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ABSTRACT

The food-borne pathogen, Listeria monocytogenes, is a global health concern as it has been
responsible for multiple food contamination outbreaks over the past century. Current detection
methods like the enzyme-linked immunoassays (ELISA), and polymerase chain reaction (PCR)
take over 24 h to attain results, are costly, require specialized equipment and trained personnel.
In this study we investigated the use of functional nucleic acid (FNA) to develop a rapid and
cost-effective detection method for L. monocytogenes. We carried out in vitro selection in order
to isolate a fluorescently labeled DNA-RNA hybrid strand that can be bound and cleaved by
specific endoribonucleases (RNase) from L. monocytogenes. We termed these DNA-RNA hybrid
strands RNase-cleaved fluorescent substrate (RES). Since no past studies have isolated RNases
from L. monocytogenes, we first identified the genes based on sequence similarities with well
characterized RNases. We purified and characterized RNase HII, RNase III and RNase G. Since
this study focused primarily on developing RFS for RNase HII, we performed an in depth in vitro
biochemical analysis to characterize this enzyme. We found that RNase HII from L.
monocytogenes plays an important role in DNA replication and repair. Furthermore, we obtained
six sequence classes by in vitro selection which could interact with RNase HII. The key nucleotide
regions involved with RNase HII interactions were identified. In the final study, we showed the
sequences isolated by in vitro selection could also be used as a tool to study ribonuclease function

and identify new interaction between enzyme and substrate.
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CHAPTER 1: General Introduction to Current Pathogen Detection Methods
1.1 Food-Borne Pathogens

Food-borne illnesses pose a serious threat to public health and safety; hence, methods to
detect pathogens are of great importance. Pathogens involved with food-borne illnesses include
Escherichia coli, Campylobacter, Salmonella typhimurium, Staphylococcus aureus, Vibrio cholerae
and Listeria monocytogenes." Pathogens such as E. coli O157:H7 have caused incidents like the
1997 Hudson ground-beef recalls that caused illnesses in over 9000 cases, of which 313 died.?
Since the consumption of few pathogen cells pose a threat to an individual’s health, legislations
implementing a zero tolerance policy necessitate that food industries use detection methods
which must be sensitive enough to detect at least 100 cells or less per gram or mL of sample.>* As
a result, great research efforts have been implemented towards the development of sensitive
pathogen detection methods. In fact, the food industry alone accounts for nearly 40% of all
research dedicated towards food pathogen analysis.” Conventional methods used to identify
pathogens use laborious culturing techniques which take 4-5 days to produce results and are not
adequate to monitor the safety of our food on a timely basis.> ¢ As a result, novel rapid methods
have been developed that significantly reduced the time needed to detect pathogens. The advent
of methods like the enzyme-linked immune assays (ELISA) in 1971 revolutionized the speed of
food pathogen analysis and dominated the market ever since.>” However, food companies and
health sectors need to evaluate alternative techniques that have emerged over the past two

decades with the potential of greater sensitivity, simplicity, efficiency and cost effectiveness.
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1.2 Introduction to Current Pathogen Detection Methods

1.2.1 Conventional Assays

Great care must be taken to prepare samples prior to detection to obtain reliable and
reproducible results. The goal of sample enrichment is to increase pathogen quantity to a specific
threshold for detection, as well as to concentrate and separate pathogens from food matrices and
competing background flora that can interfere with the detection assays in the latter steps.®’
Target organisms are enumerated by submerging homogenized samples into a selective-
enrichment medium for a period of 24 hours. Selective agents in the culture, the nutrient
composition of the medium, the growth temperature and the aerobic/anaerobic conditions are
optimized to enumerate pathogens and suppress the growth of background flora.® '

The conventional method, which consists of multiple selective-enrichment steps, agar
plating, and biochemical assays, can be used to confirm the presence or absence of the pathogen.
Presumptive positive colonies are identified phenotypically on agar plates that often contain
chromogenic agents that give colonies a specified colour for easy identification.” ' Suspect
colonies are subjected to a battery of biochemical assays to confirm the identity of the organism
down to the genus or species level depending on the test kit used. For example, Listeria
monocytogenes can be distinguished from other Listeria species by assessing hemolytic reactions
and the metabolism of various carbon sources (D-xylose, L-rhamnose, etc).'” These biochemical
test kits have become miniaturized and automated requiring only a small volume of bacterial

suspensions; however, most tests require 18-24 hours of incubation to obtain results.
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Unfortunately, monitoring food quality at the industrial scale by conventional methods is not
feasible due to the cost associated with the maintenance of specialized facilities, trained personnel
and the time lost from withholding products from the market. Although the preferences for
rapid-detection methods are taking precedence over conventional assays, they cannot replace the
traditional methods as they remain the gold standard to confirm the true identity of bacteria

isolates.

1.3 Introduction to Immunoassays

1.3.1 Enzyme-Linked Immune Assay

The specificity of antibody for its antigen has been exploited since early 1920s for
identifying and serotyping bacteria."” However, early advancements in the immunoassay field
occurred after the development of chemically modified antibodies with fluorescent molecules. In
1942 Coons et al. demonstrated that fluorescently (fluorescein-4-isocyanate) labelled antibodies
could be used to detect bacteria within tissue cultures.® However it was not until the development
of ELISA that the detection of various food-borne pathogens or their toxins became rapid,
sensitive and commercially feasible.

The prevalent format of ELISA that is commercially available is the two-site ELISA also
called the sandwich-ELISA (Figure 1.1). The typical sensitivity of ELISA for whole-cell detection
is limited to 10*-10° colony-forming units (CFU)/mL which is not adequate to detect the
infectious dose of many pathogens (100 cells or less).” ® '> '* Furthermore, even with full

automation of ELISA test results are obtained after 24-30 hours, largely due to necessary
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enrichment steps. In fact, enrichment is necessary to enumerate and isolate the target organism
before performing any immunoassays. This is due to the propensity of antibodies to bind non-
specific compounds present within the foods or to antigens from closely related competing
flora."”> '* Furthermore, antigens that are masked by various food components can reduce the
overall sensitivity of the assays. Strategies such as the use of fluorescent or chemiluminescent
signal instead of colour production by enzymatic reactions have been used to achieve a higher
sensitivity than traditional ELISA.' '® Furthermore a process known as immunomagnetic
separation (IMS) has revolutionized the way in which many biological materials can be
concentrated and separated away from complex matrices. Originally designed to isolate blood
cells, it was quickly adapted for pathogen isolation from foods in the early 1990s.” The process
involves the use of antibody-coated magnetic particles to capture the antigens in enriched

cultures which are then easily separated from the solution by applying an external magnetic field.

1.3.2 Surface Plamon Resonance Using Antibodies

Surface plasmon resonance (SPR) has become an attractive immuno-optical biosensing
method due to its extreme sensitivity, compatibility with complex fluid matrices, detecting target
in real time, no need for specific labels to identify the presence of the target, and the ease by
which the sensor can be functionalized with antibodies.””* The principle behind detection relies
on the small changes in the refractive index that occur near the gold-metal surface coated with
antibodies when an analyte is captured (Figure 1.1). The detection of specific Salmonella enterica

serovars spiked milk product was demonstrated using a combination of polyclonal and
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monoclonal antibodies resulting in a detection limit of 2.5x10° S. Typhimurium cells/mL.*
Others have also shown lower detection limits of 10° to 10* CFU/mL with E. coli cells. The SPR
detection method can also be arranged into an array-based system in which multiple targets can
be captured and detected at once in real time. This array-based SPR format was demonstrated for
the detection of Mpycobacterium tuberculosis using patient serum samples.”’ The main
disadvantages of SPR include the large size of the equipment (although portable SPR devices are
becoming available such as the Texas Instrument’s Spreeta SPR system), high costs and the need

for highly trained personnel.

1.3.3 Electrochemical Immunoassays

Electrochemical biosensing is an alternative method for detecting pathogens in which the
analyte recognition event is translated into an electrical signal.> *> * Antibody-based
electrochemical biosensors (also called immunosensors) are amongst the most popular.?? An
amperometric based immunosensor is the most common form of an electrochemical sensing.**
This method detects an increase in current between two electrodes upon the formation of a
sandwich-antibody-antigen complex, similar to ELISA, followed by the production of
electrochemically active compound by an enzyme (the enzyme is often conjugated to the
secondary antibody; Figure 1.1). These active compounds can then transfer electrons at the
electrode to alter the current which can be used to measure the amount of target captured. This
method detects different food-borne pathogens with detection limits that can range from 10’ to

10* CFU/mL.! One limitation of this method is that electrochemically active compounds can

5
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interfere with the assay and generate false currents. Background signal can be improved with the
use of specific membranes or filters which can limit, based on size or charge, only specific
analytes to access the electrode.

Other electrochemical sensors including potentiometric, conductometric and
impedimetric devices have also been used to detect foodborne pathogens and are discussed in
more detail in select reviews." *» >> 2¢ Of the three, impedance spectroscopy (EIS) has gained a
wide range of application in foodborne pathogen detection, especially since it can be customized
as a label-free method.»?” It is based on measuring the changes within the electrical impedance
brought upon by the formation of antibody-antigen complexes on the electrode. Nandakumar et
al. has shown the detection of S. typhimurium with a lower detection limit of 500 CFU/mL within
6 min.*® One of the great advantages of such electrical biosensors is the acquisition of a fully
automated system using computers thus, eliminating human intervention for intermediate steps
in the process. Although immunosensors can prove to be a highly sensitive method, detection of
pathogens within a complex food matrix require the need of an overnight enrichment step and

an IMS process to enhance the sensitivity and performance of the sensor.

