabin control.
2.10: Tincture interference
Twenty-two tincture plant extracts were screened from both Perfect Herbs (Toronto, ON)
and Mondo Trading CO. (Toronto, ON) (Table 2.1). An aliquot (1 µL) of each tincture (1% v/v)
was prepared in 24 µL buffer (20 mM Tris, pH 7.9, and 50 mM NaCl). Each tincture sample was
then added to 75 µL mobile phase (20 mM NaHPO4 pH 5.5: acetonitrile 85:15%) containing
internal standard (PABA 3.2 µg/mL) and injected into the HPLC. The chromatograms for the plant
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TABLE 2.1 : Plant species names of the tincture extracts screened for inhibition of Plx2A GH
activity
Tincture extract

Plant species

Tincture extract

Plant species

St. John’s Wort

Hypericum perforatum

Chamomile

Matricaria chamomilla

Rosemary

Rosmarinus officinalis

Cinnamon

Cinnamomum
zeylandicum

Goldenseal

Hydrastis canadensis

Lavender

Lavendula officinalis

Grape seed

Vitis vinifera

Licorice Root

Glycyrrhiza glabra

Watercress

Nasturtium officinale

Bittersweet stalks

Solanum dulcamara

Thyme

Thymus vulgaris

Clove

Syzygium aromaticum

Barberry

Berberis vulgaris

Eucalyptus

Eucalyptus glob.

Frankincense

Boswellia serata resin

Anise seed

Pimpinella anisum

Periwinkle

Vinca minor

Goldenrod

Solidago canadensis

Tulsi

Ocimum sanctum

Oatstraw

Avena sativa

Myrrh

Commiphora myrrha

Alfalfa

Medicago sativa
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extracts measured at 259 nm were superimposed with a Plx2A GH reaction at 2h to determine if
there was any interference with the assay components.
2.11: Tincture inhibition of Plx2A
NAD+ (455 µM) was prepared in the presence of Plx2A toxin (5 µM, final concentration)
at 25°C in 125 µL of GH buffer (20 mM Tris, pH 7.9, and 50 mM NaCl). Tincture (5 µL, 4% v/v)
was added to the reaction and a control containing the same volume of ethanol as tincture added
was also performed. The reaction proceeded for a total of 2 h, an aliquot (25 µL) was only taken
at the endpoint and quenched in 75 µL mobile phase (20 mM NaHPO 4 pH 5.5: acetonitrile,
85:15%) containing internal standard (PABA 3.2 µg/mL). Plx2A was removed from the reaction
via Bio-Rad spin columns and the flow-through was then injected into the HPLC system. The
amounts of ADP-ribose (µM) produced per h in the plant extract reactions were normalized to the
average of the ethanol control.
2.12: ID50 determination
Various volumes of tincture (0.0625- 4% v/v) were mixed with 455 µM NAD+, 5 µM
Plx2A and brought to a final volume of 125 µL with buffer (20 mM Tris, pH 7.9, and 50 mM
NaCl). A control was performed for the maximum amount of ethanol (4%, v/v) added to the
reaction. The reaction proceeded for a total of 2 h, an aliquot (25 µL) was only taken at the endpoint
and quenched in 75 µL mobile phase (20 mM NaHPO4 pH 5.5: acetonitrile, 85:15%) containing
internal standard (PABA 3.2 µg/mL). Plx2A was removed from the reaction as described
previously and the flow-through was injected into the HPLC system. The data was fit with the
dose-response function in Origin 8.0 to determine the ID50 values.
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2.13: Solid-phase extraction
Alcohol extracts (tinctures) of grape seed and frankincense were filtered through a 0.22 µm
PVDF filter (Thermo Fisher Scientific, Waltham, MA) and diluted with an equal volume of MilliQ water. The tinctures were pre-treated with 1% formic acid, 2% ammonium hydroxide or no
treatment before SPE extraction. The two extracts were applied to Bond Elut Plexa SPE cartridges
(3 mL, 60 mg, surface area 450 m2/g, Agilent, Santa Clara, CA) (Fig. 2.2). The cartridges were
both conditioned and equilibrated with 3 mL methanol and 3 mL Milli-Q water on an SPE
manifold. The extract (250 µL) was loaded on SPE at a flow rate of about 1-3 mL/min. The
cartridges were then washed with 2 mL of 5% methanol and dried overnight in a Savant™
SpeedVac™ instrument (Thermo Fisher Scientific, Waltham, MA). Compounds of interest were
then eluted with 2 mL of 100% methanol and dried as described above. SPE fractions were
resuspended in 250 µL water: ethanol (50:50 v/v) for grape seed and 250 µL ethanol for
frankincense.
2.14: HPLC extract fractionation
Separation was obtained with a Zorbax Eclipse Plus™ C18 column, using Milli-Q water
(mobile phase A) and acetonitrile (mobile phase B) at a flow rate of 1.0 mL/min at 115 bar.
Samples were injected into the HPLC system using an autosampler set at 20 µL and UV detection
was obtained at 210 nm. The gradient began isocratically with 5% B for 2 min, then a linear
gradient to 100% B in 26 min, which was held for 5 min before re-equilibration to initial conditions
within 11 min.
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FIGURE 2.2: A schematic diagram of a solid-phase extraction procedure. SPE depicting the steps
for fractionating plant extracts, after the extract is loaded to the column a wash solvent is used to
remove interferences and an elution solvent is then added to collect the analytes of interest.
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2.15: Natural product library
The natural compound library was purchased from OTAVA Ltd. (Vaughan, ON). The
reactions were performed using 5 µM Plx2A, 455 µM NAD+, 50 µM (final) of OTAVA
compounds and brought to a final volume of 125 µL with NADGH buffer. Since, the compounds
in the library were solubilized in DMSO, a control was performed for the maximum amount of
DMSO (2% v/v) added to the reaction. The reaction proceeded for a total of 2 h, an aliquot (25
µL) was only taken at the endpoint and quenched in 75 µL mobile phase (20 mM NaHPO 4 pH 5.5:
acetonitrile, 85:15%) containing internal standard (PABA 3.2 µg/mL). Plx2A was removed from
the reaction as described previously and the flow-through was injected into the HPLC. The amount
of ADP-ribose (µM) produced per h was normalized to the average of the DMSO control.
2.16: Fluorescence-based NAD+-glycohydrolase assay
Potential inhibitor compounds were tested against the GH activity of Plx2A using the
NAD+ fluorescent substrate-analog, ε-NAD+. The reactions were performed using 2.5 μM of
Plx2A, 480 μM of ε-NAD+ and 50 μM of each inhibitor at 25ºC. NADGH buffer (50 mM NaCl,
20 mM Tris, pH 7.9) was added to give a final reaction volume of 75 μL. A control was tested
using the same volume of ethanol or DMSO (2%, final concentration) as the volume of inhibitor
used is the assay. A 96-well Corning microplate (Corning inc., New York City, NY) was loaded
in each well in the order of addition: GH buffer, ε-NAD+, inhibitor, and then Plx2A enzyme. An
optical adhesion cover was placed over the plate and sealed to avoid well evaporation during the
assay. The plate was centrifuged at 1050 rpm for 90 sec at 25°C. The plate was then mixed on an
Eppendorf™ MixMate™ (Thermo Fisher Scientific, Waltham, MA) for 45 sec at 400 rpm and the
fluorescence intensity was measured in a FLUOstar Omega™ microplate reader (BMG
LABTECH, Cary, NC). Fluorescence was monitored at an excitation wavelength of 300 nm and
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emission wavelength of 405 nm using 20 nm bandpass filters. The initial slope of each reaction
was corrected for background fluorescence/scatter associated with the appropriate ethanol or
DMSO control.
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CHAPTER 3: RESULTS AND DISCUSSION
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3.1: Development of a HPLC-based NAD+-glycohydrolase assay
3.1.1: Reaction components
The fluorometric NAD+-GH assay could not be used to measure plant extract inhibition
due to inner filter effects caused by highly absorbing compounds; therefore, a HPLC-based assay
was developed to measure Plx2A GH activity. Each reaction component (NAD +, nicotinamide,
ADP-ribose, 4-aminobenzoic acid (PABA)) was first injected onto the HPLC column to determine
whether fractionation of the various compounds could be obtained. The standards were mixed
together and then were injected onto the HPLC reversed-phase column at 400 pmol each in mobile
phase containing internal standard (PABA, 3.2 µg/mL) (Fig. 3.1A) The chromatogram showed
good resolution and it was possible to fully separate the ADP-ribose and NAD+ components, as
well as the NAD+ and PABA peaks, which was not previously reported (24, 34). This superior
peak separation was likely due to using a longer (250 mm) C18 column with more theoretical
plates causing an increase in retention time and/or improved chemistry associated with the C18
silica-based Zorbax Eclipse Plus column. Although N-acetyl-L-phenylalanine was also considered
as the internal standard, the compound did not elute from the column within the 15 min run-time
in the assay (24). Therefore, PABA was chosen as the internal standard since its retention time
was 5.6 min and the total assay run-time could be held to 10 min.
3.1.2: 4-Aminobenzoic acid
The UV-Vis spectrum of PABA was used to determine the concentration of the internal
standard stock solution in water (Fig. 3.1B). The extinction coefficient of PABA, ɛ

