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Abstract

Verotoxin-producing Escherichia coli (VTEC) present a significant risk of
foodborne illness and severe patient outcomes. Isolation is laborious and time
consuming due to the diversity of strains. Development of a differential agent would
enhance rate and speed of isolation. Production of verotoxin (VT) is the only phenotypic
trait exclusive to VTEC.

Aptamers are single-stranded oligonucleotides with high selectivity and affinity
for their targets. A VT-targeting aptamer beacon could aid in isolation of VTEC. Proof of
concept was demonstrated using an existing aptamer sequence, showing increased
fluorescence in the presence of VT1a. Further characterization showed target specificity,
but weaker signal contrast in complex media. Comparison of fluorophore-quencher
pairs showed Texas Red and Black Hole Quenchers as optimal choices. Finally, a DNA
substrate developed to detect VT enzyme activity produced weak fluorescent signal

making it unlikely to aid in detection.
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Figure 21 — Most probable secondary structure for the DNA sequence of the aptamer
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Figure 23 — Fluorescent control (FLX) calibration curve in TES buffer. Data points are the
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points are the average of 12 wells over 4 replicates, except for VT2 (9 over 3). Error bars
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Glossary / List of Abbreviations

a-sarcin — A type | ribosome inactivating protein (RIP) which inactivates ribosomes by
cleavage of the phosphodiester bond between G4325 and A4326 in rat 28 S rRNA.

A1l subunit — The enzymatically active portion of the VT A subunit. Amino acids 1-252 in
VT1a, 1-251 in VT2a.

A2 subunit — The portion of the VT A subunit which interacts with the B subunit
pentamer to form the holotoxin. Amino acids 252-315 in VT1a, 251-319 in VT2a.

A subunit — A 32 kDa peptide subunit which interacts with the B subunit pentamer to
form a functional VT holotoxin. Composed of two portions which are cleaved in
target cells.

A-4324 — The rRNA location in rat ribosomes that is the catalytic site of action for VT
activity. VT cleaves the adenine residue from the RNA sequence causing a cascade
of effects, specifically inhibition of protein synthesis and cell death.

ABs toxin — A protein toxin composed of 6 subunits: 1 enzymatically active A subunit,
and 5 B subunits which bind to receptors causing internalization of the toxin.

Abasic sites — Sites within a nucleotide strand which have had the nitrogenous base
removed leaving only the phosphate sugar backbone intact.

Affinity — A term which describes the strength of interaction between molecules. The Kg
is frequently used as a quantitative representation of this affinity for aptamers and
their targets.

Antibody — A class of immune particles produced by mammals which contribute to
defense against toxins and infectious agents. Generally, refers to Immunoglobulin
G molecules which are also used in biotechnology or detection. Preparation of
antibodies can only be done by use of a cell culture and is intrinsically variable
from batch to batch as a result.

Antigen — The portion of a molecule to which antibodies can develop affinity.

Aptamer — A class of molecules composed of single-stranded nucleotides which have a
high affinity and specificity for target molecules. Aptamers are developed by the
SELEX process and are synthesized chemically. Modifications are generally easily
incorporated.

Aptamer beacon — An aptamer sequence which has been modified to create a signal
upon interaction with the target molecule. This is frequently accomplished using a
fluorescent system such as dual-labeling with fluorophore and quencher
molecules.

B subunit — A 7.7 kDa peptide sequence which has the property of binding to the Gb3
cell receptor. Upon interaction with Gb3 rich regions of target cells the B subunits
form pentamers, interact with the A subunit, and cause internalization of the VT
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holotoxin. It is 69 amino acids long for VT1, and 71 for VT2.

CDso — Median cytotoxic dose; the dose required to cause death in 50% of cells tested.

CFU — Colony forming units; a unit estimating the number of viable bacterial cells in a
sample.

Cl — Confidence interval; the range within the true value is expected to lie, given the
frequency of this being true statistically.

CPG — Controlled pore glass; the type of columns used for solid support DNA synthesis.
The column is silica based with consistent pore size.

DNA — Deoxyribonucleic acid, the genetic information storage molecule. DNA can also
be used for nanotechnological purposes including functional molecules, such as
aptamers.

Escherichia coli — A species of Gram negative bacteria found in the gastrointestinal tracts
of mammals and other animals. Most are commensal in nature, however, a subset
of E. coli are human pathogens.

eae — The gene encoding intimin, a protein which is required for producing an attaching
and effacing phenotype in some pathogenic E. coli.

EAEC - Enteroaggregative E. coli, one of seven E. coli pathotypes typified by formation of
a thick biofilm of bacteria and production of enterotoxins and cytotoxins.

ECso - Median effective concentration; the concentration at which the effect is seen in
50 percent of the population tested.

EDso — Median effective dose; the dose at which the effect is seen in 50 percent of the
population tested.

EF-1 — Elongation factor 1 found in prokaryotic organisms. It is analogous to the EF-Tu of
eukaryotes. EF-1 (and EF-Tu) deliver aminoacyl tRNA as a complex to the
ribosome.

EF-2 — Elongation factor 1 found in prokaryotic organisms. It is analogous to the EF-G of
eukaryotes. EF-2 (and EF-G) catalyzes the translocation of the peptidyl-tRNA and
deacylated tRNA in the ribosome.

EhxA — The gene encoding enterohemolysin. The plasmid which carries this gene has
been associated with LEE-positive VTEC and has been used as a virulence marker
although the exact role in pathogenicity is not fully known.

ELISA — Enzyme-Linked Immunosorbent Assay, a technique using antibodies to detect or
guantify a target molecule through a binding step followed by a linked enzyme’s
subsequent activity.

Enterobacteriaceae — A taxonomical family of bacteria containing Gram-negative
bacteria, including genera Citrobacter, Enterobacter, Salmonella, Escherichia,
Yersinia pestis, Klebsiella, Shigella, among many others.

ER — Endoplasmic reticulum, one of the organelles of the cell. The ER is involved in
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intracellular trafficking and preparing peptides for secretion or membranes.

FAM — Fluorescein amidite; fluorescein modified with protecting groups and
functionalized to be added to a synthetic nucleotide sequence.

FITC — Fluorescein isothiocyanate; fluorescein modified with isothiocyanate functional
group to add amine-reactivity. More recently succinimidyl-ester modified
fluorescein is used instead.

Fluorescein — A commonly used yellow-green fluorophore with excitation peaking at
about 494 nm and emission peaking at about 512 nm. Can be functionalized for
labeling proteins and DNA (FAM / FITC).

FRET — Fluorescence resonance energy transfer; transfer of light energy from a donor
molecule to an acceptor r. The energy from the first molecule is transferred to
excite the second. This is frequently used as a means of detection for a specific
interaction. Only once the interaction has brought the two FRET molecules
together will the signal from the second one be visible.

fur locus — The genetic location of the Fur protein.

Fur protein — A protein acts to regulate expression of genes related to iron-binding and
uptake. When there are high-levels of iron the genes affected by the Fur protein
regulation are repressed. The VT1 promoter region shares homology with the
genes repressed by Fur protein.

Furin — The main enzyme involved in splitting the A subunit into A1 and A2 for activity in
the cell by activity on the cleavable loop portion.

Gb3 — Globotriose receptor, composed of the trisaccharide (Gala1-4GalB1-4Clc)
attached to the lipid, ceramide. Gb3 is found more commonly in lipid rafts of the
cell membrane, but only on certain cell types. Also known as glycolipid receptor
CD77. The saccharide portion is also known as Pk trisaccharide.

Gram-negative — A designation given to bacteria with only a thin cell wall (composed of
peptidoglycan) between an outer membrane and an inner plasma membrane.
When stained according to Gram’s method, Gram-negative bacteria lose the
crystal violet stain (and take the color of the red counterstain). Gram-positive
bacteria have only one cellular membrane within a thick cell wall, resulting in
retention of the crystal violet stain. E. coli are Gram-negative bacteria.

GTP — Guanosine triphosphate. An important nucleotide monomer for RNA used as a
source of energy in a number of enzymatic reactions as well as signal transduction.

GTPase — GTP-binding proteins, or G-proteins, catalyze the hydrolysis of GTP. They are
an important component of signal transduction.

H-type — The classification of E. coli based on serological reaction of flagellar protein to a
standard set of antibodies. There are 53 different accepted H-types.

HC — Hemorrhagic colitis, a disease syndrome resulting in bloody diarrhea.
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HRMEC — Human renal glomerular microvascular endothelial cells.

HSVEC — Human saphenous vein endothelial cells.

HUS — Hemolytic uremic syndrome, a severe disease process resulting from VTEC
infection. HUS is described as a combination of microangiopathic hemolytic
anemia (death of red blood cells, especially in small blood vessels),
thrombocytopenia (low levels of platelets), and acute nephropathy (kidney
disease / damage). For details refer to Section 1.2.5.

HUVEC — Human umbilical vein endothelial cells.

ICs0 — Median inhibitory concentration; the concentration required to cause inhibition in
50 percent of the population tested.

IDso — Median inhibitory dose; the dose required to cause inhibition in 50 percent of the
population tested.

IL — Interleukin, a family of pro-inflammatory cytokines implicated in sensitizing patients
to development of HUS in VTEC infections.

K type — A serological classification for E. coli based on reaction of capsular
polysaccharides with a standard set of K antibodies.

K4 — Dissociation constant, a quantitative measurement of affinity between ligand and
target, such as aptamers and their targets.

Kinase — A class of enzymes involved in phosphorylation of other proteins.

Late genes — Phage genes encoding production of phage particles and other related
systems. They are only significantly upregulated when the phage is induced into
the lytic cycle. VT genes are encoded in this part of the phage genome.

LDso — Median lethal dose; the dose at which 50% of individuals treated result in death.

LPS — Lipopolysaccharide, also known as endotoxin. Lipopolysaccharides are expressed
on the outer membrane surface of E. coli. It is composed of an outer O-antigen (by
which O-types are distinguished) attached by other saccharides to a lipid base
which is embedded in the membrane.

Lysogenic cycle — Or lysogeny, is one of two cycles of viral reproduction. The lysogenic
cycle is characterized by the integration of viral genes in the host genome, where
it is replicated to daughter cells through host cell replication. The viral genes will
remain integrated within the host genome until the lytic cycle is induced.

Lytic cycle — Or lysis, is one of two cycles of viral reproduction. The lytic cycle is
characterized by excision of viral genes from the host genome, replication of viral
particles, and resulting lysis of the host cell releasing viral particles into the
environment. The released viruses can then infect other cells.

Macropinocytosis — A general non-selective process for the uptake of molecules by
single-celled organisms.

MPN — Most probable number; a method used to approximate the number of bacterial
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cells present. The method involves diluting a solution multiple times and by using
replicated determining the presence or absence at those lower concentrations.

MRNA — Messenger RNA, is transcribed from the genetic information on DNA and takes
it for translation into proteins outside the nucleus.

NM — Non-motile, the H-type designation given to E. coli not expressing flagellin.

non-0157 — A broad category of VTEC which do not have the 0157 serotype.

O rough — The O-type distinction given to E. coli not expressing or only partially
expressing LPS resulting in no reactivity to typing antibodies.

O type — A classification for E. coli based on reaction of LPS polysaccharide with a
standard set of O antibodies. There are currently 185 accepted O-types.

0157 — The O-type historically most commonly associated with VTEC outbreaks and
illnesses in North America, especially 0157:H7 and 0157:NM strains. 0157 strains
are typically highly pathogenic with VT2- and LEE-positive genotypes. 0157 strains
generally can be distinguished by lack of sorbitol fermentation and -
glucuronidase activity, although isolates can be found without both of these traits.

Operon — A single functioning section of DNA with a promoter region, regulating
operator region, and associated genes.

Outbreak — A series of illnesses caused by a single strain or very closely related strains
over a short period of time by the same vector.

Pathotype — Groups of pathogenic E. coli that cause enteric illness based on virulence
factor expression and the mechanisms by which they induce disease. There are
currently seven accepted pathotypes for E. coli: enteropathogenic E. coli (EPEC);
enteroinvasive E. coli (EIEC); enteroaggregative E. coli (EAEC); enterotoxigenic E.
coli (ETEC); diffusely adherent E. coli (DAEC); adherent invasive E. coli (AIEC); and
verotoxin-producing E. coli (VTEC).

PCR — Polymerase chain reaction; a method of amplifying specific portions of a DNA
sample by using DNA primers, a polymerase enzyme, and nucleic
monophosphates in solution. The solution is heated and cooled in cycles causing
the DNA sequence of choice to be copied over and over if it is in the sample. This
can be used for detection of specific E. coli genes in screening.

Periplasmic space — The space between the inner cytoplasmic membrane and the
bacterial outer membrane in Gram-negative bacteria.

PFGE — Pulsed field gel electrophoresis, a method that results in unique patterns based
on partial digestion of whole genome. Restriction enzymes cut as specific
sequences throughout the genome. These DNA fragments are then able to be
separated by electrophoresis. These patterns can be compared to other isolates to
determine a measure of relatedness or identify outbreaks.

Phage titer — A measure of the concentration of phage particles in a liquid culture
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determined by diluting the original solution and observing the resulting lytic effect
on susceptible bacteria.

Pk trisaccharide — Another name for the saccharide portion of Gb3 (Gala1-4GalB1-4Clc),
more commonly used in studies of blood.

Quorum sensing — A system of stimuli and response correlated to bacterial population
density which results in upregulating expression of certain genes.

Restriction enzymes — Enzymes that cleave DNA at specific sequence recognition sites.

Retrograde transport — The name for the transport system which can transport
molecules from the exterior of the cell via endosomes to the trans-Golgi network,
through the Golgi apparatus, to the endoplasmic reticulum (ER).

Ricin — A type Il ribosome inactivating protein highly homologous to VT produced by the
castor-oil-plant, Ricinus communis.

RIPs — Ribosome inactivating proteins, a class of proteins that inactivate protein
synthesis by irreversible modification of the ribosome RNA.

RNA — Ribonucleic acid, nucleotides actively involved in cellular process of protein
translation. The main forms it takes are as: messenger RNA (mRNA); transfer RNA
(tRNA); and ribosomal RNA (rRNA) although other RNAs also exist in the cell.

RPTEC — Renal proximal tubule epithelial cells.

rRNA — Ribosomal RNA, the nucleic acid component of ribosomes.

SD — Standard deviation; a measure of the variance within a set of samples.

SELEX — Selective Evolution of Ligands by Exponential Enrichment, the name for the
cyclical method by which aptamers are selected. A randomized pool of nucleotides
is selected for strong, selective binding to a target molecule by cycles of binding,
partitioning, and amplification.

Serotype — The resulting numerical designation to distinguish E. coli strains based on
antibody reactions to cell surface antigens (O, K, and H). The reactions result in a
numerical O:K:H designation scheme, however generally only the O:H serotype,
for example 0157:H7, is used to type isolates.

SOS response — A pathway involved in response to general DNA damage. Activation of
the SOS response causes induction of VT phages, and associated VT production.

Sporadic illness — lliness caused as an isolated case, not resulting in multiple illnesses.

SPR — Surface plasmon resonance, a method of detecting interactions between
molecules by adhering one to a metallic surface and measuring the change in
resonant angle. All angles will reflect except the resonant angle which will
continue parallel to the surface. As binding occurs the resonant angle changes and
can be observed.

SRL — The sarcin-ricin loop, a highly conserved region of rRNA in the large ribosomal
subunit which plays a substantial role in binding elongation factors. The SRL is the
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target for VT activity as well as other RIPs.

Strain — A genetically homologous population of bacteria resulting from clonal descent
from a single common ancestor.

Subtype — VT variants can be grouped based on gene and peptide sequence homology.
There are 3 VT1 subtypes (a, ¢, d) and 7 VT2 subtypes (a, b, c, d, e, f, g).

tRNA — Transfer RNA, small single stranded RNA which binds amino acids and transports
them to the ribosome for peptide elongation.

UDG — Uracil-DNA glycosylase, an enzyme which prevents uracil monomers from
addition into DNA by cleaving the N-glycosylic bond, promoting other enzymes to
initiate repair pathways without removing the whole base by its own activity.

Untypable — The designation given to E. coli strains that do not possess standard O and
H serotypes.

Variant — A VT that, while highly related to the subtype toxin differs by one or more
amino acid. Variants are still classified by subtype, but are additionally given their
own unique designation.

VBNC — Viable but nonculturable cells, a state which some bacteria can enter during
stress conditions. This is a metabolic state in which the cells may persist for
prolonged periods without replication. They are generally nonculturable by
standard techniques. VBNC VTEC have been found to produce VT.

Vero cells — A cell line derived from green monkey kidneys that is susceptible to
verotoxin cytotoxicity.

Virulence factor — A trait that contributes to the pathogenic processes of a bacteria.
Bacteria can possess multiple virulence factors.

VT (also known as SLT or Stx) — Verotoxin (verocytotoxin, Shiga-like toxin, or Shiga
toxin), the definitive virulence factor expressed by VTEC. A protein toxin which
acts as a type Il RIP with a catalytic A subunit and a B subunit pentamer. Discussed
in detail in section 1.1.

VT1 - The first of two types of VT with three subtypes: 1a, 1c, and 1d. VT1 is
antigenically identical to the Shiga toxin produced by Shigella dysenteriae with as
few as one amino acid differences for VT1a.

VT2 — The second of two types of VT with seven subtypes: 2a, 2b, 2¢, 2d, 2e, 2f, and 2g.
VT2a is antigenically distinct from Shiga toxin produced by Shigella dysenteriae
sharing only about 56% amino acid identity in 2a.

VTEC (also STEC or SLTEC) — Verotoxin-producing Escherichia coli (Shiga toxin-producing
E. coli or Shiga-like Toxin-producing E. coli), one of seven E. coli pathotypes
typified by expression of VT.

vtx genes (also known as stx) — Genes encoding verotoxin encoded in the late gene
section of a bacteriophage.
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1.0 Introduction

1.1 Verotoxin (Shiga Toxin, Shiga-like Toxin; VT)
1.1.1 General Information and Structure

Verotoxin (VT) was originally discovered as a toxin with an irreversible cytotoxic
effect on Vero cells (a cell line derived from African green monkey kidney epithelium)
(Konowalchuk et al., 1977). This toxin was produced by a subset of Escherichia coli (E.
coli) strains and the toxicity was unrelated to other exotoxins. They were named
verotoxins (VTs) due to this toxicity in Vero cells (Konowalchuk et al., 1977). VTs are also
known as Shiga toxins (Stxs) or Shiga-like toxins (SLTs) with the E. coli producing VT
known as verotoxin-producing E. coli (VTEC), Shiga toxin producing E. coli (STEC), or
Shiga-like toxin producing E. coli (SLTEC). This is due to VT sharing very high homology
and antigenic identity with the toxin produced by Shigella dysenteriae, Shiga toxin.

E. coli producing VT were first implicated in outbreaks of disease in the 1980s
(Riley et al., 1984; Karmali et al., 1983). Some patients were observed to develop serious
disease outcomes such as hemorrhagic colitis (HC) and hemolytic uremic syndrome
(HUS). It quickly became evident that Shiga-like toxin and verotoxin being studied by
different groups were variants of the same toxin (Strockbine et al., 1986) and it was
later proposed that the nomenclature for the toxins, and E. coli that produce them, be
used interchangeably. However, different geographical regions still use one set of terms
or the other (VT/VTEC or Stx/STEC). For this report, the terms VT and VTEC will be used.

At the time of discovery, the toxins were observed to divide into at least two
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antigenic groups (Konowalchuk et al., 1977). VT was confirmed to fall into two antigenic
types, VT1 and VT2, based on their similarity to Shiga toxin (Strockbine et al., 1986). VT1
toxins are the most similar to Shiga toxin with only a single amino acid difference in the
prototype VT1a and the ability to cross-react with antibodies for the Shiga toxin. VT2
toxins share less amino acid identity with VT1 (VT2a sharing 56%) and are antigenically
distinct (Scheutz et al., 2012; Jackson et al., 1987). VT1 and VT2 can be further
differentiated into three VT1 (1a, 1c, 1d) and seven VT2 (2a, 2b, 2c, 2d, 2e, 2f, 2g)
subtypes based on gene sequence (Scheutz et al., 2012). Within VT1 or VT2 the subtypes
have 90% or greater amino acid identity, aside from VT2f which is about 60% identical to
VT2a (Schmidt et al., 2000).

Verotoxin (VT) is an ABs protein with a single A subunit (32 kDa) that is non-
covalently associated with a pentamer of B subunits (7.7 kDa each) (Melton-Celsa, 2014;
Fraser et al., 1994). Unlike other ABs toxins VT is not secreted as holotoxin, but is
released as individual subunits through lytic activity of the VT bacteriophage (Neely and
Friedman, 1998). Combination of subunits is facilitated by B subunit interaction with
Gb3 receptors (Pellino et al., 2016), with the A subunit subsequently binding to form
holotoxin (Figure 1). The B subunits bind to Gb3 cell receptors and cause internalization
of the holotoxin. The A subunit is composed of two portions, Al and A2, held together
by a disulfide bridge and a short loop of nucleotides (Fraser et al., 1994). Inside the cell
the A subunit is transported, cleaved, releasing the enzymatically active Al subunit, and
halts protein synthesis by irreversible modification of the 28S ribosomal RNA (rRNA),

leading to cell death. This will be described in more detail below.
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Figure 1 — Verotoxin holotoxin structure 3D model. A) A subunit (silver) interacting non-
covalently with the B subunit pentamer (gold) via the A2 chain. A red arrow indicates the
cleavable loop. B) The five B subunits coloured differently. Model produced by JSmol web
application from Protein Data Bank entry 1DMO: SHIGA TOXIN (Fraser et al., 1994).

1.1.2 Enzymatic Activity and Target

Enzymatically, VT is part of the ribosome-inactivating protein (RIP) family of
protein toxins (Reyes et al., 2012). The active site of VT is highly conserved among RIPs
and is analogous to that of ricin (Fraser et al., 1994). Due to VTs multimeric structure, it
is classified as a type Il RIP. RIPs have activity targeting a highly conserved stem loop in
the 28S rRNA called the sarcin-ricin loop (SRL) after the RIPs a-sarcin and ricin which
were first found to target it and were used extensively in its study (Chan et al., 1983).
The Al subunit of VT specifically has catalytic N-glycosidase activity and cleaves the
adenine at A-4324 (numbering for rat ribosomes) causing protein synthesis to stop by
preventing peptide elongation (Figure 2) (Endo et al., 1988b; Reisbig et al., 1981).

Ribosomes are found to survive nuclease treatment resulting in multiple nicks, but a
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single modification to the SRL can result in complete inactivation. As such the SRL is a
crucially important sequence (Chan et al. 1983).

The SRL is the longest universally conserved ribosomal sequence across species
(Gorski et al., 1987). The SRL forms a hairpin (or stem-loop) structure ending with a
GAGA tetraloop. The hairpin starts with a standard base-paired helix followed by a
flexible non-Watson-Crick region, a G-bulged cross-strand A stack and finally the
tetraloop (Correll et al., 1998; Szewczak and Moore, 1995). The SRL region is important
for peptide elongation (Reisbig et al., 1981) and has been implicated in tRNA binding
(Igarashi et al., 1987), elongation factor 1 (EF-1) and elongation factor 2 (EF-2)
dependent GTPase hydrolysis and translocation (Shi et al., 2012; Clementi et al., 2010;
Moazed et al., 1988), as well as adding stability to the translocation complexes during
translation (Shi et al., 2012). As such, cleavage by VT stops those interactions preventing

catalytic protein synthesis.

N\

H
Figure 2 — The structure of the SRL region targeted by verotoxin. Left) the stem loop structure of
SRL portion of the large ribosomal rRNA subunit; Adenine-4324 indicated by an arrow. Right) the
structure of deoxyadenosine monophosphate with the cleavage site indicated by thick red line.
SRL model produced by NGL web application from Protein Data Bank entry 430D (Correll et al.,
1998); Chemical structure produced with ChemDoodle web application.

In addition to cleavage of the SRL loop in RNA it was discovered that all RIPs
tested (53 RIPS including VT1) cleave multiple adenine residues from RNA and DNA

substrates. As such, it was proposed that the RIP family be renamed polynucleotide:
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adenosine nucleosidases (Barbieri et al., 1994; 1997; 1998). Isolated VT1 A1l subunits
have been reported to cleave DNA (Barbieri et al., 1998). In human tissue cultures
treated with 0.01 nM VT1, nuclear DNA damage was observed (Brigotti et al., 2002).
Human umbilical vein endothelial cells (HUVEC) treated with 0.01 nM VT1 were
observed to have DNA damage that was induced well before typical apoptotic events
strongly suggesting that the damage was caused by the toxin activity rather than from
apoptotic response induction as a result of protein synthesis inhibition (Brigotti et al.,
2002). Additionally, inducing protein synthesis inhibition with cycloheximide did not
result in DNA damage or apoptosis indicating that inhibition of protein synthesis is not
enough to cause apoptosis (Brigotti et al., 2002). Together these studies show that VT in
addition to cleaving the SRL also cleaves RNA and DNA (Brigotti et al., 2001).

No cofactors have been identified that enhance the enzymatic activity of VT.
Potential cofactors tested include: Co?*, Mn?*, Mg?*, and Ca?* (Brigotti et al., 2001); NAD,
ATP, NADP, NADH, and pH 5 supernatant (with elongation factors and aminoacyl-
transferases) (Reisbig et al., 1981); or ATP, post ribosomal supernatant, and a
preparation of tRNAs (Brigotti et al., 1997). In general DNA glycosylases do not require
metal ions as cofactors or a source of energy (Dodson et al., 1994).

Cleavage of the Al subunit from VT is required for activity since a portion of the
A2 chain blocks the active site (Fraser et al., 1994; Fraser et al., 2004). Studies on the
kinetic effects of cleaving the VT1 holotoxin indicate that interaction and binding to the
ribosome is not affected by the state of the toxin, while the catalytic activity is greatly

enhanced (1000X) by activating treatment (Brigotti et al., 1997). In vitro activation has
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historically been performed through treatment with trypsin, dithiothreitol (DTT), and

either urea or sodium dodecyl sulfate (SDS) (Reisbig et al., 1981; Brigotti et al., 2001).

1.1.3 Mode of Action In Vivo
1.1.3.1 B Subunit: Receptor Binding, Holotoxin Formation, and Uptake

Following release of toxin subunits, the first steps for the toxin are largely
mediated by the interaction of the B subunits with cellular receptors. The main receptor
for B subunits is globotriaosylceramide, Gb3 (Jacewicz et al., 1986). Gb3 is composed of
a trisaccharide (Gala1-4GalB1-4Glc), also called Pk trisaccharide, which is attached to
ceramide. These glycolipids are generally concentrated in lipid rafts in cell membranes
(Kovbasnjuk et al., 2001). In humans, Gb3 receptors are located in: red blood cells of the
Pk group (Newburg et al., 1993); kidney endothelial and epithelial cells; microvascular
epithelial cells in the intestine; platelets; subsets of germinal centre B lymphocytes;
endothelial and dorsal root ganglion cells in the peripheral nervous system; on
endothelial cells and neurons in the central nervous system (CNS) (Obata et al., 2008;
Ren et al., 1999); and overexpressed in a number of cancer tissues (Johannes and
Roémer, 2010).

The B subunits bind to Gb3 with multiple binding sites per B monomer in a
sequential cooperative model (Yung et al., 2003). Binding of the B monomers increased
local concentration and enhances B pentamer formation (Pellino et al., 2016). The
binding strength of the pentamer has been shown to have a greatly increased binding

affinity (4.7 x 10° M!) compared to monomers (~10% M) (St. Hilaire et al., 1994; Fuchs
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et al., 1986). This association allows the subunits to combine and further stabilize the
holotoxin, with evidence suggesting that the A subunit has a role in enhancing this
association (Pellino et al., 2016).

Internalization and transport was reviewed in Bergan et al., 2012, but will be
outlined here briefly. Toxin binding to Gb3 receptors causes conformational changes to
the cellular membrane resulting in transportation into the cell (Romer et al., 2007).
Additionally, macropinocytosis (a general non-selective uptake method) can result in
toxin internalization (Malyukova et al., 2009). Aside from transport into the cell, VT also
interacts with neutrophils by the TLR4 receptor, which can act to transport the toxin

through the blood to target organs with high Gb3 expression (Brigotti et al., 2013).

1.1.3.2 A Subunit: Retrograde Transport and Ribosome Inactivation

Once the toxin has been transported into the cell the A subunit must be cleaved,
reduced, and delivered to the cytosol before interaction with the ribosomes can occur.
Transport of the A subunit occurs via endosomes to the trans-Golgi network, through
the Golgi apparatus, and to the endoplasmic reticulum (ER) in a complex pathway
known as the retrograde transport pathway (Tesh, 2011; Tam and Lingwood, 2007).
Early in this process the cleavable loop is nicked by the endoprotease, furin (Garrad et
al., 1995). The disulphide bridge is reduced later in the ER lumen separating the Al
subunit. Use of the ER-associated protein degradation pathway for misfolded proteins
has been indicated in transporting Al into the cytosol (Yu and Haslam, 2005) with

evidence that the cleavable loop portion is recognized by those chaperone proteins
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(LaPointe et al., 2005). After translocation only about 4% of undegraded A1 makes it to
the cytosol, an estimated one Al subunit per cell at the median cytotoxic dose (CDso)
(Tam and Lingwood, 2007).

In the cytosol, Al locates ribosomes and the SRL adenine. Interaction with the
ribosomal stalk proteins has been proposed to play a role in the high enzymatic activity
and specificity of RIPs (Tumer and Li, 2012). The ribosomal stalk in both prokaryotes and
eukaryotes is a flexible protein structure extending from the large ribosomal subunit
that has a role in recruiting translation factors and by doing so enhancing the process of
protein synthesis (Gonzalo and Reboud, 2003). The SRL and ribosomal stalk work
together as the main interaction site for elongation factors. Multiple lines of evidence
(reviewed in Tumer and Li, 2012) point to interaction with the ribosomal stalk as a
means of localization to the SRL (Tumer and Li, 2012). This explains the often-observed
phenomenon that RIPs cleave intact ribosomes with greater affinity than individual
ribosome subunits (Endo and Tsurugi, 1988).