1.3.4 Latex Aggulutination Assay

The latex aggulutination assay is a cheaper and simper alternative to ELISA as it does not
require multiple steps, or an expensive spectrophotometer device to assess results.”>* Antibody
coated coloured latex particles, also called sensitized latex, agglutinate or cluster in the presence

of antigen (Figure 1.1). Visible sediments are formed almost immediately upon mixing and
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confirm the presence of antigen. Although the detection is quick and simple, the low sensitivity
(detection range of 10°-107 CFU/mL) and non-specific agglutination triggered by food
components mandate the use of enriched culture samples. The various commercially available

immunoassays are listed in Table 1.1.%%

1.3.5 Lateral Flow Immunoassay

Lateral flow immunoassays (LFIA), often commercialized in a form of a small test strip,
are simple to use and one of the few technologies which can claim to be used outside of a
laboratory setting.’>* % A sample applied to the absorption pad migrates down the test strip via
capillary action and the target can be captured by antibodies (Figure 1.1). The first interaction
involves the binding of the antibodies specific to the target. This primary antibody is often
conjugated to a coloured particle such as gold nanoparticles or latex beads. This complex is then
captured by a secondary anti-target antibody that has been immobilized on the test strip
membrane in a line format. The capture of the target is evident by the presence of a coloured line.
A control test line, composed of immobilized antibodies that target the primary antibody, is used
to indicate if the test was performed correctly. Although the test strips are simple to use and does
not require the end user to purchase additional equipment for detection, the test are limited to
small volumes and samples containing small number of cells must be enriched before use.
Furthermore, samples that are not fluids must be enriched and purified since solid food matrix
can clog membrane pores and destroy the test strips. Hence, commercially available kits are

supplemented with enrichment media.
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Figure 1.1. Immunoassays. Enzyme-Linked Immunosorbant Assay (ELISA): The immobilized antibodies are conjugated to a
solid support and are used to capture the antigen. A secondary antibody that recognizes a different epitope on the same
antigen is added to produce a colourimetric signal for detection. The secondary antibody is chemically linked to either
alkaline phosphatase or horseradish peroxidase which catalyze chromophoric substrates to form coloured products. Latex
Agglutination (LA) Assay: Coloured latex particles coated with antibodies (sensitized latex) form large visible sediments in the
presence of antigen as a result of an immunocomplex network between sensitized latex and the antigens. Amperometric
Electrochemical Assay: Primary antibodies are captured onto an electrode. The secondary antibody is tagged with enzyme
which produce electrochemically active compound. Electrons (e’) from the electrochemically active compounds are
transferred to the electrode which is measured as an increase in the current. Surface Plasmon Resonance (SPR): Gold film is
coated with an antibody which captures an antigen. The capture of the antigen causes the change in the refractive index
which causes the incident polarized light to be reflected at a different angel. Lateral Flow Device: The antigen flows across the
membrane into the first region where it is bound by the primary antibody. The primary antibody is tagged with gold-
nanoparticle. The primary antibody-antigen complex is captured by the immobilized secondary antibody. The sandwich
complex is visualized as a blue colour due to the presence of gold particles.
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1.4 Introduction to Nucleic Acid-Based Assays

1.4.1 DNA Hybridization Probes

A single gene or a cluster of genes in a pathogen can code for virulence factors which
cause pathogenesis thus, if the gene is detected so is the pathogen. This simple principle has been
used to design nucleic acid probes that can be used to promptly detect pathogens with high
specificity and sensitivity. Although commercial assays relying on antibodies for pathogen
detection have dominated the market, the DNA-based methods have made impressive progress
over the last two decades.”® The ease with which DNA can be chemically modified with various
molecules such as fluorophores, the control over the precise location of chemical modifications,
the simplicity of manipulating the sequence of DNA, and the ability to have large scale synthesis
at relatively low cost has made DNA-based technologies an attractive diagnostic tool. Some
current commercially available DNA-based assays for pathogen detection are listed in Table 1.1.

DNA probes were the first nucleic acid-based assay used for pathogen detection within
foods in the early 1980s."> ¥ Synthesized DNA oligonucleotides (probes) form Watson-Crick
base-pairs which allow specific hybridization with complementary DNA or RNA strands from
the pathogen. Probes have been designed to target specific virulence genes such as SLT I and SLT
IT toxins produced by E. coli O157:H7; however, most commercially available kits target specific
regions of the 16S ribosomal RNA (rRNA) due to its high copy number (10°-10* copies/cell).'* **
* The GENE-TRAK (or GENE Quence) system (Neogen) and Accuprobe (Gen-Probe) are two

main commercially available kits targeting 16S rRNA (Table 1.1).
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Table 1.1. Commercially available pathogen detection assays. (LA) Latex agglutination. (LF), Lateral flow device.

Organism Trade Name Manufacturer Assay Format
E. coli O157:H7 VIA-TECRA 3M TECRA ELISA
Assurance GDS BioControl ELISA
Dupont lateral flow system Dupont Qualicon LF
RapidChek Strategic Dignostics Inc. ILT
GeneDisc Pall GeneDisc Technologies PCR
BAX Dupont Qualicon PCR
E.coli O157:H7 LT BioFire Diagnostics Inc. PCR
foodproof BIOTECON Diagnostics PCR
Listeria VIA-TECRA 3M TECRA ELISA
Assurance ETA BioControl ELISA
Listeria Latex Microgen LA
Oxoid Rapid Test ThermoScientific LA
RapidChek Strategic Dignostics Inc. LF
GENE-TRAK Neogen DNA-probe
Accuprobe GEN-PROBE DNA-probe
iQ-Check Bio-Rad PCR
BAX Dupont Qualicon PCR
foodproof BIOTECON Diagnostics PCR
Salmonella VIA-TECRA 3M TECRA ELISA
Assurance EIA BioControl ELISA
Oxoid Rapid Test ThermoScientific LA
GENE-TRAK Neogen DNA-probe
BAX Dupont Qualicon PCR
foodproof BIOTECON Diagnostics PCR
Staphylococcus aureus VIA-TECRA 3M TECRA ELISA
Staphyloslide Remel LA
Dry Spot ThermoScientific LA
Accuprobe GEN-PROBE DNA-probe
GENE-TRAK Neogen DNA-probe
BAX Dupont Qualicon PCR
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The GENE-TRAK assays are composed of two key oligonucleotides, the capture probe
which hybridizes to the target rRNA and contains a poly-deoxyadenosine tail and the detection
probe which binds to an adjacent region of the target rRNA and is chemically linked to
horseradish peroxidase (HRP).*® The rRNA extracted from the cell is mixed with the two DNA
probes and forms a complex that is captured onto a dipstick or micro-well plates coated with
poly-deoxythymidine nucleotides. Any unbound material is washed and the addition of enzyme
substrates produces a blue colour (450 nm) which is analyzed spectrophotometrically. The assays
take 100-150 min however due to the low detection range of 10°-10° cells/mL, overnight
enrichment cultures are necessary. In the Accuprobe system, a single DNA probe conjugated
with a chemiluminescent label, acridium ester, is hybridized with the target rRNA to protect the
acridium  ester from  alkaline hydrolysis  (chemically treated products are
nonchemiluminescent).*® The protected labels emit photons which are analyzed using a
luminometer. Studies show that GENE-TRAK and Accuprobe perform nearly identically
(detection limit of 10° CFU/mL) in detecting Listeria monocytogenes and Campylobacter.*>* Yet,
fast turnover of results and fewer steps involved in the Accuprobe assays make it easier for

analyzing large quantities of sample.

1.4.2 Polymerase Chain Reaction

The development of polymerase chain reaction by Mullis in 1983, the use of heat-stable
Thermus aquaticus (Taq) polymerase to generate amplicons, and the invention of the

thermocycler have provided scientists a powerful tool for genetic studies.’ The early PCR studies
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assessed the presence or absence of genetic mutations or alleles to study inherent metabolic
disorders such as sickle cell anemia.* Soon after, PCR rapidly expanded for the analysis of
infectious agents, given that the presence of a gene in the sample indicated the presence of the
pathogen. This method is sensitive and rapid due to the exponential amplification of DNA that
can be achieved within a few minutes. However, the sensitivity and specificity depends on the
unique primer sequence, the process of extracting target genes, the conditions used for thermal-
cycle amplification, and the methods used to detect amplicons.® The typical detection range of
the PCR methods is 10°-10* CFU/mL and varies based on the procedure used to isolate, grow,
and lyse the cells.”® Furthermore, PCR is susceptible to non-specific amplification leading to false
positive results which are more likely in the presence of background flora.*>* As a result, sample

enrichment and IMS steps are necessary before performing PCR.

1.4.3 Real Time PCR (RT-RCR)

Early PCR assays using ethidium-stained agarose gels to analyse results were labour
intensive, inefficient in analyzing large quantity of samples and required additional equipment.®
Advances in PCR technology stemmed from the development of thermocyclers with a built-in
fluorimeter that could analyze the production of fluorescent amplicons in real time. Fluorescent
dyes like SYBR green which becomes incorporated into the newly synthesized double stranded
DNA during thermal amplification, as seen in Figure 1.2, replaced ethidium bromide and
provided a 1000-fold increase in sensitivity.* Moreover, the fluorescent signal allowed accurate

quantification of the bacterial load due to the inverse relationship between the amount of initial
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target gene and the number of cycles required to observe fluorescence.’* As a result, fewer cells
present within the sample would require more PCR cycles to observe equal fluorescence
compared to a sample with a greater cell load. Although RT-PCR is a faster detection process
relative to the older gel based detection method, due to the enrichment process the overall time
to obtain results is extended to 24-48 h.