molar(266)

=

14,674 M-1cm-1 (O'Neil, M.J, 2013) at the absorbance maximum was used to calculate the
concentration of the internal standard stock solution using the Beer-Lambert Law (A= ɛlc).
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FIGURE 3.1: NAD+-GH reaction components and UV spectrum. (A) Chromatogram of the
NAD+-GH reaction components, NAD+ (substrate), nicotinamide and ADP-ribose (products), and
the internal standard, 4-aminobenzoic acid (PABA). (B) The UV-Vis spectrum of PABA in MilliQ water used to determine the concentration of the internal standard stock solution.
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3.1.3: ADP-ribose standard curve
First, the ADP-ribose peak was compared with the PABA peak in an HPLC chromatogram
and a concentration of 3.2 µg/mL of PABA was selected for use in the assay, similar to the
concentration used in a previous HPLC GH-assay (24). A standard curve was developed using
various amounts of ADP-ribose in mobile phase containing 3.2 µg/mL of PABA; the peak area of
ADP-ribose was then calibrated using the internal standard peak area (Fig. 3.2). Importantly, the
peak area was linear over the range selected for the standard samples. ADP-ribose was selected
rather the nicotinamide because the molar extinction coefficient for ADP-ribose is higher than
nicotinamide; thus, monitoring the production of ADP-ribose would be more sensitive in this
NAD+-glycohydrolase assay (24). Also, monitoring the production of ADP-ribose means that the
assay would require lower enzyme protein amounts and would be more useful for studying lower
concentrations of potential inhibitors of the target enzyme in the assay. ADP-ribose could not be
used as the standard in previous work due to the fact that it merged with the NAD + peak requiring
deconvolution in order to integrate the product (24). Additionally, an ADP-ribose standard was
not available at the time (24).
3.1.3: Base hydrolysis
The base hydrolysis of NAD+ was used to verify that the HPLC-based GH assay would be
sufficiently sensitive to detect a reaction, before the enzymatic activity of Plx2A was assessed.
NAD+ (475 µM) was mixed with NaOH (50 mM) in 500 µL of water at 25 °C. Immediately after
mixing in NaOH, a 25 µL aliquot of the reaction was added to 75 µL of mobile phase containing
internal standard and was injected into the HPLC system for t = 0. Aliquots were taken at t = 1, 2,
3, 4, and 5 min and processed as described previously. The hydrolysis reaction showed the
appearance of the ADP-ribose product peak as well as the disappearance of the NAD+ substrate,
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FIGURE 3.2: ADP-ribose standard curve. The curve was generated using various concentrations
of ADP-ribose in mobile phase containing PABA. The amount of ADP-ribose produced in the
Plx2A GH reaction was determined using this curve (error bars represent the mean of three samples
± SD).
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verifying that the GH reaction could be measured accurately with this method. Base hydrolysis of
NAD+ (475 µM) had a reaction rate of 25 ± 2 µM ADP-ribose produced per min (Fig 3.3). The
number of picomoles of ADP-ribose produced per min (88 pmol; data not shown) was comparable
to the amount determined previously with an increase likely due to the higher concentration of
NaOH (50 mM vs. 40 mM) used in this assay (24).
3.1.4: HPLC-based NAD+-glycohydrolase reaction
In order to measure the GH activity of Plx2A using RP-HPLC, all of the protein had to be
removed from the reaction mixture by exploiting the interaction between the His tag on Plx2A and
the CS resin. Previously, experiments were done to ensure that the ratio between product and
internal standard peak areas remained constant after processing with the spin columns (24). In
order to stop the reaction at each time point, the samples were added to 20 mM NaHPO 4 pH 5.5:
acetonitrile (85:15%) and were placed on ice. Using a fluorescence-based GH assay on the Cary
Eclipse fluorescence spectrometer (Agilent Tech, Mississauga, ON), this mixture was shown to
inhibit the glycohydrolase activity of Plx2A. Initially in the assay, several Plx2A concentrations
and sampling time-points were tested to determine where the reaction was linear using small
amounts of enzyme and substrate while still being able to monitor reaction inhibition.
The general method used 455 µM of NAD + in the presence of 5 µM of Plx2A in a reaction
volume of 275 µL, with samples (25 µL) taken every h. These sample mixtures were added to
mobile phase (85:15%) containing internal standard (75 µL), placed on ice then loaded to CS
columns. The flow-through was then injected (15 µL) onto a reversed-phase HPLC column. The
peak area of ADP-ribose was standardized using the internal standard. Using the standard curve,
the calibrated peak area was converted to picomoles of ADP-ribose produced during the reaction.