Once localized to the SRL, the Al subunit cleaves the adenine at position 4324 of
eukaryotic 28S rRNA preventing tRNA binding and consequently protein synthesis by the
ribosome (Saxena et al., 1989). VT has also been found in nuclear fractions where it can
cleave adenine from chromosomal DNA (Suzuki et al., 2000). In addition to those
activities further described in Section 1.1.2, VT has been shown to cause apoptosis via
both extrinsic and intrinsic signalling pathways through the ribotoxic stress response,
the unfolded protein response, and activation of kinase cascades. Although the exact

pathways activated vary depending on the cell type (reviewed in Tesh, 2011).
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1.1.3.3  Systemic Illness

VT produced in the intestines interacts with endothelial cells and leukocytes. This
causes release of various signalling factors and progression of damage to the intestinal
lining; causing bleeding which may enhance VTEC survival (Johannes and Rémer, 2010;
Law and Kelly, 1995) and making it easier for toxin to enter the circulatory system (Exeni
et al., 2007). Toxin also passes into the bloodstream as an effect of translocation by
leukocytes (Hurley et al., 2001), or by transcellular trafficking by epithelial cells (Acheson
et al., 1996). The toxin is then carried by white blood cells to kidneys and other
susceptible tissues where further damage is done by the same mechanism (te Loo et al.,
2001; te Loo et al., 2000). White blood cells can also transport lipopolysaccharide (LPS)
(Takeshita et al., 1999). Interaction of the toxin and LPS with host immune responses
causes a complex system of chemical regulation that may enhance Gb3 concentrations
on certain cells, cause further inflammatory response, and promote thrombus formation
(Karpman and Stahl, 2014). The presence of the cytokine TNF-a and VT caused a
decrease in thrombomodulin protein expression in glomerular endothelial cells.
Thrombomodulin works with a-thrombin to degrade clotting factors. The reduction in
thrombomodulin enhances thrombi formation (Fernandez et al., 2003). Additionally,
platelets and Pk group red blood cells are lysed by interaction with the toxin. Blood cell
debris, thrombi formation, and apoptosis of renal cells leads to kidney damage and
potential kidney failure (Karpman and Stahl, 2014). VT has been found to alter the
permeability of the blood brain barrier (D’Alessio et al., 2016) and in the brain, can

cause apoptosis and inflammatory response by interaction with neurons and endothelial
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cells causing CNS damage and other neurological problems (Karpman and Stahl, 2014).

1.1.4 Toxicity of Verotoxin

Toxicity of VT at the cellular level is related primarily to the ability to stop protein
synthesis, cleave nuclear DNA, and by doing so cause cellular apoptosis. While toxicity at
the organism level is related to inducing systemic illness (HUS, neurologic symptoms,
etc.) by interaction with target organs. However, as described in Section 1.1.3.3, the
ability of the toxin to cause systemic damage is largely mediated by complex host
responses. Since there is no cure for serious complications, voluntary infection studies
are not possible, leaving only animal models and case investigations as sources of
information.

There is currently no animal model that mimics all aspects of VT-induced illness
in humans, although different models offer information on different aspects of iliness
(colonization, kidney damage, lethal doses, etc.) (Pacheco and Sperandio, 2012; Andreoli
et al., 2002). Mice require very high doses (10° colony forming units (CFU) or higher) for
VTEC colonization to occur, but do not develop gastrointestinal symptoms, although
mild kidney damage distinct from that in human illness is observed (Pacheco and
Sperandio, 2012; Tesh et al., 1993). Gnotobiotic piglets develop many more symptoms
from colonization lesions and kidney damage, but do not develop HUS and require
complex facilities for testing (Pacheco and Sperandio, 2012). Similarly, infant rabbits
allow for observation of colonization, lesion formation, and intestinal symptoms, but not

HUS since rabbits do not produce Gb3 receptors in their kidney cells (Pacheco and
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Table 1 — Summary of select VT or Shiga Toxin toxicity trials

Model* Toxicity (Toxin) and other information® Reference

Baboons i.v. 25 ng/kg show symptoms (VT2), no symptoms with Siegler et al.,
VT1 or control 2003

Baboons i.v. 10, 50, 100 ng/kg resulted in 0, 80, and 100% death Stearns-

(VT1), 25, 100, 100% (VT2) death. VT2 died slower, but
with lower concentrations.

Dose-dependent disease progression, different cytokine
and biomolecule levels observed

Kurosawa et al.,
2010

Rabbits (New
Zealand white)

LDso = 0.2 pg/kg (VT1), Gl and CNS damage, no renal
damage. Blood serum ty, = 2 minutes. Found in GlI, brain,
and spinal cord in naive rabbits; primarily in liver, lung,
spleen, and kidney in immunized.

Richardson et
al., 1992

Rabbits; Neurotoxic effects in mice and rabbits; Howard, 1955

Mice (albino LDso = 140 pg (Shiga toxin) with i.v. LDsp much lower

18-22 g) (uncalculated) with more than half at 59.5 pg dying.

Intoxication irreversible within 0.5 hours in some.

Mice Oral doses resulted in death (only VT2) and only at higher | Wadolkowski et
expression levels. Died of acute renal tubular necrosis, al., 1990
while glomerular cells were unaffected.

Mice (BALB/c Found in nasal turbinates, lungs, and kidneys. 10x more Rutjes et al.,

12-to 16-w.0.) | VT1 located at the lungs, while VT2 targeted the kidneys | 2002
2.7x more. Blood serum ty, = 2.7 (VT1), t» = 3.9 (VT2)

Mice (seven LDso = 350-900 pg (VT2); allelic decrease in macrophage Barrett et al.,

strains) production of TNF and IL-1 resulted in greater protection | 1990

Mice (BALB/c | Oral LDso = 2.9 pg (VT2), no death up to 157 ug (VT1); no | Russo et al.,

?,5-6 w.0.) intestinal lesions, but distal renal tubular damage was 2014
observed.

Mice (BALB/c Oral doses. Found in kidneys, less in liver and spleen. Russo et al.,

Q) Concurrent dosage (VT2 and VT1) extended time before 2016

death and slowed symptom development. Pre-dosage
(VT1) furthered the effect. VT1 toxoid was equivalent.

Mice (BALB/c

Decreased neutrophils caused reduced susceptibility to

Fernandez et

& C57BL/63) | VT2 al., 2006
Mice (CD-1 &); | i-p. EDso = 2.4 ng (VT2d), 6.5 (VT2a), 22.9 (VT2dact), >1000 | Fuller et al.,
Vero cells; ng (Stx, VT2b, VT2c); 2011
RPTEC EDso = 63 pg/mL (Stx) to 46.7 ng/mL (VT2c);
EDso = 1.1 pg/mL (VT2dact) to 32 ng/mL (VT2c)
Mice (CD-1); i.v.ori.p. LDsp = 5 x 10 mg/kg (VT2), greater renal Tesh et al., 1993

damage
i.v. ori.p. LDso = 0.02 mg/kg (VT1);
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Model* Toxicity (Toxin) and other information® Reference
Vero cells; CDsp = 50 pg (VT1/2);
CFPA (rabbit) | IDso = 40 ng/mL (VT1/2)

Mice (CD-1 &);

LDso <10 CFU (VT2d VTEC), antibody treatment prevented
renal damage, but not colonization.

VTEC producing VT2a with 2c or 1a were not able to kill
50% even at oral doses of 10%° CFU;

Lindgren et al.,
1993

eukaryotic (Artemia Salinas) ribosomes

Vero cells VT2d activated by mucus increased toxicity 1000X
Mice (CD-1 &); | i-p. LDso = 1-2 ng (VT2a and VT2c); Lindgren et al.,
Vero cells; CDso = 5 pg (VT2a), CDso = 500 pg (VT2c) 1994
Vero cells CDsp = 3.5 pg/mL (VT1) Tam and
Lingwood, 2007
Vero cells; CDso = 1 pg (Stx); EC CDsp = 1.4 x 108 M (Stx and VT2), Tesh etal., 1991
HSVEC; 100x lower (VT, +TNFa);
HUVEC; Gb3 nM/mg: 0.03 (HSVEC); 0.06 (HUVEC); 25 (HelLa); and
Hela 80 (Vero)
HRMEC; LDso = 10 fM (VT2), LDso = 10 pM (VT1); Louise and
HUVEC LDso = 10 nM (VT1), LDso > 100 nM (VT2) Obrig, 1995
HUVEC Presence of LPS had a synergistic effect on VT toxicity, Louise and
while not toxic itself Obrig, 1992
HRMEC 1000 times more sensitive to VT2 than HUVEC Jacewicz 1999
HRMEC 10 nM VT1 caused cytotoxicity in 0-6% of cells, which van Setten et
increased to 76-90% when preincubated with TNFa al., 1997
(10ng/mL)) with as little as 0.1 pM causing toxicity; TNFa
and other cytokines caused increased binding and Gb3
synthesis. VT1 slightly more potent than VT2.
Yeast; VT2A had higher depurination and toxicity compared to Basu et al.,
VT1A 2016
CFPA rat same results.
CFPA rabbit ICso = 0.1 nM (VT1A) Brigotti et al.,
1997
CFPA ICso = 0.8 nM (VT1A) for both prokaryotic (E. coli) and Suh et al., 1998

* CFPA - Cell-free protein assays; A method of determining the direct effect on ribosomes by measuring
protein synthesis products
# CDso - median cytotoxic dose; i.p. - intraperitoneally; i.v. - intravenous; ICso - median inhibitory
concentration; IDso - median inhibitory dose; LDso - median lethal dose; w.o. - weeks old

Sperandio, 2012; Zoja et al., 1992). Baboon models with intravenous injection of VT

have provided a much clearer understanding of renal pathology in humans and have
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shown some intestinal damage at higher doses. However, although baboons may have
similar levels of Gb3 in the kidney and gastrointestinal tract, prospective ingestion
studies where only a small percentage of animals show the full range of symptoms
would be impractical due to the expense (Andreoli et al., 2002). Other animal models
have also been used with similar drawbacks (Andreoli et al., 2002). As such, patients
already infected with VTEC must be studied for more accurate information. Cellular
models have also proved useful. Some of the toxicologic data is summarized in Table 1.
Overall, the data suggests that both VT1 and VT2 have similar molecular
toxicities. Different cell lines are more susceptible than others to VT, but VT2 is much
more toxic to an organism on the whole, with subtypes playing some role in higher
toxicity. Some of the factors that point to more severe disease in humans caused by VT2

will be further discussed in Section 1.1.6.

1.1.5 Verotoxin Subtypes and Disease Association

Although the subtypes of VT are similar in structure and share a high degree of
sequence homology, certain subtypes have a higher association with disease in humans.
A comprehensive study in 2012 was performed leading to a standardized naming system
for VT subtypes based on sequence phylogeny. Additionally, a polymerase chain
reaction (PCR) protocol for toxin subtyping was created and validated to ensure future
variants are properly typed (Scheutz et al., 2012). VT1 and VT2 share about 56%
sequence identity (Jackson et al., 1987), with subtypes (1c, 1d; and 2b, 2c, 2d, 2e, 2g)

being >90% similar to the prototypes VT1a and VT2a. VT2f, however, is only about 60%
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identical to VT2a (63.4 and 57.4% sequence identity for A and B subunits) (Schmidt et
al., 2000). VT variants are also frequently found with minor amino acid differences from
the prototypic forms (Scheutz et al., 2012).

In general, VT2 is more frequently found in VTEC related illness and outbreaks. It
is more strongly associated with HUS than VT1 (Boerlin et al., 1999; Ostroff et al., 1989).
The various subtypes display differing association with severe patient outcome with
VT2a, VT2c, and VT2d most commonly associated with HC and HUS (Orth et al., 2007;
Bielaszewska et al., 2006).

VT2a has been found to be significantly associated with HUS and eae genes (a set
of virulence factors involved in colonization of VTEC) and produced significantly higher
amounts of toxin compared to other VT2 subtypes (Kawano et al., 2012; Beutin et al.,
2004; Friedrich et al., 2002).

VT2b is typically associated with mild disease (Piérard et al., 1998). VT2b had
previously been named 2d until 2012 when the sequences were compared (Scheutz et
al., 2012). Of the VT2 subtypes VT2b binds with the lowest affinity to receptors,
suggesting an explanation for lower toxicity (Karve et al., 2014). It was also not
associated with eae genes and has a low cytotoxicity (Piérard et al., 1998).

VT2c, compared to 243, is statistically associated with HUS although strains tested
have been reported to produce less toxin and patients had a lower risk of developing
HUS (Kawano et al., 2012; Friedrich et al., 2002). It is also frequently produced in
combination with other VT subtypes and associated with eae (Orth et al., 2007).

VT2d, uniquely, can be activated by elastase found in intestinal mucus leading to
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increased toxicity (Melton-Celsa et al., 1996; Lindgren et al., 1993). It is suggested that
two genetic motifs shared by the subtype --at the end of the A subunit and beginning of
the B subunit-- are responsible for the activatable property (Scheutz et al., 2012).
Generally, VT2d is not associated with eae strains (Orth et al., 2007; Beutin et al., 2004;
Friedrich et al., 2002). However, 2d strains have been seen to be associated with severe
disease outcome (Bielaszewska et al., 2006). VT2d strains are less commonly reported
than VT2a and 2c (Friedrich et al., 2002).

VT2e is rarely associated with human disease, but primarily with pig edema
disease (Scheutz and Ethelberg, 2008; Frydendahl, 2002). VT2e has differences in the B
subunit causing a binding preference for Gb4 receptors, rather than Gb3 (Ling et al.,
2000). This contributes to the host specificity. In humans, VT2e was associated with
uncomplicated infection (Friedrich et al., 2002) and is less commonly reported (Beutin et
al., 2004) although there have been some HUS cases (Franke et al., 1995).

VT2f has the most different sequence of the VT2 subtypes. Due to this 2f is
frequently not detected by commercial PCR or serological test kits (Feng et al., 2011). 2f
was classified as a new subtype by Schmidt et al. in 2000 when isolated from five
pigeons, however an isolate tested in that study (H.I.8) had been recovered previously
from infant diarrhea (Konowalchuk, 1977) and reported as VT2 variant by Gannon et al.
(1990). Additionally, 2f strains tested have low toxin production, generally requiring
mitomycin induction to be detected (Schmidt et al., 2000). Although 2f genes were
found in 12.5% of pigeon droppings (Dell’Omo et al., 1998) 2f is rarely found in human

isolates (Friedrich et al., 2002; Orth et al., 2007). A study in the Netherlands found VT2f
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is associated with mild disease (Friesema et al., 2014).

VT2g subtype was most recently discovered (Leung et al., 2003). A number of
strains have been identified from cattle, wastewater, aquatic environments and
humans, however the role in human iliness has not yet been investigated (Granobles
Velandia et al., 2012; Beutin et al., 2007). HelLa and Vero cell cytotoxicity, however, is
comparable to other VT2a strains (Granobles Velandia et al., 2012).

Comparatively, VT1 strains have a lower association with severe disease
outcomes and are often more associated with strains isolated from animals (Blanco et
al., 2004b; Orth et al., 2007). VT1c is associated with sheep isolates, the absence of eae,
the presence of other adhesin genes and hemolysin, the presence of other VTs, and mild
disease (Beutin et al., 2004; Friedrich et al., 2003). VT1d isolates have not yet been
reported and their role as agents of human disease is not clear (Beutin et al., 2007).

Although priority detection would be directed towards strains expressing VT2a
and 2c due to a higher association with severe disease, no VTEC expressing other
subtypes should be disregarded as non-pathogens even if they have yet to be identified

in human illness.

1.1.6 Factors Implicated in Higher Disease Severity for VT2

Aside from production of VT other factors contribute to the development of
severe symptoms. There have been a number of studies to identify some of the
potential risk factors which contribute to VT2 being more strongly associated with

severe patient outcomes, which are briefly discussed below.
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It has been suggested that VT2 induces a greater expression of signalling
molecules, leading to more severe disease progression in humans. VT1 and VT2 were
shown to have the same level of toxicity and that A and B subunits did not induce the
expression on their own (Brandelli et al., 2015). However, in macrophage-like THP-1
cells treated with VT2, 14 of the 40 cytokines or chemokines monitored showed
significantly increased levels including pro-inflammatory, immune cell proliferating,
growth-promoting factors and other chemokines (Brandelli et al., 2015). These factors
have been associated with HUS suggesting that VT2 may play a greater role than VT1 in
enhancing macrophage infiltration and fibrin deposition (Brandelli et al., 2015; Fu et al.,
2004). Also, both TNF-a and IL-1p, as well as a few other cytokines to a lesser extent,
induce Gbs expression and may contribute to greater impact of the toxin at target
organs (van der Kar et al., 1992).

Another potential factor is the subunit stability and activity. VT1 and VT2 B
subunit pentamers have a very different stability with VT2 pentamers being less stable.
This is caused largely by replacement of a leucine with glutamine at amino acid residue
41 in VT1 (Karve et al., 2014; Conrady et al., 2010). It has been suggested that this
glutamine, by destabilizing the B pentamer, increases selectivity for Gb3, largely
preventing off-target binding (Karve et al., 2014). In comparison, VT1 has been found to
bind lung tissue while VT2 only binds to target tissues (Rutjes et al., 2002). The added
stability of VT2 holotoxin may help target high density Gb3 areas (Tesh et al., 1993).
HRMEC (human renal glomerular epithelial cells) for example had an LDso of about 10

fM with VT2 which is about 10 molecules of toxin per cell while the LDsp was about 10
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pM for VT1. HUVEC (human umbilical vein epithelial cells) a non-target cell type in
humans, however, were more sensitive to VT1 (LDso ~10 nM, VT2 >100 nM) (Louise and
Obrig, 1995). There is also some evidence, that compared to VT1, the A subunits of VT2
show both a higher level of affinity for ribosomes and higher catalytic activity in yeast
and mammalian ribosomes (Basu et al., 2016). So potentially both A and B subunits
contribute to the higher association of VT2 with severe disease.

Finally, in general, VT2 (especially 2a, 2c, and 2f) has a greater association with a
greater number of virulence factors like intimin, hemolysin, and others (Franz et al.,
2015; Werber et al., 2003). These associations appear to be with sets of virulence
factors resulting in related virulence profiles (Franz et al., 2015). This, however, may be
a compounding effect. VT2 strains also tend to produce higher levels of toxin (Ritchie et

al., 2003) than VT1 strains, which would also aid in severe disease progression.

1.2  Verotoxin-producing Escherichia coli (VTEC)

1.2.1 General Information

Escherichia coli (E. coli) are Gram-negative, rod-shaped bacteria, typically found as
commensal organisms of the gastrointestinal tracts of warm-blooded animals, including
humans. They are oxidase-negative, facultatively anaerobic, can be motile with
peritrichous flagella, and have a maximum growth rate at 37 °C (Croxen et al., 2013).
However, individual strains of E. coli can vary significantly in their phenotypic
characteristics. Seven main groups (pathotypes) of E. coli that cause enteric illness in

humans exist. Verotoxin-producing E. coli (VTEC) (including enterohemorrhagic E. coli
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[EHEC]) is one of those pathotypes. The pathotypes are distinguished by the possession
of specific virulence factors and the mechanisms by which they induce disease (Croxen
et al., 2013). VTEC strains are distinguished by the production of at least one verotoxin
(VT). The VT genes are encoded on a mobile genetic element, the stx-phage, thus VTEC
strains are not necessarily clonally related (Schmidt, 2001).

Isolates of E. coli are frequently differentiated by a serological scheme based on
antibody reactions to three classes of cell surface antigens, O, K and H (Kauffmann,
1947). The O antigen is the polysaccharide portion of lipopolysaccharides (LPSs) found in
the outer cell membrane. The K antigens are diverse capsular polysaccharides. The H
antigen is the flagellin protein, which composes the flagellar whip (Scheutz et al., 2004).
However, few laboratories are equipped to test K antigens, so generally only the O:H
serotype, for example 0157:H7, is used to type isolates (DebRoy et al., 2011).
Serotyping can also be performed at the molecular level by polymerase chain reaction
(PCR) for genes involved in synthesis of the antigens (Wang et al., 2003; DebRoy et al.,
2011). Currently 185 O-types and 53 H-types have been identified with many of the
associated genes sequenced (DebRoy et al., 2016; Chui et al., 2015; Scheutz et al.,
2004). Many strains are also found that do not express LPS or flagellin resulting in O
rough or non-motile (NM) designations, respectively. Many of the O rough or NM types
are a result of point mutations in the corresponding O or H genes which can often be
detected by PCR (Beutin et al., 2004). There are also strains that do not react with that
standard set of antibodies, resulting in an untypable classification. Although some

serotypes are more common than others among certain pathotype isolates, the majority
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of E. coli virulence factors, including VT, are not linked to serotype (Levine, 1987), with
the serotype antigens themselves not a cause of virulence (Friedrich et al., 2002).

In the early 1980s, not long after the discovery of VT, an association of VTEC
infections with severe illness, both hemorrhagic colitis (HC) and hemolytic uremic
syndrome (HUS), was observed (Riley et al., 1984; Karmali et al., 1983). In both the
original outbreaks, strains of 0157:H7 were isolated, and have been observed since to
regularly cause outbreaks with cases of severe illness (Bavaro, 2012). Since 0157:H7 was
among the first reported VTEC serotypes and frequently caused severe illness it became
the focus of VTEC detection and prevention. 0157:H7 strains do not commonly ferment
sorbitol and are B-glucuronidase negative, traits which form the basis of differential
media for the detection and isolation of this serotype (March and Ratnam, 1986). The
frequent association between 0157:H7 and a small number of serotypes with clinical HC
or HUS cases led to the proposal of the classification of enterohemorrhagic E. coli
(EHEC). This subgroup was defined by its production of severe clinical symptomes,
frequent reports of sporadic or outbreak cases, production of at least one type of VT,
enterohemolysin (encoded on a 60-MDa plasmid by the EhxA gene), and production of
attaching and effacing lesions (later linked to genes encoded at the locus of enterocyte
effacement [LEE] (McDaniel et al., 1995)) as well as a couple other minor differences
from other pathotypes (Levine, 1987). E. coli 0157:H7 was the most commonly reported
serotype, possibly due to ease of isolation augmenting its status as the primary illness-
causing serotype of VTEC (Goldwater and Bettelheim, 1996), and this serotype remains

the most commonly reported VTEC serotype in Canada and the United States (Thomas
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etal., 2013; Scallan et al., 2011). Significantly more reporting of 0157 strains in VTEC-
related illness has led to the broad categorization of VTEC into 0157 and non-0157
strains.

The non-0157 group, however, is highly diverse in phenotype, genotype, as well
as association with outbreaks and patient outcomes. Over 470 non-0157 serotypes have
been isolated from human infections (Blanco et al., 2004a). Non-0157 VTEC as a group
have no phenotypic characteristic which could be used to differentiate them as a
subpopulation from other E. coli and as such are difficult to select for, isolate, and

monitor (Gill et al., 2012).

1.2.2 Epidemiology of VTEC

VTEC can be transmitted through direct contact with infected people, animals, or
water, but exposure in industrialised nations is more frequently associated with
consumption of contaminated food (Gyles, 2007). As such VTEC are primarily considered
foodborne pathogens. As with non-pathogenic E. coli strains, diverse strains of VTEC are
carried in the gastrointestinal tract of many animals, especially ruminants, and can be
isolated from a variety of environmental sources (Mauro and Koudelka, 2011). VTEC
rarely cause disease in host animals and represent a small number of the coliform
bacteria present (Beutin et al., 1993). Cattle lack the VT receptor, Gb3, in their intestinal
tissues which prevents a disease process similar to humans from occurring (Pruimboom-
Brees et al., 2000). However, VTEC expressing VT2e cause edema disease in pigs

(Frydendahl, 2002). Clinically important strains represent only a subset of VTEC found in
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animals (Blanco et al., 2004b).

Due to the common colonisation of cattle, there has been a strong association of
VTEC with beef and dairy products. Initial contamination with E. coli can happen
anywhere along the production line with a wide variety of serotypes isolated (Gill and
Gill, 2015). The contamination can be from the animal’s own bowel, material from other
animals in the production process, from machinery, and from workers (Stephan and
Untermann, 1999). Contaminated meat (especially ground beef) and unpasteurized milk
are among the most common food products associated with VTEC illness (Karch et al.,
2005). A study in the United States over a 24-month period with samples from 18
ground beef producers found a mean prevalence of 24.3% for VT genes, with non-0157
isolates from at least 42 O-groups (Bosilevac and Koohmaraie, 2011). The prevalence of
VTEC in American and Canadian cattle and beef products as well as intervention
strategies is further reviewed in Gill and Gill, 2012.

In addition to meat products, fresh produce is the next most commonly reported
food associated with VTEC outbreaks. VTEC can contaminate water, especially through
farm runoff into local wells or groundwater which can directly infect consumers
(BGOSHU, 2000). Through contaminated irrigation water VTEC can also contaminate
produce. Produce is additionally exposed to common bacterial contamination routes
such as: animals, workers, processing machinery, and cross-contamination in meal
preparation (Bavaro, 2012). Due to frequent consumption of raw produce it is a food
commodity with significant risk of infection if contaminated. Foods which have been

associated with VTEC include, but are not limited to: meat products, dairy products,
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fresh or processed produce, fruit, juices, and processed foods (Catford et al., 2014; CDC,
2014; Gyles, 2007).

To reduce the prevalence of VTEC, various food treatment methods can be used
to inactivate bacteria and increase safety without greatly increasing expense.
Treatments involving heat treatment, high pressure processing, UV treatment, and
applications of antimicrobial chemicals, pasteurization, and combinations thereof are
reviewed in Bavaro (2012) and Gill and Gill (2012). VTEC, however, have very low
infectious doses relative to other E. coli pathotypes (Croxen et al., 2013). The infectious
dose for some strains has been estimated to be below a hundred cells (Tuttle et al.,
1999; Tilden et al., 1996; Bell et al., 1994), with a significant risk of infection from
exposure to a single cell (Teunis et al., 2004). Recent outbreaks in Canada have involved
food with VTEC most-probable-number (MPN) levels as low as 2.2 MPN/100g in beef
patties, and 0.37 to 0.95 MPN/100g in Gouda cheese (Gill and Huszyczynski, 2016; Gill
and Oudit, 2015).). Additionally, VTEC have been shown to have household secondary
transmission rates between 4-16% (Parry and Salmon, 1998) or potentially as high as
26% (Ludwig et al., 2002) which is likely only possible due to the low infectious dose.

Adding to the ability of VTEC to survive and further contaminate or infect they
have also been observed to: produce viable but nonculturable (VBNC) cells (Dinu and
Bach, 2011; Liu et al., 2010); survive in the environment for months after contamination
(Varma et al., 2003; Hancock et al., 1998); and survive both low pH and low water
environments (Nguyen and Sperandio, 2012; Tilden et al., 1996; Hathcox et al., 1995;

Glass et al., 1992). Additionally, 0157 and other pathogenic serotypes were found to
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have a high rate of mutation compared to control strains (LeClerc et al., 1996)
undergoing frequent genetic rearrangements which may lead to better adaptation and
acquisition of virulence factors, allowing them to survive in so many stressful situations.

VTEC is an important cause of foodborne illness worldwide causing both sporadic
cases and outbreaks. It has been estimated that 175,000 illnesses (64% non-0157),
including more than 2400 hospitalizations (11% non-0157) and 20 deaths (no non-
0157) are caused by VTEC infections in the United States annually (Scallan et al., 2011).
VTEC caused 29 confirmed outbreaks in 2012 (83% 0157) causing 98 hospitalizations
and 3 deaths (CDC, 2014). Similarly, in Canada, it has been estimated that foodborne
iliness caused by VTEC occurs at a rate of about 102 cases per 100,000 people (about
33,000 illnesses per year) with about 62% of cases being caused by non-0157 VTEC
(Thomas et al., 2013). These estimates make VTEC the 6th most frequent cause of
domestically acquired foodborne illness in Canada (Thomas et al., 2013). Globally, the
World Health Organization estimated that in 2010 about 1.2 million illnesses, 128
deaths, and 13 000 disability adjusted life years (years of life lost or years lived with
disability) were caused by VTEC (WHO, 2015).

The cost of illness caused by 0157 strains was estimated to be about $405
million USD for the US in 2003. Of this a majority was caused by premature death
(especially of children), with $30 million in health care and $5 million in lost productivity
(Frenzen et al., 2005). This number was based on approximately 74,000 cases per year
caused by 0157. Similar estimates of annual 0157 iliness have been estimated, with the

addition of 112,000 illnesses caused by non-0157 strains (Scallan et al. 2011). As non-

Page | 24



0157 illness is less likely to cause severe illness the economic impact remains similar. In
Canada where estimates of cases are lower (approximately 13,000 0157 and 20,000
non-0157 cases) the estimate cost is around $115 million CAD per year (Thomas et al.,
2013). The combination of risks of severe illness as well as economic expense place
detection of all VTEC strains as a high priority.

Although 0157 is the most common O-type of VTEC reported as a cause of
iliness, a wide diversity of VTEC serotypes that cause illness exist with geographic
distribution varying considerably from region to region (Johnson et al., 2006). This
diversity of serotypes and frequency in the European Union, United States, Canada, and
other select regions is summarized in Catford et al. (2014). In Canada between 1998 and
2012 the six most common typeable non-0157 in order were: 026; 0121; 0103; 0111;
0145; and 0117 which were responsible for 52% of reported and typed iliness. Another
63 O-types were reported during this period and 10.8% of strains reported were rough
or untypable, representing the 4" most common grouping (Catford et al., 2014). Further
to the diversity of O-types that cause illness, a review by Bettelheim (2007) identified 91
different O-types isolated in at least three cases of illness, with a total of 162 O-types
reported as clinical isolates. As with 0157:H7, the O types more important in human

disease have a greater association with ruminants (Bettelheim, 2007).