A disadvantage of SYBR green dye is it can be incorporated into non-specific amplicons
resulting in false positive results. Consequently, DNA probes internally labelled with fluorescent
molecules replaced the free dye.*” The TagMan DNA probe contains a 5-end fluorescent label
and a 3’-end quencher. During the annealing step, the probe hybridizes to the target at a region
different from the primers, and the quencher absorbs the emitted energy resulting in no
fluorescence.* In the elongation step, the 5° to 3’ exonuclease activity of the Taq polymerase
separates the quencher from the fluorophore resulting in an enhancement in fluorescence
(Figure 1.2). Thus, fluorescence is observed only when the TagMan probe binds the appropriate
amplicon.

Similarly, molecular beacons avoid false positive signals by binding internally to the target
amplicon. The beacons are hairpin structures containing a 5- and 3’-end fluorophore and
quencher that are in close proximity and a loop region with a complementary sequence to the
target DNA.* The quencher is separated from the fluorophore when the hairpin unfolds to

anneal to the target sequence (Figure 1.2).
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1.4.4 Nucleic Acid Lateral Flow

The nucleic acid lateral flow (NALF) device is similar to the LFIA in which capillary
action carries the target to a capture zone in which coloured particles make a visible line.
However, the difference is that NALF uses nucleic acid capture probes, instead of antibodies, to
capture nucleic acid targets. The capture probes can be functionalized on the test strip membrane
in multiple ways including streptavidin layered membranes bound to biotinylated capture
probes; absorption of BSA-oligonucleotide conjugated capture probe on the membrane; capture
probe absorbed directly onto the membrane.*** Amplicons generated by PCR or RT-PCR can be
applied to an absorption pad which then migrates down the test strip to hybridize with the
capture probe and a secondary signalling oligonucleotide conjugated to a gold nanoparticle
(Figure 1.2). The device offers a quick and easy interpretation of PCR results, and has also been
developed as a multiplex-lateral flow device which is capable of binding to multiple amplicon
targets.” However, multiple steps including enrichment process, cell lysis, RNA or genomic

DNA extraction and PCR are required prior to using NALF.

1.4.5 Electrochemical DNA Hybridization Assay

Similar to the immunosensors, electrochemical sensing has also been adopted for rapid
and sensitive detection of target DNA or RNA strands. Most of the current methods employ a
PCR amplification step to improve detection sensitivity. Once the amplicon is hybridized to a

capture probe located on the electrode, it can be detected by either using electrochemically active

14



M.Sc. Thesis — Kanda, P. McMaster University — Biochemistry & Biomedical Sciences

organic dyes which can intercalate within dsDNA, cationic metal complex that can bind DNA
via electrostatic interaction, or generate redox active compounds by an enzymatic process.”’

The redox dye, Methylene blue (MB), has been used in many electrochemical DNA assays
and the work by Li et al. (2006) represents an excellent example of the use of MB for DNA
detection. In their work, the probe DNA conjugated to a gold electrode formed a stem-loop
structure and was also chemically linked to MB. The stem-loop structure maintained the MB in
close proximity to the electrode, generating a small current. Upon hybridization of the probe
with the target amplicon, the stem-loop structure is opened up and the MB is further from the
electrode, effectively reducing the current (Figure 1.2). This method could detect 500 fg of DNA
(equivalent of ~ 90 cells).>

Steps such as culturing, lysis of cells and PCR amplification increase the time and cost
required to perform electrochemical DNA hybridization assays. Few groups have provided
methods to improve the assay and the one discussed here is the work done by Lam et al. (2012).
Their work demonstrated a PCR-free method to detect bacteria with a detection limit of 10°
CFU/mL.*® Although lower detection limits can be achieved by other DNA hybridization
methods, this method incorporates the use of a small electronic device that integrates a cell lysis
chamber to provide rapid results in 30 minutes.™* Cells were injected into the lysis chamber
where an applied voltage was used to lyse them. An air injection moved the lysed sample onto the
chip where the target RNA hybridized with its complimentary peptide nucleic acid (PNA) strand.

A cationic metal electroactive compound Ru(NH;)¢** paired with Fe(CN)s* was used to create a
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current. The current was generated only if the negatively charged RNA was captured on to the
chip by PNA (neutral charge) and attracts Ru(III) electrostatically.

Enzymes have also been used to create electrochemical signals in DNA hybridization
assays. This method is attractive as the cyclic nature of an enzymatic reaction allows for signal
amplification, hence improving the sensitivity of the assay. Alkaline phosphatase (AP) is one of
the most commonly used enzymes which convert electro-inactive a-naphthyl phosphate to an
electroactive a-naphthol. A sandwich-based assay was demonstrated by Farabullini et al. (2007)
in which the amplicons hybridized with the capture probes (conjugated onto an electrode) and a
biotinylated signalling probe.”® The streptavidin—AP was coupled to the biotinylated hybrids to
generate a signal and a detection limit of low nanomolar levels was achieved. Other enzymes like
horseradish peroxidase, and glucose-6-phosphate dehydrogenase have also been employed in

similar sandwich assay format.”**
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Figure 1.2. Nucleic Acid Assays. Real Time PCR Assay: a) The fluorescence emitted by SYBR green dye is enhanced several
fold when it binds to double-stranded DNA after each round of PCR. b) The TagMan probe contains covalently linked
fluorophore (F) and quencher (Q) labels that are in very close vicinity. Following the hybridizing to the target DNA template,
the 5°- to 3’- exonuclease activity of Tag DNA polymerase (Pol.) releases the fluorophore label resulting in enhanced
fluorescent emission. ¢) Molecular beacon forms a hairpin structure that positions the fluorophore and quencher close
together. An enhanced fluorescent signal output is observed during the annealing step, due to the hybridization of the probe
to the target DNA sequence which causes the fluorophore and quencher pair to become distant. Electrochemical DNA
Hybridization Assay: a) The capture probe (CP) is conjugated to an electrode. The target amplicon hybridizes with the
capture probe and the signaling probe (SP). The signaling probe is bound with alkaline phosphatase (AP) which produces
electrochemically active compounds that transfer electrons to the electrode. b) The stem-loop structure of the capture probe
positions the methylene blue (MB) near the electrode. Close proximity of MB to the electrode allows for electron transfer and
production of electrical current. The target hybridizes to the capture probe causing the MB to be distant from the electrons so
that no electrons are transferred. Nucleic Acid Lateral Flow Assay: The target amplicons flow across the membrane into the
first regions where it hybridizes to signaling oligonucleotides. The signaling oligonucleotides are tagged with gold-
nanoparticles. This complex then hybridizes with capture oligonucleotides which is visualized as a blue colour due to the
presence of gold particles.
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1.5 Introduction to DNA based Biosensors

1.5.1 Biosensors

Bacterial detection technologies are progressing towards biosensors that have been
manufactured for portability, full automation (elimination or reduction of sample preparation
steps), and efficiency for quick results with great sensitivity.> A biosensor is a device that
integrates a biological element such as enzymes, antibodies, receptors or DNA with transducer
elements for the analysis of the signal produced upon the presence of specific analytes.”
Biological elements provide target specific recognition whereas optical or electrochemical
transducers respond to the signals that are generated by photon emission, colour change or
electrochemical current, etc. This section will specifically focus on biosensors that use DNA or
RNA aptamers as the molecular recognition element. It is important to note that no single
method used to detect the bacteria can achieve the idealized characteristics of a biosensor as
mentioned above. For example, rapid detection systems may sacrifice sensitivity to achieve their

results.

1.5.2 Introduction to Aptamers

Aptamers are short single stranded DNA (ssDNA) or RNA molecules which have high
affinity and specificity towards a target molecule.®> ®* In 1990s, Ellington & Szostak created the
first RNA aptamer that bound to specific organic dyes such as Cibracon Blue 3GA and Reactive
green 19.2 They also created a DNA aptamer which could bind organic dyes. Since then,

aptamers have been created to bind various small molecules such as nucleotides (ATP), amino
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acids (L-arginine), antibiotics (neomycin), theophylline, and larger biomolecules such as proteins
(thrombin).! Aptamers are created by a technique called selective evolution of ligands by
exponential enrichment (SELEX).* % @ Briefly, the strategy involves a pool of 10 DNA or RNA
molecules containing randomized sequences which are subjected to multiple rounds of selective
pressures. Only the sequences which are capable of binding to the target will be isolated and
amplified using PCR.* * Aptamers provide several advantages which include high affinity and
specificity towards a wide range of targets and functionality at a wide range of salt
concentrations, pH and temperatures. They can also be chemically modified (e.g. fluorophores)
at precise locations and can be immobilized on various surfaces (e.g. gold electrodes) without
affecting their overall binding affinity. The ability to engineer an aptamer to bind essentially any
target of interest holds great potential for developing pathogen biosensors.

Whole-cell based SELEX strategies can be adopted to develop aptamers that bind specific
bacterial strains by recognizing cell-specific surface markers, or secreted metabolites.> ** Early
attempts to detect pathogens include the development of DNA aptamers that are capable of
recognizing and binding to Sterne strain Bacillus anthracis spores using an aptamer-magnetic
beads-electrochemiluminescence (ELC) sandwich assay.®® Aptamers that can bind to
Campylobacter jejuni or Mycobacterium tuberculosis have also been created using whole-cell
SELEX strategies; however, cross-reactivity of these aptamers with other bacterial organisms

raises a concern.®
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1.5.3 Aptasensors

Aptamers can form complex tertiary structures and often undergo distinct
conformational changes in the presence of a target. These properties have been exploited to
devise strategies for creating wide range of conformational-dependent aptamer-based biosensors,
or aptasensors, many of which depend on fluorescence or an electronic signal readout.® %6467

The fluorescence resonance energy transfer (FRET)-based aptasensors change the
fluorescent signal output by altering the distance between the covalently attached fluorophore
and quencher molecule. Liu et al. (2009) demonstrated a “signal-off” strategy in which a
thrombin binding aptamer labeled with a 5’-fluorophore and 3’-quencher initially adopts a
relaxed conformation (on-state) in the absence of a target (Figure 1.3a).%® In the on-state, a large
fluorescent emission is observed as the two ends of the aptamer are distant and freely moving.
The off-state existed when the aptamer adopting a ridged G-quartet or hairpin-like structure in
the presence of lead (Pb**) and mercury (Hg*) ions, respectively. This structural change brought
the two ends of the aptamer in close proximity thereby reducing the fluorescent emission. The
group achieved a detection limit of Pb** and Hg** ions in the low nanomolar range and even
validated the practicality of the method by measuring the target in soil and pond samples.