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FIGURE 3.3: Base hydrolysis of NAD+. The NaOH (50 mM) hydrolysis of 475 µM NAD+, with
aliquots taken at t = 0, 1, 2, 3, 4, and 5 min. The base hydrolysis had a reaction rate of 25 ± 2 µM
of ADP-ribose produced per min (error bars represent the mean of three samples ± SD).
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The total GH reaction rate, including both enzyme (5 µM Plx2A) and buffer reactions, was
37 ± 1 µM ADP-ribose produced per h. Since there were small amounts (< 5% of the NAD +
concentration) of ADP-ribose present in the time-zero sample it is possible that this may have
slightly impeded the observed rate. The NAD+ concentration used was approximately at the Vmax;
thus, the kcat was estimated to be 7.4 h-1. This value is about double the reported value in the
fluorometric GH assay (27). This difference is likely due to the modified substrate, ɛ-NAD+, used
in the fluorescence assay, which is sterically hindered, resulting in a slower hydrolysis rate
compared to the native substrate, β-NAD+ (24). Also, the HPLC assay is a discontinuous direct
measure of β-NAD+ hydrolysis while the fluorometric assay is a continuous indirect measure of ɛNAD+ hydrolysis; the latter method assumes that an increase in fluorescence results from scission
of nicotinamide (24). ɛ-ADPR is not commercially available so the standard curve is produced
using ɛ-AMP which could give rise to slight differences in the calculation of the amount of ADPribose formed (24). Representative chromatograms for the GH activity of Plx2A are shown below
(Fig. 3.4A, B) and the amount of ADP-ribose produced in the 4 h reaction is also shown (Fig.
3.4C).
3.1.5: Non-enzymatic hydrolysis
It was important to determine the non-enzymatic NAD+ hydrolysis which would be
expected to be recalcitrant to inhibition throughout the reaction, before testing potential enzymebased inhibitors of Plx2A. The baseline for the buffer (20 mM Tris, pH 7.9, and 50 mM NaCl)
hydrolysis of NAD+ throughout the 4 h reaction was determined to be zero and was run with each
daily control. The baseline value also accounts for any hydrolysis products present in the NAD +
stock (or spin columns) prior to enzyme reaction which could be due to storage in the -20ºC freezer
or pH changes in the buffer. One NAD+ primary stock was found to have small amounts of
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FIGURE 3.4: The hydrolysis of NAD+ (455 µM) by Plx2A (5 µM). Sample chromatograms of the
GH activity at (A) 0 h and (B) 4 h. (C) Time course plot for the 4 h reaction showing the production
of ADP-ribose. The amount of ADP-ribose present in the zero-time sample was subtracted from
each time point. The enzyme-catalyzed hydrolysis had a reaction rate of 37 ± 1 µM of ADP-ribose
produced per h (error bars represent the mean of three samples ± SD).
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ADP-ribose present before reaction with the enzyme; this amount was accounted for in all
calculations. Moving forward, it is recommended to keep most of the β-NAD+ stock solution in
the -80ºC freezer to increase stock lifetime and only keep a small portion in the -20ºC freezer for
6 months.
3.1.6: Positive control for inhibition
A positive control for inhibition was necessary to ensure the HPLC-based GH-assay could
measure mART toxin inhibition, which was not determined previously (24). Initially, synthetic
inhibitors M2 and M3 that had previously shown inhibition of Plx2A in the fluorometric GH-assay
were tested as a positive control (unpublished data) (Table 3.1). Additionally, M3 had also shown
mild inhibition of C3larvin and C3bot1 enzymes, both mART toxins belonging to the C3 subgroup
(15). However, neither compound showed any inhibition at their IC 50 values (M2 = 104.1 ± 1.1
µM; M3 = 216.3 ± 1.2 µM) or when tested at a higher concentration, 500 µM (Fig. 3.5C). These
results suggest that the synthetic inhibitors of Plx2A determined by the fluorescence-based method
may be interfering by strong absorption at the wavelengths (ex λ= 300 nm; em λ= 405 nm) used
to track the reaction progress for the -NAD+ substrate. The inner filter effect refers to the ability
of a compound to absorb light following a Beer’s Law effect (A= ɛcl) and reduce the intensity of
the excitation light emitted in the assay (35). The interception of light in the assay will alter the
readout and could cause false positives, which may have occurred in the fluorometric assay (35).
The synthetic inhibitor K2 was also tested for an inhibitory effect on Plx2A, since it showed
promise in the fluorometric assay, but was later found to precipitate in a 25% DMSO solution
(Table 3.1). K2 showed a 18% reduction in Plx2A activity at 500 µM; therefore, the assay showed
promise in measuring enzyme inhibition, but a better control was still needed (Fig. 3.5C).
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TABLE 3.1: Synthetic inhibitors from the mART library tested for inhibitory activity against
Plx2A.
Synthetic Inhibitor