1.2.3 Verotoxin Production, Expression, and Virulence Factors
VT is encoded by vtx genes (also referred to as stx genes). They are acquired

through horizontal gene transfer by lysogenic lambdoid bacteriophages, called stx-
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phages (reviewed in Schmidt, 2001). VTEC can carry multiple sets of vtx genes with some
strains found to have three or four different types (Scheutz et al., 2012; Orth et al.,
2007). Usually, phage infection will result in production of phage particles and lysis. The
phage may instead undergo lysogeny and integrate its genes into the chromosomal DNA
of the E. coli converting it into a VTEC (Karch et al., 1999).

As part of the phage genes, toxin production is regulated through multiple
transcription termination and antitermination processes (Neely and Friedman, 1998).
The toxin is encoded in the late genes of the phage genome, so VT is only upregulated
during the lytic cycle (Mihldorfer et al., 1996). Stress conditions which induce the phage
lytic cycle cause the bacteria to produce increased amounts of both phage particles and
toxin (Gyles, 2007; Schmidt, 2001). One source of such stress is the presence of
antimicrobial agents. This is due to the bacterial SOS response which induces the
phage’s lytic cycle by cleavage of termination proteins (Mauro and Koudelka, 2011;
Schmidt, 2001). Upregulation results in increasing gene copy number, gene promoter
activity, and release of VT (Gyles, 2007; Neely and Friedman, 1998). A detailed
description of the late gene cascade is presented in Mauro and Koudelka (2011). Aside
from production of high levels of VT by a population of VTEC under stress conditions, VT
production occurs due to spontaneous induction of the lytic cycle, which may be higher
in more virulent strains (Neupane et al., 2011).

There are a number of factors that affect the expression level of VT. Some of
these are summarized in Table 2. Generally, these factors either affect general growth

of VTEC, induction of the lytic cycle, or expression of the VT genes.
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Table 2 — Some factors affecting expression of VT

Factor Effect on VT production Reference

Glucose Slightly decreased expression of VT associated Delcenserie et al., 2011;
genes; MaclLeod and Gyles, 1989
Increased toxicity of VT2e strains

E. coli broth Higher VT production compared to other media | Rocha and Piazza, 2007

medium (BHI, Evans, LB, Penassay, BPW, Syncase, TSB),
likely caused by bile salts

Iron Repressed VT1 under high levels by the Fur Calderwood and
protein (the promoter region is homologous to | Mekalanos, 1987;
other Fur regulated genes); no effect on VT2 Muhldorfer et al., 1996

Nitric Oxide Reduced VT expression by blocking the SOS Vareille et al., 2007

response pathway

Preservatives

Decreased lytic activity and phage titer

Subils et al., 2012

Mitomycin Increased VT by activation of SOS response; Hull et al., 1993; MacLeod
50 ng/mL overnight increased VT2 production and Gyles, 1989;
to 2,528 ng/mL (36.11 nM); 250 ng/mL for 6 Mihldorfer et al., 1996;
hours increased VT2 10- to 140-fold yielding de Sablet et al., 2008
3000-100 000 ng/mL (42.55-1418.4 nM)
Growth Increased VT at higher temperatures, maximum | Palumbo et al., 1995;
temperature yield at 37 °C MaclLeod and Gyles, 1989
Cell count Total amount of VT proportionately increased Palumbo et al., 1995

with cell count

Quorum sensing

Increased production of VT through the /uxS
gene which leads to activation of the bacterial
SOS response

Pacheco and Sperandio,
2012; Yang et al., 2014

Incomplete
phage genome

Reduced levels of VT2 production, may not be
able to induce lytic expression

Dowd and Williams, 2008

Spontaneously
Inducing Phages

Increased amounts of VT

de Sablet et al., 2008

Toxin Subtype

Higher vtx mRNA and VT levels for VT2a
compared to VT2c, even when the same
serotype

Kawano et al., 2012

The vtx genes encode the two subunits, A and B, sequentially in the phage DNA.

Transcription of the genes is encoded by a single operon with two ribosome binding

sites, the stronger being directly upstream of the B subunit to allow more frequent

translation (Habib and Jackson, 1993). The subunits have signal peptides which promote
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their secretion into the periplasmic space for proper folding (Jackson et al., 1987). VT is
primarily secreted with phage particles through viral cell lysis. The subunits can then
combine to produce toxicity (Pellino et al., 2016).

Bacterially released phages can infect host E. coli and some other
Enterobacteriaceae present (Herold et al., 2004) causing lysis releasing additional toxin
and phage particles (Gamage et al., 2003; James et al., 2001; Acheson et al., 1998). The
VT phage is very efficient at transduction of other E. coli strains to produce new VTEC.
Experiments in vitro or in murine coinnoculation models showed that with susceptible
acceptor strains a significant increase of phage particles and toxin were observed
(Gamage et al., 2003). Transduction can also take place in sheep (Cornick et al., 2006).

Although VT production is the primary virulence factor found in all VTEC,
however, strains have been isolated from asymptomatic individuals, so VT cannot be the
sole factor in causing disease (Stephan and Untermann, 1999). Other known or putative
virulence factors are variably present in VTEC strains and their presence likely influences
the strains pathogenicity (Franz et al., 2015; Johnson et al., 2006).

The virulence factors with highest association to enhancing severe VTEC
outcomes are VT2 and the LEE (locus of enterocyte effacement) pathogenicity island.
The LEE pathogenicity island encodes the genes for intimin (eae gene) and other factors
that together assist in effacement and attachment of cells to the intestine (Nguyen and
Sperandio, 2012; Werber et al., 2003; Boerlin et al., 1999). LEE is frequently found in
0157 and VT2 carrying strains (Ritchie et al., 2003; Friedrich et al., 2002). However, the

German outbreak in 2011 which resulted in over 3956 reported cases (896 HUS and 56
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deaths) involved a strain which was LEE negative and instead possessed genes involved
in enteroaggregative E. coli (EAEC) virulence including aggR (Bielaszewska et al., 2011;
Frank et al., 2011).

Other putative virulence factors include: molecules associated with adhesion,
other toxins, flagellar proteins, and more. However, due to a lack of animal models and
the potential that these factors contribute only slightly to pathogenicity makes it
difficult to determine their impact on virulence (Gyles, 2007). Strains within the same
serotype can vary greatly in the number of virulence factors present (Franz et al., 2015).
Higher production of VT is also considered to be a potential factor in pathogenicity, with
isolates from HUS cases often producing higher levels than those isolated from animals,
environmental sources, or humans with mild disease (Zangari et al., 2014; Neupane et
al., 2011; de Sablet et al., 2008; Ritchie et al., 2003).

Currently, it is generally accepted that the best indication of potential risk of
severe disease is the expression of VT2a or VT2d in strains that are eae (intimin) or aggR
(EAEC regulator) positive. Other strains, although potentially virulent, are less likely to

cause severe illness (Scheutz, 2014).

1.2.4 Colonization and Initiation of Illness
Upon ingestion, VTEC makes its way to the intestines where it can colonize and
interact with host cells (Croxen et al., 2013). LEE-positive cells produce factors resulting
in intimate adhesion by inducing host-signal transduction producing attaching and

effacing lesions (Nguyen and Sperandio, 2012; McDaniel et al., 1995). Non-LEE VTEC
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may interact with host mucosa and intestinal epithelial cells by a variety of other
adhesin factors (Farfan and Torres, 2012). These factors assist in formation of biofilms,
host cell adherence, bacterial aggregation, and binding to the host mucosa. The bacteria
can then multiply, and stx-phage induction can occur in a portion of the population, with
resultant VT production and lysis. VT can then interact with intestinal cells or be

translocated to the bloodstream to interact with other target cells.

1.2.5 VTEC Associated Illness and Treatment

VTEC infection can result in a range of outcomes from asymptomatic carriage
(Ludwig et al., 2002), self-limiting watery diarrhea, bloody diarrhea or hemorrhagic
colitis (HC), hemolytic uremic syndrome (HUS), and may result in neurological
complications, and death. Upon infection with 0157:H7, the incubation period ranges
from 1-12 days (usually about 3 days) before symptoms are seen (Tarr et al., 2005;
Mead and Griffin, 1998). Most patient outcomes are self-limiting with recovery within a
week. Abdominal cramping and non-bloody diarrhea typically occur first and
subsequently about 90% of patients develop some degree of bloody diarrhea within 1-3
days (Tarr et al., 2005). Frequently, vomiting is observed and some experience fevers
(Mead and Griffin, 1998). Difference in rates of progression to HUS have been observed
between sporadic cases and outbreaks with about 3-7% and 20% or more, respectively
(Frank et al., 2011; Tarr et al., 2005; Mead and Griffin, 1998). Progression to HUS occurs
about 7 days after initial symptoms or 4 days after bloody diarrhea (Bitzan, 2009).

HUS is defined by three main features: microangiopathic hemolytic anemia
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(death of red blood cells, especially in small blood vessels), thrombocytopenia (low
levels of platelets), and acute nephropathy (kidney disease or damage) (Siegler and
Oakes, 2005). HUS can have other causes, but 90% of childhood cases are caused by
VTEC (Siegler and Oakes, 2005). Of patients that develop HUS about 9% die (mostly
during the acute phase of illness) with another 3% later developing end-stage renal
disease (Garg et al., 2007). An additional 25% of patients develop additional long-term
renal sequelae: proteinuria (15%); hypertension (10%); or low glomerular filtration rates
(16%) (Garg et al., 2007). Severe infections can result in damage to the nervous system
(Magnus et al., 2012; Nathanson et al., 2010), intestinal necrosis, brain infarction,
pancreatitis or pseudocysts, and exocrine dysfunction (Siegler and Oakes, 2005).

Generally, infants, children, and the elderly are more susceptible, but VTEC
infections affect people of all ages (Catford et al., 2014). VTEC is the leading cause of
acute renal failure in children globally. 3-18% of VTEC infections of children progress to
HUS, with a mortality rate of 1-4% (Bitzan, 2009). Elderly individuals are the most likely
to die after developing HUS (Gould et al., 2009).

Other potential factors in the progression of severe disease are postulated.
Persons with higher expression of VT receptor (Gb3) on red blood cells (Pk blood group)
may be less susceptible to development of HUS (Newburg et al., 1993). While the
availability of commensal gut flora susceptible to VT phage may promote severe
outcome, due to higher levels of VT production (Gamage et al., 2003). VT subtypes are
associated with different patient outcomes (discussed in Section 1.1.5).

Currently, there is no known cure for HUS, and antibiotic treatment is believed
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to have no impact or to potentially worsen symptoms due to enhanced VT production
resulting from phage induction (Agger et al., 2015; Wong et al., 2000). The bulk of
therapy consists of monitoring fluid and electrolytes, providing nutritional support,
treatment of hypertension, providing blood transfusion when necessary, and dialysis
(Siegler and Oakes, 2005; Tarr et al., 2005). About half of all HUS patients require
dialysis, primarily for severe electrolyte or acid-base imbalances, uremic symptoms or
fluid overload failing to respond to other treatment (Bitzan, 2009). Following dialysis,
kidney function often recovers after 5-7 days with mortality rates of HUS patients
around 3-5% (Siegler and Oakes, 2005). Additionally, there is potential benefit for
survivors to take angiotensin-converting enzyme (ACE) inhibitors to help reduce the
chances of hyperfiltration related renal injury or the development of end-stage renal
disease (Van Dyck and Proesmans, 2004). Volume expansion therapy has also shown
some protection to the kidneys and to reduce the severity of HUS (Ake et al., 2005).
Aside from supportive treatments, other intervention strategies are being
investigated (Pacheco and Sperandio, 2012). Although antimicrobials have mixed results
in literature, given confirmation of some criteria (fecal absence of HUS-related strains;
relevant clinical details; absence of kidney disease; and patient hydration) it may be
considered safe to use protein synthesis inhibiting agents or other non-DNA damaging
antimicrobials (Agger et al., 2015; Ichinohe et al., 2009). Treatment of asymptomatic
carriers with antimicrobials has also been performed effectively (Jensen et al., 2005).
Treatment with subinhibitory concentrations of antimicrobials can cause an increase in

VT production so caution is required (Naasar et al., 2013). Treatment with toxin
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neutralizing antibody may be useful in early stages of disease, however, this requires
early detection to administer in a timely manner and may result in an immune response
(Bitzan et al., 2009; Siegler and Oakes, 2005). VT receptor mimics attached to a solid
support such as silica have also been developed (Kitov et al., 2000). Immunization for
certain VTEC strains seems highly impractical (Bitzan, 2009; Ludwig et al., 2002). Other
creative means of blocking the receptor-binding competitively or providing immunity
have been proposed. For all new treatment options, clinical trial testing presents major
challenges due to relatively few patients and rapid disease stages for controlled
administration of treatments (Bitzan, 2009). Likely the best measures to reduce illnesses
are preventative measures such as hygiene and education (Seto et al., 2007) and

hygienic food processing to minimize exposure.

1.2.6 Analytical Methods

Analysis for VTEC always starts with an enrichment procedure. A sample is
suspended in a liquid media favourable for growth and incubated at an appropriate
temperature. This allows any VTEC present to multiply, while the inclusion of selective
agents can inhibit the growth of other bacteria present (Gill et al., 2012).

Following enrichment most methods use a PCR or serological assay to screen
enrichment media samples for the presence of the vtx genes or VT. This allows
identification of positive samples for further isolation and the exclusion of negative
samples (Feng et al., 2011). Some samples will test positive for PCR, and not serological

tests, with the opposite true of other samples (Beutin et al., 2002). Aside from true
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negative samples, certain limitations apply to both methods. A comparison found that
PCR analysis was generally better at determining the presence of the various subtypes,
while still missed some less important in clinical disease (1d and 2f) (Feng et al., 2011).
Differing sensitivities, antibody affinity, and strain-to-strain variation could produce false
negative results from serological tests (Feng et al., 2011). Unfortunately, PCR does not
differentiate between dead and living cells (or VTEC and other VT-producing bacteria)
and can lead to false positives unless paired with an isolation method (Jin et al., 2008).
Isolation can be conducted concurrently to screening and is typically performed
by plating an aliquot of enrichment media onto solid media to isolate individual
colonies. Generally, isolating VTEC can be challenging as their colonies are not
morphologically distinct from other E. coli resulting in the need to individually screen a
large number of colonies to confirm VT production or vtx genes (Gill et al., 2012).
Isolation of classical 0157:H7 is relatively simple since it does not metabolize sorbitol,
allowing colony differentiation by sorbitol fermentation (March and Ratnam, 1986).
However, such media do not differentiate non-0157 VTEC which could lead to falsely
attributed disease in mixed cultures (Goldwater and Bettelheim, 1996) or false
negatives. Unfortunately, there is no biochemical marker that is distinct to all VTEC.
Identification of isolates without differentiation is highly time consuming and laborious
(Chui et al., 2011). As such there is a need for a quick screening method or high
throughput methods (Mead and Griffin, 1998). Agars which claim to differentiate
potentially pathogenic E. coli are commercially available; however, most do not allow

growth of a full diversity of VTEC, and if they do the process of confirmation is still
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lengthy due to minimal differentiation (Gill et al., 2014).

Isolates are then characterized to confirm the species identity and the presence
of virulence associated characteristics. Characterization may include serotyping,
molecular phylogeny, or PCR for selected genes (DebRoy et al., 2011). Typically
serotypes and virulence factors tested for are those ranked as highest priority. Relative
expense and complexity makes testing for a full set of serotypes difficult (Bettelheim,
2007). Many characterization methods are being replaced by whole genome sequencing
since the techniques and instruments have become less expensive, more accessible, and
offer faster typing (Joensen et al., 2014). Searching the genome for any of the related
gene sequences can be done all at once without additional reagents. If an association
between a certain serotype and potential outbreak is suspected further testing is done
(Scheutz et al., 2004).

Other techniques used in identification include: immunoblotting techniques;
tissue culture cytotoxicity tests; enzyme-based immunoassays (ELISAs) which target the
toxin (Weeratna and Doyle, 1991); immunomagnetic separation; lateral flow antigen
detection; hybridization of DNA probes; DNA microarrays; PCR for additional virulence
factor gene sequences (Paton and Paton, 2002); and typing using pulsed-field gel
electrophoresis (PFGE) (Atalla et al., 2000; Paton et al., 1996). Although useful in
detecting and characterizing VTEC each of these methods are generally time-consuming,
highly technical, and costly (Beutin et al., 2002). This limits the speed, availability, ease
of using such methods in regular detection, and limits detection to central laboratories.

A simple, robust, selective, universal analytical method to detect all VTEC is
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needed (Bettelheim, 2007; Johnson et al., 2006) to prevent exposure, ensure proper
clinical diagnosis (Couturier et al., 2011), and to prevent false attribution. Since all VTEC
produce VT, a differential media indicating VT production would provide the simplest
means of augmenting detection strategies through enhanced isolation.

Overproduction of VT induced by antibiotics can be used to aid in VT detection.
Addition of mitomycin (a potent DNA crosslinker) can be used in growth media to
upregulate toxin production and phage genes. This increase makes it easier to identify
VTEC in samples using immunoblotting or other VT targeting detection techniques (Hull

etal., 1993).

1.3 Aptamers
1.3.1 General Information

Aptamers are synthetically produced single-stranded oligonucleotides (DNA or
RNA) which have a high binding affinity and selectivity for their target molecules
(Famulok et al., 2000). Aptamers can be generated for almost any target through a
process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) first
described by Ellington and Szostak (1990) and Tuerk and Gold (1990). SELEX is outlined
in Figure 3 and reviewed by Stoltenburg et al. (2007). Briefly, a pool of nucleotide
sequences is synthesized with a variable length of randomized nucleotides between two
primer-binding regions. This pool can have as few as 15 random bases, but longer
aptamers can produce a wider and more complex range of structures (Stoltenburg et al.,

2007). The pool is subjected to cycles of positive selection for the target (and often a
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counter-selection against similar non-target species). The desired sequences are
separated and amplified by PCR to create a pool of sequences for the next cycle. This
will increase the amount of sequences that bind strongly (and selectively) to the target.
After as many as 20 rounds the sequences which have the highest affinity for the target
are isolated, sequenced, and further characterized (Stoltenburg et al., 2007). The affinity
of an aptamer is determined by its three-dimensional shape and stable interaction of
that complex structure with the target molecule (Hermann and Patel, 2000). Affinity is
measured by the dissociation constant (Kg), and typically ranges from picomolar to
nanomolar levels for aptamers (Jayasena, 1999).

Aptamers can be developed with RNA though they tend to be less chemically
stable and degrade more easily (Hamula et al., 2006). Aptamers can have augmented
nuclease resistance by the incorporation of modified bases. This can be done prior to
selection with a modified pool or after selection. Frequently the modified bases are 2’

modified with fluorine or amino groups, as well as substituting sulfur for oxygen in the

Randomized Sequences Initial Pool S
Binding
Repeat with new pool

Sequencing \Ampl‘fication itich

Target

>\_ﬁ\

...ACGTGCATGTA —y\ Elution
GCTGATCGTAGCT & i
GATGCAGTCGATT Ul\

TTAGCTGACTAGC

CTCCooRE Bound Sequences Unbound Sequences

Figure 3 — Generalized overview of the SELEX process used to select aptamers for specific targets
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phosphate backbone among others (Pinheiro and Holliger, 2014). More recently ‘xeno
nucleic acids’ (XNAs) which replace the sugar backbone have been used as they are
poorly recognized by natural nucleases (Pinheiro and Holliger, 2014). Selection or
mutation of polymerases has allowed XNAs to be efficiently synthesized (Pinheiro et al.,
2012). These modifications have an influence on tertiary structure so modification of an
existing aptamer is likely to result in reduced affinity (Ruckman et al., 1998).
Exonuclease protection can be achieved by capping with small molecules not recognized
by degradation enzymes (Jayasena, 1999). Aptamers selected from pools of peptides
also exist although selection is a more complex process and the resulting peptides are
also, by nature of their chemical structure, less stable than DNA aptamers.

Aptamers can be selected for a large variety of target molecules ranging from
small molecules to antigens on whole cells, and as such, aptamers have a vast potential
of possible applications including diagnostics and treatments similar to antibodies
earning them the nickname chemical antibodies (Zimbres et al, 2013). Comparatively,
aptamers have a number of advantages. One advantage is that they can match or
surpass the discrimination between target and non-target molecules. For example, an
RNA aptamer for theophylline was 10 times as efficient in distinguishing it from caffeine
compared to antibodies (affinity 10,000 times stronger than for caffeine) (Jenison et al.,
1994). DNA aptamers especially have greater chemical stability, are easily reproduced,
produced at larger scales, and are readily modifiable than antibodies (Zimbres et al.,
2013). Additionally, aptamers have the advantage of in vitro development, ability to be

developed against native toxins, chemical synthesis, and reusability (reviewed in Bruno,
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2015). Aptamers also have the ability for target binding to be mediated by binding to a
complement sequence. This can be used both as an antidote in therapeutically as well as
in the design of target sensing schemes (Bompiani et al., 2012; Nutiu and Li, 2004).
Aptamers can also be used in a chemically diverse environment and still
selectively interact with their target (Hwang et al., 2016; Shi et al., 2011). This includes
aptamer bacterial detection in diluted growth media (Dwivedi et al., 2013; Suh and
Jaykus, 2013). Use of an aptamer for 0157 LPS in lateral flow assays allowed detection of
E. coli 0157 at concentrations down to 10 CFU/mL based on aptamers targeting outer
membrane proteins (Wu et al., 2015). Aptamers can also be used in ‘western’ blotting
schemes for the detection of toxins or other proteins (Bruno and Sivils, 2016). It has
been shown that aptamers selected for whole cells labeled with quantum dots are
effective at detecting E. coli and Salmonella enterica in beef trim, baby spinach, and

diced tomato enriched samples (Bruno et al., 2016).

1.3.2 Aptamers Selected for VT
Regarding aptamers selected for the detection of VTEC there are a handful which
have been published. These are described briefly in Table 3. These sequences have been
modified and used in combination with labeled complement sequences resulting in
significant sensitivity. No single-strand, modified aptamer sensor system has been
published.
Additionally, some other patents for aptamer sequences for VT have been filed.

These patents are for: RNA or DNA aptamer sequences for VT1 as well as a SELEX
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Table 3 — Aptamer sequences selected for verotoxin

Year | Aptamer seqs. Description Reference
2004 | 11 DNA segs. for | Inhibit VT toxicity in HK-2 cell lines (100 pg/mL Kiel et al.,
VT1A and VT1B; | VT, 250 pug/mL aptamers); Conjugated with 2004a; Kiel et
& patent for guantum dots, as DNA capture elements was al., 2004b; US
seqs. and shown to be as sensitive as FITC conjugated 2004/0023265
selection. antibodies Al
2008 | 1 DNA seq. for For use fluorescently labeled with a quencher Fanetal.,
Shiga toxin molecule labeled complement strand; no results | 2008
or characterization related to the seq.
2014 | 6 RNA seqs. for 4 seqs. weakly inhibited VT2 binding to Hela cells | Challa et al.,
VT2. (78-50% inhibiting), none neutralizing toxicity 2014
(max. 60% cell survival) even at concs. nearly
2000x to toxin; post-selection incorporation of 2’
fluorine caused loss of binding ability.
2016 | DNA seq. for VT1 | Labeled with quantum dots in an ELISA-like assay | Bruno etal.,
down to a detection level of 0.1 ng/mL 2016
2015 | Peptide seq. for | Selectively decreases fluorescence in the Manandhar et
VT presence of VT. al., 2015

scheme for their selection patented in Japan in 2001 and later in the US in 2006 (No. US

2006/0008841 Al); one DNA aptamer sequence for VT2 and the method for use in

ELISA-like detection with biconjugated quantum dots patented in the US in 2014 (No. US

8,790,877 B2); and a DNA aptamer sequence for B subunits of VT2 which had some

toxicity neutralization ability as well as the method of selection patented in Russia in

2015 (No. RU 2 566 552 C1).

1.3.3 Aptamer Beacons

Aptamers can be modified into aptamer beacons to combine the specific

recognition abilities of the aptamer sequences with the ability to transduce signal

analogous to that of molecular beacons. Molecular beacons are single-stranded DNA
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which has been modified to contain a fluorophore / quencher pair held together in a
self-hybridizing hairpin (stem-loop) conformation (Tyagi et al., 1998). This formation
keeps the fluorophore and quencher in close proximity quenching fluorescence. In the
presence of a complementary DNA molecule the beacon will hybridize, changing
conformation, separating the fluorophore and quencher, producing a measurable
increase in fluorescence (Tyagi et al., 1998). The system can be modified to open in the
presence of a non-DNA target by using an aptamer sequence since aptamer binding is
often accompanied by a conformational change ((Shi et al., 2011; Song et al., 2008). This
can be accomplished by addition of complementary bases, to form a hairpin structure,
and a pair of fluorophore and quencher molecules (Nutiu and Li, 2004). The additional
bases should be complementary to the aptamer bases important in target binding
(Hamaguchi et al., 2001). The aptamer beacon should change conformation upon
interact with the target resulting in an increase in fluorescence. The use of aptamer
beacons to detect proteins has been previously described (Hamaguchi et al., 2001;
Yamamoto and Kumar, 2000). Aptamer beacons have been successfully used with ions,
small molecules, and proteins (reviewed in Wu et al., 2013).

Aptamer beacons can be selected for directly (Rajendran and Ellington, 2003),
but often are prepared by modifying an existing aptamer sequence. Although
electrochemical and colorimetric aptamer beacons are used regularly, primarily
fluorescent labels are chosen due to the many benefits of fluorescent detection
including: high sensitivity, non-invasive visual detection, multiplex detection, small dye

size, ease of labeling, availability of fluorophores and quenchers, and real-time
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detection capability (Wu et al., 2013; Song et al., 2008). Aptamer beacons in a dual
labeled hairpin format work via competitive interaction of the aptamer sequence with
the complementary bases or the target molecule. These beacons can be designed to be
an on-switch or off-switch mechanism, although an on-switch mechanism is typically
preferable to increase sensitivity. However, DNA degradation of on-switch beacons can
increase background, lower sensitivity, and cause false positives (Larkey et al., 2016; Shi
et al., 2011). Generally, these aptamer beacons have only been used qualitatively or
semi-quantitatively in assays (Song et al., 2008).

An aptamer beacon to detect VT offers potential as a simple method of detecting
VTEC by application to a culture of enriched E. coli and visualizing with a standard UV
lamp. This could be applied by screening enrichment broth samples for further isolation.
More significantly, it could also be used to enhance isolation of VTEC colonies on a solid
media in a similar way with fluorescent colonies. Furthermore, an aptamer beacon could
be used to confirm VT production after isolation. If need be, a fluorescence

spectrophotometer could be used to take sensitive readings on smaller samples.

1.4 Thesis Objectives

The objective of this study was to determine the potential of fluorescently
labeled aptamer beacons in detection of VTEC. An aptamer previously selected for VT by
Fan et al. (2008) by standard SELEX was modified to serve as proof of concept for the
use of fluorescent aptamer beacons in detecting VT. The aptamer was also characterized

as no information on selectivity or affinity strength had been included in the previous
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publication. To assist in future VT aptamer beacon use, comparison of fluorophore-
guencher pairs was performed to investigate optimal combinations with highest signal
in relevant environments. Finally, a short fluorophore-quencher labeled DNA
oligonucleotide was investigated as an enzymatic substrate for VT as an alternative

differential reagent for detection.
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2.0 Aptamer Beacon Proof of Concept

2.1 Introduction
2.1.1 The Benefit of a VT Aptamer Beacon

Verotoxin (VT) is the definitive virulence factor produced by verotoxin-producing
E. coli (VTEC) (Croxen et al., 2013). The isolation of VTEC strains can be challenging as
their colonies are not morphologically distinct from other E. coli strains. However, VT
production could be used to identify them (Atalla et al., 2000). Unfortunately, current
methods for the identification of VTEC strains are highly technical, time-consuming, and
expensive. A simpler, cheaper, VTEC differentiation method would be of great benefit
for food safety analysis and clinical diagnosis.

Aptamers selected for VT offer potential for detection by modification into a
structure-switching signalling aptamer, or aptamer beacon (Nutiu and Li, 2004). These
aptamer beacons are formed by addition of a complementary region with a fluorophore
and quencher molecule, normally held in close proximity. In the presence of the target
molecule the aptamer beacon will change conformation to better interact with the
target, increasing the distance between the fluorophore and the quencher, resulting in
an increase in fluorescence. Aptamers can be easily modified, synthesised chemically,
and stored for prolonged periods (Zimbres et al., 2013) making them cost effective and
easy to work with. Aptamer beacons also offer the potential of sensitive, real-time
detection (Wu et al., 2013) making it a time efficient method as well.

Ideally, the application of a VT aptamer would be in the isolation phase of VTEC

detection. This could either be directly in media before inoculation with bacteria, or
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potentially as an application to colonies on media following growth. Tryptone soya agar
(TSA) is a general nonselective media used commonly as a microbial growth media, and
a number of other common media share primary components with TSA. An aptamer
beacon that could function in these conditions would be ideal for augmenting and

simplifying analytical detection of VTEC.

2.1.2 Fluorescence Measurement

Fluorescent labels are commonly used in detection sensors. Some reasons for
this include their sensitivity at low concentrations, small size of fluorescent dyes, and
ease of labeling (Wu et al., 2013). Fluorescent substances absorb light of certain
wavelengths, causing electronic excitation. This additional energy is released through an
emission of light as the electron relaxes to a lower energetic state.

Fluorimetry measures the intensity of that emission. A specific wavelength or
range of wavelengths is selected from a light source by a monochromator or an optical
filter. This selected light is shone into samples. Any resulting fluorescence from the
samples is emitted and can be detected. Typically, this emission is measured at a 90°
angle from the source to minimize detection of excitation light (resulting in background
noise). The emission light can then pass through similar selection and to a light detector.