In a typical “signal-on” method the aptamer conjugated to a fluorophore at one end is
initially quenched by quencher in the absence of a target (Figure 1.3b). One way to bring the

quencher in proximity to the fluorophore is by hybridizing a quencher-modified complementary
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strand to the aptamer. The fluorescence is enhanced when the aptamer dissociates from the

complementary strand brought upon by structural change when bound to its target.®”°

a) .
Target M
w Signal Off
Unbound Aptamer Aptamer-Target Complex
b) . Q—
G— Target

El/ Signal On
QDNA

Duplex Structure Aptamer-Target Complex

Figure 1.3. Aptasensors. a) “Signal-off” Aptasenors: In the absence of a target, the fluorescence emission is
visualized since the fluorophore (F) distantly placed from the quencher (Q) on the aptamer. Structural change
brought upon by target binding positions the quencher near the fluorophore which reduces the fluorescent
emission. b) “Signal-on” Aptasensor: The aptamer modified with fluorophore is hybridized to a quencher modified
DNA (QDNA). In the absence of target, the quencher is within close proximity of the fluorophore. The QDNA is
displaced due to the structural change of the aptamer brought upon by target binding.

Several electrochemical aptasensors rely on the changes in the three-dimensional
structure of aptamers to control the proximity of the electrode to the redox-active compound
tethered to the aptamer.® "7 Radi ef al. (2006) conjugated bifunctionilized thrombin aptamer to
a gold electrode by a thiol group at one end and ferrocene redox label at the opposite end. In the
absence of potassium ion (K*) target, the flexible, free moving aptamer kept the ferrocene distant
from the electrode surface thereby preventing electron flow.”” The K' ion bound aptamer
adopted a ridged G-quartet structure which brought ferrocene close to the electrode surface to

allow electron transfer.
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Examples of aptamers in the literature which have been developed to target disease
causing bacterium or their toxins are listed in Table 1.2.%* However, the use of these aptamers as
recognition elements in aptasensors for pathogens detection, particularly in foods or water, is
limited. Zelada-Guillén et al. (2009) devised a label-free electronic potentiometric sensor to
selectively detect 1 CFU/mL of S. Typhi (ST).”* They covalently immobilizing a high-affinity RNA
aptamer which binds to type IVB pili of ST to the surface of single-walled carbon nanotubes
(SWCNTs). The changes in the potential at the working electrode was measured upon ST cells
binding. Zelada-Guillén also investigated the ability of their potentiometric aptasensor to detect
pathogenic bacteria in real samples requiring minimum sample preparation steps. They were
able to specifically measure E. coli CECT 675 (a nonpathogenic substitute for E. coli O157:H7)
spiked in milk and apple juice with a detection limit of 6 CFU/mL and 26 CFU/mL,
respectively.”” The detection was nearly in real time as the spiked samples were used directly for
detection without further culturing steps. However, a filtration and wash step was required to
remove charged ions present in the sample matrix which could potentially interfere with the
assay. Furthermore, in Zelada-Guillén’s more recent work, they applied the same method to

detect Staphylococcus aureus in pig skin with a detection limit of 8 x 10> CFU/mL.”®
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Table 1.2. Aptamers developed for pathogen detection and therapeutics. This table was adopted from Chavolla et
al. (2009).

Target Function Target Identification

Whole-cell Targets

B. anthracts Sterne strain spores Detection Non-identified

B. thuringiensis spores Detection Non-identified

E. coli DH5a Detection Non-identified

M. tuberculosis Anti-mycobacterial Membrane Protein
agent

T. brucet Anti-parasitic drug Parasite flagellar protein

T. cruzi Invasion inhibitor Parasite receptors for the host cell matrix
agent molecules laminin, fibronecitin,

thrombospondin and
heparin sulfate.

Human Influenza A virus (H3N2) Influenza A virus Haemagglutinin (HA1 peptide chain)
genotyping and
inhibitor agent
S. aureus” Detection Non-identified
L. acidophilus™ Detection Non-identified
S. typhimurium’ Detection Non-identified
Non whole-cell targets
F. tularensis bacterial protein cell lysate Detection Non-identified
Rous Sarcoma virus (RSV) particles Virus inhibitor Non-identified
agent
Vaccinia virus particles Infection inhibitor agent Non-identified
Microbial and viral protein/toxin target Function
Cholera whole toxin Detection
E. coli release factor 1 Non-sense suppression based technology
Mycobacterium avium subsp. Detection

paratuberculosis recombinant MAP0105¢
gene product

S. enterica serovar Typhi IVP pili protein Cell invasion inhibitor agent
Shiga toxin Detection
Staphylococcal enterotoxin B Detection
Hepatitis C virus (HCV) NS3 protease Anti-HCV agent

HCV NS3 helicase Therapeutics and Dignostic
HCV NS5B RNA poltmerase Polymerase inhibitor
Herpes Simplex Virus 1 gD protein® Virus inhibitor agent
HIV-1 TAT protein Transcription inhibitor
HIV-1 reverse transcriptase Reverse transcription inhibition
HIV-1 R5 SU glycoprotein Antiviral
Influenza A virus Antiviral

SARS coronavirus NTPase/Helicase Anti-SCV agents

Rift Valley fever virus (RVFV) Detection

Nucleocapsid (N) protein®!
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1.5.4 RNA-Cleaving Fluorescent DNAzyme

RNA or DNA nucleic acid enzymes, termed ribozymes or deoxyribozymes (DNAzymes)
respectively, can catalyze reactions much like protein enzymes.® Early deoxyribozymes isolated
by SELEX catalyzed the cleavage of riboadenosine embedded within a DNA sequence and
current deoxyribozymes can perform DNA or RNA ligation, phosporylation, deglycosylation and
more.°> ¥ The catalysis by the aptazyme is allosterically modulated by conformational changes
brought upon by the binding of a target to the aptamer. Sensitive DNAzyme biosensors used to
detect environmentally hazardous metal ions such as lead or uranium have been developed and
validate the potential of catalytic nucleic acids as tools for biosensors.”" However, only recently
has there been any progress in using DNAzymes in the application of detecting pathogenic
bacteria. Ali ef al. (2011) performed SELEX in order to isolate an RNA cleaving aptazyme which
was catalytically activated only in presence of a target secreted specifically by E. coli K12. The
aptazyme cleaved a single riboadenosine (R) embedded within a short DNA strand (Figure 1.4).
The deoxyribonucleoties flanking R were modified with a fluorophore and a quencher, and in the
presence of cleavage, an intense fluorescent signal was observed either by a fluorimeter or a
portable UV box. This aptazyme was aptly called RNA-cleaving fluorescent DNAzyme (RFD).
This method provides an easy approach to detect pathogens using an intense fluorescent signal
and eliminates many laborious steps involved in other methods like ELISA. Although aptamer or
aptazymes are excellent candidates for the analysis of foodborne pathogens, much progress is still

required to understand and improve the process of SELEX using crude cellular targets.
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Figure 1.4. RNA-cleaving fluroscent DNAzyme (RFD). The single ribonucleotide (R) is situated between
deoxyribonucleotides modified with a fluorophore (F) as the quencher (Q). The bacteria secretes many metabolites
some of which are specific to the organism. The target binds to the RFD thereby activating the DNAzyme. The
active DNAzyme cleaves the single ribonulceotide, which releases the fragment containing the quencher. The
removal of the quencher allows the fluorophore to emit strong fluorescence.

1.6 Conclusion

The field of rapid-pathogen detection has advanced greatly over the past two decades,
introducing techniques like the real-time PCR, and electrochemical or optical biosensors.
Although these methods are classified as ‘rapid sensors’ the term is misleading because there is
still the need for time-consuming enrichment cultures and multi-step process in detection. Thus,
the next milestone for researchers will be to develop methods that are compatible with the
complex matrices of food. Given the physical limitation of antibodies- and PCR-based methods,
aptamers hold great promise in achieving such goals. The ability to perform SELEX in almost any

given matrix, it might be possible to create aptamers compatible with various complex matrices.
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Hence, it becomes very important to improve on the process of SELEX, namely trying to develop

more efficient methods of high-throughput aptamer screening. Although the progress of

aptamer-based technology towards commercialization has been slow, current examples for their

use as biological elements for electronic or optical biosensors show their potential to achieve

sensitive and specific pathogen detection.
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CHAPTER 2: Materials and Methods
2.1 Construction of Plasmid and Cell Cloning

The L. monocytogenes 4b (strain CLIP80459) genes rnc (Lm-RNase III), rng (Lm-RNase
G), rnhb (Lm-RNase HII) and the N-terminus deleted (AN)-rnhb (AN Lm-RNase HII) were
amplified by PCR and ligated into either pET 15b vector (Novagen) using the XhoI-Bpul102
restriction sites. The primer sequences used for PCR are listed in Table 2.1 and the restriction

sites are underlined. Restriction enzymes were bought either from Thermo Scientific or New

England Biolabs (NEB).
Table 2.1

Gene Primers Constructed Plamid

rnc 1) TATTATCTCGAGATGAATCAATGGGAAGAGTTACAAGAA pET-15b-Lm-rnc
2) ATTATT GCTCAGCTTATCTGTGTGTTAGTTGGTTTATAGC

rng 1) TATTATCTCGAGATGAAAAAGCTAGTAGTAAGTGC pET-15b-Lm-rng
2) ATTATT GCTCAGCTTAGTTTTCCACCCGGC

rnhb 1) TATTATCTCGAGATGAGCGATTCCATATCCGTTA pET-15b-Lm-rnhb
2) ATTATT GCTCAGCTTATTTTAAACTATCAAAATGCAAC

(AN)- 1) TATTATCTCGAGATGAAACAATATGAAACAG pET-15b-Lm-

mhb 2) ATTATT GCTCAGCTTATTTTAAACTATCAAAATGCAAC (AN)rnhb

rnhb 1) TATTATGAATTCACTTTAAGAAGGAGATATACCATGG pBAD wt Lm-rnhb
2) ATTATTTCTAGAAGTTATTGCTCAGCGGTGG

(AN)- 1) TATTATGAATTCACTTTAAGAAGGAGATATACCATGG pBAD (AN) Lm-rnhb

mhb 2) ATTATT AAGCTTAGTTATTGCTCAGCGGTGG

The plasmids are referred to as pET 15b-Lm-gene name. The constructed plasmids were
transformed either into E. coli strain BL21 (DE3) or pRARE2 using standard heat-shock method.
All cell strains were kindly donated by Dr. Alba Guarné.