a

Chemical Structure

M2

b

K2

a

M2 = 2-[(3- methyl-2,6-dioxo-7-propyl-2,3,6,7-tetrahydro-1H-purin-8-yl)sulfanyl]acetamide
K2 = 4‐{2‐[2‐(4‐oxo‐3,4‐dihydrophthalazin‐1‐yl)acetamido]‐1,3‐thiazol‐4‐yl}‐1H‐pyrrole‐2‐
carboxamide
b

49

FIGURE 3.5: Positive control for the HPLC-based GH assay. The hydrolysis of NAD+ (250 µM)
by Scabin with sample chromatograms of the GH activity using (A) 50 nM of Scabin at t = 10 min
and (B) 5 nM of Scabin at t = 20 min. (C) Reduction in Plx2A activity by K2 synthetic compound
(500 µM). Inhibition of Plx2A activity by M2 and M3 synthetic compounds at their IC 50 values
(104.1, 216.3 µM respectively) and at 500 µM. Inhibition of Scabin activity by PJ34 at its IC 50
value (12 µM) (error bars represent the mean of duplicate measurements ± SD).
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Next, PJ34 was selected as a positive control for a mART inhibitor, because a crystal
structure is available of the compound bound in the active site of Scabin toxin from Streptomyces
scabies (PDB: 5EWK); also, it has a relatively low Ki (3 ± 0.2 µM) and IC50 = 12 ± 1 µM (16).
The mechanism of inhibition for PJ34 was also determined by Lineweaver-Burke analysis to be
competitive against the NAD+ substrate (16). Two different concentrations of Scabin, 5 and 50 nM
were initially tested; however, 50 nM Scabin catalyzed the GH reaction too quickly to monitor in
the HPLC assay and consumed the NAD + substrate by 10 min (Fig. 3.5A). Scabin at 5 nM was
initially tested on the Cary Eclipse and the reaction was shown to be linear for 20 min. Scabin at
5 nM catalyzed a slower GH reaction and was easier to monitor after 20 min; therefore, this
concentration of Scabin was chosen to test PJ34 inhibition (Fig. 3.5B).
The GH activity of Scabin was monitored using 250 µM NAD + in the presence of 5 nM
Scabin in a reaction volume of 275 µL, with samples (25 µL) taken at 0 and 20 min. PJ34 was
added to the reaction to give a final concentration of 12 µM and a control was used containing the
same volume of water as inhibitor added. The aliquots taken were added to mobile phase (85:15%)
containing internal standard (75 µL) and placed on ice. Scabin was removed using CS columns
and the samples were prepared for HPLC as described previously. The peak area of ADP-ribose
was standardized using the internal standard. Using the standard curve, the calibrated peak area
was converted to picomoles of ADP-ribose produced during the reaction. The amount of ADPribose produced (µM) in the 20 min endpoint assay was calculated using equation 1:

𝑟𝑎𝑡𝑒 (𝐴𝐷𝑃𝑅 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) =

𝐴𝐷𝑃𝑅 (µ𝑀) 𝑟𝑥𝑛 – 𝐴𝐷𝑃𝑅 (µ𝑀) 𝑏𝑢𝑓𝑓𝑒𝑟
𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)
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The enzyme activity (%) of Scabin with PJ34 was reported relative to the daily (no inhibitor)
control and calculated using equation 2:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =

𝐴𝐷𝑃𝑅 𝑟𝑎𝑡𝑒 (µ𝑀/𝑚𝑖𝑛) 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟
𝑥 100
𝐴𝐷𝑃𝑅 𝑟𝑎𝑡𝑒 (µ𝑀/𝑚𝑖𝑛) 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

The % inhibition by PJ34 of Scabin activity was then calculated by equation 3:

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 − 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)