The sensitivity of fluorescence is due to the relative signal observed between
absence and presence of analyte. If the background noise is kept low, the increase even
with very low concentrations of analyte is very significant. Colorimetric absorption

spectroscopy however measures only small changes in the initial and final intensity of
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light from the source caused by absorption by the analyte. As such there is always some
background signal.

If fluorescent samples are too concentrated, however, scattering and absorption
can occur within the sample lowering the intensity of the emitted light (Henderson,
1977). At lower concentrations the fluorescence intensity (F) is proportional to the
incident light intensity (/o) and analyte concentration (c), where k is a constant that
depends on the fluorophore:

F =kl,c

In these experiments however, monochromatic filters are used for selection of
excitation light. They allow a fixed and fairly wide band of wavelengths through,
simplifying experiments and allowing more light through for higher sensitivity. The
excitation and emission wavelengths and bandwidths should be chosen carefully
according to the fluorophore’s spectra to maximize sensitivity. Additionally, samples in
these experiments were excited from the same direction that emission light is detected
using mirrors. Dichroic mirrors have special coatings that allow certain wavelengths to
transmit and others to reflect. As such, excitation and emission wavelengths can be
separated if the dichroic cut-off wavelength is suitable for the studied fluorophore.

In addition to fluorescent emission, an excited fluorophore can also lose energy
as heat, or transferring energy to another molecule in close proximity. The transfer of
energy that results in a loss of fluorescence signal is referred to as quenching and has
been exploited for a number of purposes. These include nanoscale distance

measurements, protein interactions, in vivo labelling and more (Selvin, 2000). The two
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main types of quenching are contact quenching and fluorescence resonance energy
transfer (FRET) (Marras et al., 2002). FRET quenching occurs when energy is transferred
to an appropriate acceptor molecule within 20-100 A. This reduces the donor’s
fluorescence intensity and excited state lifetime. The acceptor can be any quencher or
fluorophore molecule with good absorption spectra overlap with the donor’s emission
spectrum (Marras et al., 2002). FRET quenching efficiency is highly dependent on the
distance between the fluorophore and quencher (by a 1/r® distance dependence) and
their relative orientations (Marras et al., 2002). Contact quenching occurs when the
fluorophore and quencher are close enough to form a strongly quenched complex that

turns most of the excitation energy directly into heat (Marras et al., 2002).

2.2  Chapter Objectives

The aptamer sequence published by Fan et al. (2008) was modified into an
aptamer beacon and synthesized. The beacon was first characterized using a
complement DNA sequence and experimental conditions optimized for general use. The
aptamer beacon was tested with commercial verotoxin to observe if the aptamer had an
affinity for the toxin. Finally, the beacon system was tested on a solid agar media with
complement to observe if there is a visible increase in fluorescence.

Figure 4 shows a schematic for the beacon’s increased signal in the presence of
complement or toxin. If there is an interaction, the beacon should change conformation,

producing more fluorescence intensity.
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Figure 4 — Schematic diagram of the modified aptamer beacon with no fluorescence (middle) and
interaction with complement DNA (left) and verotoxin (right) resulting in a conformational shift,
producing an increased fluorescent emission.

2.3 Statement of Contributions

Fluorescent control DNA used in the following experiments was prepared by
Nadine Frost. Mass spectrometric analysis was performed by Alexander Wahba, McGill

University, Mass Spectrometry Facility.

2.4 Materials and Methods
2.4.1 Buffers

Table 4 — Buffers used in Chapter 2.0 Aptamer Beacon Proof of Concept

Name Components

TEB (tris-EDTA Buffer) 10 mM tris, 1 mM EDTA, 10 mM NaCl, 10 mM KCl
pH 7.4 (adjusted with HCl and NaOH)

TES (tris-EDTA high salt) 10 mM tris, 0.5 mM EDTA, 0.5 M NaCl, 0.5 M KCl
pH 7.4 (adjusted with HCl and NaOH)

5x TBE (tris, Boric Acid, EDTA) (4L) | 0.5 M tris, 0.5 M boric acid, 0.01 M EDTA

2.4.2 Preliminary structural analysis and aptamer beacon design

Predicted secondary structures were determined using RNA Structure and Mfold

software (Reuter and Matthews, 2010; Zuker, 2003).
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2.4.3 DNA Synthesis, purification, and quantification
2.4.3.1 DNA Synthesis
DNA was synthesized using a MerMade 6 system (BioAutomation Corp.). 3’
modified CPG columns with dabcyl (4-[4’-dimethylaminophenylazo]benzoic acid) (Figure
5), and 5'-fluorescein modified phosphoramidite (Figure 6) were used to prepare the
two aptamer beacons, while normal columns were used for the unlabeled complement.
Reagents were purchased from GlenResearch (VA, USA). DNA sequences synthesized
were as follows, the underlined sections are complementary to form a hairpin:
C10: 5'-G CTA GTT ACC-3'

A10: 5'-Fluorescein-GGT AAC TAG CAT TCA TTT CCC ACA CCC GTC CCG TCC AT ATG CTA
GTT ACC-Dabcyl-3'

A15: 5'-Fluorescein-GGT AAC TAG CAT TCA TTT CCC ACA CCC GTC CCG TCC AT AT TGA
ATG CTA GTT ACC-Dabcyl-3'

o f
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Figure 5 — Dabcyl CPG (1-Dimethoxytrityloxy-3-[O-(N-4'-carboxy-4-(dimethylamino)-
azobenzene)-3-aminopropyl)]-propyl-2-O-succinoyl-long chain alkylamino-CPG)
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Figure 6 — 5’ fluorescein phosphoramidite (6-(3',6'-dipivaloylfluoresceinyl-6-carboxamido)-hexyl-
1-0-(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite)
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2.4.3.2  Sample Clean-up and Quantification
The synthesized DNA was cleaved from the beads by incubation in 28% NH4OH

for three hours at 55 °C and overnight at room temperature. The DNA was separated by
centrifugation (5000 x g, 3 min). DNA samples were purified by polyacrylamide/urea gel
electrophoresis (12% or 19% gels). Gels were run at constant amperage and imaged
under UV and fluorescent lights using Alphalmager (Alphalnnotech). DNA was extracted
by gels being gently crushed, and incubated with shaking in water at 37 °C overnight and
desalted. DNA was quantified using a Cary 300 Bio UV-Visible Spectrophotometer

(Varian) at 260 nm. Samples were dried and stored in a -20 °C freezer.

2.4.3.3 Mass Spectrometric Analysis
Samples were sent for mass spectrometric analysis and analyzed by LC-MS using
a Dionex Ultimate 3000 UHPLC coupled to a Bruker Maxis Impact QTOF mass
spectrometer in negative ESI mode. Samples were run through an Acclaim RSLC 120 C18
column (2.2 uM 120A 2.1 x 50 mm) using a gradient of 98% mobile phase A (100 mM
HFIP and 5 mM TEA in H,0) and 2% mobile phase B (MeOH) to 40% mobile phase A and
60% mobile phase B in 8 minutes. The data was processed and deconvoluted using

Bruker DataAnalysis software version 4.1.

2.4.3.4  Other DNA
A 95-base fluorescein labeled DNA oligonucleotide was used as a fluorescent
control (FC). A 15-base DNA complement was ordered from Integrated DNA

Technologies (IA, USA) with standard purification and desalting.
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2.4.4 Fluorescence Measurements

Samples were heated at 90 °C for 10 minutes and allowed to cool at room
temperature for 30 minutes before use. This is to dissociate any potential
intermolecular structures formed in solution prior to experimentation. Aptamer beacon
was pipetted into buffer solutions with varying ratios of complement DNA. Solutions
were given gentle agitation and promptly read by the fluorescence reader. Unless
otherwise stated, fluorescence readings were taken at room temperature. FC was used
as a fluorescent control at the same concentrations in each test.

Testing was done in 200 pL of solution in black 96-well plates (Nunc; Thermo
Scientific) and read with use of a Synergy 2 multi-mode reader (BioTek). These
experiments were done with varying conditions (concentration, buffer, beacon:
complement ratio, complement, temperature, read times, preparation), but followed
the basic method above. Excitation was done at 495 + 10 nm, emission read at 528 + 20
nm, with a dichroic ‘top 510’ mirror, with a sensitivity level of 90. Data was collected
using Gen5 software (BioTek).

Testing with VT1a and VT2a were done following the same method, but

replacing complement with VT (List Biological Labs, Inc.; CA, USA).

2.4.5 Linear Fluorescence Range
Solutions of FC were prepared with concentrations of 2.5 x 103 to 5 uM. The

samples were plated and read to determine the linear fluorescent range.
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2.4.6 Effect of Temperature and Melting Temperature Determination

Solutions of A10 and FC were prepared to 1 uM, 75 nM, and 5.7 nM. Samples
were plated. Readings were taken every minute for 3 minutes at room temperature, and
every minute for 3 minutes at 60 °C (heating took about 40 minutes).

Melting temperature determination for aptamer beacons A10 and A15 was done
using 3 mL of 2 uM solutions in a Cary 300 Bio UV-Visible Spectrophotometer (Varian)
with readings at 260 nm. The solutions were initially heated to 80 °C. The solutions were
then cooled to 20 °C, heated to 80 °C, and finally cooled to 20 °C at a rate of 0.5 °C / min
with a reading taken every 1 °C producing three curves. The results were analyzed using

SigmaPlot Standard Curves Analysis software.

2.4.7 Effect of Reannealing Media

Solutions of A10 and FC were heated to 90 °C for 10 minutes and allowed to cool
at room temperature for 30 minutes. Solutions were either 50 uM in water or 5 uM in
TEB. Solutions were diluted to 1 uM, 100 nM, and 10 nM. The samples were plated and
readings were taken every minute for 10 minutes at room temperature.

Similarly, solutions of A10 were prepared and mixed with C10 to a 1:4 ratio for
final A10 concentrations of 1 uM, 100 nM, and 10 nM and C10 concentrations of 4 uM,

400 nM, and 40 nM.

2.4.8 Effect of Buffer Salinity

Solutions of A10 and FC were heated to 90 °C for 10 minutes and allowed to cool

at room temperature for 30 minutes. Solutions were either 50 uM in water or 5 uM in
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TEB or TES. Solutions were diluted to 1 uM, 100 nM, and 10 nM in TEB or TES. The
samples were plated and readings were taken every minute for 10 minutes at room
temperature.

Similarly, solutions of A10 were prepared in TES or TEB and mixed with C10 in
ratios of 1:0, 1:1, 1:2 and 1:4 for final A10 concentrations of 1 uM, 100 nM, and 10 nM
with corresponding C10 concentrations. The samples were plated and readings were

taken every two minutes for 60 minutes at room temperature.

2.4.9 Effect of Complement Length
Solutions of A10 and FC in TEB or TES were diluted and mixed with C10 or C15 at
a 1:1 ratio for final A10 concentrations of 1 uM, 100 nM, and 50 nM. The samples were

plated and readings were taken every two minutes for 60 minutes at room temperature.

2.4.10 Effect of Toxin on Probe Fluorescence
Solutions of A10, and FC in TES were prepared. A10 was mixed separately with
C15, VT1a, or VT2a. Solutions had final concentrations of 50 nM and 1:1 ratios of beacon
to complement or toxin. Samples were plated in duplicate and replicated on a separate

plate. This was also performed with A15.

2.4.11 Visibility of Fluorescein on TSA
Spotting of reagents was done on Tryptone Soya Agar (TSA). 10 pL of FC were
spotted onto a TSA plate at 50, 5, 0.5, and 0.05 pM. On a second agar plate 10 pL of FC
were spotted at 50, 40, 30, 20, and 10 uM. After spotting, the agar plates were allowed

to dry. Agar plates were visualized using a handheld UV lamp. Observations were
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recorded and pictures were taken. Fluorescence was easier to discern in person than
afterwards with the images.

On separate plates testing with A10 and C15 were done. A10 was heated as
normal. Subsequently, 10 pL of A10 (50 uM) were spotted, as well as a 30 uM FC
positive control. After the plate had dried 10 pL of C15 (100 uM) were spotted onto half
of the A10 spots and allowed to dry. A separate plate was done reversing the order of
reagent application. Plates were visualized using a handheld UV lamp. Observations

were recorded and pictures were taken.

2.4.12 Data Analysis
Basic analysis of averages and standard deviations was done with Microsoft Excel
software. All error bars shown on graphs represent standard deviation. Preliminary
statistical analysis including one-way ANOVA, post-hoc Tukey and homogeneity of
variance tests, was done with SPSS Statistics software version 22 (IBM) at a significance

level of p = 0.05.

2.5 Results
2.5.1 Aptamer Beacon Design
The A10 and A15 aptamer beacons were designed by using the 40-base
randomized region of the forward (+) aptamer sequence published by Fan et al. (2008)
and adding complementary bases to the 3’ end, as well as the fluorescent molecule

fluorescein at the 5’ end and the quenching molecule dabcyl (4-[4’-
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dimethylaminophenylazo]benzoic acid) at the 3’ end.

Secondary structures were for the 40-base aptamer sequence predicted using
RNAstructure and Mfold online software (Reuter and Matthews, 2010; Zuker, 2003),
both produced similar results (Figure 7A and Figure A-1). Minimal secondary structure
was observed in each predicted structure.

Ten complementary bases were added for A10; and fifteen bases for A15. The
analysis predicted the formation of hairpins composed of 12 and 15 pairing bases for

A10 and A15, respectively (Figure 7B and C and Figure A-2).

40

Figure 7 — Secondary structure of Fan et al.’s 40 base forward (+) verotoxin DNA aptamer
sequence predicted with RNAstructure software A) unmodified; B) with 10 complementary bases
at the 3’ end (A10); and C) with 15 complementary bases (A15) (Reuter and Matthews, 2010).

A complementary DNA sequence to be used as a positive control with A10 and
A15 was also designed. A complement 10 bases long (C10) was predicted to have no
secondary structure with both RNAstructure and Mfold software. Secondary structure

was predicted for 11-20 bases. The predicted structures for a DNA complement
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composed of 15 bases had small hairpin formation (Figure 8). Similar structures for 16-

20 bases were predicted (not shown).

A A T c
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Figure 8 — Secondary structure for a 15-base DNA complement (5" — TGA ATG CTA GTT ACC-3’)
using RNAstructure (left) and Mfold (right) software (Reuter and Matthews, 2010; Zuker, 2003).

2.5.2 Initial Fluorescence Testing with C10

DNA samples were synthesized and purified. Acceptable purity was confirmed by
mass spectrometric analysis (Appendix B samples 2B, 4B, and 6B). Upon confirmation of
purity, the linear fluorescent range was determined (Figure A-3). A10 and A15 (1 uM)
were prepared in TEB buffer with C10 at beacon: complement ratios of 1:0, 1:1, 1:2, and
1:4. An increase in fluorescence was seen over an hour in each case with addition of
C10, however, very high background fluorescence was observed for the beacon alone
(Figure 9). A10 showed much higher fluorescence than A15. FC resulted in about 8.5 x
10° relative fluorescence units (RFUs), which was about 9X stronger than the beacons’

resulting emission (not shown).
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Figure 9 — Fluorescence intensity for fluorescein / dabcyl labeled aptamer beacon with 10
complementary bases (A10) and 15 complementary bases (A15) at 1 uM with increasing of
beacon: complement ratios (1:0, 1:1, 1:2, and 1:4) over an hour in TEB buffer. DNA complement
was 10 bases long (C10). Fluorescent control values were about 85 x 10* RFUs. Data points
represent the average of two wells (error bars show SD). Ex. 495 + 10 nm, Em. 528 + 20 nm.

2.5.3 Melting Temperature Determination and Effect of Temperature

To discern the effect of experimental temperature on the system and if it could
be optimized in any way the melting temperature of the aptamer beacons was
determined (Figure 10). The melting temperatures for A10 and A15 were determined to
be 42.2 £ 0.6 °C and 44.8 £ 0.5 °C, respectively.

An experiment was conducted to observe the effects of temperature on the
fluorescent emission. FC and A10 were prepared in TEB at a concentration of 1 uM and
readings were taken every minute for 3 minutes at room temperature, then again, every

minute for 3 minutes after heating to 60 °C (Figure 11). Similar results were observed at

Page | 57



75 nM and 5.7 nM (Figure A-4 and Figure A-5). The FC signal decreased about 30%,

while A10’s increased to about 190% compared to the values at room temperature.
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Figure 10 — Melting temperature curves for aptamer beacons with 10 complementary bases
(A10) (left) and 15 complementary bases (A15) (right) prepared using 260 nm
spectrophotometer absorbance readings and SigmaPlot software.
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Figure 11 — Fluorescence intensity of fluorescent control DNA (FC) and fluorescein / dabcy!
labeled aptamer beacon with 10 complementary bases (A10) at 1 uM in TEB buffer. About 40
minutes passed while heating to 60 °C. Data points represent the average of 3 (FC) or 8 wells
(A10) with error bars showing SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.

2.5.4 Effect of Reannealing Media
The effect of refolding conditions on resulting fluorescence was investigated. For

each experiment aptamer beacons were denatured at 90 °C and allowed to refold at
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room temperature for 30 minutes. A10 was heated at 50 uM in water or 5 uM in TEB
before diluting. Samples were prepared with or without C10 (ratio 1:4). Readings were
taken every minute for 10 minutes at room temperature at 1 uM (Figure 12), 100 nM
(Figure A-6) and 10 nM (Figure A-7). The difference in fluorescence between heating in
buffer or water varied and showed an increase of 0-8% for the background fluorescence.
This affected both resulting emission in the presence of C10 and background

fluorescence.
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Figure 12 — Fluorescence intensity effects of refolding in TEB buffer (B) of fluorescein / dabcyl!
labeled aptamer beacon with 10 complementary bases (A10) (1 uM) alone and in the presence of
C10 (4 uM). fluorescent control DNA (FC) had a value of about 30 x 10° RFUs. Data points are the
average of 3 samples. Error bars show SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.

2.5.5 Effect of Buffer Salinity
The effect of buffer salinity on fluorescence was investigated. To further observe
the effects of refolding in buffer on fluorescence A10 was heated in water or in buffer,

both in TEB buffer (20 mM NaCl / KCI) or TES buffer (1 M NaCl / KCI). As with TEB,
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refolding in buffer resulted in a variable decrease of fluorescence and sometimes a small
increase at 1 uM (Figure A-8), 100 nM (Figure A-9), and 10 nM (Figure A-10).

To determine the effect of the buffer salinity upon the resulting emission, A10
was refolded in buffer, and mixed with C10 resulting in an A10 concentration of 1 uM
with A10:C10 ratios of 1:0, 1:1, 1:2, and 1:4 (Figure A-11). The TES sample fluorescence
values were each about 45% less than the TEB samples, both background and resulting
emission. Each C10 sample had higher fluorescence with 1:4 ratio having the largest.
Notably, over the 60-minute period the background fluorescence for TES was fairly

stable, while the resulting emission increased (Figure 13).

EA10+C10

@A10

Relative Fluorescence Units (x10°)
S

TEB TES TEB TES
t=0 min t=60 min

Figure 13 — Comparison of fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon
with 10 complementary bases (A10) (1 uM) in low or high salt buffer with or without C10 (4 uM).
Buffer had 20 mM (TEB) or 1M (TES) of NaCl/KCI. Data points are the average of 4 wells. Error
bars show SD. Fluorescent control values were about 34 x 10° RFUs. Ex. 495 + 10 nm, Em. 528 #+
20 nm.

2.5.6 Effect of Complement Length
The length of complement DNA on fluorescence signal was investigated. A 15-

base complement (C15) was tested in comparison to C10 and run at a 1:1 ratio with A10.
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C15 was predicted to have minimal secondary structure (Figure 8). Samples of A10 were
prepared in TEB or TES and mixed with C10 or C15 for final concentrations of 1 uM
(Figure 14). The 45% decrease in TES was seen again for the background and C10
resulting signal; however, the fluorescence signal caused by C15 was not decreased and
after about 30 minutes was equal to the values seen in TEB. In both cases C10 increased
the fluorescence intensity by about 20% compared to the background. Again, the
background in TEB increased while TES did not. Relatively, the resulting fluorescence
was about 1.54x and 3.73x more than the background for TEB and TES, respectively.
When repeated at 50 nM similar results were observed (Figure 15). However, TES at all
time points had a lower RFU value and interaction between A10 and C15 did not result
in the same RFU as in TEB. The resulting fluorescence was about 1.13x and 1.61x greater
than the background for TEB and TES, respectively. At 100 nM, slightly larger differences

were found (Figure A-12).

2.5.7 Effect of Concentration

Finally, concentration of the beacon / complement was investigated. In each of
the previous optimizations, testing was performed at concentrations around 1 uM, 100
nM, and 10 nM. Each factor investigated was similar at lower concentrations except for

C15 which caused the largest signal at higher concentrations.

2.5.8 Effect of Toxin on Probe Fluorescence

After having identified optimal conditions, the effect of verotoxin 1a and 2a on

fluorescence of the aptamer beacons were investigated. Samples were plated in
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Figure 14 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon with 10
complementary bases (A10) (1 uM) in the presence of C10 or 15 base complement (C15) (1 uM)
in TEB (B) and TES (S). Fluorescent control values were about 33 x 10° RFUs. Data points are the

average of 4 wells (B and S), 5 wells (5-C10), and 6 wells (others). Error bars represent SD. Ex. 495
+10nm, Em. 528 + 20 nm.
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Figure 15 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon with 10

complementary bases (A10) (50 nM) in the presence of C10 or 15 base complement (C15) (50

nM) in TEB (B) and TES (S). Fluorescent control values were about 12 x 10* RFUs. Data points are

the average of 6 wells except B and S which had 4 wells. Error bars represent SD. Ex. 495 + 10

nm, Em. 528 + 20 nm.
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duplicate and replicated on a separate plate. Samples of beacon (50 nM) were prepared
and mixed with VT1, VT2, or C15 at a 1:1 ratio in TEB. Readings were taken every two
minutes and the experiment was repeated for both A10 (Figure 16) and A15 (Figure 17).
C15 was used as a positive control showing a significant increase in fluorescence
intensity in both cases (p = 0.01) although signal continued to increase for A10. There
was a significant increase in fluorescence of A10 and A15 caused by VT1 as early as 46
and 26 minutes, respectively (p = 0.05). The increase was not as large as the increase
caused by C15 for either beacon, but VT1 caused an increase almost as great as C15 in
A15. VT2 did not show any increase in fluorescence, but caused a significant decrease
compared to the background fluorescence (p = 0.05). VT1 curves appeared stable across
the 60-minute period while background and VT2 curves show a steady decrease over

the time period.

2.5.1 Visibility of Fluorescein-Tagged Sequences on TSA
To determine what concentration level fluorescein would be visible on agar

plates, solutions of FC were prepared at 50, 5, 0.5, and 0.05 uM. In solution,
fluorescence was clearly visible at 50 uM, fairly visible at 5 uM, difficult to see at 0.5 uM,
and not visible at 0.05 uM. On TSA plates, only 50 uM spots were visible (not shown).
Solutions of FC were prepared at 50, 40, 30, 20, and 10 uM (Figure 18). Each of these
solutions had visible fluorescence, although 10 uM was difficult to see. 10 L spots of
the FC solutions were placed on a TSA plate (Figure 19). 50, 40, and 30 uM spots were

clearly visible, 20 uM spots were very difficult to see. The TSA plates produced a slight,
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Figure 16 — Fluorescence intensity results for fluorescein / dabcyl labeled aptamer beacon with
10 complementary bases (A10) (50 nM) testing at a 1:1 ratio with C15, VT1a, and VT2a in TES
buffer. A) results over 60 minutes; B) Results at 60 minutes. * and ** values significantly different
from background p = 0.05 and p = 0.01, respectively. Fluorescent control DNA (FC) values were
about 13 x 10° RFUs. Data points are the average of 16 wells (A10 and C15) and 4 wells (VT1 and
VT2) over two replicates. Error bars represent SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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Figure 17 — Fluorescence intensity results for fluorescein / dabcyl labeled aptamer beacon with
10 complementary bases (A15) (50 nM) testing at a 1:1 ratio with C15, VT1a, and VT2a in TES
buffer. A) results over 60 minutes; B) Results at 60 minutes. * and ** values significantly different
from background p = 0.05 and p = 0.01, respectively. Fluorescent control DNA (FC) values were
about 13 x 10* RFUs. Data points are the average of 16 wells (A10), 14 wells (C15), and 4 wells
(VT1 and VT2) over two replicates. Error bars represent SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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green background fluorescence, and in pictures reflected large amounts of UV light. Two
plates with A10 (50 uM) and C10 (100 uM) were prepared with 30 uM FC control (Figure
20). Fluorescence was seen for the FC control spots, but no fluorescence was observed
from the test spots. Spots with A10 were slightly orange, the colour dabcyl produces

normally.

Figure 18 — Solutions of fluorescent control DNA (FC) at concentrations of 40, 30, 20, 10 uM
under UV lamp. Image enhanced.

2.6 Discussion

2.6.1 Aptamer Beacon Design
Little secondary structure was predicted for the unmodified 40-base randomized region
of Fan et al.’s forward (+) aptamer (Figure 7A). The presence of additional structure
could either make binding to a target molecule more difficult if the structure was not
used in binding, or potentially beneficial to form a stable binding pocket without much
reorganization. For aptamer beacons a hybridized region is added and selective signal is

produced by a higher affinity for target molecule than for the hybrid sequence
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Figure 19 — Handheld UV lamp-illuminated TSA plate spotted with six spots of 10 uL fluorescein
labeled DNA at each of 50, 40, 30, 20, and 10 uM. Image enhanced to reflect what was seen by
eye. Red circles highlight examples of visibly fluorescent fluorescent control DNA (FC) spots.

\

Figure 20 — Handheld UV lamp-illuminated TSA plates spotted with 10 ulL of fluorescein / dabcy!
labeled aptamer beacon with 10 complementary bases (A10) (50 uM) and C15 (100 uM),
together, separately, and fluorescent control DNA (FC) (30 uM). Left: A10 spotted first; right: C15
spotted first. Images enhanced to reflect what was seen by eye. Red circles highlight a visibly
fluorescent control spot.
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(Hamaguchi et al., 2001). The hybridization allows the fluorophore / quencher pair to be
proximal so that under normal conditions fluorescence is not observed until a stronger
binding interaction causes a change to the conformation (Nutiu and Li, 2004).

The modified aptamer beacon sequence with 10 or 15 additional complementary
bases to the 5’ end caused formation of a hybridized hairpin structure of 12 and 15
bases, respectively (Figure 7B and C). Since the exact number of complementary bases
that would be required to yield a functional aptamer beacon was unknown, 10 and 15
bases were chosen to ensure a stable hairpin formation. By having a longer hybridized
region, A15 would require a stronger interaction with the target to change
conformation. Hamaguchi et al. proposed that essentially any aptamer could become an
aptamer beacon by the addition of bases complementary to those important in target
binding (2001). Unfortunately, there is no knowledge of how the Fan et al. (2008)
aptamer binds, so potentially bases not involved in target binding are bound in the
hybridizing region, which would lead to a poorly functioning probe.

For the fluorophore / quencher pair, fluorescein (Figure 6) was chosen as the
fluorophore and dabcyl (Figure 5) was chosen as the quencher. This pair of molecules is
used commonly in beacons and was readily available (Shi et al., 2011; Hamaguchi et al.,
2001; Yamamoto and Kumar, 2000). Fluorescein has been well studied with papers
published on various aspects of the molecule’s chemical behaviour. Dabcyl has been
viewed as a universal quenching molecule capable of quenching a wide range of
fluorophores in addition to fluorescein (Tyagi et al., 1998). The pair has good spectral

overlap and dabcyl has a 96-99.9% quenching efficiency with fluorescein (Tyagi et al.,
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1998). Many other options for fluorophore and quencher exist such as quantum dots,
Texas Red, and Cy5 for fluorophores, and gold or silver nanoparticles, and black hole
guenchers for quencher molecules (Resch-Genger et al., 2008; Schultz et al., 2000; Tyagi
et al., 1998). Each of these could be used in various combinations provided the
requirement for spectral overlap is met.

A complementary DNA sequence was also designed to test the aptamer beacons.
By competing with the hybridizing region, it is expected that the beacon should change
conformation, the stem loop should open. If the system is working as expected an
increase in fluorescence intensity should be observed. This is the basic concept of
molecular beacons (Nutiu and Li, 2004). The C10 complement was chosen since there
were no predicted secondary structures which would inhibit binding to the aptamer
beacons, while complements of 15 bases (Figure 8) or longer would have some minor

predicted structures that could inhibit hybridization.

2.6.2 Initial Fluorescence Testing with C10
In the initial fluorescence testing with beacons A10 and A15, after 60 minutes an
increase in fluorescence intensity was observed in all samples when C10 was added
(Figure 9). A10 had higher fluorescence values than A15. This was likely due to the
stronger binding of the hybridized region of A15. Since it forms a stronger bond it
requires a stronger interaction to cause the conformation shift, or takes longer to affect
the change. This was why A10 with C10 at time zero has a greater difference compared

to background fluorescence, while the difference for A15 takes time to increase.
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Although the initial results indicated a measurable change of fluorescence in the
presence of C10 a couple issues were present. The most significant issue was the high
background fluorescence of the beacons alone in buffer (80-90% of the resulting
emission), as well as the increase in background signal over time. Some causes of this
could be a loss of dabcyl molecules from the beacon, which was partially seen in the
mass spectrometric results (4B and 6B in Appendix B). Additionally, the hairpin could be
opening on its own. The second issue was that the resulting emission of the beacon was
only about one ninth of the fluorescent control (FC) emission, indicating that very little
signal was being induced.

Both present a problem due to the limited amount of toxin available for initial
testing (10 ug of each). To conserve the toxin the conditions needed to be optimized in
order to decrease background fluorescence and increase the resulting change in
emission. Additionally, confirmation that the tests could be conducted at lower
concentrations of beacon and toxin were required. To optimize the system, A10 which
was observed to produce higher fluorescence intensities, was used to check the effects
of temperature, beacon refolding conditions, buffer salinity, complement length, and
concentration upon the background fluorescence and resulting emission.