The wildtype (wt) rnhb and (AN)-rnhb genes were inserted into the pBAD 30 plasmid

using EcoRI-Xbal and EcoRI-HindIII restriction sites, respectively. The pET 15b-Lm-rnhb or
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pET 15b-Lm-(AN) rnhb plasmid served as the template for PCR and the primers are listed in

Table 2.1.

2.2 Protein Solubility and Expression Assay

A 20 mL cell culture containing antibiotics ampicillin (Sigma Aldrich) was grown to an
ODgoo of ~0.7. Only for cells containing pET 15b-Lm-rnhb an additional antibiotic was added,
(chloramphenicol). A 600 pl of culture was collected into an Eppendorf tubes (1.5 mL) and spun
down (16000x g for 13 minutes); this sample severed as a control for celles not induced with
Isopropyl p-D-1-thiogalactopyranoside (-IPTG). The remainder of the culture was split into two
15 mL flacon tubes (6 mL each) and induced with 0.5 mM IPTG (Sigma Aldrich). Induced
samples were cultured at 37°C for 3 hr and 25°C for 5 hr. A 350 ul sample was collected from
each induced sample and spun down (16000x g for 3 minutes) and only the cell pellet was kept;
the sample was termed the +IPTG. The remainder of the culture was spun down at 16000x g for
20 min and resuspended in 200 pl of 20 mM Tris (pH 8.0) and 1.4 mM [B-mercaptoethanol.
Lysozyme was added with a final concentration of 1mg/mL and incubated on ice for 30 min.
Sodium Chloride (NaCl) was added with a final concentration of 0.5 M, followed by the addition
of 0.05% Lauryldimethylamine-N-Oxide (LDAO, Sigma Aldrich) and incubated on ice for 30
min. The lysed samples were spun (16000x g for 20 min) and 20 pl of the supernatant was mixed
and boiled with 1x Sodium dodecyl sulfate (SDS)-loading buffer for 10 min; this sample was
termed the +IPTG (soluble). All other samples (50 ul of -IPTG and +IPTG) were boiled for 10

min with 1x SDS-loading buffer. The samples were loaded onto and resolved by 15% SDS-
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Polyacrylamide gel electrophoresis (PAGE). The expression of the enzymes and the experimental
conditions are found in Figure 2.1a, b and c. Nearly equal expression of Lm-RNase III was
observed in all growth conditions, and the enzyme was largely present in the soluble fraction as
visualized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure
2.1a). Greater expression for Lm-RNase G was achieved when cells were grown at 25°C for 5 hr
compared to 37°C for 3 hr (Figure 2.1b). Compared to Lm-RNase III and G, the expression of
RNase HII in all growth conditions was poor and, the enzyme was largely insoluble as revealed
by 15% SDS-PAGE (data not shown). The poor expression may be due to the presence of
multiple rare codons within the gene sequence of RNase HII (rnhb). The E. coli BL21 (DE3)

PRARE 2 strain was used to improve the protein yield.
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Figure 2.1. Protein expression and solubility assay for Lm-RNase III, G and HII. Cells were induced and grown at various
conditions, as indicated above. RNase I1I (a) and G (b) were expressed in E. coli BL21 (DE3) and RNase HII (c) expressed in E. coli BL21
(DE3) pRARE 2. Cells that were not induced served as a control (-IPTG). Both the soluble component of the cell lysate and the cell
pellet (insoluble component) were loaded onto 15% SDS-PAGE gel. The insoluble component is labeled as +IPTG and the soluble
component as +IPTG (soluble). Smaller arrows highlight the presence of RNase following induction. A 28 kDa band representing Lm-
RNase III is present in both +IPTG and +IPTG (soluble) at all growth conditions. Lm-RNase G (~53 kDa) expressed at both growth
conditions but a greater portion of the enzyme was soluble in solution when grown at 25°C for 5 hr. Lm-RNase HII (~32 kDa)
expressed at both growth conditions but a greater portion of the enzyme was soluble when grown at 25°C for 5 hr.
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2.3 Protein Purification and Storage

A 1L cell culture was grown at 37°C to an ODsg of ~0.7 followed by IPTG induction.
Induced cells were and grown for 3 hr at 37°C for RNase III, 5 hr at 25°C for RNase G and RNase
HII. Cell debris was pelleted after sonication and the supernatant was collected. The crude cell
lysate was loaded onto a 5 mL General Electric (GE) Healthcare Ni** column using the Peristaltic
(P)-1 pump (GE Healthcare). Fast protein liquid chromatography (FPLC) (Amersham
Biosciences AKTA) was used to elute the bound protein with stepwise gradient of imidazole. The
protein was eluted at 240 mM imidazole (Figure 2.2a, 2.3a, and 2.4a). Fractions containing
protein were pooled and loaded onto an ion exchange column, Mono Q (GE Healthcare) (Figure
2.2b, 2.3b, and 2.4b). For RNase III and G, the Mono Q column was equilibrated with 20 mM
Tris pH 8, 5 mM DTT, 5% glycerol, 0.1 M NaCl followed by a gradient elution from 0.1 M to 0.5
M NaCl. For RNase HII, the Mono Q column was equilibrated with 20 mM Tris pH 8, 5 mM
DTT, 5% glycerol, 0.05 M NacCl followed by a gradient elution from 0.05 M to 0.5 M NaCl. The
fractions collected during the MonoQ purification contained only a single molecular weight
band, ~28kDa, 53kDa and 32kDa corresponding to Lm-RNase III, G and HII, respectively.
During the Mono Q column purification of Lm-RNase III, the enzyme eluted at low and high salt
concentrations as evident by the multiple peaks seen on the column elution graph (Figure 2.2b).
However, all the fractions corresponding to the different peaks contained Lm-RNase III. Multiple
peaks were observed as the protein formed distinct populations that differ in surface charge due

to aggregation or different degrees of folding in the presence of the elution buffer.

36



M.Sc. Thesis — Kanda, P. McMaster University — Biochemistry & Biomedical Sciences

The fractions eluted from Mono Q column were pooled and the buffer was exchanged for
20 mM Tris-HCI (pH 8), 0.15 M NaCl, 1 mM EDTA, 5 mM DTT, 5% glycerol (sizing column
buffer) by using a 10,000K or 30,000K MWCO PES VIVASPIN 2 spin-columns (Sartorius
Stedim Biotech). The protein sample was then loaded onto a superdex S200 sizing column (GE
Healthcare) using the FPLC (Figure 2.2¢, 2.3¢, and 2.4c). The column was equilibrated with
sizing column buffer at 4°C.

The hexa histidine-tag at the N-terminus of the protein was removed by thrombin
(Sigma-Aldrich). The protein was first diluted to 0.5 mg/mL in a low salt buffer containing 20
mM Tris pH 8, 5 mM DTT, 5% glycerol, 150 mM NaCl, and 5 mM CaCl.. It was then incubated
with thrombin for 1 h at room temperature. A series of dilution of thrombin were used to
determine the optimal concentration of thrombin needed for hexa histidine-tag removal. The
digested hexa histidine-tag was separated from the protein by using Mono Q column.