PJ34 showed 40% inhibition of Scabin at the IC50 value, 12 µM (Fig. 3.5C). As discussed
previously, the fluorescence-based assay has certain limitations associated with determining ADPribose production; however, the HPLC-based assay has limitations as well (24). The 10%
difference in PJ34 inhibition of Scabin between the fluorescence-NAD+ GH-assay and the HPLC
GH-assay was likely due to processing reactions through the spin columns. This possibility was
tested by running one Scabin reaction aliquot through the spin columns and injecting another
directly onto the HPLC column (Table 3.2). The two reactions demonstrated a 9% difference in
inhibition of Scabin by PJ34 (12 µM) and the reaction that was not processed through the spin
columns showed 50% inhibition. This result suggests that the difference between the two
glycohydrolase assays was likely due to sample processing with spin columns.
3.1.7: Plant extract interference
Before the plant extracts were tested for inhibition against Plx2A activity, each one was
screened for interference against the Plx2A reaction components. As long as the tincture did not
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TABLE 3.2: Reduction in Scabin (5 nM) activity by PJ34 (12 µM), either processed through the
Bio-Rad spin columns or injected straight onto the HPLC column.
Spin Column
ADPR (µM/min)

Control

PJ34

% Inhibition

1.7

1.0

41.8

Control

PJ34

% Inhibition

3.2

1.6

50.3

No Spin Column
ADPR (µM/min)
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display peaks at the same retention time or merge with ADP-ribose or PABA, it was concluded
they would not interfere with integration of the product or internal standard. Apart from clove,
eucalyptus, anise seed, goldenrod, and oatstraw, the tinctures under investigation showed no
interference at 1% v/v when superimposed with the assay components of a 2 h Plx2A reaction.
Representative chromatograms for the tincture interference are shown below (Fig. 3.6A-D) and
the remaining are shown in (Fig A.1, A.2). Clove and eucalyptus extracts displayed large peaks
emerging with ADP-ribose in the HPLC chromatogram and anise seed had a small peak
overlapping with PABA. Goldenrod and oatstraw had large peaks directly beside ADP-ribose and
it was determined that they may interfere with accurate integration of the product. The tinctures
could be tested at 4% v/v in the reaction, given that the aliquot is diluted ¼ in mobile phase to stop
the reaction, and injected into the HPLC at 1% v/v.
3.1.8: Extract inhibition screen
Very few inhibitors have been reported against the C3 subgroup of mART toxins, likely
because the structure of the ADP-ribosyltransferase fold makes these toxins unique from the other
mART toxins (15). Only a weak inhibitor of enzyme activity has been found for C3larvin and cell
entry inhibitors for C3bot1 and C3lim (15). With a limited number of inhibitors developed for the
C3 toxins, it becomes imperative to find a potent lead compound against this mART toxin
subgroup. This work represents to our knowledge the first report of plant extracts being tested
against mART toxin enzymatic activity. A broad screen of several plant extracts was initially tested
for an effect on Plx2A enzyme activity.
Once it was determined that the plant extract would not interfere with the ADP-ribose
product or the internal standard peak, the extracts were then tested against Plx2A for inhibition of
GH activity. Plx2A (5 µM) was mixed with 455 µM NAD+ and 5 µL extract, in a final reaction
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FIGURE 3.6: Plant extract screen for interference against the GH reaction components. (A) - (C)
Three examples of tinctures that showed no interference at 1% v/v when superimposed with the
ADP-ribose (product) and PABA (internal standard) peaks. (D) Clove tincture showing
interference at 1% v/v when superimposed with the ADP-ribose peak.
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volume of 125 µL. Since the tinctures were dissolved in ethanol, a control was performed using
the same volume (4% v/v) of ethanol as tincture added. An endpoint sample (25 µL) was taken at
2 h and then added to mobile phase (85:15%) containing internal standard (75 µL) and placed on
ice. Samples were processed through CS columns as described previously.
Using the standard curve, the calibrated peak area was converted to picomoles of ADPribose produced during the reaction. The amount of ADP-ribose produced (µM) in the 2 h endpoint
assay was calculated using equation 1:

𝑟𝑎𝑡𝑒 (𝐴𝐷𝑃𝑅 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) =

𝐴𝐷𝑃𝑅 (µ𝑀) 𝑟𝑥𝑛 – 𝐴𝐷𝑃𝑅 (µ𝑀) 𝑏𝑢𝑓𝑓𝑒𝑟
1ℎ
𝑥
𝑡𝑖𝑚𝑒 (ℎ)
60 𝑚𝑖𝑛

The enzyme activity (%) of each tincture was reported relative to the daily (no inhibitor) control
and calculated using equation 2:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =

𝐴𝐷𝑃𝑅 𝑟𝑎𝑡𝑒 (µ𝑀/𝑚𝑖𝑛) 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟
𝑥 100
𝐴𝐷𝑃𝑅 𝑟𝑎𝑡𝑒 (µ𝑀/𝑚𝑖𝑛) 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

The % inhibition of each tincture on Plx2A activity was then calculated by equation 3:

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 − 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)