The effect of pH in solution was not addressed in this study. Studies typically
mention that fluorescence of fluorescein is strongly pH dependent, but that pHs above 7
are optimal (You et al., 2011). With the buffer balanced to 7.4 and toxin requiring
physiological pH for proper protein folding, this factor was not investigated. Another

factor that could be investigated is the presence of metal ions such as Mg?*, which were
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not present in the buffer but can influence aptamer folding (Hamaguchi et al., 2001).
The linear range of fluorescence intensity was found to be 2.5 nM to 5 uM
(Figure A-3). Concentrations of beacon of 10 nM, 100 nM, and 1 uM would be within the

linear detection range of fluorescein.

2.6.3 Melting Temperature Determination and Effect of Temperature

The melting temperatures of the beacons were assessed because there was a
possibility that the beacons were able to denature naturally over time at room
temperature, resulting in increased background fluorescence. Based on the melting
temperatures of A10 and A15 of 42.2. £ 0.6 °C and 44.8 + 0.5 °C, respectively (Figure 10),
it is unlikely that temperature contributed to this problem. At room temperature, the
beacons should be at an equilibrium, which should have been reached during the 30
minutes of cooling. It can be predicted that A15 would have a slightly higher melting
temperature since it has a longer hybridized DNA region. Increasing the temperature of
the system above 40 °C would not be expected to improve emission intensity of the
beacons. This could result in higher background fluorescence by minimizing difference
to the melting temperatures.

A decrease in fluorescence was observed at higher temperatures (Figure 11).
This was due to a higher instability of fluorescein at higher temperatures with higher
temperatures enhancing decay rates. A decrease of 30% in a 20 mM solution (TEB) was
observed (Figure 11). In a 10 mM salt buffer at 60 °C about a 20-30% decrease in

fluorescence expected (Liu et al., 2005). Although an increase of 90% fluorescence for
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the beacon was observed, this was due to the hairpin melting, and the value was
actually lowered by the decreased emission of fluorescein at higher temperatures.
Together this indicated that working at lower temperatures would be ideal for the

system to read fluorescence emission values more accurately.

2.6.4 Effect of Reannealing Media

Refolding conditions were investigated since improper folding would result in a
higher background. The reason refolding is done in aptamer experiments is to dissociate
any potential intermolecular structures that may have formed between the various
strands of aptamer in solution; allowing the structure with thermodynamic minimum to
be present during experimentation. Salt ions often play a role in the stability of DNA
conformations, prompting the investigation of the difference between refolding in
water or in buffer (Nakano et al., 1999).

A decrease of about 10% background fluorescence following heating in buffer
was observed (Figure 12). This likely resulted from A10 being able to fold into a slightly
more stable conformation. However, the results in buffer varied from about 10%
decrease to a slight increase observed at lower concentrations (Figure A-9 and Figure
A-10). A similar decrease was observed in the resulting emissions (Figure 12). Although
minimal, heating in buffer was optimal for the beacon function during experimentation.

Since the effect was variable further testing was desired.
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2.6.5 Effect of Buffer Salinity

The effect of buffer salinity on background and emission fluorescence was
investigated by experiments in a low salt buffer (TEB) and a high salt buffer (TES). Dabcyl
has been shown to quench fluorescein more effectively in high salt buffers (Dubertret et
al., 2001) and so this was a way to potentially decrease the background fluorescence.
Little difference in background between refolding in TES or water was observed (Figure
A-8, Figure A-9, and Figure A-10).

TES was a more suitable medium for experiments since over the 60-minute
incubation the background fluorescence did not increase in TES (Figure 13). This was
likely due to the increased stability of the beacon system in higher salt (Nakano et al.,
1999). It is known that increased K* in buffer promotes duplex formation (Hamaguchi et
al., 2001) which would enhance the stability of the complement region. This stability
could explain the longer reaction time with C10. Whereas the beacon quickly increased
in fluorescence in TEB, in TES the fluorescence intensity continued to increase slowly
over a 60-minute incubation.

However, a consistent decrease in fluorescence of about 40-50% in both
background and resulting emission was observed. This was due to dabcyl more
effectively quenching in the higher salt TES buffer (Dubertret et al., 2001). However, if
the resulting emission intensity was decreased either dabcyl was not being displaced
very far from fluorescein, or the concentration of dabcyl molecules in the solution was
causing quenching regardless of conformation changes. Similar effects were seen at

lower concentrations, so the concentration of dabcyl in the solution was unlikely as a

Page | 72



cause of this effect. The effect of not changing conformation could be investigated by
using a complete complement to ensure beacon conformation change.

Although both the background and resulting emission were decreased by about
45% by higher salt content in the buffer, over the 60-minute period the background was
more stable in TES and the resulting emission continued to increase (Figure 13).
Combined, TES seemed to be a better choice of buffer to assist in differentiating the
background from the resulting emission with difference being best observed over an

incubation period.

2.6.6 Effect of Complement Length

In each of the optimization trials A10 was used, however, the hairpin of A10 was
actually 12 base pairs long (Figure 7B). C10, which is 10 bases long, appeared to be
inefficient at opening the beacon since the higher salinity decreased the resulting
emission as much as the background fluorescence. Although a complement with more
bases would have some secondary structure (Figure 8) it would have a higher likelihood
of opening the A10 hairpin.

In TES a complement with 15 bases (C15) affected a much larger increase in
fluorescence intensity, matching the TEB C15 values (Figure 14). This showed that A10
was undergoing a major conformation change, while C10 may have only affected a
minor change. The fact that the values were equal was not surprising, since the same
amount of beacon was present in each scenario. Under a major conformation change

both TEB and TES should have the same resulting emission. These results support the
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idea that C15 is much more effective at competing with the hybridized region and that
TES is a more optimal buffer for increasing the difference between the background and
resulting emission. Additionally, the increased stability under high salt conditions was
still seen with it taking more time for the fluorescence emission to reach the same levels
for the TES sample. This showed that the added salt was not actually causing quenching.

Due to limited toxin available, the toxin would have to be tested at 1:1 ratio at
50 nM. Previously 1:1, 1:2, and 1:4 ratios of beacon to complement resulted in similar
emission intensity, so it was expected that using a 1:1 A10: toxin ratio would not be an
issue. However, if more toxin was available, investigating the effect of the beacon:
target ratio would be possible. Under these conditions C15 was shown to be a much
better positive control for the opening of the A10 beacon (Figure 15).

The increase in fluorescence caused by C15 at 50 nM in TES did not match that in
TEB. This was likely due to the lower concentration of both beacon and complement in
the samples. At lower concentrations it would be less likely for the individual molecules
to interact. However, the increased fluorescence signal was still larger than for TEB at 60

minutes (1.13x vs 1.61x for TEB and TES, respectively).

2.6.7 Effect of Concentration

All previous experiments were conducted at multiple concentrations resulting in
similar results at each. Thus, the optimized conditions could be applied for testing the

effect of toxin on induced fluorescence at concentrations of 50 nM.
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2.6.8 Effect of Toxin on Probe Fluorescence

Interaction between VT and beacons was performed at 50 nM and 1:1 ratio due
to limited toxin. Both A10 and A15 were used to see if hairpin length had an effect on
the interaction. For A10 the VT1a toxin elucidated only a small response, but indicated a
significant affinity (p = 0.05) (Figure 16). However, for A15, a greater difference was
observed after 60 minutes (p = 0.01) (Figure 17). For both beacons, a stable interaction
was formed, as evidenced by the stable fluorescence intensity across the incubation
period. The relative difference between background and VT1 signal showed that the
complementary base number influences the beacons’ ability to interact with the target,
and as such is a parameter which could be optimized in the future. Other published
aptamer beacons have complement lengths ranging from 4 to 9 bases (Shi et al., 2011;
Hamaguchi et al., 2001; Tyagi et al., 1998). Tyagi and Kramer (1996) have suggested that
the target-binding sequence in the aptamer should be at least twice the length of the
hairpin sequence and that the fluorophore and quencher molecules should be attached
to bases in the stem, not at the sequence termini. The exact location of interaction
between the aptamer and VT is unknown, however, but could be determined using
mutation or partial sequence analysis.

For VT2a both beacons showed a significantly decreased fluorescence (p = 0.05)
that followed a similar fluorescence decay curve as the background. This was likely
caused by general quenching by amino acid residues in the protein such as histidine,
methionine, tryptophan, and tyrosine (Chen et al., 2010). Likely, a similar degree of

protein-based quenching was caused by interaction with VT1 since they share a high
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proportion of peptide sequence. This may be facilitated by the design of the aptamer
beacon. Assuming the interaction of the beacon and protein does occur, fluorescein is
held close to the toxin while dabcyl is further removed by the complement region.
Reversing the position of fluorescein and dabcyl (or placement of the complement)
could potentially increase signal. Additionally, the use of different fluorophores could
also potentially generate a larger relative signal increase for better detection potential
(Chen et al., 2010). General non-specific protein quenching should be further
investigated. If it is found to be a problem, use in a complex solution may be
problematic. Additionally, the beacon was not seen to interact with VT2. With VT2 being
the toxin type more strongly associated with severe disease modification of an aptamer
sequence targeting VT2 would be highly desired for detection of high risk VTEC.

C15 was used as a positive control since it had been demonstrated to cause
strong increase fluorescence intensity of A10. The resulting fluorescence of A15 with
C15 was lower than A10 due to the longer hairpin. Additionally, C15 only stabilized for
A15, compared to the continually increased signal with A10. As C10 had difficulty
causing A10 to open previously, so A15’s hairpin was more difficult to open and even a
complement of 15 bases could only compete with the hybridized region.

Assuming that interaction is occurring in the hairpin, comparing the affinity of
the beacon to C15 or VT1 offers a means of comparing the aptamers’ affinity for the
verotoxin. For A10, which has a 12-base hairpin, C15 easily caused a strong increase in
signal, while VT1 only caused stabilization of background signal. As such there must be a

stronger affinity for C15. For A15, which has a 15-base hairpin, C15 caused a slight
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increase in signal that then followed a similar decay curve which stabilized more than
the background, while VT1 causes an immediate drop in signal that then remained fairly
stable increasing slightly before decaying slightly. While accounting for the initial
protein-based quenching, there would still be a stronger increase in signal from C15, but
less decay with VT1. This further supports the hypothesis that the beacon sequence has
a higher affinity for C15. However, the increased stability and immediacy of the
interaction suggests that the interaction with the protein was more stabilizing to the
fluorescein. Very likely, however, this low level of fluorescence could be due to the
hairpin not fully opening, meaning the fluorophore and quencher were not fully
separated (Rajendran and Ellington, 2003). Potentially only bases in the loop region
were interacting, which would not cause the hairpin to open. This could be investigated
using analysis of aptamer beacons prepared with complements to the different regions
of the sequence. Alternatively, there is a possibility that some of the bases which were
in the primer-binding regions of the aptamer sequence play a role in binding to the
toxin. As such, removing them may have caused the reduced affinity observed here. This
could be investigated with aptamer beacon preparations with varying portions of the
full aptamer sequence. Finally, there is a chance that binding does not cause a change in
structure. In that case a new sequence would be required. A selection incorporating a
structure switching selective pressure could be used to ensure sequences sufficiently
change conformation in the presence of toxin (Rajendran and Ellington, 2003).

Other fluorescein / dabcyl aptamer beacons have been published. A beacon

prepared for a thrombin aptamer (K4 = 10nM) showed an increase in signal of 2.5x with
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saturating target levels and 8x increase in the presence of a complete complement
sequence (18 bases) (Hamaguchi et al., 2001). Non-specific binding with single-stranded
binding proteins or lactate dehydrogenase led to increase in signal of 15x (Hamaguchi et
al., 2001). Another aptamer beacon for HIV Tat protein was designed to be in two parts.
It had a signal increase of about 9x at equal concentrations and 14x with double the
target, while a full complement resulting in about 23x increase in signal (Yamamoto and
Kumar, 2000). Optimally designed beacons can produce a 200X increase in fluorescence
while more common increases are in the range of 10-60x (Rajendran and Ellington,
2003). These values support very strongly that the current beacon was not opening as

desired.

2.6.9 Visibility of Fluorescein-Tagged Sequences on TSA

The aptamer beacon was tested to determine if it could be used to detect VTEC
growing on enrichment media. FC was used to determine what concentration level
could be seen without imaging technology. Although levels of fluorescence could be
seen to some degree at 0.5 uM in solution, once plated, the spots of 5 uM solution were
not able to be distinguished as fluorescent (not shown). Part of that was due to the
background fluorescence of the agar plate which was similar to the green colour of the
fluorescence produced by fluorescein, making fluorescence difficult to discern.

Solutions down to 10 UM were prepared (Figure 18) and fluorescence was visible
at 30 uM on TSA plates (Figure 19). 20 uM was somewhat visible. As a quick test, the

highest concentration of A10 and C15 solutions that were on hand were spotted, 50 and
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100 uM respectively (Figure 20). The FC control was visibly fluorescent, but the
combination of A10 and C15 was not in either case. All testing so far previously had only
ever produced a fluorescence intensity about one sixth of FC at the same concentration.
It may be that the two were interacting and fluorescing, just not at a visibly discernable
level on the TSA plate. Further optimization of the aptamer beacon system, and the

fluorophore / quencher pair may lead to such agar tests in the future.

2.7 Conclusions

Following optimization of experimental conditions, the internal beacon system
created using the randomized region of Fan et al.’s forward (+) aptamer sequence
consistently showed measurable and significantly increased fluorescence in the
presence of complementing DNA. The signal was optimal at room temperature after
refolding in a high salt buffer. The signal increase was more significant with longer
complements, however it did not approach the maximum fluorescence observed by a
non-quenched fluorescein labeled DNA sequence. In the presence of VT1a, both A10
and A15 showed a significant interaction resulting in significantly higher fluorescence
compared to background after 60 minutes (p = 0.05), while VT2a caused a significant
decrease (p = 0.05). This showed that there was a significant interaction between the
aptamer sequence and VT1, which had not previously been shown. The system showed
promise for aptamer beacons for VT, although it was likely that the interaction did not
result in a major conformational change in the beacon. Investigation to determine the

bases interacting with toxin would allow for better aptamer beacon design with
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complement bases for the target binding bases. In that case a greater increase in signal
would be expected. Finally, the fluorescence produced by fluorescein was difficult to
visualize, and the aptamer beacon system as it is now could not be observed on
standard TSA media plates. Future characterization of the aptamer sequence,
optimization of the beacon system, and potential selection of a novel structure
switching aptamer sequence would be of high value to VT detection by aptamer

beacons.
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3.0 Further Characterizing the Aptamer Beacon

3.1 Introduction
3.1.1 Characterization of Aptamer Beacons

Aptamer beacons offer the potential for specific real-time detection of target
molecules. These are frequently modified after aptamer selection by addition of
fluorophores and small complementary regions. Aptamers chosen for modification
display favourable characteristics, allowing for strong interaction with the target
molecule. Following selection, aptamers are characterized to determine their affinity
and specificity for the target molecule among other parameters. The verotoxin (VT) DNA
aptamer selected by Fan et al. was published without characterization information (Fan
et al., 2008). Aside from the nucleotide sequence no additional information
characterising the aptamer was provided. Initial proof of concept experiments have
shown that the aptamer interacts with VT1a and not VT2a. However, there is still no
guantitative information on the strength of the interaction, or potential interaction with
other proteins. Of additional interest is that the location of interaction on the toxin is
not known and its ABs structure may allow for aptamer interaction at stoichiometries
greater than 1:1.

The strength of interaction between aptamers and their targets is measured by
their affinity. Generally, the dissociation constant, Kg, is the quantitative value used to
measure affinity. The smaller the Kq the stronger the binding interaction. There are a
number of methods that can be used to measure aptamer affinity ranging from elutions,

filtrations, probing, labeling, surface plasmon resonance, and isothermal titration
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calorimetry, among others (Chang et al., 2014). Each method has its strengths and
weaknesses. For example, fluorescent labeling of the aptamer has potential to be simple
and sensitive, but may affect the affinity of the interaction by way of the required
modifications.

Practically, the signal contrast between background noise and induced signal, as
well as the ability of the aptamer beacon to function in the desired testing medium are

also important characteristics to be determined for the Fan et al. aptamer beacon.

3.2 Chapter Objectives

Following the conclusions found in the proof of concept experiments, further
testing of the fluorescein and dabcyl labeled beacon was conducted to determine if the
beacon could be used to detect VT1 in buffer or complex media. Additionally, further
characterization of the aptamer sequence was performed to determine specificity of the

interaction.

3.3 Statement of Contributions

Determination of linear fluorescent range, potential fluorescence, interaction
with VT, limit of detection with FLQ, fluorescence in TSB, and fluorescence with crude
toxin experiments were performed by Daniel Brumar. Mass spectrometric analysis
performed by Alexander Wahba, McGill University, Mass Spectrometry Facility. Crude

VT was prepared by Mary Rao.
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3.4 Materials and Methods
3.4.1 Buffers and Broth

Table 5 — Buffers and broth used in Chapter 3.0 - Further Characterizing the Aptamer Beacon.

Name Components

TES (tris-EDTA high salt) | 10 mM tris, 0.5 mM EDTA, 0.5 M NaCl, 0.5 M KCl,

pH 7.4 (adjusted with HCl and NaOH)

Phosphate buffered NaH;P04-H20 19 mL, Na;HPO4:12H,0 81 mL, NaCl 8.5 g,
saline (PBS) (0.2 M, 1L) pH7.4

Tryptic soy broth (TSB) | 17.0 g/L pancreatic digest of casein, 3.0 g/L papaic digest of
soy, 14 mM dextrose, 86 mM NaCl, 14 mM K;HPOQg,

pH 7.4 (adjusted with HCl and NaOH)

VT elution buffer 50 mM tris, 250 mM NaCl, pH 10

10x SDS-PAGE running | 30.3 g Tris-base, 144.0 g glycine, 10.0 g SDS

buffer (1L)
2x SDS protein sample | 1.25 ml 1 M Tris-HCI, 4.0 ml 10% (w/v) SDS, 2.0 ml glycerol,
buffer (10 mL) 0.5 ml 0.5 M EDTA, 4 mg bromophenol blue, 0.2 ml b-
mercaptoethanol (14.3 M), pH 6.8

3.4.2 DNA Synthesis, purification, and quantification
3.4.2.1  Prepared DNA
DNA was synthesized and purified as described previously in section 2.4.3.
Sequences synthesized were as follows where the underlined sections are
complementary to form a hairpin and quenched sequences were modified with
guencher (in brackets):

CC: 5'-GGT AAC TAG CAT T+AT AT GGA CGG GAC GGG TGT GGG AAATGA ATG CTAGTT
ACC-3'

FLX (FLQ): 5'-Fluorescein-GGT AAC TAG CAT TCATTT CCC ACA CCC GTC CCG TCC AT
AT+A ATG CTA GTT ACC-(Dabcyl-)3'

3.4.3 Fluorescent Measurements
Fluorescence measurements of samples were performed using a Synergy 2

microplate reader (Biotek) with Gen5 software. Readings were taken with optical filters:
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495410 nm for excitation, and 528+20 nm for emission. A dichroic “top 510 nm” mirror
and a sensitivity setting of 90 was used throughout.

DNA samples were prepared by dilution to the desired concentration. Samples
were heated at 90 °C for 10 minutes and allowed to cool at room temperature for 30
minutes before mixing with toxin. Samples were plated in 200 pL aliquots on black 96-

well black microtiter plates (Nunc) for testing.

3.4.4 Linear Range of Fluorescence
Samples of FLX were prepared at concentrations of 0.0025 to 5000 nM in TES
buffer and plated in triplicate. Fluorescent readings were taken. Three replicates of the
experiment were performed on separate days. After blank subtraction, the data were
plotted on a log-log graph, fitted by least-squares linear regression using Microsoft Excel
2007 software. The LODs and LOQs from all three replicates were calculated and

averaged to obtain final values.

3.4.5 Determination of Potential Fluorescence
Samples of FLX, FLQ, and FLQ+CC were prepared at concentrations of 0.025 to
5000 nM in TES buffer. Solutions were then heated for 10 minutes at 90 °C, cooled for
30 minutes at room temperature, and plated in triplicate. Fluorescent readings were

taken. Three replicates of the experiment were performed on separate days.

3.4.6 Molecular Beacon Potential in TSB
Samples of FLX were prepared to 10 nM, and samples of FLQ or CC were

prepared at concentrations of 20 nM in TES buffer or TSB media. FLQ and CC samples
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were diluted to 10 nM or mixed to make a FLQ/CC solution at 10 nM. These samples

were plated in triplicate. Fluorescent readings were taken.

3.4.7 Interaction with VT
Samples of FLX and FLQ were prepared in TES. FLQ samples were mixed at a 1:1
ratio with final concentrations of 10 nM with VT1a, with VT2a, or without VT (List
Biological Labs, Inc.; CA, USA). Samples were plated in triplicate. VT in buffer samples
were plated only once per plate. Fluorescent readings were taken at 0, 5, 15, 30, and 60

minutes. Four replicates were performed on separate days.

3.4.8 Limit of Detection with FLQ
Solutions of FLX, FLQ, and VT1 were prepared. FLQ samples were prepared by
mixing with VT1 at concentrations from 0.078 to 10 nM or without VT with final FLQ
concentrations of 10 nM in TES buffer. Samples were plated in triplicate except for VT in
buffer samples which were plated only once per plate. Fluorescent readings were taken

at 0, 5, 15, 30, and 60 minutes. Four replicates were performed on separate days.

3.4.9 Fluorescence in TSB
Samples of FLX and FLQ were prepared in TSB. FLQ samples were mixed with VT1
or without VT at a 1:1 ratio with final concentrations of 10 nM. Samples were plated in
triplicate. Fluorescent readings were taken at 0, 5, 15, 30, and 60 minutes. Two
replicates were performed on separate days with the first excluding VT2 samples.
Serial dilutions of TSB from 10° to 10 were prepared on a 96-well plate using

TES. Each dilution had 9 samples. Free fluorescein (Fl), FLX, and FLQ were prepared and

Page | 85



added to each sample for a final concentration of 10 nM. The fluorescence was
measured at 0, 5, 15, 30, and 60-minute time points and the rate of fluorescence decay

was determined for each. Three replicates were performed on separate days.

3.4.10 Fluorescence with Crude Toxin

A sample of crude VT1a toxin was previously prepared. The method employed
was that of Mulvey et al., 1998. Briefly, an 0103:H2 VTEC strain was incubated and
expression enhanced with Mitomycin C. Polymyxin B sulfate was used to lyse the cells,
and cell debris was removed by centrifugation. Synsorb-P1 (disaccharide) was used to
purify the toxin. Toxin was eluted using VT elution buffer. The toxin was concentrated
and stored at 4 °C. Protein concentration was determined using Pierce™ BCA Protein
Assay Kit (Thermo Scientific; IL, USA) and Synergy 2 spectrophotometer (BioTek).

VT samples were prepared for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) by mixing 10 pL of sample with 10 uL Laemmli Sample
Buffer (Bio-Rad) prepared with B mercaptoethanol. The samples were heated for 10
minutes at 95 °C. Samples were loaded into precast gel and run for about 60 minutes at
a constant amperage (~25 mA). With gentle agitation, the gel was fixed for 15 minutes
in fixing solution (50% methanol, 10% acetic acid), stained for 30 minutes in staining
solution (0.1% Coomassie Brilliant Blue R-250, 50% methanol and 10% acetic acid),
destained for 15 minutes in destaining solution (40% methanol, 10% acetic acid),
washed for 20 minutes in water, destained for an additional 85 minutes.

Crude VT1a toxin samples (cVT) were diluted and mixed with FLQ. Samples of

FLQ and FLQ+cVT were plated in triplicate. The fluorescence was measured every
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minute for 60 minutes. Three replicates were performed on separate days.

3.4.11 Effect of non-specific protein quenching
Samples of FLQ and FLX were prepared. VT, bovine serum albumin (BSA), and
TSB solutions were prepared to a protein concentration of 20 nM. FLQ and FLX solutions
were mixed with equal amounts of VT, BSA, TSB, or buffer for final concentrations of 10
nM. Fluorescence was measured every minute for 60 minutes. Three replicates were

performed on separate days.

3.4.12 Data Analysis
Basic analysis of averages, confidence intervals, and standard deviations was
done with Microsoft Excel software. Statistical analysis was also conducted using

Microsoft Excel software at a significance level of p = 0.05.

3.5 Results
3.5.1 Aptamer Beacon Design and Synthesis

The FLQ aptamer beacon was designed as previously, but with 13
complementary bases at the 3’ end of the sequence. FLX was the same as FLQ, but
without dabcyl. CC was a complete complement sequence to FLQ without any
modifications.

The inclusion of 13 complementary bases was predicted to result in folding of
both FLQ (Figure 21) and CC (Figure 22) to form a hairpin. CC had the addition of small

potential loops starting at bases 21 and 31.
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Figure 21 — Most probable secondary structure for the DNA sequence of the aptamer beacon

with 13 complementary bases using RNAstructure (left) and Mfold (right) software (Reuter and
Matthews, 2010; Zuker, 2003).
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Figure 22 — Most probable secondary structure for complete complement DNA (CC) using
RNAstructure (left) and Mfold (right) software (Reuter and Matthews, 2010; Zuker, 2003).
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3.5.2 Linear Range of Fluorescence
CC, FLX, and FLQ samples were synthesized and confirmed pure by mass
spectrometry (Appendix B: CCFL, FL3, and FLQ5). Solutions of FLX were prepared to
observe the linear range of fluorescence detection (Figure 23). Samples above 0.05 nM
followed a linear regression. Using blank buffer well readings the LOD was determined

to be 0.08 + 0.03 nM and LOQ was determined to be 0.22 + 0.09 nM.
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Figure 23 — Fluorescent control (FLX) calibration curve in TES buffer. Data points are the average
of 9 wells over 3 replicates. Error bars represent 95% Cl. Ex. 495 + 10 nm, Em. 528 + 20 nm.

3.5.3 Potential Fluorescence
To determine the potential inducible fluorescent signal FLQ was mixed with CC
and heated for reannealing (Figure 24). FLX was used as a control of maximum
fluorescence without quencher. At 0.25 nM FLQ and FLQ+CC had less fluorescence than

FLX. As concentration of FLQ+CC increased, fluorescence increased until it reached the

Page | 89



signal of FLX at 2.5 nM. As concentration increased the difference between FLQ alone

and FLX increased.
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Figure 24 — Comparison of the fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ)
in the presence of equimolar complete complement DNA (CC) compared to fluorescein labeled
aptamer (FLX) and FLQ alone in TES buffer. Data points are the average of 9 wells over 3
replicates. Error bars represent 95% Cl. Ex. 495 + 10 nm, Em. 528 + 20 nm.

3.5.4 Molecular Beacon Potential in TSB
Fluorescence of the aptamer beacon in TES and TSB was determined at 10 nM
(Figure 25). FLX slowly decreased in fluorescence in TES and TSB. CC samples did not
have significantly higher signal compared to the buffer alone while FLQ did. FLQ+CC in
both cases increased signal and then stabilized. For TSB the fluorescence for FLQ+CC
increased to being above FLX, while in TES it reached the same value. All TSB samples

had much higher signal compared to TES samples.
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Figure 25 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) induced by

binding complete complement DNA (CC) (10 nM) in TES buffer and TSB media over time

compared to fluorescein labeled aptamer (FLX). Data points represent the average of 3 samples,

except for B-FLQ/CC (2 samples). Error bars represent SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.

3.5.5 Fluorescence in the Presence of Toxin

The fluorescence of FLQ as induced by VT was tested at 10 nM (1:1 ratio) over
time (Figure 26). Panel A shows the full scale with FLX having a much higher
fluorescence compared to other samples. FLX signal decreased to about 37% after an
hour. Panel B shows FLQ in buffer alone, with VT1a, or with VT2a. Over time FLQ and
FLQ+VT2 decreased in fluorescence. FLQ+VT1 fluorescence decreased more slowly. FLQ,
FLQ+VT2, and FLQ+VT1 fluorescence signal only decreased to 82, 86 and 94%,
respectively, over the 60-minute incubation. After 70 minutes FLQ+VT1 was clearly

distinct from FLQ alone.
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Figure 26 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10 nM) with
equimolar VT1a or VT2a over time in TES buffer. A) Fluorescence intensity of all samples; B)
fluorescence intensity excluding fluorescein labeled aptamer (FLX). Data points are the average
of 12 wells over 4 replicates, except for VT2 (9 over 3). Error bars represent 95% Cl. Ex. 495 + 10
nm, Em. 528 + 20 nm.

3.5.6 Limit of Detection with FLQ
Having seen multiple times that VT1 caused a slower decrease in fluorescence
signal for the beacon, the amount of toxin that could cause a difference was determined
with 10 nM of FLQ and decreasing concentrations of VT1 (Figure 27). As toxin
concentration decreased the fluorescent signal decreased. The standard deviation of the
solutions in the average of all four replicates overlapped heavily at all time points

(Figure A-14). Replicates 1&2 (Figure A-14) and 3&4 (not shown) were much closer in
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initial fluorescence values. Fluorescence values of solutions 1.25 nM or higher after 70
minutes were significantly different from the 0 nM solution with 10 nM being

significantly different by 25 minutes (Table A-1; p=0.05).
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Figure 27 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10 nM) after 70
minutes with varying VT1 concentrations in TES buffer. Fluorescein labeled aptamer (FLX) values
(10 nM) were around 17 x10° RFUs. Data points represent the average of 6 wells from replicates
1and 2. Error bars shown are SD. Ex. 495 + 10 nm, Em. 528 + 20 nm. * and ** values significantly
different from 0 nM VT p = 0.05 and p = 0.01, respectively.