RNase IIT was stored in 12 mM Tris (pH 8.0), 300 mM NaCl, 3 mM DTT, 30% glycerol at
-80°C at a final concentration of ~2.8 mg/mL or 50 uM. Concentration was measured by
Bradford assay (Bio-Rad) using the protocol provided by the manufacture. Lm-RNase G was
stored in 12 mM Tris (pH 8.0), 200 mM NaCl, 3 mM DTT, and 30% glycerol at -80°C with a final
concentration of ~2 mg/mL or 18 uM. Lm-RNase HII was stored in 12 mM Tris (pH 8.0), 150
mM NaCl, 3 mM DTT, 30% glycerol at -80°C with a final concentration of ~1.3 mg/mL or 40

M.
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Figure 2.2. Purification of Lm-RNase III. a) Ni** column purification: The collected fractions (labeled A-D), were visualized by 15%
SDS-PAGE. The untreated cell lysate is labeled as the crude sample. The flowthrough (FT) represents the fraction collected as the crude
sample was loaded onto the Ni** column. The unfilled-arrow shows the expected size of RNase III. Protein contaminants are shown by
solid arrows. b) Mono Q column purification: The fractions collected under the peaks A to C were loaded onto 15% SDS-PAGE. The Ni**
sample on the gel represents the protein sample from Ni** purification and serves as a control to show the approximate size of Lm-RNase
III. The FT represents the fraction immediately collected after loading the Ni** purified sample onto the Mono Q column. The bands
seen at ~28 kDa correspond to Lm-RNase III. The asterisk arrow on the flow-elution graph indicates the fractions that were collected for
further studies. ) Superdex S200 sizing column purification: The standard equation, listed in the figure, was used to approximate the
molecular weight of the protein eluted under the peak B. The elution volume max was ~14.45 mL which equated to ~71 kDa
(representing Lm-RNase III dimer).
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Figure 2.3. Purification of Lm-RNase G. a) Ni** column purification: The collected fractions (labeled A-E), were visualized by 15%
SDS-PAGE. The untreated cell lysate is labeled as the crude sample. The flowthrough (FT) represents the fraction collected as the
crude sample was loaded onto the Ni** column. The unfilled-arrow shows the expected size of RNase G. b) Mono Q column
purification: The fractions collected under the peaks A to D were loaded onto 15% SDS-PAGE. The Ni** sample on the gel represents
the protein sample from Ni** purification and serves as a control to show the approximate size of Lm-RNase G. The FT represents
the fraction immediately collected after loading the Ni** purified sample onto the Mono Q column. The bands seen at ~53 kDa
correspond to Lm-RNase G. ¢) Superdex S200 sizing column purification: The standard equation, listed in the figure, was used to
approximate the molecular weight of the protein eluted under the peak A. The elution volume max was ~13.38 mL which equated to
~116 kDa (representing Lm-RNase G dimer).
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Figure 2.4. Purification of Lm-RNase HII. a) Ni** column purification: The collected fractions (labeled A-C), were visualized by
15% SDS-PAGE. The untreated cell lysate is labeled as the crude sample. The flowthrough (FT) represents the fraction collected as
the crude sample was loaded onto the Ni** column. The unfilled-arrow shows the expected size of RNase HIL b) Mono Q column
purification: The fractions collected under the peaks A to E were loaded onto 15% SDS-PAGE. The Ni** sample on the gel represents
the protein sample from Ni** purification and serves as a control to show the approximate size of Lm-RNase HIL The FT represents
the fraction immediately collected after loading the Ni** purified sample onto the Mono Q column. The bands seen at ~32 kDa
correspond to Lm-RNase HIL. c) Superdex S200 sizing column purification: The standard equation, listed in the figure, was used to
approximate the molecular weight of the protein eluted under the peak C. The elution volume max was ~11.25 mL which equated to

~36 kDa (representing Lm-RNase HII monomer).
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2.4 Synthesis and Purification of Oligonucleotides

All DNA or RNA used for cloning, assessing enzymatic reactions, and SELEX were
purchased either from Integrated DNA Technologies (IDT) or Yale University Keck Facilities.
All oligonucleotides were purified by 10% denaturing (8M Urea) polyacrylamide gel
electrophoresis (dAPAGE) before use. The DNA or RNA sequences used to assess enzymatic
activity following protein purification are provided in the Table 2.2 and the sequences used for

SELEX are listed in Figure 2.5.

Table 2.2

Enzyme Sequences used to assess enzyme activity

RNase HII 5AATAGAGAAAAAGrArArArAAAGATGGCAAAG (DNA-RNA chimera sequence)
5CTTTGCCATCTTTTTTCTTTTTCTCTATT (complementary DNA strand)

RNase G 5" rGrGrGrArCrArGrUrArUrUrUrG (pBR13)

RNase III 5GAATTCTAATACGACTCACTATAGGGAGAATAAACGTCATTCGCAAGAGTGGCGTTTAT
(uR1.1 [5’+2] substrate) The underlined region shows the T7 RNA polymerase binding region.
Primer 1: 5 GAATTCTAATACGACTCAC

Primer2: 5 ATAAACGCCACTCTTGC

Some RNA sequences were made by in vitro transcription using 1 ug - 1 ng of PCR
product or plasmid as template, 15-20 units (U) T7 RNA polymerase (Thermo Scientific), 1x T7
RNA polymerase buffer (Thermo Scientific)y 5 mM ATP, CTP, GTP, 0.5 mM UTP
(ribonucleotides purchased from BioBasics Canada Inc.), 10U Ribolock (Thermo Scientific), 50
uCi [a-2P] UTP (Perkin Elmer), in a total volume of 50 pl or 100 pl. In vitro transcripts were
purified by 10% dPAGE.

The A N leader transcript substrate was made by first linearizing the pLKG002 plasmid

containing the A N leader gene fragment by using Bam HI restriction enzyme. The plasmid was
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kindly gifted by Dr. David Bechhofer. Approximately 1 pg of linearized plasmid was used as

template for in vitro transcription.

2.5 Assessing Enzyme Activity Following Protein Purification

DNA or RNA substrates were phosphorylated at the 5° end with 10 uCi [y-*P] dATP
(Perkin Elmer) using 20 units of T4 polynucleotide kinase (PNK, Thermo Scientific), 1x PNK
buffer A for 15 min at 37°C. The reactions setup is summarized in the Figure S4.1 in Chapter 4.
The reaction buffer for RNase III and RNase G contained 30 mM Tris-HCI, pH 7.5, 160 mM
NaCl, 1 mM DTT, 1 mM EDTA, 5% glycerol and that for RNase HII contained 15 mM Tris-HCI,
pH 8.0, 50 mM NaCl, 1 mM DTT, 5% glycerol, 0.1 mM EDTA. The reactions for all three
enzymes were initiated by adding MgCl, at a final concentration of 10 mM. The reaction
mixtures were loaded onto a 10% dPAGE and DNA was visualized by phosphor-Imager using

the Molecular Dynamics Typhoon, 9200.

2.6 Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)

The L. monocytogenes cells were grown to mid-log phase before RNA extraction. The
total RNA was extracted following the guidelines provided by the Aurum Total RNA mini kit.
Reverse transcription reaction was performed using 100U Maxima RT enzyme (Thermo
Scientific), 20 ng of total RNA, 1 uM primer, 0.5 mM dNTPs, 1x reaction buffer (50 mM Tris-

HCI pH 8.3, 75 mM KCl, 3 mM MgCl,, 10 mM DTT) and 10U Ribolock with a total reaction
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volume of 20 ul. The reaction was performed for 30 min at 50°C and quenched at 85°C for 5 min.

2 pl of the RT reaction was used as the template for the PCR reaction.

2.7 SELEX and Sequencing

Refer to Figure 2.5 for details on how SELEX was set up. The SELEX reaction was setup as
described previously by Ali et al. (2011), Angew. Chem. Int. 50, 3751-3754. The 1x selection
buffer (SB) contained 50 mM HEPES, pH 7.5, 150 mM NaCl, 15 mM MgCl, and 0.01% Tween
20.

The round 15 DNA pool was amplified by PCR and cloned into a vector using the TA
cloning method (Invitrogen). Cells containing plasmids with individual sequences were prepared

according to the specification of Functional Biosciences Inc. for sequencing.
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RL1: TCACAGTTGTCAGTAACGCC - 10- CGGTCTGATTGCTCGTTATC
F51: ACTCTTCCTAGE F-rA-0 GGTTOGATCAAGA

FP1: TCACAGTTGTCAGTAACGCC

RP1: GATAACGAGCAATCAGACCG

RPZ: ALAAAAAAAAAAAAAAAAAR-L- GATAACGAGCAATCAGACCG
LT1: GCTAGGAAGAGTGATAACGAGCAATC

Figure 2.5. SELEX schematics for RFS. Ligation of RL1 to FS1 (Step 1): The DNA library (RL1), composed of 40 randomized nucleotides
(N4) shown in orange, is ligated to the fluorescent substrates (FS1) using the ligation template (LT1). Purification of Ligated RLI-FS1
(Step 2): The Ligated products are purified using 10% denaturing polyacrylamide gel (dAPAGE). Negative or Counter-selection (Step 3):
The ligated library is incubated with 1X selection buffer (SB) or solution containing non-specific targets. Purification of uncleaved RLI-
FSI (Step 4): The sequences which are not cleaved in step 3 are purified using 10% dPAGE. Positive selection of uncleaved RL1-FS1 (Step
5): The ligated library is incubated with the target of interest, L. monocytogenes endoribonuclease (Lm-RNase) in which some sequence
are cleaved by the Lm-RNase. Purification of cleaved products (Step 6): The sequences which are cleaved by Lm-RNases in step 5 are
purified using 10% dPAGE. PCRI (Step 7): The cleaved products are amplified using forward primer 1 (FP1) and reverse primer 1 (RP1).
PCR2 (Step 8): The product from PCRI is used as the template DNA for PCR2. The reverse primer 2 (RP2) contains 20 adenines (A) at
the 5" end separated by an 18 carbon spacer molecule (L); the DNA polymerase cannot amplify DNA sequences past the carbon spacer.
Purification of the sense strand (Step 9): The sense strand of the PCR2 product codes for the sequence which interacts specifically with the
RNase. The sense strands which are shorter than the antisense strands are separated by 10% dPAGE. Ligation of RLI to FS1 (Step 10):
The enriched population of DNA sequences are re-ligated to the FS1. The enriched sequences are again subjected to positive selection
(steps 5-10), multiple times until a unique sequences that are cleaved efficiently by the Lm-RNase are isolated. If the sequences cross-
react with undesired RNases from different bacterial species, the enriched DNA pool can be subjected to counter-selection steps (steps 3
to 4), in an attempt to remove sequences that interact with the undesired target.
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2.8 In Vivo Complementation Assay for RNase H Activity

E. coli MIC2067 cells were transformed with either an empty pBAD 30 vector, the pBAD
30 vector containing the wt or (AN) Lm-rnhb gene. Cells were spread on a Luria-Bertani (LB)

medium plates containing 50 ug/mL ampicillin and grown at 30°C or 43°C.