The plant extracts that showed the most promise in the initial screen (4% v/v) were
frankincense and grape seed, with 88% and 64% inhibition of Plx2A, respectively (Fig. 3.7).
Additionally, St. John’s wort and thyme showed moderate inhibition of Plx2A at 4% v/v, with
43% and 41% inhibition, respectively. The best two tinctures, frankincense and grape seed, were
selected to determine the inhibitory dose (ID50) of the extract.
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FIGURE 3.7: Inhibition of Plx2A enzymatic activity by plant extracts. Plx2A (5 µM) was
incubated with 455 µM NAD+ and 4% v/v of plant extract. Frankincense and grape seed were the
most potent showing 88% and 64% inhibition of Plx2A, respectively (error bars represent the mean
of duplicate measurements ± SD).
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3.1.9: ID50 determination
A dose-response curve was determined for the two most promising plant extracts, grape
seed and frankincense. Plx2A (5 µM) was mixed with 455 µM NAD+ and various volumes of plant
extract (0.0625 - 4% v/v) in a total reaction volume of 125 µL. A control was performed for the
maximum amount of alcoholic extract added to the reaction using the same amount of ethanol (4%
v/v). Samples (25 µL) were taken at 2h and quenched in mobile phase (15% acetonitrile), then
processed as described previously. Grape seed extract had an ID 50 of 0.37 ± 0.04 % (Fig. 3.8A)
and frankincense extract had an ID50 of 0.38 ± 0.05 % (Fig. 3.8B). The ID50 values were converted
to ppm using the dried weight of the extracts (grape seed = 27 ± 5 mg/mL; frankincense = 46 ± 5
mg/mL). Grape seed showed 50% inhibition of Plx2A activity at 100 ppm and frankincense at 175
ppm.
Grape seed and frankincense inhibited Plx2A activity in a dose-dependent manner, further
verifying their activity as C3 toxin inhibitors. For the first time, plant extracts have been shown to
inhibit the mART toxin enzyme activity and, more significantly, an enzyme belonging to the C3
subgroup. M3, another synthetic inhibitor of C3larvin, was structurally different from developed
mART inhibitors in that it contained an adenine ring joined to a piperidine ring containing a
sulfonated amine chain (15). Most mART inhibitors are designed to be competitive with the
nicotinamide moiety of NAD+; however, the pharmacophore models developed by Dr. Miguel
Lugo suggested M3 would be competitive with the adenine moeity (15). This, along with the
proposed unique architecture of the ADP-ribosyltransferase fold of C3 toxins, may suggest that
the active compounds in grape seed and frankincense may be chemically quite different from our
in-house mART library of inhibitors (13, 20, 22).
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FIGURE 3.8: Dose-response curves for the most potent plant extracts. Effect of (A) grape seed
and (B) frankincense on Plx2A (5 µM) enzymatic activity using 455 µM of NAD + and various
volumes of extract (0.0625 - 4% v/v). Grape seed and frankincense tinctures had an ID50 of 0.37 ±
0.04 % and 0.38 ± 0.05 %, respectively. The curve was fit using the dose-response function in
Origin 8.0 (error bars represent duplicate measurements for at least two experiments ± SEM).
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For instance, the major components found in frankincense extract are boswellic acid
derivatives as well as various monoterpenes and sesquiterpenes (36). Grape seed extract consists
of a large number of phenolic compounds such as gallic acid, catechins, trans-resveratrol,
epicatechins and procyanidin B1 (37). Structurally, a lot of the compounds found in these two
extracts greatly differ from previously developed mART inhibitors. Therefore, these extracts could
potentially give rise to novel lead compounds for inhibitors against Plx2A and C3 toxins, in
general.
The identification of plant extract inhibitors is especially important for a honey bee toxin
like Plx2A because oxytetracycline is the only antibiotic currently used to control AFB in Canada.
Additionally, the use of synthetic antibiotics to treat honey bee diseases is now illegal in the
majority of European countries (7). Given that AFB is a notifiable disease in most countries, this
makes it vital to find an alternative treatment that is effective against P. larvae toxins such as
antibiotics from natural products.
3.2: Natural product library
3.2.1: OTAVA compound inhibition
The OTAVA natural product-derived library was selected as a source of compounds from
natural products (Table A.1) for testing as inhibitors of Plx2A toxin. Compounds were selected
based on an induced-fit docking of pocket side-chains on a docking-prepared version of Plx2A
(Dr. Miguel Lugo, pers. comm.). Then a manual selection of docked poses was used to suggest
candidates for inhibitors against Plx2A. All compounds were solubilized in DMSO; therefore, a
control was performed using the same volume (2% v/v) of DMSO as inhibitor added. For the initial
screens, 5 µM Plx2A was added to 455 µM NAD+, 50 µM (final) OTAVA compound and brought
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to a final reaction volume of 125 µL. An endpoint sample (25 µL) was taken at 2 h and then added
to mobile phase (85:15%) containing internal standard (75 µL) and placed on ice. Samples were
processed through CS columns as described previously. Using the standard curve, the calibrated
peak area was converted to picomoles of ADP-ribose produced during the reaction. The amount
of ADP-ribose produced (µM) after 2 h of reaction time was subtracted from the baseline amount
of ADP-ribose present during the reaction and divided by the time. The rate of ADP-ribose in
µM/min for each inhibitor was divided by the amount of ADP-ribose produced in the control and
then converted to a percentage, to determine relative enzyme activity.
Eighty-six OTAVA natural compounds were tested for inhibitory activity against Plx2A
(Fig. 3.9). From the analyzed data, 49 compounds displayed no effect, while 20 compounds
demonstrated activation of Plx2A GH activity. Seventeen compounds showed mild inhibition of
Plx2A at 50 µM with ≤ 30% inhibition relative to the control reaction. The most promising
inhibitors are shown in Table 3.3. The best inhibitor from this screen was compound 1575338
((2Z)-6-hydroxy-2-{[3-hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-yl]methylidene}-2,3dihydro-1-benzofuran-3-one) showing a 29.7 ± 2.3% reduction in Plx2A activity.
Compound 1575338 consists of a benzofuran group joined to a pyridine ring (Table 3.3).
The benzofuran group resembles the adenine moiety of NAD +, while the pyridine ring is similar
to the nicotinamide portion of NAD+. It is likely that this compound acts as a competitive inhibitor
of NAD+ at the nicotinamide or adenine binding site. Compound 1575338 contains one of the three
essential inhibitor core features that superpose the nicotinamide group of NAD + determined for
mART inhibitors of the DT group (21). The inhibitor has an aromatic center fulfilled by the
pyridine ring; however, it does not have the cyclic amide group to act as an H-acceptor and donor
with the enzyme side chains (21). A co-crystal structure of compound 1575338 with Plx2A might
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FIGURE 3.9: Effect on Plx2A activity by compounds from the OTAVA natural product library.
Plx2A (5 µM) was added to 455 µM of NAD+, and 50 µM (final) of OTAVA compound. Twenty
compounds demonstrated activation of Plx2A and seventeen compounds showed weak inhibition
of Plx2A. Compound 1575338 showed a 29.7 ± 2.3% reduction in GH activity (error bars represent
the mean of duplicate measurements ± SD).
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TABLE 3.3: Reduction in Plx2A GH activity by five of the most promising OTAVA natural
product compounds.
Inhibitor