FLQ was combined with varying concentrations of VT1 immediately before
plating and reading (Figure 28). By eliminating time delays from plating the interaction
for the first 10 minutes could be observed. The 0.63 nM showed the general trend seen
in the other samples: an increase of fluorescence followed by a steep decrease which
leveled off into a stable slow decrease. As concentration increased the initial increase
was seen less and stability was reached more quickly. Only a small portion of the

decrease could be seen for 5 nM and only the slow decrease was seen at 10 nM VT. The

5and 2.5 nM VT solutions appeared to stabilize at the same fluorescence level.
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Figure 28 — Change in fluorescence signal of fluorescein / dabcyl labeled aptamer beacon (FLQ) in
the presence of varying concentrations of VT1 mixed immediately before reading in TES buffer.
Data points are the average of 9 samples over 3 trials. Ex. 495 + 10 nm, Em. 528 + 20 nm.

3.5.7 Fluorescence in TSB

The effect of toxin on fluorescence of FLQ was investigated in TSB since it would
be more like the future application of the aptamer beacon (Figure 29). FLX had a much
higher signal than FLQ samples. The inset shows that FLQ with VT1 increased slightly in
signal, although error bars were overlapping. A decrease in fluorescence at the same
rate over time was seen for both FLX and FLQ, while a slight increase was seen for
FLQ+VT1 followed by a slow decrease.

The rate of fluorescent decay for free fluorescein (Fl), FLX, and FLQ in dilutions of
TSB was determined over an hour (Figure 30). In TSB the rate of decay was similar for all
three. As dilution increased the rate of decay increased. FLX showed the fastest decay in
signal, Fl an intermediate value, and FLQ with the slowest decay rate barely influenced

by concentration of TSB.
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Figure 29 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10nM) measured
over time with equimolar VT1 in TSB media. Inset: closer view of FLQ and FLQ+VT1. Data points
are the average of 6 wells over 2 replicates. Error bars represent 95% Cl. Ex. 495 + 10 nm, Em.
528 + 20 nm.
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Figure 30 — Rate of fluorescence change of fluorescein labeled aptamer (FLX), fluorescein /
dabcyl labeled aptamer beacon (FLQ), or free fluorescein (Fl) at 10 nM in TSB diluted with TES
buffer over a 60-minute period. Data points are the average of 6 wells over 2 replicates. Error
bars represent 95% Cl. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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3.5.8 Fluorescent Signal Induced with Crude Toxin

Crude VT1a (cVT1), crude VT2a, commercial VT1, commercial VT2, and Precision
Plus Protein™ Standards molecular weight ladder (BIO-RAD, CA, USA) were prepared
and a PAGE gel was run (Figure 31). No bands were seen for the commercial toxins
loaded. The cVT1 solution in lane 7 had a number of bands. VT was estimated to
compose about 14% of the sample (8.7% A subunit; 5.3% B subunit). The total protein
concentration was determined to be 265 pg/mL using a BCA assay. The amount of VT in

the sample was about 37 pg/mL (23 pg/mL A subunit; 14 pg/mL B subunit) or 706 nM A

subunit, 1.82 uM B subunit, or 364 nM VT holotoxin with extra A subunits.

Figure 31 — SDS PAGE gel for crude VT1 preparation. Solutions loaded: 1) ladder; 2-6) crude VT2a
solutions; 7) crude VT1a solution; 8) commercial VT1a; 9) commercial VT2a; and 10) ladder. A
and B subunits indicated for cVT1 by red arrows.
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The resulting fluorescence of FLQ and FLX with or without cVT1 at 2.5 nM (VTL)
and 6 nM (VTH) of holotoxin was observed (Figure 32). These solutions had
approximately 202 and 477 nM total protein, respectively. In Panel A the fluorescence
of FLX was not decreased with addition of cVT. Higher concentration caused an
increased stability of fluorescence. In Panel B the fluorescence of FLQ was decreased by
addition of cVT, while also stabilizing. Higher concentration of cVT caused stabilized

levels more rapidly at a slightly higher level.
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Figure 32 — Effect of crude VT1 on fluorescence of A) fluorescein labeled aptamer (FLX) (10 nM)
and B) fluorescein / dabcyl labeled aptamer beacon (FLQ) (10 nM) at concentrations of 2.5 nM
(VTL) and 6 nM (VTH) of holotoxin over 60 minutes in TES buffer. Data points are the average of
9 samples over 3 replicates. Error bars are SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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3.5.9 Effect of Non-specific Protein Quenching

Solutions of FLX and FLQ were mixed with VT1a, VT2a, bovine serum albumin
(BSA), and TSB at 10 nM in TES (Figure 33). In Panel A, VT1 caused immediate
stabilization of the fluorescence, while VT2, BSA, and TSB caused no difference to the
decreasing signal of FLX. After 60 minutes the signal of FLX had decreased to about 36%
of the signal of FLX+VT1. In Panel B, VT1 caused an immediate drop in signal, remaining
stable over time. VT2, BSA, and TSB caused a slight decrease in signal, but had no effect

on the curve of signal loss.
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Figure 33 — Effect of protein on fluorescence of A) fluorescein labeled aptamer (FLX) (10 nM) and
B) fluorescein / dabcyl labeled aptamer beacon (FLQ) (10 nM) in the presence of VT1, VT2, bovine
serum albumin (BSA), or tryptone soya broth (TSB) (10 nM each) in TES buffer. Data points are
the average of 3 samples, except for FLQ+VT1 (2 samples). Error bars are SD. Ex. 495 + 10 nm,
Em. 528 + 20 nm.

Page | 98



3.6 Discussion
3.6.1 Aptamer Beacon Design and Synthesis

FLQ was designed to be the mid-point between A10 and A15. As seen in Chapter
2.0, aptamer beacon with 10 bases of complement seemed to fluoresce too readily,
resulting in larger background, while 15 bases seemed to be too selective. As such, a
design with 13 bases was chosen. Fluorescein and dabcyl remained as the fluorophore
and quencher. FLX was desirable as a fluorescent control because fluorescein and other
fluorophores often have some degree of quenching by adjacent nucleotides (You et al.,
2011). This factor would be controlled by having a fluorescent control with the same
sequence. The aptamer beacon with 13 complementary bases had a secondary
structure predicted as expected (Figure 21). As with A10 and A15 previously, the only
structure predicted was in the complement region.

A complete complement was also desirable as complement only for the length of
the hairpin did not fully open the aptamer beacon. To ensure a full conformation shift
was attainable, a complement with all 53 bases was synthesized and named CC.
Somewhat surprisingly there were some predicted secondary structures for CC in
addition to the main hairpin (Figure 22). The small hairpin at base 21-27 between two
pairs of C-G bonds was not predicted for the original sequence, although the reverse G
and C nucleotides were present at bases 27-33. This should not affect interaction with
FLQ since hybridization between the complete sequence will have significantly higher

affinity. The weaker predicted hairpin would cause even less potential competition.
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3.6.2 Linear Range of Fluorescence
A linear range, limit of detection (LOD), and limit of quantitation (LOQ) were
determined for fluorescein labeled aptamer (FLX) (Figure 23). Concentrations between
0.05 nM and 500 nM fall within a linear dynamic range and would be acceptable for
experimentation. Since the FLQ sequence was modified with a quencher its fluorescence

will be less than that of FLX, working concentrations should be well above the LOQ.

3.6.3 Potential Fluorescence

When heated in the presence of CC there was an increase in fluorescence signal
of FLQ (Figure 24). This fluorescent increase was due to hybridization with CC. The
aptamer beacon could completely hybridize into a linear double-stranded DNA
conformation, fully separating the fluorescein and dabcyl molecule. The two main ways
guenching is accomplished, contact quenching and fluorescence resonance energy
transfer (FRET), require distances of <100 A (Marras et al., 2002). Completely opening
the hairpin would prevent any quenching, resulting in the increased fluorescence signal
observed.

Although this experiment was to observe the maximum potential fluorescent
signal, in all likelihood the interaction with VT would not cause complete extension of
the two ends of the DNA. Aptamer interaction with target molecules is dependent upon
specific secondary and tertiary structures (Famulok and Mayer, 2011). The specific
mechanism, binding location, or conformation between this aptamer and VT1 is not

understood, but any additional structure could cause the fluorophore and quencher to
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be proximal enough to allow for some quenching. 100 A of separation is about 30 bases
of distance, which is more than half the aptamer beacon’s length, so there is a good
possibility that it would quench to some degree even upon interaction with VT.

FLX and FLQ+CC showed very little difference in fluorescence potential in this
experiment. There was, however, a concentration dependence for this signal to be
completely observed. At concentrations below 2.5 nM the increased fluorescence did
not increase to match FLX. This was likely due to the kinetics of the reaction, with lower
concentration making interaction between the FLQ and CC molecules less likely in the
time given for the interaction. At higher concentrations FLX was a good simple positive
control for the maximum potential fluorescence of FLQ interacting. At 10 nM there was
minimal difference between the two values. The data points found at 0.05 nM were
below the previously calculated LOQ and LOD. Analysis at that level would be unreliable.

Based on these observations, experimentation at 10 nM was chosen to be
sufficient for future experiments. The aptamer and toxin would be able to interact well
within 30 minutes, should be high enough above LOD to avoid inaccuracy, and would be
significant for practical use in the future since VTEC can be induced to produce VT at

concentrations of 30 nM or greater (de Sablet et al., 2008; Muhldorfer et al., 1996).

3.6.4 Molecular Beacon Potential in TSB
The maximum fluorescence signal of FLQ with CC without heating together was
investigated in TES buffer and TSB media (Figure 25). TSB samples had a higher signal at

all times. Likely, the much higher salt content in TES caused a decrease in signal as
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dabcyl more effectively quenched fluorescein (Dubertret et al., 2001). TSB has a low salt
content and would thus allow a higher background signal. FLQ+CC had fluorescence
signal that increased rapidly before stabilizing. In TES the fluorescence signal of FLQ+CC
rose quickly to match the FLX signal, while in TSB it took some time and rose above FLX.
This suggests that the CC interacts fully with the FLQ sequence as it reaches equilibrium,
which makes sense as CC represents a maximal affinity target for the FLQ sequence. In
TSB it appears to take longer to reach the final hybridized state. This was likely due to
the additional peptides in the TSB solution making it more difficult to interact. However,
whether TES or TSB, as in the case of CC, a target with sufficient affinity, causing a major

conformational change, is expected to cause a major signal increase.

3.6.5 Fluorescence in presence of toxin

The effect on fluorescent signal in the presence of VT at 10 nM was investigated
(Figure 26). As at 50 nM previously (Figure 17), VT1a caused stabilization of fluorescence
signal, while VT2 did not greatly affect the signal. The most notable observation from
this data was that fluorescence of all samples decreased throughout the course of the
experiment. This overall decrease in fluorescence can be explained by photobleaching of
the fluorescein molecules (Song et al., 1995). Photobleaching is a process by which
fluorescent molecules become irreversibly modified, resulting in the inability to
fluoresce. When the fluorophore is in an excited state it can react with other molecules
in the environment or other fluorophore molecules. This occurs at a fixed probability

depending on the molecule, excitation light intensity, the excited state lifetime,
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chemical stability, and the concentration of dye and other molecules in solution (Song et
al., 1995). However, the FLX signal decreased at a higher rate than FLQ alone, or with
VT, even though they were all at the same concentration. This was likely caused by
guenching the fluorescein. When quenching occurs, the fluorophore leaves the excited
state. Less time spent in excited state reduces the chances of photobleaching reactions
(Selvin, 2000). As such, FLX with only some slight potential quenching from adjacent
nucleotide bases, and other FLX molecules, was provided little opportunity for
guenching. FLQ intrinsically has quenching due to the presence of dabcyl molecules held
in close proximity. Additionally, the interaction with VT1 may contribute extra stability
to the dabcyl quenching and add quenching from amino acid residues (Chen et al.,
2010).

After about 50 minutes a difference in signal was observed between FLQ with or
without VT1. With VT1 fluorescence remained higher over time. Potentially, part of the
expected increase in signal cause by interaction with VT was negated by the
photobleaching observed. However, the proximity of dabcyl and VT likely had a
protective effect on photobleaching, so this was likely minimal. Compared to the
previous trial with CC (Figure 24) there was no large increase in signal observed, so it
was more likely that no major conformational change to the aptamer beacon occurred.
This could be a result of a very poor interaction which was not strong enough to out-
compete the 13-base complement sequence. More likely, the target binding interaction
may not occur at the hairpin region of the sequence. In both cases fluorescein would

remain quenched.

Page | 103



VT2 did not stabilize the signal or cause a difference compared to FLQ samples
alone in buffer. The difference between VT1 and VT2 samples indicated that there is a
selective interaction with VT1. However, the minimal signal difference greatly hinders
use of the aptamer beacon as it is currently designed. At the moment, difference
between samples was only discernable due to the effect of photobleaching on the

control solution.

3.6.6 Limit of Detection with FLQ

Using the reduction of photobleaching as a means of detecting VT1, a minimal
concentration for VT1 that could cause a significant difference after an hour was
investigated (Figure 27). The average of replicates 1&2 were presented since over the
course of four replicates the initial fluorescence intensities were variable (Figure A-14).
Replicates 1&2 or 3&4 showed significant differences after an hour between samples
without VT and those of higher concentration (down to 1.25 nM) (Table A-1; p=0.05).
Detection of VT could be accomplished by preparing a solution and measuring
compared to a control without VT after 70 minutes, or longer to enhance the difference.
This was unlikely to be able to quantify the presence of VT.

Generally, higher VT concentrations resulted in higher levels of fluorescence
after 70 minutes. 5 and 2.5 nM solutions, however, reached similar levels when time
factors were removed (Figure 28). This may be due to an interplay of factors: higher
toxin concentration could cause higher levels of induced fluorescence; higher

concentrations could more quickly interact minimizing the effect of initial
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photobleaching; higher concentrations causing more protein quenching; and other
potential factors.

The general interaction between toxin and the aptamer beacon appeared to
follow a curve of an increase of fluorescence followed by a steep decrease which leveled
off into a stable slow decrease. Higher concentrations reached equilibrium more quickly
at higher levels of fluorescence (Figure 28). The increased speed of reaching equilibrium
was likely due to the random nature of interaction in solution.

The peaks in fluorescence observed at 0.63 and 0.31 nM provide strong evidence
that there was an interaction between the beacon and the toxin that caused some
conformational change, albeit potentially small or temporary. There was a sharp
decrease in signal seen following the increase. This was seen at least somewhat in
samples of 5 nM and lower. It appeared that this drop occurred more and more quickly
with higher concentrations and may even occur in the minute before reading for the 10
nM VT solution. The rate of decrease was even more rapid than the photobleaching
observed with FLQ alone and occurred somewhat after the increase in fluorescence.
This seems to suggest that a highly favourable interaction that results in decreased
fluorescence was occurring after the initial interaction with VT. The overall rate of
photobleaching of FLQ after the sharp drop was about the same in each of the solutions
from 10-0.63 nM. This suggests that all of the aptamer beacon was interacting at each
concentration. If less was interacting as concentration decreased, one would expect
intermediate slopes with some decaying quickly and some slowly.

One potential explanation for the aptamer beacon interactions observed is that
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the stoichiometry of the interaction is greater than 1:1. VT is an ABs protein toxin. As
such interaction with the B subunit would result in a 1:5 interaction between toxin and
aptamer beacon. This would explain solutions as low as 2 nM having the same reduced
photobleaching rate. Potentially, with 3 binding sites in each B subunit for Gb3 (Ling et
al., 1998) the interaction could be as high as 1:15 explaining as low as 0.66 nM having
the same rate as 10 nM. The stoichiometry of the interaction could be solved using
crystallographic techniques, or more quickly with use of isothermal titration calorimetry.
Increased stoichiometry, however, does not explain the rapid decrease in fluorescence
units seen in each scenario.

A couple potential reasons for the drop in fluorescence relates to an enhanced
binding of additional aptamer beacon to toxin facilitated by the free complement
region. This region would add a high affinity component to the toxin. Potential options
are presented in Figure 34. In the first scheme beacon binding causes increase in
fluorescence. Following this, the complementary regions of separate toxin-beacon
complexes interact forming a larger aggregate. The new interaction of complementary
regions quenches the fluorescence, while allowing the stabilizing interaction with the
toxin to remain or enhance quenching. In the second scheme additional aptamer
beacons preferentially bind to the same toxin cooperatively. This could either be from
new aptamer beacon in solution or from others already interacting. Aptamer beacon
removed from other toxins no longer fluoresce, resulting in a decrease in fluorescence.
The aggregate in scheme A may even be an intermediate complex for scheme B.

Additionally, the interaction with complement and toxin may provide more optimal
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guenching than complement alone removing even some of the background
fluorescence. Notably, in these schemes there is always one aptamer beacon still
fluorescing per toxin. Additional aptamer beacon per toxin may become less favourable
after 3 or 4 allowing more toxin to fluoresce at higher VT concentration. This allows the
decreasing fluorescent values seen in Figure 28. However, the exact method and

stoichiometry of interaction between the aptamer beacon and toxin is unknown.

Figure 34 — Potential methods by which VT binds additional beacon cooperatively with the 5’
complement region of the aptamer beacon. A) Each VT binds a separate beacon, followed by a
shift towards toxin complexation. B) Beacon preferentially binds the same toxin, resulting in
fewer toxins interacting with a higher number of beacons.

3.6.7 Fluorescence in TSB

Even in TSB the fluorescence of FLX was much higher than other samples (Figure
29). Furthermore, the increased signal of FLQ with toxin was minimal. Both of these
observations continue to suggest a weak interaction between the beacon and toxin.
Additionally, TSB has a lower salt concentration than TES which may cause the

background to be higher than in previous experiments due to weaker quenching
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efficiency of dabcyl (Dubertret et al., 2001).

Seen in all TSB samples was a slow fluorescent signal decrease at the same rate.
Photobleaching at a slower rate had previously been observed for the interaction of
beacon with the toxin. TSB is a mixture of assorted peptides and non-specific interaction
may occur with the aptamer beacon, causing a degree of protein-based quenching. With
amino acids such as tryptophan able to absorb fluorescence, fluorescein spends less
time in the excited state, and thus less time in a state vulnerable to photobleaching
(Selvin, 2000). However, even if the assorted peptides were not being held together by
interaction the way VT appears to be, the very high concentration (~4500 pug/mL) may
facilitate this overall stabilization regardless.

To determine the effect of TSB on the rate of photobleaching a range of dilutions
was prepared (Figure 30). At dilutions of 1-100x there was little effect and fluorescein
was effectively stabilized with little decrease over 60 minutes. At dilutions of 10* or
greater there was little stabilizing observed. The rate of photobleaching for FLX
increased the most while fluorescein alone only increased somewhat. FLQ remains with
the lowest rate of photobleaching. It is unclear why fluorescein signal decreased more
rapidly as part of FLX than alone in solution. Fluorescein is known to have fluorescence
decreased depending on the nucleotide base it is attached to, especially guanine (You et
al., 2011), which it is attached to in this aptamer beacon. This should add a quenching

mechanism to FLX, but this was not observed.
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3.6.8 Effect of Crude Toxin Prep
The effect of mixing FLX (10 nM) or FLQ (10 nM) with a crude VT1 solution

(Figure 31) at 2.5 nM and 6 nM of holotoxin caused a stabilizing effect (Figure 32). As
seen previously (Figure 27) increasing amounts of toxin reduced fluorescent decay. This
was observed when combined with FLX where interaction with VT stabilized
fluorescence. Addition of high concentrations of various peptides also has a strongly
stabilizing effect on FLX (Figure 30). The other proteins in solution, at concentrations of
200 and 471 nM, would also result in some stabilization. The effect on FLQ resulted in
curves similar to previous trials in buffer, but appeared to take longer to reach the final
equilibrium. Previously FLQ with VT1 would have fluorescence decreased rapidly at first
and then stabilized while FLQ alone decayed over time below that level. In this case it
seemed that initial drop took nearly 60 minutes to reach the stable level and that the
fluorescence level of FLQ would cross below if readings continued to be taken. The extra
protein in the solution were likely making it more difficult for the aptamer to interact
with the toxin. Additionally, general protein quenching likely lowered the fluorescence
making it take longer for the FLQ sample to reach lower levels. The FLQ sample was not
controlled with any sort of random protein in solution, so it was somewhat difficult to
determine what would happen in that case. However, as it is now, the aptamer beacon
is not useful in a filtered solution after 60 minutes. Potentially after 2 hours the
stabilized value of FLQ with the toxin would remain higher than FLQ alone, however, if a
protein control was introduced the stability added would likely decrease the rate of

photobleaching making a difference less discernable.
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3.6.9 Effect of Non-specific Protein Quenching

Aptamers are generally selected to have a high specificity and affinity for their
target molecule. The specificity of the VT1 aptamer (10 nM) in TES was tested with
VT1a, VT2a, BSA, and a general amino acid solution of TSB (10 nM protein for each)
(Figure 33). For FLX, only VT1 caused any significant change to the signal of FLX. Upon
measuring fluorescence, the signal was stabilized. This suggests a strong interaction that
quickly bound. Additionally, VT2 did not show any stabilization indicating that the
aptamer sequence was selective for VT1. Previously stabilization was observed for FLX in
undiluted TSB. By BCA assay TSB was determined to contain about 4468 pg/mL of
protein (~67 uM). The effects of stability observed were likely due to the high
concentration rather than a meaningful non-specific interaction. Panel B showed the
same pattern observed for FLQ's interaction with VT1, a stabilized signal at a lower
initial value. This again suggests that the interaction in some way helps facilitate
guenching by dabcyl with some potential protein-based quenching. This was seen for
the other 3 solutions which were not seen to change the rate of signal decrease, but
were slightly lower in value. The VT aptamer sequence appeared to be fairly selective
for VT1, although no enhanced signal was observed for VT1. Additionally, the signal with
FLX did not decrease suddenly as in FLQ. As such, FLX would not be useful as a turn-off

Sensor.

Page | 110



3.7 Conclusions / Future Directions

Although a VT aptamer beacon would be useful in making the detection of VTEC
a faster and simpler process, the VT aptamer beacon, as it is now, is unable to
meaningfully accomplish that goal. The beacon was shown to be able to produce a full
signal in both TES and TSB when complete complement DNA was added, but VT
produced negligible signal. The interaction was, however, specific for VT1. As such it is
highly likely that the binding interaction does not cause a major conformational change,
resulting in minimal signal induction. This could be due to minimal interaction with the
target, a binding structure that does not cause a major conformational shift, or
potentially binding is occurring in the loop region of the beacon. Characterization of the
sequence to identify the bases involved in VT interaction could assist in better aptamer
beacon designed for VT1 without a new selection. Use of isothermal titration
calorimetry or other methods could be used to determine the affinity of this interaction
as well as the stoichiometry of the interaction (Velazquez-Campoy et al., 2004) as those
are still gaps in the knowledge.

The interaction of VT1 with aptamer beacon caused stabilization of fluorescein
photobleaching. This was exploited and significant difference in fluorescence was
observed even down to 1.25 nM in buffer after 70 minutes. There was some evidence
that a signal was produced in the early minutes of interaction, however, this was quickly
removed as the system approaches an equilibrium state, likely as a higher order
complex of VT and aptamer beacon. In TSB media, no significant change was observed

as the amino acids in the media stabilize all samples. Crude VT samples similarly did not
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cause a signal enhancement. Since the signal in buffer was not a sustained increase the
effectiveness of the beacon is minimal. Likely the sensitivity of fluorescent
measurements is why this interaction was even detectable. Addition of complexity to
the system through impure VT or various peptides in general broth media reduced
signal even further to insignificance.

A new aptamer beacon for VT should be developed with all the necessary
components to be effective. The sequence would ideally target all VT, or VT2 as it is a
higher risk factor. Selection could be performed in growth media with nuclease
resistance modifications and selective pressure for structure switching to enhance the
final desired application. The specificity, affinity, and bases involved in target binding of
the aptamer should be determined before modification into an aptamer beacon. High
specificity would be required for use in complex media. A fluorophore / quencher pair
more stable, with lower background fluorescence, and suitable for use in media would

be desirable.
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4.0 Comparing Fluorophore / Quencher Pairs

4.1 Introduction
4.1.1 Fluorophore / Quencher Pairs

Use of fluorescent molecules in detection allows for great sensitivity in sensing
systems. However, as seen in initial testing with fluorescein and dabcyl there was
minimal signal increase in the presence of VT. The fluorescence of fluorescein was
difficult to observe on TSA plates. Additionally, the fluorescent signal rapidly
photobleaches. Another pair of fluorophore and quencher molecules may solve these
problems for future aptamer beacon use.

There are now a wide range of fluorescent dyes that are commercially available.
These dyes cover a very wide range of the visible wavelength and can even be tuned to
the specific wavelengths desired. Similarly, there are a number of molecules which can
be used effectively as quenchers of those fluorophores through direct contact (static
guenching) or transfer of energy over a small distance (dynamic quenching) (You et al.,

2011). As such, pairs can be selected for their use and optimized for the conditions.

4.1.2 Selecting New Pairs
The primary problems observed with fluorescein and dabcyl labeled aptamer
beacon were: strong background signal; weak increase in signal; and poor contrast on
TSA plates. To overcome these problems two new fluorophore / quencher pairs were
chosen for testing: Texas Red / Black Hole Quencher 2 (BHQ2) and Cyanine 5 / Black

Hole Quencher 3 (BHQ3) (Table 6).
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Dabcyl is known as a universal quencher, however, its absorption is strongest
from 380-530. Fluorescein’s peak emission (522 nm) is at the edge of dabcyl’s
absorption spectra. Texas Red’s and Cyanine 5’s peak emissions (615 and 662 nm) are
near the peak absorption of BHQ2 and BHQ3, respectively (579 and 672 nm). This
should allow for more efficient quenching to minimize background signal.

To increase the contrast on TSA plates fluorophores with peak emission
wavelengths closer to red were considered. Cyanine 5 was a readily available
fluorophore with a much higher wavelength than fluorescein, although it still has some
instability to temperature or neighbouring nucleotide bases. Texas Red appeared to be
more stable than fluorescein and had a wavelength intermediate to fluorescein and Cy5.
Texas Red was more expensive and more difficult to synthesize; however, the stability of

the molecule was the deciding factor for choosing Texas Red.

4.2 Chapter Objectives

Fluorescein was found to perform poorly as a fluorophore as a component of the
VT aptamer beacon. Additionally, fluorescein had poor contrast on TSA agar. To enhance
the contrast and augment signaling from the beacon system two other fluorophore /

guencher pairs were tested.

4.3 Materials and Methods
4.3.1 Buffer

TES (tris-EDTA high salt): 10 mM tris, 0.5 mM EDTA, 0.5 M NaCl, 0.5 M KCl. pH
7.4 (adjusted with HCl and NaOH).
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Table 6 — Characteristics of fluorophores and quenchers compared in this study

Fluorophore | Excitation/ | Fluorophore Stability Effects Quencher | Absorption
Emission Spectra;
Peak (nm)* Peak (nm)*
Fluorescein 494 /522 - Extinction coefficient temperature- | Dabcyl 380-530;
dependent? 453
- Salt-dependent loss of signal above
40 °Cin low salinity®
- Nonlinear change of signal (+25 to -
11%) as heated to 90 °C®
- Strong loss of signal in low pH?
- Variable quenching by
neighbouring G residues?
Texas Red 599 /615 - <12% loss after two cooling and BHQ2 550-650;
heating cycles? 579
- Linear loss of 14% signal as heated
to 90 °C?
- <10% loss between 6.5 to 7.8 pH?
- salt-dependent loss of signal; less
at higher salinity®
- insensitive to environment?®
Cyanine 5 646 / 662 - Nonlinear loss of 83% signal as BHQ3 620-730;
heated to 90 °C? 672

* QOptical values quoted from glenres.com; BHQ - Black Hole Quencher
2You et al., 2011. ® Liu et al., 2005.

4.3.2 DNA Samples

CC, FLX, and FLQ sequences prepared for Chapter 3.0 were used in this chapter.

Additionally, equivalent sequences labeled with Texas Red (Figure 35) or Cyanine 5 as

fluorophores, and Black Hole Quencher 2 (Figure 36), or Black Hole Quencher 3 (Figure

37) as quenchers were ordered. Sequences were as follows where the underlined

sections are complementary to form a hairpin (with the quenched version modified with
the quencher in brackets):

TRX (TRQ): 5'-Texas Red-GGT AAC TAG CAT TCA TTT CCC ACA CCC GTC CCG TCC AT AT+A
ATG CTA GTT ACC-(BHQ2-)3'

CYX (CYQ): 5'-Cyanine 5-GGT AAC TAG CAT TCATTT CCC ACA CCC GTC CCG TCC AT AT+A
ATG CTA GTT ACC-(BHQ3-)3'

Page | 115



TRX was purchased from IDT (IA, USA) and TRQ, CYX, and CYQ, were all

purchased from Sigma-Aldrich Corporation (MO, USA).

11
SO,NH(CH,);—C =0 =N

OMMT O—FI'—N{iPr)2
O—CNEt
Figure 35 — Chemical structures of left) Texas Red®-X, succinimidyl ester; and right) Cy5
phosphoramidite, 1-[3-(4-monomethoxytrityloxy)propyl]-1'-[3-[(2-cyanoethyl)-(N,N-diisopropy!
phosphoramidityl]propyl]-3,3,3',3'-tetramethylindodicarbocyanine chloride

o

ODMT
H,CO —
N N —

OCH,
Figure 36 — Black Hole Quencher 2 CPG, (4'-(4-Nitro-phenyldiazo)-2'-methoxy-5"-methoxy-
azobenzene-4"-(N-ethyl-2-0O-(4,4'-dimethoxytrityl))-N-ethyl-2-O-glycolate-CPG)

oDMT

LN;Q:QN” @”:

Figure 37 — Black Hole Quencher 3 CPG, (3-Diethylamino-5-phenylphenazium-7-diazobenzene-4"-
(N-ethyl-2-0-(4,4'-dimethoxytrityl))-N-ethyl-2-O-glycolate-CPG)

O-glycolate-CPG

O-glycolate-CPG

4.3.3 Fluorescent Measurements
Fluorescence measurements of samples were performed using a Synergy 2

microplate reader (Biotek) with Gen5 software, in 96-well black microtiter plates (Nunc).