2.9 Circular Dichroism (CD) Spectroscopy

The protein was placed in the buffer containing 20 mM Tris-HCI (pH 7.5), 50 mM NaCl,
5 mM DTT, 30% glycerol. The wavelength for obtaining the CD spectra was set from 260 nm to
197 nm on the Aviv model 410 CD spectrometer (Biomedical Inc). The reading was taken in a
0.1 mm-width glass vial at 25°C. Protein concentration was set from 0.1 to 0.5 mg/mL. The
reading using buffer alone was used to correct the baseline. The following formula was used to
convert the raw CD-signal data to mean residue ellipticity:

1) Ellipticity, [0], in deg. - cm?*/dmol = (millidegrees X mean residue weight) / (path length in mm
X protein concentration in mg/ml)

2) The mean residue weight of a protein is the molecular weight divided by the number of backbone
amides (backbone amides= number of amino acids -1)

2.10 Assessing the In Vitro Activity of wt- and AN-Lm RNase HII

Substrates labeled with fluorescein at the 3’ end (synthesized by IDT) (Chapter 3 Table
3.1) were used to assess the in vitro activity of wt- and AN-RNase HII. The RNA-DNA chimera
sequences were mixed with the complementary antisense DNA sequences at a 1:2 mole ratio
respectively, to form a heteroduplex. The buffer used for enzyme reaction contained 20 mM Tris-
Cl pH 7.5, 50 mM NaCl, 50 mM DTT, 0.1 mM EDTA. The reactions were initiated by adding 10
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mM MgCl, and were performed at 37°C for 30 min, unless otherwise stated. The enzyme and
substrate concentrations varied with different experiments and are listed in the figure panels.
Samples were loaded onto a 10% dPAGE and visualized the fluorescence emission at 526 nm
(excitation was accomplished using a green laser of 532nm) using the Molecular Dynamics

Typhoon 9200.

2.11 Enzyme Kinetics

The kinetic parameters for both the wt- and AN-RNase HII was determined using the
R10D8/D18 heteroduplex substrate. The buffer used for enzyme reaction contained 20 mM Tris-
Cl pH 7.5, 50 mM NaCl, 50 mM DTT, 0.1 mM EDTA. The reactions were initiated by adding 10
mM MgCl, with the total reaction volume set to 10 pl. The final enzyme concentration was set to
200 nM with varying substrate concentrations. The heteroduplex substrate was always kept at a
2:1 mole ratio of R10D8 to D18. The reactions were performed at 37°C at various time points
ranging from 1 min to 2 h. All reactions were done in triplicates. Each reaction was quenched by
the addition of 10 ul of 2x dPAGE urea loading dye and placed on ice. Samples were loaded onto
10% dPAGE and fluorescence was visualized using Molecular Dynamics Typhoon 9200. Cleavage
was quantified using ImageQuant software and the data was plotted and fitted by non-linear

regression curve using GraphPad Prism 4.
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CHAPTER 3: Isolation and Characterization of RNase HIl from Listeria
monocytogenes

3.1 Abstract

Endoribonuclease (RNase) HII is an enzyme that plays a role in removing Okazaki
fragments during DNA replication and misincorporated ribonucleotides within the genome. It
has also been shown that RNase HII played a role in influencing the virulence of a foodborne
pathogen, Listeria monocytogenes in an unknown manner. Our study is the first to purify and
biochemically characterize L. monocytogenes (Lm) RNase HII. We confirmed that the Lm4b
01283 (a putative Lm RNase HII) codes for Lm RNase HII as it cleaves substrates mimicking
Okazaki fragments and also remove a single ribonucleotide within a DNA duplex. The enzyme
also demonstrated in vivo RNase H activity as it complements the temperature sensitive
phenotype of E. coli MIC2067 (RNase H deficient strain). Furthermore, we also investigated the
putative role the N-terminus played in substrate binding by deleting the first 57 amino acids
(AN-Lm RNase HII). Both the wild type and N-terminus deleted enzyme preferred magnesium
ions over manganese ions for catalysis. The kinetic parameters of wild type enzyme was
measured to be kcu= 0.24 + 0.01 min', Ku= 0.05 + 0 .03 uM and for AN-Lm RNase HII ke.= 0.09
+ 0.02 min™ and K= 0.08 £ 0.01 uM. The deletion of the N-terminus increased the K., value by
~2.5 fold suggesting that the N-terminus played a role in substrate binding. By testing the wt-
and AN-Lm RNase HII activity at various concentrations of different divalent metal ions, we

showed that the N-terminus also influenced catalytic rate. The N-terminus was predicted to fold
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into three consecutive alpha-helices, which we called the a; motif, and is unique to the Bacillus

and Lactobacillus organisms.

3.2 Introduction

Endoribonuclease HII (RNase HII) is an enzyme that cleaves ribonucleotides within a
RNA/DNA heteroduplex and has been shown to play a role in DNA replication and repair.'?
Prokaryotic and eukaryotic RNase HII belong to a Type 2 RNase H family of enzymes that also
includes RNase HIII. Type 1 RNase H family includes prokaryotic and eukaryotic RNase HI and
the RNase H domain of reverse transcriptase.” * Bacterial species often contain a combination of
two types of RNase H either HI/HII or HII/HIII and few contain the genes for all three RNase
H.* The multiplicity of RNase H is not completely understood. Nonetheless, multiple copies of
RNase H may act to protect the cells by overlapping functions since removal of a single RNase H
does not result in cell death or significant cell growth defects. The removal of both RNase HI and
RNase HII in Escherichia coli produces a temperature sensitive strain, whereas in Bacillus subtilis,
the removal of RNase HII and RNase HIII results in cell death.>¢

RNase HII contains a conserved DEDD (Asp-Glu-Asp-Asp) catalytic motif which
coordinates two divalent metal ions near the RNA-DNA junction of Okazaki like substrates
(RNA,-DNA,/DNA), and substrates with a single RNA (DNA,-RNA;-DNA,/DNA) (Figure
3.1a).>7'° One metal ion is shown to position a water molecule that acts as a nucleophile to attack
the scissile phosphate at the RNA-DNA junction (Figure 3.1b)."""* The second metal ion is

coordinated to the oxygen atom of the scissile phosphate to assist the leaving group. In contrast,
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RNase HI cannot recognize and cleave at the RNA-DNA junction and prefers only RNA/DNA

heteroduplex substrates - this is also known as RNase H activity (Figure 3.1a)’.

a) RNA-DNi\ Junction )
S‘ER RR R—DDDm RNA/DNA hetroduplex
5:
5;@R‘DI Dl DI Em Cleavage by RNase HII
5 H
—p )
swRR RNase H Activity

Figure 3.1. Substrate recognition by RNase HI and HII and their catalytic mechanism. a) The RNA-DNA junction is
shown by the arrow. The ribonucleotides are labeled as uppercase R and the deoxyribonucleotides are labeled as uppercase
D. RNase HII can recognize and cleave at the RNA-DNA junction leaving behind a single 5 phosphorylated (P)
ribonucleotide. The RNase HI displays only RNase H activity since it cannot recognize RNA-DNA junction and cleaves only
the RNA. b) Proposed reaction mechanism of RNase HII. The general base (carboxyl group, -CO;) helps coordinate two
magnesium ions (Mg**) and water molecule (H,O). One of the magnesium ion help position the water that acts as a
nucleophile to attack the scissile phosphate. The second magnesium ion is coordinated to the scissile phosphate oxygen to
stabilize the charge of the leaving group.

The differences in substrate specificity may result in the different physiological roles for RNase H
I, II and III. Recent work has shown that RNase HII plays an important role in removing
ribonucleotides that are often misincorporated into the daughter strand during DNA
replication.’

Some organisms consist of RNase HI or HIII that has an extended N-terminus. The most
well characterized are the B. stearothermophilus (Bst) RNase HIII and the Thermotoga maritima
RNase HI, and both have an N-terminus that play an important role in substrate binding."

However, the role of the RNase HII extended N-terminus has not been well characterized. A

49



M.Sc. Thesis — Kanda, P. McMaster University — Biochemistry & Biomedical Sciences

single study showed that the N-terminus of Bst RNase HII, may play an important role in
substrate binding and that removal of the N-terminus renders the enzyme inactive.”” It is
interesting that RNase HII with an extended N terminus can also be identified in pathogenic
organisms such as L. monocytogenes but, it remains unknown whether this region plays a role in
bacterial virulence.

Only recently it was shown that RNase HII could play a role in bacteria virulence in L.
monocytogenes. Bigot et al showed that knocking out the Imo1273 gene (a putative RNase HII)
severely impaired the in vivo survival of the cells in mice.'® We sought to purify and understand
how this enzyme functions in vitro so that we can begin to shed some light into its physiological
role particularly relating to virulence. Furthermore, we also truncated the Lm-RNase’s HII
extended N-terminus to further understand its role and potential link to virulence.

The results of our study show that Lm RNase HII most likely play an integral role in
removing Okazaki fragments and misincorporated ribonucleotides during DNA replication. Our
data also indicates that the N-terminus plays an important role for substrate binding, specificity

and magnesium ion dependent activity.