Chemical structure

Relative

Standard

enzyme activity

deviation (%)

(%)
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provide insights in the specific nature of the inhibitor binding site within Plx2A.
3.3: Fractionation of plant extracts
3.3.1: Solid-phase extraction
Although grape seed and frankincense were shown to have inhibitory activity against
Plx2A, this raises the issue, which compound(s) in these extracts are the bioactive components?
Also, are there multiple compounds acting by synergy in the tincture or is it a single compound
that is effective? Therefore, the two best plant extract inhibitors of Plx2A were fractionated by a
solid phase extraction method coupled with HPLC to determine the active components.
A non-polar divinylbenzene polymeric sorbent for SPE was selected for fractionation since
most mART inhibitors possess an aromatic ring which would interact with the sorbent through
hydrophobic or π-π interactions. Initially, several sample treatments were tested for grape seed and
frankincense to determine if 1% formic acid, 2% ammonium hydroxide or no treatment helped
with retaining the target compound(s). Additionally, sample dilutions in water were tested to
increase analyte interaction with the sorbent without overloading the column.
The SPE fractions collected from the various sample treatments were tested in the HPLC
GH assay using 5 µM Plx2A and 455 µM NAD+ to determine their inhibitory activity. No sample
treatment worked best for grape seed, showing 67% inhibition of Plx2A activity in the 100%
methanol fraction. In contrast, the 1% formic acid sample treatment worked well for frankincense,
demonstrating 60% reduction in Plx2A activity in the 100% methanol fraction (Fig 3.10). These
SPE fractions were then separated on the HPLC using a linear gradient (5%-100% acetonitrile) to
analyze the number of peaks present in the extracts (Fig 3.11). Unfortunately, the sample was still
too complex to allow complete peak separation on a C18 RP-column.
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FIGURE 3.10: Various sample treatments for SPE fractionation of plant extracts. Grape seed
(A) and frankincense (B) tested against 5 µM of Plx2A at 4% v/v with either a 1% formic acid,
2% ammonium hydroxide or no sample treatment (wash = 5% methanol, elution = 100%
methanol) (error bars represent the mean of duplicate measurements for at least one experiment ±
SD).
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FIGURE 3.11: HPLC analysis of SPE fractionation of plant extracts. (A) Grape seed SPE 100%
methanol elution performed with no sample treatment. (B) Frankincense SPE 100% methanol
elution performed with 1% formic acid sample treatment.
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Next, a series of wash steps will be tested (in 10% methanol intervals) to determine the
concentration of methanol in which the compounds eluted from the SPE sorbent and to find a
suitable wash step for interfering compounds. The goal is to eliminate some of the interfering
compounds with the methanol gradient to reduce the complexity of the extract prior to HPLC
separation.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS
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4.1: Conclusions
AFB is one of the most harmful bee diseases, since it affects the newly hatched larvae and
can have a devastating impact on the population levels, producing significant global economic loss
due to its highly contagious nature. In North America, honey bee colonies are treated with
oxytetracycline hydrochloride, a prophylactic antibiotic that is sold as Terramycin®. A growing
concern is the recurrent exposure of honey bees to antibiotics, resulting in selection for resistant
strains of P. larvae. Leftover chemical residues from antibiotics and their metabolites are also an
issue in honey products. Thus, an alternative or supplementary approach to combat AFB infections
caused by P. larvae is treating with antimicrobials derived from natural products, such as plant
extracts. The concept is that natural antibiotic compounds should generally be less toxic to humans
upon consumption and they provide an alternative to the main compound in use, which has already
been met with P. larvae resistance. It is therefore important to identify antimicrobials against P.
larvae and also to investigate plant extracts to find inhibitors that can function as anti-virulence
compounds against Plx2A, a toxin accounting for more than half of the virulence of P. larvae. On
a broader scale, plant extracts provide diverse chemical structures in order to identify novel lead
inhibitors against the C3 subgroup of mART toxins to be used as potential therapeutics in a wide
variety of bacterial disease applications.
In this thesis work, an HPLC-based NAD+-glycohydrolase assay was developed and used
to reveal several plant extracts that demonstrated inhibition of Plx2A enzymatic activity. A
standard curve was developed for ADP-ribose and the peak area was calibrated using the internal
standard, PABA. Base hydrolysis of NAD+ verified that the HPLC-based assay was sensitive
enough to measure a GH reaction. The GH reaction rate was characterized for Plx2A and was
shown to be linear for 4 h. A positive control for mART toxin inhibition was established for the
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HPLC assay using Scabin toxin and PJ34, a known inhibitor of Scabin that includes a co-crystal
structure (PDB: 5EWK) (16). An inhibitor screen was conducted for 22 tinctures after first
assessing if they would interfere with product peak integration. Two of the plant extracts were
shown to inhibit Plx2A GH activity in a dose-dependent manner.
Additionally, the OTAVA natural product-derived library was selected, based on an
induced-fit docking of pocket side-chains on a docking-prepared version of Plx2A toxin. Eightysix OTAVA natural compounds were screened for inhibitory activity against Plx2A. Compound
1575338 in the OTAVA library was shown to inhibit Plx2A activity by 29.7 ± 2.3% at 50 µM
dosage. The natural-derived compound consists of a benzofuran group joined to a pyridine ring.
Based on the structure, it is likely that this compound acts as a competitive inhibitor of NAD + at
the nicotinamide or adenine binding site. Further kinetic studies are required to determine the
mechanism of inhibition and IC50 for this compound against Plx2A. Additionally, a co-crystal
structure is required of Compound 1575338 with Plx2A to determine the binding site within the
enzyme active site of the toxin.
Lastly, to determine which compound(s) in the tinctures are the bioactive components, the
extracts were fractionated by solid-phase extraction with the analysis of these fractions by HPLC.
A non-polar divinylbenzene polymeric sorbent was selected for SPE fractionation since most
mART inhibitors consist of an aromatic ring. Several sample treatments were initially tested to
determine if 1% formic acid, 2% ammonium hydroxide or no treatment helped with retaining the
target compounds. No sample treatment worked best for grape seed and a 1% formic acid sample
treatment worked well for frankincense, both extracts demonstrated reduction in Plx2A activity in
the 100% methanol fraction.
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4.2: Future directions
4.2.1: Identification of active compounds in extracts
Grape seed and frankincense extract will be fractionated by SPE (along with cation or
anion-exchange if necessary) until HPLC analysis shows a reduction in the complexity and number
of peaks present in the extract. Additionally, the SPE fraction will need to show reproducible
inhibition of Plx2A enzymatic activity. The separation method will then be developed in HPLC to
resolve the compounds from one other. Mass spectrometry can then be used to identify the active
compounds in the sample. Either LC-ESI-Q-TOF-MS/MS or LC-ESI-ion trap-MS/MS will be
performed in the Mass Spectrometry Facility (University of Guelph) to characterize the extracts.
The mass spectrometry analysis will be done in both the positive and negative ion modes and the
ionization mode producing the best spectrum will be used. Alternatively, a compound of interest
can be separated from the mixture by fractionation during the LC run, this fraction will then be
analysed by infusion into the mass spectrometer to identify fragmentation pathways and in turn
correlate information to chemical composition and potential structural data. There are limitations
to classifying unknown and stereoisomer compounds through mass spectrometry; therefore,