Page | 116



A 50/50 mirror and a sensitivity setting of 90 was used throughout. Readings were taken
with different optical filters sets for each fluorophore: fluorescein 495+10 nm for
excitation, and 528420 nm for emission; Texas Red 596+15 nm for excitation, and
680130 nm for emission; and Cy5 620+40 nm for excitation, and 680+30 nm for
emission.

DNA samples were prepared by dilution to the desired concentration. Samples
were heated at 90 °C for 10 minutes and allowed to cool at room temperature for 30
minutes before plating or mixing with toxin. Samples were plated in 200 pL aliquots on

black 96-well plates for testing. All readings were taken at room temperature.

4.3.4 Determination of Linear Fluorescent Range
Samples of FLX, TRX, and CYX were prepared at concentrations of 0.0025 to 50
nM in TES buffer and plated in triplicate. Fluorescent readings were taken. Three

replicates were performed on separate days. The LODs and LOQs were calculated.

4.3.5 Determination of Potential Fluorescence
Samples of FLX, FLQ, and FLQ+CC were prepared at concentrations of 0.025 to 50
nM in TES buffer and plated in triplicate. Fluorescent readings were taken. Three
replicates were performed on separate days. This experiment was repeated for Texas

Red and Cy5 versions of the beacons.

4.3.6 Interaction with VT
Samples of TRX and TRQ were prepared. TRQ samples were mixed with VT1, with

VT2, or without VT at a 1:1 ratio with final concentrations of 50 nM in TES buffer and
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plated in triplicate. VT in buffer was plated once per plate. Fluorescent readings were
taken each minute for 60 minutes. Three replicates of the experiment were performed

on separate days. This was repeated with Cy5 versions of the beacons.

4.3.7 Comparison of Visible Limit of Detection

Fluorescein (Fl), Texas Red (TR), and NIR-641 (equivalent to Cy5, Figure 38) were
purchased from Thermo-Fisher Scientific (MA, USA). Stock solutions of FI, TR, and Cy5
were prepared by dissolving in DMSO and dilution in deionized water. Solutions of each
were prepared at 100, 10, 1, 0.1, and 0.01 uM. Fluorescence in solution was observed
with a handheld UV lamp. Spotting of reagents was done on Tryptone Soya Agar (TSA)
and 1.5% Agarose (15 g/L agarose). 10 uL of Fl and TR were spotted in quintuplicate at
40, 30, 20, 10, 5, and 1 uM on separate plates as well as being plated in triplicate on a
plate adjacent to each other. The plates were allowed to dry in the dark: TSA for about
one hour, and agarose overnight. Plates were visualized using a handheld UV lamp.

Observations were recorded and pictures were taken using a cell phone camera.

0
0
"0
0
HaC.,CHa
Y N+ CI

HaC

HsC CHa

Figure 38 — Chemical structure for NIR-641 N-succinimidyl ester fluorescent dye; 1-Ethyl-1-[5-(N-
succinimidyloxycarbonyl)pentyl]-3,3,3,3-tetramethyl-indodicarbocyanine chloride.
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4.3.1 Data Analysis
Basic analysis of averages, confidence intervals, and standard deviations was

done with Microsoft Excel software.

4.4 Results
4.4.1 Linear Fluorescent Range

The linear range of fluorescence detection for fluorescein (FLX), Texas Red (TRX),
and Cy5 labeled aptamers (CYX) was determined (Figure 39) LODs of 0.080, 1.32, and
0.806 nM were determined for FLX, TRX, and CYX, respectively. LOQs of 0.265, 4.41, and
2.69 nM were determined for FLX, TRX, and CYX, respectively. The signal obtained was
strongest for FLX, with TRX having the lowest signal. CYX had non-linear response below
about 0.5 nM and somewhat linear response below 5 nM. FLX and TRX did not lose

linearity until the LOD.
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Figure 39 — Fluorescence of aptamers labeled with fluorescein (FL), Cy5, and Texas Red (TR) in
TES buffer. Data points are the average of 9 samples over 3 trials. Error bars indicate SD. FL Ex
495+10 nm, Em 528+20; TR Ex 596415 nm, Em 680430 nm; Cy5 Ex 620+40 nm, Em 680+30 nm
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4.4.2 Potential Fluorescence with Complete Complement
TRQ and CYQ were tested to observe the maximum fluorescence possible in the
presence of a complete complement DNA (CC). Fluorescent signal for TRQ in the
presence of CC increased to about 80-90% of the signal of TRX (Figure 40). TRQ alone
was found to be below the limit of detection. For CYQ in the presence of CC signal
increased only about 40% of the value found for CYX (Figure 41). Signal for CYQ alone

was at or below the limit of detection.
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Figure 40 — Comparison of the fluorescence of Texas Red / Black Hole Quencher 2 labeled
aptamer beacon (TRQ) in the presence of equimolar complete complement DNA (CC) compared
to Texas Red labeled aptamer (TRX) and TRQ alone in TES buffer. Data points are the average of
9 wells over 3 replicates. Error bars represent SD. Ex 596 + 15 nm, Em 680 + 30 nm

4.4.1 Interaction with VT
The effect on fluorescence of interaction between TRQ aptamer beacon
sequence (50 nM) and VT was investigated (Figure 42). At time 0, TRX had fluorescence
about 90 times higher than the quenched aptamer sequence and was somewhat stable

before decreasing, which slowed over time (Panel A). The fluorescence of TRQ+CC
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Figure 41 — Comparison of the fluorescence of Cyanine 5 / Black Hole Quencher 3 labeled
aptamer beacon (CYQ) in the presence of equimolar complete complement DNA (CC) compared
to Cyanine 5 labeled aptamer (CYX) and CYQ alone in TES buffer. Data points are the average of
9 wells over 3 replicates. Error bars represent SD. Ex 620 + 40 nm, Em 680 + 30 nm

increased rapidly to a peak at about 8 minutes with fluorescence about 20 times higher
than TRQ without CC. After that point, the fluorescence remained somewhat stable and
started to decrease. Fluorescence of TRQ and TRQ+VT2 decreased over time (Panel B).
TRQ+VT1 started lower than TRQ alone, but slowly increased rather than decreasing.

The effect on fluorescence of interaction between CYQ (50 nM) and VT was also
investigated (Figure 43) and found to be very similar. The curve for CYX had about 65
times higher fluorescence than the quenched beacon at time 0 and decreased without a
period of stable signal (Panel A). CYQ+CC fluorescence increased rapidly until it was
about 15 times higher than CYQ alone then decreased. CYQ and CYQ+VT2 fluorescence
decreased rapidly. CYQ+VT1 fluorescence started lower than CYQ alone but slowly
increased rather than decreasing.

These experiments were attempted at 10 nM, however all data points involving
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guenched beacon were well below LOD and very little could be concluded (Figure A-15

and Figure A-16).
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Figure 42 — Blanked change in fluorescence over time for Texas Red / Black Hole Quencher 2
labeled aptamer beacon (TRQ) (50 nM) in the presence of VT1a, VT2a, or complete complement
(CC) each at 50 nM in TES buffer. A) Full view including unquenched Texas Red labeled aptamer
(TRX) sequence; B) view excluding complete complement DNA (CC) and TRX curves. Data points
are the average of 9 readings over 3 replicates. Error bars show SD. Ex. 596 + 15 nm, Em. 680 +
30 nm.
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Figure 43 — Blanked change in fluorescence over time for Cyanine 5 / Black Hole Quencher 3
labeled aptamer beacon (CYQ) (50 nM) in the presence of VT1a, VT2a, or complete complement
(CC) each at 50 nM in TES buffer. A) Full view including unquenched Cyanine 5 labeled aptamer
(CYX) sequence; B) view excluding complete complement DNA (CC) and CYX curves. Data points
are the average of 9 readings over 3 replicates. Error bars show SD. Ex. 620 + 40 nm, Em. 680 +
30 nm.
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4.4.2 Comparison of Visible Limit of Detection

Solutions of fluorescein (Fl), Texas Red (TR), and NIR-641 (equivalent to Cy5)
were prepared in deionized water (100-0.01 uM) to compare their visible fluorescence
(Figure 44). Fl and TR were strongly visible at 100 uM, well visible at 10 uM, and slightly
visible at 1 uM. Solutions less than 1 uM did not have any visible fluorescence.
Additionally, NIR-641 did not show any visible fluorescence. lllumination with a green
light was also attempted. In green light it appeared that Texas Red was somewhat

fluorescent, however, NIR-641 still did not appear to fluoresce (Figure A-17).

Figure 44 — Visible fluorescence of fluorescein, Texas Red, and Cy5 solutions from left to right
(100, 10, 1, 0.1, and 0.01 uM from bottom to top) excited with a handheld UV lamp. Image taken
with a cell phone camera.

Solutions of Fl and TR were plated on TSA plates at concentrations of 40-1 uM
either on separate plates (Figure 45) or on the same plate (Figure 46). Fl fluorescence
was at least somewhat visible down to about 20 uM. TR fluorescence was at least
somewhat visible down to about 10 uM and slightly at 5 uM. These TSA plates were a

translucent beige in white light with slight green or pink spots visible (Figure A-18).
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Figure 45 — Comparison of visible fluorescence of fluorescein (left) and Texas Red (right) spotted
on untreated TSA plates and allowed to dry. Solutions were 40, 30, 20, 10, 5, and 1 uM going
clockwise for each segment and spotted in quintuplicate. Image taken with a cell phone camera.

Figure 46 — Comparison of visible fluorescence of fluorescein and Texas Red spotted on an
untreated TSA plate. Solutions were 40, 30, 20, 10, 5, and 1 uM from bottom to top for each
segment and spotted in triplicate. Image taken with a cell phone camera.

The same experiment was repeated on 1.5% agarose plates and left overnight to
dry (Figure 47). Spotted fluorophore did not result in distinct circles of fluorescence, but

rather in smears. Fluorescein was at least somewhat visible at 20 and 10 uM. Texas Red
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however was not distinctly visible. There appeared to be what might be fluorescence at
40, 20, and 10 uM, but this was difficult to say confidently since the auto-fluorescence
of the 1.5% agarose was a similar pink-purple colour. The plate that had the solutions

spotted side by side had no visible fluorescence (Figure A-19).

Figure 47 — Comparison of visible fluorescence of fluorescein (left) and Texas Red (right) spotted
on untreated 1.5% agarose plates. Solutions were 40, 30, 20, 10, 5, and 1 uM going clockwise for
each segment. Samples were spotted in quintuplicate and plates were refrigerated overnight to
allow spots to dry. Images taken with a cell phone camera.

4.5 Discussion
4.5.1 Linear Fluorescent Range
The linear range of fluorescence was determined for FLX, TRX, and CYX (Figure
39). Concentrations above 50 nM were not tested due limited reagents. FLX was found
to be the most sensitive and produced the strongest detected signal. One likely reason
for this was the excitation and emission filter sets used in this experiment that were
optimal for fluorescein excitation and emission (Figure 48). For fluorescein both

excitation (495/10 nm) and emission (528/20 nm) filter wavelengths were near its peak
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absorption and emission with a predicted 33% of total emission detected. For Texas Red
the excitation wavelengths (596/15 nm) were at the peak absorption, however, due to
complications with emission filters the one used was optimal for Cy5 emission (680/30

nm) with only about 10% of total emission predicted to be detected. This would result in
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Figure 48 — Fluorescence spectra of fluorescein, Texas Red, and Cy5 as well as excitation and
emission filters ranges. Absorption spectra are indicated by dashed lines and emission spectra by
solid lines. Image made using ThermoFisher’s Fluorescence SpectraViewer Web Application.

much lower sensitivity for Texas Red. Cy5 had the opposite problem, the excitation
wavelengths (620/40 nm) were less than optimal, not reaching the peak absorption. This
would result in lower induced fluorescence. The emission filter was predicted to detect
about 47% of total emission. Although this causes difficulty in comparing absolute

fluorescence of the fluorophores, what is more important is the signal contrast between
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the quenched aptamer beacons in buffer and the beacons with VT. Those values should
not change, regardless of filter sets. Additionally, the absolute fluorescence would be
compared when observed on solid media.

Another factor expected to lead to low sensitivity in this experiment in general
was the 50/50 mirror being used instead of dichroic mirrors. Dichroic mirrors have
special coatings that allow only wavelengths below the cut-off value into the sample and
those above to be detected. This minimizes background signal from any other light or
contaminants. A 50/50 mirror, however, allows 50% of excitation light into the sample,
and 50% of emission light to be detected regardless of wavelength. This makes
comparison of different fluorophores easier since only a single mirror would be needed.
However, only about 25% of the fluorescence is detected (Figure 49). The reduced
specificity of wavelengths detected causes higher background, as well as lower
sensitivity due to loss of excitation and emission light. However, the same LOD for FLX
was calculated for both a 50/50 mirror and a 510 nm dichroic mirror (0.080 nM). As
such, the 50/50 mirror appears to only minorly affect the sensitivity of the fluorescence.

Finally, although both fluorescein and Texas Red appeared to have linear
fluorescence until their LOD, Cy5’s fluorescence was much less linear, particularly below
10 nM. The non-linear fluorescence became less linear as concentration decreased.
Concentrations above 10 nM should be sufficiently accurate for Cy5. However, the

experimental concentration needs to be higher since quenchers will be used.
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Figure 49 — Comparison of dichroic and 50/50 mirrors used for fluorescence detection. Left:
schematic of the use of a dichroic mirror. Right: schematic of the use of a 50/50 mirror.

4.5.2 Potential Fluorescence with Complete Complement
CYQ and TRQ were tested with CC to see if they would produce their maximal

fluorescence. Previously FLQ had shown complete fluorescence above 2.5 nM. In
comparison TRQ (Figure 40) showed 81.5-91.7% fluorescence and CYQ (Figure 41) only
resulted in a 37.7-42.4% signal from 2.5-50 nM. It was unclear what would cause such
low signal for CYQ since the sequences and complement were the same. To a small
extent quenching by neighbouring bases would make Cy5’s fluorescence lower while
Texas Red is less affected by this parameter, however, it does not account for the ~50%
difference in signal seen. Another potential reason for this was that BHQ3's peak
absorption is much closer to the peak emission for Cy5 than BHQ2 and Texas Red. When
comparing increase in signal at 50 nM FLQ previously increased about 7.16x, CYQ
increased 59.4x, and TRQ increased about 183.9x. Both pairs were much better than the

previous contrast with fluorescein / dabcyl. However, Texas Red seems much more
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consistent and has a significantly higher contrast between background and induced
signal. For this reason, it appears that Texas Red is a much better choice for use in the
aptamer beacon.

Additionally, for both TRQ and CYQ the signal produced by the quenched beacon
alone was at or below the detection limit. Only samples at 25 and 50 nM were strong
enough to plot on the graphs. This suggests that the Black Hole Quenchers were much
more effectively quenching the fluorophores than dabcyl had previously. This was

expected from the spectral overlaps being much more optimal (Table 6).

4.5.3 Interaction with VT

Interaction at 50 nM of both TRQ and CYQ with VT (1:1 ratio) was investigated
(Figure 42 and Figure 43). Overall, the shape of the curves was very similar to that
previously seen with fluorescein: unquenched aptamer signal decreased rapidly,
guenched beacon and VT2 decreased slowly, VT1 started lower and stayed stable until it
eventually had a stronger signal than the quenched beacon alone. This strongly suggests
that the sequence itself was the main cause of poor signal in the presence of toxin.

Of note, the background fluorescence was much less than for fluorescein (Figure
17). For fluorescein the background was about 8% of the unquenched aptamer, while
only about 1.1% and 1.5% for TR and Cy5, respectively. This again suggests that the
Black Hole Quenchers were more effectively quenching than dabcyl had been.
Potentially for the fluorescein labeled beacon a quencher such as BHQ1 (peak
absorption around 534 nm) could more effectively quench its fluorescence to obtain

similar reduced background. Since the signal in presence of VT was so low this enhanced
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guenching caused a problem for detection. The samples at 50 nM were near the limit of
detection, or slightly below. The experiment was attempted at 10 nM levels for the
reagents to compare with fluorescein, but the signal was so low that no conclusive
observations could be made (Figure A-15 and Figure A-16).

The signal observed for CC samples was about 15.4% at 14 minutes for TR and
8.6% at 10 minutes for Cy5, compared to the unquenched aptamers. The difference
between TR and Cy5 was similar to that seen for the maximum fluorescence in Figure 41
and Figure 40. Likely the same factors were causing this lower enhanced signal for CYQ.

The amount of signal loss for the unquenched aptamers was less than previously
observed for fluorescein (Table 7). Although less, photobleaching was still a major factor
if measurements were to be taken over a period of time. Texas Red, being the most
stable of the three fluorophores (Table 6) was seen to have the least loss of
fluorescence signal and additionally both TRX and TRQ+CC samples have regions of

stability not seen with the equivalent Cy5 samples.

Table 7 — Comparison of unquenched signal loss over 1 hour in buffer

Fluorophore Signal Decrease in 1 hour Figure

Fluorescein (FLX) 63% Figure 26
Texas Red (TRX) 52% Figure 42
Cyanine 5 (CYX) 59% Figure 43

4.5.4 Comparison of Visible Limit of Detection
Solutions of free fluorescein (Fl), Texas Red (TR), and NIR-641 (Cy5 equivalent)
were prepared to find a minimum visible fluorescence. Illlumination by a handheld UV

lamp caused Fl and TR to be visible at concentrations down to 1 uM, but NIR-641
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fluorescence was not visible (Figure 44). In solution, Fl and TR were of a similar intensity
of fluorescence. One potential reason for NIR-641’s lack of fluorescence was that Cy5
required longer wavelengths for excitation. lllumination of NIR-641 with a green light
did not improve visible fluorescence (Figure A-17). CYX was also illuminated with UV and
green light and no fluorescence was observed (not shown). As such it was likely that
longer excitation wavelengths were required for excitation.

Fluorescein and Texas Red were plated on TSA agar plates. Fluorescein was
somewhat discernable at 20 uM while Texas Red was quite clearly discernable at 10 uM
and maybe slightly visible at 5 uM (Figure 45 and Figure 46). As expected, a fluorescence
that was more red-shifted had a higher contrast on the blue-green auto-fluorescing TSA
plates. For use on TSA, Texas Red would be a better choice in beacons.

The same experiment was repeated for 1.5% agarose plates. Plates were left
overnight to dry resulting in smeared fluorescence rather than spots (Figure 47).
Smearing of the fluorescence would occur less for fluorophore labeled aptamers since
they have a much larger mass, limiting free movement. Unlike TSA, 1.5% agarose plates
auto-fluoresced a pink-purple colour. In this case Texas Red was much harder to discern,
making fluorescein a better choice for use in beacons applied to 1.5% agarose. This
suggests that, aside from fluorophore stability and signal intensity, the media being
used would strongly affect the effectiveness of a fluorophore used for detection of

VTEC. Other media may have other colours of auto-fluorescence to consider.
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4.6 Conclusions

Experimentation of aptamer beacon labeled with Texas Red / Black Hole
Quencher 2 and Cyanine 5 / Black Hole Quencher 3 was investigated as a means of
improving signal in the presence of VT. Both had lowered background fluorescence and
increased signal contrast compared to the fluorescein / dabcyl beacon. This indicated
that Black Hole Quenchers would be preferable for future beacon design. Texas Red,
however, was much more stable and reliable than Cy5 and would be a preferable
fluorophore for general use. Experimentation in complex media was not pursued due to
limited reagents, but should be tested to confirm their suitability for future applications.

Interaction between the aptamer beacons and VT was found to be the same as
previously found with fluorescein / dabcyl beacon in Chapters 2.0 and 3.0, showing
minimal signal increase. Use of the alternate fluorophore / quencher pairs also made it
clear that changing the labels was not going to affect the interaction between the
beacon and VT.

For use on solid media in isolation of VTEC the fluorophores were tested on TSA
and 1.5% agarose. With a UV lamp fluorescein and Texas Red fluorescence intensity
were equally strong, however, each was much more visible on a different medium.
Selection of a fluorophore likely depends on the desired growth media being used.

Overall, Texas Red labeled beacons appear to be the most optimal choice for use
in buffer or on TSA plates. If a VT aptamer beacon was designed in the future this would
be the best choice for use screening filtrates or potentially for application by spotting

aptamer beacon solution onto colonies for isolation.
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5.0 PolyA DNA Substrate for Enzymatic Activity Differentiation

5.1 Introduction
5.1.1 Use of VT Enzyme Activity as a Detection Method for VT2

Verotoxin is an ABs toxin composed of an enzymatically active A subunit which
has N-glycosidase activity and cleaves adenine from adenosine residues, and five B
subunits which bind Gb3 residues to assist in toxin internalization. Generally, the toxin
must be cleaved to allow access to the active site of the Al subunit. Aside from the
primary in vivo activity on rRNA substrates, activated VT1 has been shown to be able to
cleave adenine residues from a variety of RNA and DNA substrates (Barbieri et al.,
1998). This is done by formation of abasic sites leading to DNA breakdown and
potentially cleavage due to a weakened DNA sugar-phosphate backbone following
extensive depurination (Brigotti et al 2001).

Ricin and some other type Il RIPs were observed to have DNA depurination
activity prior to separation of the enzymatic subunit (Barbieri et al., 1997). Although VT1
required cleavage (Barbieri et al., 1998) the activity of VT2 on DNA has not yet been
demonstrated. The different structure of VT2 A subunits may allow for activity without
cleavage. Through x-ray crystallography it was found that the VT1 A1l active site is
blocked by part of cleavable loop chain that links the Al and A2 subunits, however, the
VT2 A1 active site is more accessible (Fraser et al., 1994; Fraser et al., 2004). As such VT2
A subunit may be enzymatically active without cleavage. VT2 was seen to cleave
adenosine without reduction (Fraser et al., 2006). Additionally, VT has been shown to be

released from VTEC not as holotoxins, but primarily as individual subunits (Pellino et al.,
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2016). This suggested that VT2 A subunits could be enzymatically active on smaller DNA
substrates in solution.

Cleavage of DNA backbone at abasic sites can be catalysed by the addition of
amino compounds (McHugh and Knowland, 1995). This is accomplished through a beta
cleavage reaction at the 5’ phosphate (Figure 50), in which an uncharged amine group is
reduced. The pK, of the amino group must be low enough to ensure it is uncharged
under the reaction conditions. Compounds with more than one amino group are more
effective catalysts at lower concentrations and near neutral pH (McHugh and Knowland,
1995). This is facilitated by the positive charge on one amino group promoting binding

to DNA, while the uncharged amino group can then catalyze the cleavage.
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Figure 50 — Mechanism for amine-catalyzed B-elimination causing DNA backbone cleavage at
abasic sites.

A simple nucleotide that could act as a substrate for VT2 could potentially be
used as a method of detection for VTEC. VT2 A subunits released from VTEC could
potentially react with such a substrate without additional processing. Labeling with

fluorophore and quencher would make the substrate a turn-on sensor in the case of
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DNA cleavage. Addition of amino compounds could further enhance cleavage of the

backbone to increase sensitivity.

5.2 Chapter Objectives
This chapter investigated the potential of a DNA-based fluorophore / quencher
labeled substrate as a means of detection through the catalytic activity of VT. The use of

amine catalyzed cleavage was used to promote any minor activity.

5.3 Materials and Methods
5.3.1 Buffer

Based on previous published enzyme activity experiments performed to observe
VT enzyme activity (Basu et al., 2016; Brigotti et al., 2001; Brigotti et al., 1998; Barbieri
et al., 1998; and Endo et al., 1990) and the need for cofactors for a DNase positive
control the buffer was chosen to be the following:

Enzyme Activity Buffer (EAB): 20 mM tris-HCl, 0.5 mM MgCl,, pH 7.4

5.3.2 DNA Substrate - polyA
To serve as a substrate for detection a short, A-rich, DNA sequence was
developed dual labeled with fluorescein and Black Hole Quencher 1. The substrate,
referred to as “polyA”, was of the sequence 5’- 6-FAM GTAG AAA AAA AAA AAA CTAC-

BHQ1 - 3’. PolyA substrate was ordered from Alpha DNA (Montreal, QC).
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5.3.3 Activity Assay

Equal volumes of enzyme activity buffer, DNase (Promega L), commercial VT1a,
and commercial VT2a were mixed separately with the polyA substrate to result in
solutions with 1 unit of DNase or 10 nM of toxin, and 3.75 uM polyA. A control with
each reagent was also prepared. Each solution was pipetted in triplicate into a 96-well
plate. The solutions were incubated at 30 °C for 40 minutes with fluorescent readings
taken each minute. Fluorescence readings were taken by a Synergy 2 Multimode Plate
Reader (Biotek) equipped with a top 510 dichroic mirror, excitation filter: 495/10 nm,
and emission filter: 528/20 nm, at a reading sensitivity of 50. After the 40-minute
incubation 2.17 L of N,N’-dimethyl-ethylene-diamine (Sigma-Aldrich) was added to
each well resulting in a concentration of 100 mM. The plate was incubated again at 30
°C for 40 minutes while readings were taken each minute. This was repeated twice

more, although once with only duplicate wells due to limited polyA reagent.

5.3.4 Data Analysis
Basic analysis of averages, confidence intervals, and standard deviations was

done with Microsoft Excel software.

5.4 Results
5.4.1 DNA Substrate Design
A nucleotide substrate for VT was designed taking into consideration VT activity,
substrate stability, and available modified amidites. The substrate chosen for the

experiments was of the sequence: 5’- 6-FAM GTAG AAA AAA AAA AAA CTAC-BHQ1 - 3’
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(Figure 51). A stable hairpin formation was predicted for the sequence with a predicted

melting temperature of 34.9 °C.
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Figure 51 — Predicted secondary structure of polyA substrate using Mfold software (Zuker, 2003).

5.4.2 Enzyme Activity Assay
Enzyme activity on polyA substrate was tested with the addition of DNase,

commercial VT1a, or commercial VT2a. DNase activity was confirmed by activity on
genomic DNA (not shown). Fluorescence readings were taken for 40 minutes while
incubated at 30 °C before and after addition of N,N’-dimethyl-ethylene-diamine. Initial
and final fluorescent values were blanked by polyA background (Figure 52).
Fluorescence for VT and DNase samples with polyA at time 0 were higher than that of
polyA alone. During the first incubation, only DNase fluorescence values were increased.
Initial values for all samples with polyA were higher after addition of amine. During the

second incubation, DNase no longer increased fluorescence. Only VT2 solutions were
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seen to increase during the second incubation. Initial fluorescence was variable between
replicates (Figure A-20 to Figure A-25). Individual replicates always had similar curve
shapes with VT2 always being the only one increasing more than background. Crude
VT2a was also tested with results less substantial than commercial VT2. The activity of

crude VT2a was not tested prior to testing with the substrate.
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Figure 52 — Mean fluorescence values for the enzyme activity assay at time 0 and 40 for both 40-
minute incubations at 30 °C with polyA background subtracted. Solutions in EAB contained
DNase (0.5 units per 100 ulL), VT1 or VT2 (10 nM), polyA (3.75 uM), and during the second
incubation N,N’-dimethyl-ethylene-diamine (100 mM). Data points the average of 8 samples
over 3 replicates. Error bars show original SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.

5.5 Discussion

5.5.1 Substrate Design

Since VT’s enzymatic activity cleaves adenine residues, ideally a fluorophore or
guencher could be attached to an adenine residue in a short oligonucleotide replicating
the conformation of the SRL region on 28S rRNA (Endo et al., 1988a). Upon cleavage the

labeled adenine would be released from the substrate with the adenine inducing
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fluorescence. However, no suitable quencher or fluorophore labeled adenine residues
were available. An amino-modified adenine as well as some intrinsically fluorescent
adenosines were available which could be further investigated or used in future
experiments. In this case a hairpin probe was designed which would separate as the
backbone is cleaved. A substrate primarily made of adenine would allow for the most
abasic sites to be formed and potentially cleave as a result of major adenine removal.
With VT having activity on both DNA and RNA substrates (Barbieri et al., 1998), DNA was
preferred for the substrate as a more stable option.

Substrates with only A and T residues were not predicted to form a single stable
conformation so C/G bases were added to the hairpin region. The substrate chosen for
the experiments was of the sequence: 5'- 6-FAM GTAG AAA AAA AAA AAA CTAC-BHQ1 -
3’. This sequence provided a sufficiently stable hairpin formation with a predicted
melting temperature of 34.9 °C (Figure 51). This is high enough above room
temperature to minimize background fluorescence, while also short enough to likely
separate when cleaved (Tyagi and Kramer, 1996).

Fluorescein and Black Hole Quencher 1 (BHQ1) were chosen as the fluorophore /
guencher pair for the substrate. BHQ1 should quench more effectively than dabcyl since
its absorption is from 480-580 nm with peak absorption around 534 nm, which is much

closer to fluorescein’s peak emission around 520 nm.

5.5.2 Enzyme Activity Assay

The enzyme activity of VT was tested at 30 °C in EAB using the polyA substrate
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with fluorescence readings for 40 minutes before and 40 minutes after addition of N,N’-
dimethyl-ethylene-diamine. The only fluorescence value that significantly changed
during the first incubation was that of the DNase solution (Figure 52). For DNase the
substrate was being cleaved separating the fluorescein and BHQ1, causing increased
fluorescence signal. This was not observed for the VT samples. This suggests that no
large cleavage or rearrangement was occurring to polyA in the presence of VT, although
cleavage of adenine residues may have occurred. Each VT solution had a signal higher
than that of polyA. VT on its own in buffer did not have a signal different than that of
buffer (not shown). As such, this enhanced signal of polyA in the presence of VT was
likely some sort of destabilization of the substrate due to interaction with proteins in
solution and this effect was greater for VT1 than VT2.