13

C-

NMR can be used as an alternative method to make assignments of unknown and ambiguous
(isomers) compounds in the extracts.
After the compound(s) with biological activity are identified, they will be tested in their
purified form to determine how effectively the compounds inhibit Plx2A activity. By using
reversed-phase HPLC with various concentrations of a purified compound, a standard curve of
peak area versus concentration (or moles) can be generated. The concentration of the inhibitor
compound in the extract can then be determined by using the standard curve. It is possible that
multiple compounds with synergy, rather than a single compound, will be required to effectively
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inhibit the activity of Plx2A. In this case, multiple pure compounds or a semi-crude extract can be
tested together in the HPLC NAD+-GH assay to determine synergistic activity.
Additionally, since the OTAVA natural product library was screened for inhibitory activity
against Plx2A, more natural product libraries could also be screened for biological activity. One
library that will be tested is a nutraceutical library prepared by Dr. Paul Spangiouolo (Dept. of
Food Science, Univ. of Guelph). This library features compounds derived from food products
comprising of medicinal or health-giving benefits and is a new model in the search for “safer” and
more consumption-friendly therapeutic compounds. The discovery of a potent inhibitor of Plx2A
would provide the structural basis and chemical information from which new inhibitors could be
derived.
4.2.2: Prophylactic effect of extracts against AFB-infected larvae
In order to test the therapeutic value of grape seed and frankincense extract at treating AFBinfected larvae, in vitro rearing of larvae will be performed in the active bee season (May-Sept) in
coordination with the Honey Bee Research Centre (HBRC) (University of Guelph). In vitro rearing
of insect larvae is a method often used in entomology for understanding and relating insect cell
biology with field work (38). The HBRC will supply a comb with newly hatched larvae and they
will be grown in specialized culture plates in an incubator using the method by Kaftanoglu et al.
(2011) (39). The tinctures will be added in a series of concentrations into the basic larvae diet
(BLD). An inhibitor curve will be generated to determine the tolerable dose range for the extracts
on the larvae and determine the toxic dose that kills 50% (TD 50) of larvae. The efficacy of the
extracts will be determined by adding various doses of tinctures into the diet of both AFB-infected
and healthy (control) larvae and the mortality caused by P. larvae will be analysed. The effective
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dose (ED50) and therapeutic index (TD50/ED50) will be examined for extracts showing prophylactic
effects.
Additionally, the behaviour and physiology of honey bees are greatly influenced by other
worker bees and the hive environment. Therefore, the therapeutic value of the extracts (or active
compounds) will be tested in the field with AFB-infected hives as well. Once the active
components in the extracts are determined, they can be tested, along with the antibiotic
oxytetracycline as a positive control, in honey bee colonies.
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APPENDIX
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B.1 Plant extract interference
All plant extracts screened for interference were superimposed with the Plx2A reaction
components shown below (Fig A.1, A.2). If there was no overlap with the ADP-ribose and
PABA peak the tinctures were determined they would not interfere with reaction integration.
B.2 OTAVA natural compound library
The chemical structures are shown for all 86 compounds in the OTAVA natural productderived library tested on Plx2A for inhibitory activity (Table A.1).
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FIGURE B.1: Plant extract screen for interference against the GH reaction components.
Tinctures (1% v/v) superimposed with the GH reaction components to determine if integration of
the ADP-ribose (product) and PABA (internal standard) peaks was possible. Clove tincture
showed interference at 1% v/v.
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FIGURE B.2: Plant extract screen for interference against the GH reaction components.
Tinctures (1% v/v) superimposed with the GH reaction components to determine if integration of
the ADP-ribose (product) and PABA (internal standard) peaks was possible. Eucalyptus, anise
seed, oatstraw, and golden rod showed interference at 1% v/v.
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TABLE B.1: OTAVA natural compound library chemical structures tested for reduction in
Plx2A GH activity.
MOLSTRUCTURE
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