Upon addition of N,N’-dimethyl-ethylene-diamine the signal in all polyA solutions
increased. This increase was not observed for samples containing amine alone or with
VT which maintained values around blank (not shown). As such, the increase in signal
was not due merely to fluorescence by the amine. This increase suggests some non-
specific cleavage of the DNA substrate. N,N’-dimethyl-ethylene-diamine, however, had
been previously shown to have minimal non-specific cleavage (McHugh and Knowland,
1995). Additionally, the DNase sample no longer increased in signal and compared to
polyA alone decreased slightly. The addition of amine likely interferes with the enzyme
activity either by the effect on the pH of the solution or some interaction with the
DNase. Additionally, polyA was already heavily damaged by DNase so there was little for

the amine to cleave. The VT2 fluorescence signal was the only one that increased during
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the second incubation. This suggests that there were some polyA substrates being
catalytically cleaved at abasic sites. However, the magnitude of signal increase was
minimal. Although the signal when blanked increased 47% over the second incubation,
the signal of VT2 compared to polyA was only about 20% larger after the second
incubation and started about 23% larger at the beginning of the first incubation, making
it very difficult to discern its activity. The signal could potentially be enhanced with
longer incubation times; however, this would limit its usefulness in enhancing detection
speed. There is a possibility that A subunits from a crude VT solution would have a
higher activity than commercial toxin, however, given the small response it is likely to be
even more difficult to detect with additional peptides and other chemicals interfering
with activity.

A substrate more similar to the SRL loop containing modified adenine residues
labeled with either fluorophore or quencher may offer a stronger signal due to higher
target affinity, and avoid the need for the addition of amine to catalyze substrate
cleavage having directly induced signal. However, modification of adenine may render
VT inactive for the substrate. As such, a nucleotide substrate to detect VTEC by VT
activity may not be useful. This is further complicated by presence of nucleases
produced by VTEC or other bacteria in food samples that could degrade the substrate

resulting in false positives.
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5.6 Conclusions

Use of VT’s enzymatic activity to catalytically remove adenine from nucleotides
was proposed as a means of potentially detecting VTEC. A DNA substrate was designed
for this purpose and dual labeled with fluorescein and Black Hole Quencher 1. The
activity of VT could only be indirectly detected by addition of a catalytic reagent (N,N’-
dimethyl-ethylene-diamine) after enzymatic incubation. There was some evidence to
suggest that VT2 did have activity on polyA substrate without chemical activation of the
A1l subunit. However, signal induced by VT2 was minimal and a non-specific signal was
induced by presence of VT making it even more difficult to determine.

Following these observations, a polyA substrate indirectly labeled would not be
useful in VTEC detection. Potentially a substrate with modified adenine has the potential
for direct activity detection and better sensitivity, but interference with substrate
geometry may result in inhibition or loss of activity. This could be further investigated in

the future; however, a DNA substrate is unlikely to enhance VTEC detection.
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6.0 Contributions to knowledge and future studies

Verotoxins (VTs) are a family of ABs protein toxins and the defining virulence
factor of verotoxin-producing Escherichia coli (VTEC), a pathogroup of E. coli causing
enteric illness. VTEC cause illness ranging from asymptomatic carriage to severe
complications such as hemolytic uraemic syndrome and death. VTEC include a multitude
of serotypes with detection methods often targeting only a select few. Methods to
detect all strains are frequently highly technical, laborious, expensive, or slow. Aptamers
offer the potential for rapid detection of target molecules when modified into a
detection system. Modification is simple, synthesis is reliable, detection can be real
time, they are highly stable, and other benefits suggest that they could be used in
detection of VT.

In Chapter 2 an aptamer sequence for VT that had been published without
characterization information (Fan et al., 2008) was modified by addition of
complementary nucleotides, and the fluorophore / quencher pair of fluorescein and
dabcyl. This produced the hairpin conformation and aptamer beacon properties desired.
Optimization of buffer and testing conditions minimized background signal and
improved induced signal stability. Fluorescence of the aptamer beacon was significantly
induced by complementary DNA sequences of 10 and 15 bases. At 50 nM fluorescence
after 60 minutes was significantly higher for samples tested with VT1a, while samples
tested with VT2a had slightly lower fluorescence. This confirmed that the aptamer
sequence was selected for VT1a and provided proof of concept for further VT aptamer

beacon testing. Aptamer beacon tested on TSA growth plates did not cause a visible
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fluorescence even at 50 UM concentration. The positive results led to further
experimentation with and optimization of the VT aptamer beacon.

Chapter 3 further characterized the VT aptamer beacon and application
conditions. Fluorescence of the aptamer beacon was confirmed to stabilize due to
specific interaction with VT1, although this also suggested that the bases important in
binding VT were not in the hairpin region. Photobleaching of fluorescein was found to
play a major role in discerning interaction between the aptamer beacon and VT. This
allowed significant differences after 60 minutes to be found for 10 nM solutions of the
aptamer beacon in the presence of VT1 as low as 1.25 nM. However, high amino acid
content found in TSB liquid growth media was also shown to stabilize the fluorescence
photobleaching and make the interaction undetectable. Taken together, the aptamer
sequence being used in this beacon has selectivity for VT1, but poor signal induction.
This aptamer beacon is greatly limited in its usefulness for detection of VTEC and greatly
suggests the need for characterization prior to modification. Binding site analysis of the
aptamer sequence including primer-binding regions may lead to a more effective
aptamer beacon with a shorter sequence length and more functional stem-loop, leading
to reliable signal activation. A new SELEX for VT2, the VT type more frequently
associated with severe illness, could lead to aptamer beacons useful in detecting higher
risk VTEC strains. SELEX conditions could also be modified to select for stronger
structure switching, application in complex media, and heat resistance.

In Chapter 4 use of alternative fluorophore / quencher pairs was assessed for

their ability to enhance the aptamer beacon’s function, especially for use in other
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aptamer beacons in the future. Availability, ease of modification, stability of
fluorescence signal, and other factors led to the selection of Texas Red (TR) / Black hole
Quencher 2 (BHQ2) and Cyanine 5 (Cy5) / Black Hole Quencher 3 (BHQ3) as desirable
pairs to test. TR had an enhanced stability compared to fluorescein and Cy5, but the
fluorescence signal was still greatly affected by photobleaching. Both BHQ2 and BHQ3
had enhanced quenching in their aptamer beacons compared to dabcyl. Interaction with
VT was not changed and the same trend previously observed was the result. TR was
much more visible on TSA growth media compared to fluorescein, while fluorescein was
much more visible on 1.5% agarose growth plates. As such, selection of an optimal
fluorophore / quencher pair will depend on the application of the aptamer beacon. For
inexpensive labeling fluorescein and Texas Red possess strong fluorescence and Black
Hole Quenchers have highly efficient quenching which could be used as part of any
beacon.

In Chapter 5 a DNA substrate was designed to detect VT via its enzyme activity.
VT is a polynucleotide N-glycosidase acting to remove adenine from DNA and RNA
samples. As an enzyme, this activity is catalytic and if it could be used to produce a
detectable signal could lead to detection of VTEC at very low levels. A polyA substrate
was designed with fluorescein and Black Hole Quencher 1 for use as a fluorescent
beacon. The substrate was tested with VT1a and VT2a with phosphate backbone
cleavage catalyzed by addition of N,N’-dimethylethelenediamine. VT2 was observed to
have some activity on the substrate albeit very small and difficult to discern from

background signal. The prospect of a nucleotide substrate to detect VTEC appears shaky
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at best although a substrate prepared with labeled adenine may be more effective and
could be studied in the future.

Overall, the randomized region of the aptamer sequence previously published
(Fan et al., 2008) was further characterized as having specificity for VT1. The use of
aptamer beacons for detection of VT was shown to be valuable, although the existing
beacon requires further sequence characterization to be effective. Modification with
Texas Red proved to be a desirable fluorophore and Black Hole Quenchers as effective
guenching molecules for beacon systems. A DNA-based substrate was also found not to
be useful for the detection of VTEC. Selection of a new VT2 aptamer sequence that

could be used in a future aptamer beacon would be highly valuable.
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Figure A-1 — Most probable secondary structure of Fan et al.’s forward (+) verotoxin
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0.46, 0.7, 0.83, and 1.11 from left to right (Fan et al., 2008; Zuker, 2003). ................... 171
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complementary bases (A10) (left) and 15 complementary bases (A15) (right) predicted
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Figure A-3 — Fluorescence intensity results of fluorescent control DNA (FC) solutions in
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dabcyl labeled aptamer beacon with 10 complementary bases (A10) at 75 nM in TEB
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Figure A-5 — Fluorescence intensity of fluorescent control DNA (FC) and fluorescein /
dabcyl labeled aptamer beacon with 10 complementary bases (A10) at 5.7 nM in TEB
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Figure A-6 — Fluorescence intensity effects of refolding in TEB buffer (B) of fluorescein /
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Figure A-7 — Fluorescence intensity effects of refolding in TEB buffer (B) of fluorescein /
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Figure A-8 — The effects of buffer salinity (TEB, 20mM; or TES, 1 M) and refolding in
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Figure A-10 — The effects of buffer salinity (TEB, 20mM; or TES, 1 M) and refolding in
buffer (B) on background fluorescence of fluorescein / dabcyl labeled aptamer beacon
with 10 complementary bases (A10) (10 nM). Fluorescent control DNA (FC) values were
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Figure A-11 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon
with 10 complementary bases (A10) (1 uM) in TEB or TES at various A10:C10 ratios after
refolding in buffer. Fluorescent control DNA (FC) values were about 34 x 10° RFUs. Ex.
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Figure A-12 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon
with 10 complementary bases (A10) (100 nM) in the presence of C10 or C15 (100 nM) in
TEB (B) and TES (S). Fluorescent control DNA (FC) values were about 25 x 10* RFUs. .. 176

Figure A-13 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10
nM) measured over time with varying VT1 concentrations in TES buffer. Fluorescein
labeled aptamer (FLX) values (10 nM) were around 17 x103 RFUs. Data points represent
the average of 6 wells from replicates 1 and 2. Error bars shown are SD. Ex. 495 + 10 nm,
T2 2 e A O N oY o o U 177

Figure A-14 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10
nM) measured over time with varying VT1 concentrations in TES buffer. Fluorescein
labeled aptamer (FLX) values (10 nM) were around 17 x103 RFUs. Data points represent
the average of 12 wells over 4 replicates. Error bars represent SD. Ex. 495 + 10 nm, Em.
oY B A 0 I o o o TR 177

Figure A-15 — Blanked change in fluorescence over time for the Texas Red / Black Hole
Quencher 2 labeled aptamer beacon (TRQ) (10 nM) in the presence of VT1a or VT2a
(each at 10 nM). A) Full view including unquenched Texas Red labeled aptamer (TRX)
sequence; B) close-up on curves excluding Cyanine 5 labeled aptamer (CYX). Data points
are the average of triplicate readings. Error bars show SD. Ex. 596 £ 15 nm, Em. 680 + 30

Figure A-16 — Blanked change in fluorescence over time for Cyanine 5 / Black Hole
Quencher 3 labeled aptamer beacon (CYQ) (10 nM) in the presence of VT1a or VT2a
(each at 10 nM). A) Full view including unquenched Cyanine 5 labeled aptamer (CYX)
sequence; B) close-up on curves excluding CYX. Data points are the average of triplicate
readings. Error bars show SD. Ex. 620 £ 40 nm, Em. 680 £ 30 NM. ..cceeeeevvcnriiieeeeeeeenns 178

Figure A-17 — Comparison of water and 100 uM solutions of fluorescein, Texas Red, and
NIR-641 (top to bottom) illuminated by white light, handheld UV lamp, and green LED
flashlight (left to right). Images taken by cellphone camera.........ccccceeeeeciieiicciieeen, 179

Figure A-18 — TSA plates used for visible fluorescence comparison in white light. Texas
Red (left), both (middle), fluorescein (right). Image taken with a cell phone camera... 179
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Figure A-19 — Comparison of visible fluorescence of fluorescein and Texas Red spotted
on a 1.5% agarose plate. Solutions were between 40 - 1 uM. Samples were spotted in
triplicate and the plate was refrigerated overnight to allow spots to dry. Image taken
With @ Cell PhONE CAMEIA. . ..uuiiiieeee e e e e e e 180

Figure A-20 — Fluorescence values for the first enzyme activity assay for the first 40-
minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 (10 nM), in addition to polyA (3.75 uM) in EAB. Data points are the average of
triplicate. Error bars @re SD.....uuv et 180

Figure A-21 — Fluorescence values for the first enzyme activity assay for the second 40-
minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 (10 nM), crude VT2a (117 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-
ethylene-diamine (100 mM) in EAB. Data points are the average of triplicate. Error bars

Figure A-22 — Fluorescence values for the second enzyme activity assay for the first 40-
minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 (10 nM), crude VT2a (117 nM), in addition to polyA (3.75 uM) in EAB. Data points
are the average of triplicate. Error bars are SD.......eeeeeieeiiciiiiiiieeeee e 181

Figure A-23 — Fluorescence values for the second enzyme activity assay for the second
40-minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 (10 nM), crude VT2a (117 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-
ethylene-diamine (100 mM) in EAB. Data points are the average of triplicate. Error bars
T =T D TSRS UPURN 182

Figure A-24 — Fluorescence values for the third enzyme activity assay for the first 40-
minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 or crude VT2a (10 nM), in addition to polyA (3.75 uM) in EAB. Data points are the
average of duplicate. Error bars are SD ...t 182

Figure A-25 — Fluorescence values for the third enzyme activity assay for the second 40-
minute incubation at 30 °C. Solutions contained DNase (0.5 units per 100 pL), VT1 or
VT2 or crude VT2a (10 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-ethylene-
diamine (100 mM) in EAB. Data points are the average of duplicate. Error bars are SD
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Figure A-1 — Most probable secondary structure of Fan et al.’s forward (+) verotoxin aptamer
sequence predicted with Mfold software; with increasing free energy (dG) of 0.46, 0.7, 0.83, and
1.11 from left to right (Fan et al., 2008; Zuker, 2003).
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Figure A-2 — Most probable secondary structure for aptamer beacon with 10 complementary
bases (A10) (left) and 15 complementary bases (A15) (right) predicted with Mfold software
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(Zuker, 2003).
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Figure A-3 — Fluorescence intensity results of fluorescent control DNA (FC) solutions in TEB buffer

showing a linear range of 2.5 x 10 to 5 uM for Synergy 2 plate reader.
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Figure A-4 — Fluorescence intensity of fluorescent control DNA (FC) and fluorescein / dabcyl
labeled aptamer beacon with 10 complementary bases (A10) at 75 nM in TEB buffer. About 40

minutes passed while heating to 60 °C.
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Figure A-5 — Fluorescence intensity of fluorescent control DNA (FC) and fluorescein / dabcyl!
labeled aptamer beacon with 10 complementary bases (A10) at 5.7 nM in TEB buffer. About 40
minutes passed while heating to 60 °C.
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Figure A-6 — Fluorescence intensity effects of refolding in TEB buffer (B) of fluorescein / dabcyl
labeled aptamer beacon with 10 complementary bases (A10) (100 nM) alone and in the presence
of C10 (400 nM). Fluorescent control DNA (FC) had a value of about 27 x 10* RFUs.
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Figure A-7 — Fluorescence intensity effects of refolding in TEB buffer (B) of fluorescein / dabcyl
labeled aptamer beacon with 10 complementary bases (A10) (10 nM) alone and in the presence
of C10 (40 nM). Fluorescent control DNA (FC) had a value of about 21 x 10° RFUs.
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Figure A-8 — The effects of buffer salinity (TEB, 20mM, or TES, 1 M) and refolding in buffer (B) on
background fluorescence of fluorescein / dabcyl labeled aptamer beacon with 10 complementary
bases (A10) (1 uM). Fluorescent control DNA (FC) values were around 35 x 10° RFUs. Ex. 495 + 10
nm, Em. 528 + 20 nm.
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Figure A-9 — The effects of buffer salinity (TEB, 20mM,; or TES, 1 M) and refolding in buffer (B) on
background fluorescence of fluorescein / dabcyl labeled aptamer beacon with 10 complementary
bases (A10) (100 nM). Fluorescent control DNA (FC) values were around 30 x 10* RFUs.
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Figure A-10 — The effects of buffer salinity (TEB, 20mM; or TES, 1 M) and refolding in buffer (B)
on background fluorescence of fluorescein / dabcyl labeled aptamer beacon with 10
complementary bases (A10) (10 nM). Fluorescent control DNA (FC) values were around 22 x 10°
RFUs.
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Figure A-11 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon with 10
complementary bases (A10) (1 uM) in TEB or TES at various A10:C10 ratios after refolding in
buffer. Fluorescent control DNA (FC) values were about 34 x 10° RFUs. Ex. 495 + 10 nm, Em. 528
+20 nm.
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Figure A-12 — Fluorescence intensity of fluorescein / dabcyl labeled aptamer beacon with 10

complementary bases (A10) (100 nM) in the presence of C10 or C15 (100 nM) in TEB (B) and TES
(S). Fluorescent control DNA (FC) values were about 25 x 10* RFUs.
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Figure A-13 — Fluorescence of fluorescein / dabcyl! labeled aptamer beacon (FLQ) (10 nM)
measured over time with varying VT1 concentrations in TES buffer. Fluorescein labeled aptamer
(FLX) values (10 nM) were around 17 x10° RFUs. Data points represent the average of 6 wells

from replicates 1 and 2. Error bars shown are SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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Figure A-14 — Fluorescence of fluorescein / dabcyl labeled aptamer beacon (FLQ) (10 nM)
measured over time with varying VT1 concentrations in TES buffer. Fluorescein labeled aptamer
(FLX) values (10 nM) were around 17 x10° RFUs. Data points represent the average of 12 wells

over 4 replicates. Error bars represent SD. Ex. 495 + 10 nm, Em. 528 + 20 nm.
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Figure A-15 — Blanked change in fluorescence over time for the Texas Red / Black Hole Quencher
2 labeled aptamer beacon (TRQ) (10 nM) in the presence of VT1a or VT2a (each at 10 nM). A)
Full view including unquenched Texas Red labeled aptamer (TRX) sequence; B) close-up on curves
excluding Cyanine 5 labeled aptamer (CYX). Data points are the average of triplicate readings.
Error bars show SD. Ex. 596 + 15 nm, Em. 680 + 30 nm
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Figure A-16 — Blanked change in fluorescence over time for Cyanine 5 / Black Hole Quencher 3
labeled aptamer beacon (CYQ) (10 nM) in the presence of VT1a or VT2a (each at 10 nM). A) Full
view including unquenched Cyanine 5 labeled aptamer (CYX) sequence; B) close-up on curves
excluding CYX. Data points are the average of triplicate readings. Error bars show SD. Ex. 620 +
40 nm, Em. 680 * 30 nm.
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Figure A-17 — Comparison of water and 100 uM solutions of fluorescein, Texas Red, and NIR-641
(top to bottom) illuminated by white light, handheld UV lamp, and green LED flashlight (left to
right). Images taken by cellphone camera.

T —— i N bl
Figure A-18 — TSA plates used for visible fluorescence comparison in white light. Texas Red (left),
both (middle), fluorescein (right). Image taken with a cell phone camera.
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Figure A-19 — Comparison of visible fluorescence of fluorescein and Texas Red spotted on a 1.5%
agarose plate. Solutions were between 40 - 1 uM. Samples were spotted in triplicate and the
plate was refrigerated overnight to allow spots to dry. Image taken with a cell phone camera.
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Figure A-20 — Fluorescence values for the first enzyme activity assay for the first 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 uL), VT1 or VT2 (10 nM), in
addition to polyA (3.75 uM) in EAB. Data points are the average of triplicate. Error bars are SD.
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Figure A-21 — Fluorescence values for the first enzyme activity assay for the second 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 uL), VT1 or VT2 (10 nM), crude
VT2a (117 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-ethylene-diamine (100 mM) in
EAB. Data points are the average of triplicate. Error bars are SD
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Figure A-22 — Fluorescence values for the second enzyme activity assay for the first 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 ulL), VT1 or VT2 (10 nM), crude
VT2a (117 nM), in addition to polyA (3.75 uM) in EAB. Data points are the average of triplicate.
Error bars are SD
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Figure A-23 — Fluorescence values for the second enzyme activity assay for the second 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 uL), VT1 or VT2 (10 nM), crude
VT2a (117 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-ethylene-diamine (100 mM) in
EAB. Data points are the average of triplicate. Error bars are SD.
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Figure A-24 — Fluorescence values for the third enzyme activity assay for the first 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 ulL), VT1 or VT2 or crude VT2a
(10 nM), in addition to polyA (3.75 uM) in EAB. Data points are the average of duplicate. Error

bars are SD

Page | 182



_ L= — — == polyA
103 _W =>¢=DNase + polyA

98 - =P=\/T1+polyA
e \/T2 + poOlyA

3 ==V T2a + polyA

38 + 7T T7TTTTTT

RFU x 103

Time (min)

Figure A-25 — Fluorescence values for the third enzyme activity assay for the second 40-minute
incubation at 30 °C. Solutions contained DNase (0.5 units per 100 ulL), VT1 or VT2 or crude VT2a
(10 nM), in addition to polyA (3.75 uM) and N,N’-dimethyl-ethylene-diamine (100 mM) in EAB.
Data points are the average of duplicate. Error bars are SD
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Appendix B Additional Tables

List of Tables:

Table A-1 — P-values for the significance between fluorescein / dabcyl labeled aptamer
beacon (FLQ) and FLQ+VT1 seen in Figure 27. P-values based on a 1 tailed, paired
STUAENT'S T-1EST, QZ0.05. .eeeiiiiiiieeeeeee et e e e ettt e e e e e et e st e eeeeeesesasansseeseseees 185

Page | 184



Table A-1 — P-values for the significance between fluorescein / dabcyl labeled aptamer beacon
(FLQ) and FLQ+VT1 seen in Figure 27. P-values based on a 1 tailed, paired student’s t-test,

0=0.05.

Time (min)
Concentration (nM) 25 40 /0

10 0.0248 | 0.0032 | 0.0003

5 0.0545 | 0.0072 | 0.0007

2.5 0.194 0.0300 | 0.0012

1.25 0.481 0.1664 | 0.0135

0.625 0.470 0.3678 | 0.2079

0.313 0.0313% | 0.1137 | 0.2825

0.156 0.145 0.1091 | 0.1007

#Values higher
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Appendix C Mass Spectrometry Reports

The mass spectrometry display reports in the next 6 pages correspond to testing
synthesized DNA oligonucleotides. The samples were given numbers as described here:

2B — Band B from C10 synthesis gels

4B — Band B from fluorescein / dabcyl labeled aptamer beacon with 10 complementary
bases (A10) synthesis gels

6B — Band B from fluorescein / dabcyl labeled aptamer beacon with 10 complementary
bases (A15) synthesis gels

CCFL #1 — Band B from complete complement DNA (CC) sequence synthesis gels

FL3 #2 — Band B from Fluorescein labeled aptamer (FLX) synthesis gels

FLQS5 #4 — Band B from fluorescein / dabcyl labeled aptamer beacon (FLQ) synthesis gels
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Mass spectrometric results for 2B — C10 sequences

Display Report

Analysis Info
Analysis Name
Method
Sample Name
Comment

2B

Acquisition Date  11/13/2014 7:15:21 PM

D:\Data\Wahba\2014\LC-MS\Nov\Qligo\Nov 13\2B_RC2_01_3219.d
ms oligo 300-3000 10 mins.m

A Wahba
maXis impact

Operator

Instrument 282001.00044

Acquisition Parameter
Source Type ESI
Focus Active
Scan Begin 300 m/z
Scan End 3000 m/z

lon Polarity
Set Capillary

Set End Plate Offset
Set Charging Voltage

Set Corona

1.0 Bar
200 °C
6.0 min
Source
0°C

Set Nebulizer
Set Dry Heater
Set Dry Gas

Set Divert Valve
Set APCI Heater

Negative
4500 V
500V
2000V
0 nA

Intens. |
[mAU]

2001

150+

100

501

0 ; T

S

0 1 2

o

4 5 6 T 8 9

Time [min]

|— UV Chromatogram

260 nm

Intens.
X109
5]

599.4849

999.8160

1500.2283 2B_RC2_01_3219.d: -M5, 4.9-5.1min #297-307

2000.[6385
|

500 750

1000 1250

1500 1750 2000 2250 2500 2750 iz

Intens. |
x108

1.251
1.001
0.751

0.504

3002.4698

L

-MS, 4.9-5.1min, Deconvoluted (MaxEnt, 553.29-2094.10, *0.0742188, 8000)

4003.9701
I\

0.00

2600 2800

2B_RC2_01_3219.d

3000

3200 3400 3600 3800 4000 iz

Bruker Compass DataAnalysis 4.1

printed: 11/14/2014 2:50:56 PM

by: A Wahba Page 1 of 1

Page | 187



Mass spectrometric results for 4B — Fluorescein / dabcyl labeled aptamer beacon with

10 complementary bases (A10) sequences

Display Report

Analysis Info Acquisition Date  11/13/2014 7:46:54 PM
Analysis Name  D:\Data\Wahba\2014\LC-MS\Nov\Oligo\Nov 1314B_RC4_01_3221.d

Method ms oligo 300-3000 10 mins.m Operator A Wahba

Sample Name 4B Instrument maXis impact  282001.00044
Comment

Acquisition Parameter

Source Type ESI lon Polarity Negative Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 300 m/z Set End Plate Offset -500 v Set Dry Gas 6.0 Umin
Scan End 3000 m/z Set Charging Voltage 2000V Set Divert Valve Source
Set Corona 0 nA Set APCI Heater 0C
Intens.
[mAU
800+
600+
400+
200+
0 T T T T T 7 7 7 T
4] 1 2 3 4 5 6 7 8 9  Time [min]

—— UV Chromatogram, 260 nm ‘

Intens. .l = i g
] 806.5226 4B_RC4_01_3221.d: -MS, 4.6-4.7min #276-282
1.39
1.04
Q.59
l L l HO338 s S
0.0l ol uIL i ek e b WM ; A g
600 800 1000 1200 1400 1600 1800 2000 2200 2400 miz
Intens, -MS, 4.6-4.7min, Deconvoluted (MaxEnt, 646.56-2191.10, *0.4, 5000)
X107
16150.7093
3_
2_
1_
o‘.............—*-‘-*!.“—.L““."...‘......
12000 13000 14000 135000 16000 17000 18000 18000 miz
4B_RC4_01_3221d
Bruker Compass DataAnalysis 4.1 printed: 11/14/2014 2:56:13 PM by: A Wahba Page 1 of 1
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Mass spectrometric results for 6B — Fluorescein / dabcyl labeled aptamer beacon with

10 complementary bases (A15) sequences

Display Report

Analysis Info Acquisition Date  11/13/2014 8:18:28 PM
Analysis Name  D:\Data\Wahba\2014\LC-MS\Nov\Qligo\Nov 13\6B_RC6_01_3223.d
Method ms oligo 300-3000 10 mins.m Operator A Wahba
Sample Name 6B Instrument maXis impact 282001.00044
Comment
Acquisition Parameter
Source Type ESI lon Polarity Negative Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Begin 300 m/z Set End Plate Offset 500 v Set Dry Gas 6.0 Umin
Scan End 3000 m/z Set Charging Voltage 2000 V Set Divert Valve Source
Set Corona 0nA Set APCI Heater 0T
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Mass spectrometric results for CCFL #1 — Complete complement DNA (CC) sequences

Display Report

Analysis Info Acquisition Date  3/24/2016 2:14:05 PM
Analysis Name  D:\Data\Wahba\2016\Mar\Oligos\Mar 23\CCFL #1_GC2_01_2448.d

Method ms oligo 300-3000 10 mins.m Operator ~ AWAHBA

Sample Name  CCFL #1 Instrument maXis impact 282001.00044
Comment

Acquisition Parameter

Source Type ESI lon Polarity Negative Set Nebulizer 1.0 Bar
Focus Not active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 300 m/z Set End Plate Offset -500 V Set Dry Gas 6.0 I'min
Scan End 3000 m/z Set Charging Voltage 2000V Set Divert Valve Source
Set Corona 0nA Set APCI Heater 0
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Mass spectrometric results for FL3 #2 — Fluorescein labeled aptamer (FLX) sequences

Display Report

Analysis Info Acquisition Date ~ 3/24/2016 2:29:56 PM
Analysis Name  D:\Data\Wahba\2016\Mar\Oligos\Mar 23\FL3 #2_GC3_01_2449.d

Method ms oligo 300-3000 10 mins.m Operator  AWAHBA

Sample Name FL3 #2 Instrument maXis impact 282001.00044
Comment

Acquisition Parameter

Source Type ESI lon Polarity Negative Set Nebulizer 1.0 Bar
Focus Not active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Begin 300 m/iz Set End Plate Offset -500 V Set Dry Gas 6.0 V'min
Scan End 3000 m/z Set Charging Voltage 2000V Set Divert Valve Source
Set Corona 0nA Set APCI Heater 0C
Intens.
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Mass spectrometric results for FLQ5 #4 — fluorescein / dabcyl labeled aptamer beacon

(FLQ) sequences

Display Report

Analysis Info Acquisition Date  3/24/2016 2:45:52 PM
Analysis Name  D:\Data\Wahba\2016\Mar\Oligos\Mar 23\FLQ5 #4 GC4_01_2450.d

Method ms oligo 300-3000 10 mins.m Operator ~ AWAHBA

Sample Name  FLQ5#4 Instrument maXis impact 282001.00044
Comment

Acquisition Parameter

Source Type ESI lon Polarity Negative Set Nebulizer 1.0 Bar
Focus Not active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Begin 300 m/z Set End Plate Offset 500 vV Set Dry Gas 6.0 Vmin
Scan End 3000 m/z Set Charging Voltage 2000 V Set Divert Valve Source
Set Corona 0nA Set APCI Heater 0<C
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