3.3 Results
3.3.1 Phylogenetic Analysis of Lm RNase Hll
The gene locus of L. monocytogenes 4b (strain CLIP80459 ) Lm4b 01283 was identified as

Lm RNase HII through amino acid percent similarity. Lm RNase HII showed an amino acid

percent similarity of 67.2% to Bacillus subtilis (Bs RNase HII), 45.8% to E. coli (Ec RNase HII),
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33.3 % to Thermococcus kodakaraensis (Tk RNase HII), and 34.3% to Archaeoglobus fulgidus
(Afu RNase HII). Structural alignment identified the conserved catalytic motif DEDD (Asp-77
Glu-78 Asp-169 Asp-186) which suggests that the catalytic mechanism of Lm RNase HII is
similar to the other enzymes (Figure 3.2a).""The GRG motif was also conserved among all the
RNase HII indicating a similar mechanism in recognizing the single ribonucleotide at the RNA-
DNA junction of the substrate. Lm RNase HII contained an additional 70 amino acids at the N-
terminus. Lm RNase HII amino acid sequence blast results are summarized in Figure 3.2b, and
organisms with the extended N-terminus are identified in the order Lactobacillales and Bacillales.
The N-terminus of Lm RNase HII was also compared with previously characterized extended N-
terminus of B. stearothermophilus (Bst) RNase HIII which forms a TATA-box binding protein
(TBP) like structure. The TBP structure of Bst RNase HIII is composed of a B-a-BpPp-a-p
structural motif and is involved in substrate binding.'* Only a 29% amino acid similarity was
shared between the first 70 amino acids of Lm RNase HII and Bs RNase HIII. The secondary
structure prediction showed three consecutive alpha-helices in the extended N-terminus of Lm

RNase HII and could not be matched with any identifiable motifs using online databank.
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Figure 3.2. Sequence alignment and predicted structure of Lm RNase HII. a) The amino acid sequences of Lm RNase HII, B.
subtilis (Bs) RNase HIIL, E. coli (Ec) RNase HII, Archaeoglobus fulgidus (Afu) RNase HII and (Thermococcus kodakaraensis) Tk
RNase HII aligned using Clustal WS parameters provided by Jalview software. The conserved residues for catalysis are indicated
by the asterisk. The three predicted a-helices of the extended N-terminus from Lm RNase HII are shown above the amino acid
sequence. b) A chart showing the distribution of all the organisms with the extended N-terminus similar to Lm RNase HII. Blast
results are obtained by online software UniProt.
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3.3.2 Enzyme Properties of Wild Type and AN-LmRNase HIi

The first 57 amino acids were deleted to isolate an N-terminus truncated enzyme (Lm-
AN RNase HII) (Figure 3.3a). The far-UV circular dichroism (CD) spectra of both AN RNase HII
and the wild-type (wt)-enzyme were similar, indicating no significant differences in the RNase H
structure (Figure 3.3b). A sizing column was used to determine that the Lm RNase HII was
predominantly a monomer in solution, which is consistent with previous observations of RNase
HII from different organisms (Figure S3.1). The enzyme activity was assessed using the R10-D8
substrate which showed that both purified enzymes were functionally active, although the

mutant displayed lower activity (Figure 3.4).
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Figure 3.3. Protein purification and CD-spectra of wt- and AN-Lm RNase HII. a) Protein was purified as described in the
material and method section. Samples were loaded on to 15% SDS-PAGE and stained with Coomassie Brilliant Blue. The molecular
weight of the wt- and AN-Lm RNase HII is 32kDa and 24kDa, respectively. b) The far-UV circular dichroism spectra of both the
wt-and AN-Lm RNase HII is shown.
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The optimal conditions under which the wild type and the truncated Lm RNase HII
functioned were determined using the R10-D8 substrate which mimics Okazaki fragments; all
the substrates used for this study are summarized in Table 3.1. Both the wild type and truncated
Lm-RNase HII were active in the presence of MgCl, and MnCl, (Figure 3.5a and b) although the
enzyme was more active in the presence of MgCL. In presence of magnesium ions, the truncated
enzyme showed ~4 fold decrease in activity compared to the wild type enzyme but, both
functioned optimally in 10-50 mM MgCL. Concentrations of MgCl, greater the 50 mM begins to
inhibit enzyme activity. The wild type enzyme functioned optimally in the presence of 0.1 mM

MnCl, whereas the AN RNase HII showed greater activity in 1 mM MnClL.

Table 3.1. RNase HII substrates. Deoxyribonucleotides and ribonucleotides are shown in
uppercase and lowercase respectively. All substrates except for D18 and the Anti-mut are
fluorescently-labelled by Fluorescein amidite (FAM) at the 3’ end. The bold letter indicate

base tranverstions.

Substrate Sequence

R18 gua cug cgg aga uga gcu (FAM)

R10-D8 gua cug cgg aGA TGA GCT (FAM)
D9-R1-D8 GTA CTG CGG aGA TGA GCT (FAM)
D10-R1-D7 GTA CTG CGG AgA TGA GCT (FAM)
D3-R1-D14 GTA cTG CGG AGA TGA GCT (FAM)
D14-R1-D3 GTA CTG CGG AGA TGa GCT (FAM)
Antisense D18 AGC TCATCT CCG CAG TAC
Anti-mut 8C-A AGC TCA TAT CCG CAG TAC
Anti-mut 9T-G AGC TCATCG CCG CAGTAC
Anti-mut 10C-A AGC TCATCT ACG CAG TAC
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The optimal pH ranges for wild type and truncated enzymes were between 7.5-8.0 and
8.5-9.0, respectively (Figure 3.5c). The temperature range under which both enzymes achieved
maximal activity was 37-42°C (Figure 3.5d).

The kinetic parameters were determined using the R10-D8 substrate under the condition
of 37°C, 10 mM MgClL and a physiological pH of 7.5. The results are summarized in Table 3.2.

Wt-Lm RNase HII had a ~2.5 fold greater catalytic turnover rate compared to the truncated

a)
wt-Lm RNase HIl AN-Lm RNase Hll
G e e e ...
- - — — -
b)
wt-Lm RNase HII AN-Lm RNase HIl
20 10 5 2 T  (um) 20 10 5 2 T (um

SEaNe $Seoew
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Figure 3.4. Assessing the in vitro activity of RNase HII. a) The R10-D8/D18 heteroduplex (400 nM final concentration)
was mixed with increasing concentrations of wt- or AN-RNase HII. No cleavage is seen in the control sample lacking
magnesium ions (-Mg). b) The in vitro RNase H activity was assessed by mixing the R18/D18 heteroduplex (400 nM final
concentration) with increasing concentrations of wt- or AN-RNase HII. Arrows indicates the cleaved products produced
due to RNase H activity.
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enzyme. The K, value for the AN-Lm RNase HII was ~1.6 fold greater than that of the wild type

enzyme, which indicates a weaker affinity for the substrate.

3.3.3 In Vivo Complementation Assay to Test RNase H Activity

E. coli MIC2067 is an rnha and rnhb gene knockout strain that shows an RNase H
temperature dependency.” The cells can grow normally at 30°C but, cannot grow at a
temperature of 43°C unless complemented with a plasmid expressing Type 1 or Type 2 RNase H.
Control cells carrying the empty pBAD30 vector were unable to grow at 43°C (Figure 4.6). In
contrast, cells carrying pBAD30 containing the wt-Lm rnhb gene grew at 43°C, confirming that
the Lm RNase HII exhibits in vivo RNase H activity. Cells complemented with the truncated Lm-
rnhb gene also grew as well as the cells completed with the wild type enzyme at 43°C, indicating

that the N-terminus does not disrupt the enzyme’s in vivo RNase H activity.
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Figure 3.5. Testing the effects of metal ions, pH and temperature on Lm-RNase HII activity. The R10-D8/D18
heteroduplex (100 nM final concentration) was used for all the experiments with a final enzymes concentration of 50 nM.
a) The MgCl, concentration was set to 0, 0.01, 1, 10, 50 or 100 mM. b) The experiment was setup in a similar manner to
panel a. except MnCl, was used in the reaction. ¢) The reaction was performed under 10 mM MgCl, but with varying
pHs adjusted using either 20 mM Tris buffer (used for high pH) or 20 mM MES buffer (used for low PHs). d)
Temperature of the reaction was adjusted to 16, 25, 32, 42, 62°C and carried out in 10 mM MgCL. All reactions
experiments were done in triplicates.
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3.3.4 Lm RNase HIl Cleaves RNA/DNA Heteroduplex Poorly

The activity of both the wt and AN-Lm RNase HII was assessed using the R18 substrate which
formed a complete RNA/DNA heteroduplex. Cleavage of the substrate was only observed at a
high concentration of wt-Lm RNase HII albeit poorly, indicating that the wild type enzyme does
retain RNase H activity similar to RNase HI (Figure 3.4a). No cleavage was observed for the AN-

Lm RNase HII (Figure 3.4b).

Table 3.2. Kinetic Parameters of RNase HII. The hydrolysis of R10-D8/D18 heteroduplex was used to

determine the enzyme kinetics as described in material and methods.

Enzyme Kot (min!) Km (UM) Keat/Kin
wt-Lm RNase HII 0.24 £ 0.01 0.05+£0.01 493 £0.01
AN-Lm RNase HII 0.09 £ 0.02 0.08 £ 0.01 1.24 £ 0.01
Bs RNase HII? 0.52 0.43 1.21

Afu RNase HII® 0.06 8.0 133.3

Pab RNase HII® 0.50 5.57 11.14

3.3.5 Comparison of wt and AN-Lm RNase HIl Substrate Specificity

It was initially determined that Lm RNase HII performed hydrolysis at the 5 scissile
phosphate of the RNA at the RNA-DNA junction leaving behind a ribonucleotide with a 5’
monophosphate (Figure S3.2). This was in agreement with previous literature.”'® Furthermore, it
was also established that the Lm RNase HII cannot cleave single stranded substrates containing

RNA. The substrate must be in the form of a heteroduplex in order to observe enzyme activity
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(Figure S3.3). Next, the activity of the enzyme was compared using different substrates (Figure
3.7). The wt-Lm RNase HII showed a slightly higher activity for substrates containing a single
ribonucleotide (D9-R1-D8) over the substrate closely mimicking Okazaki fragments (R10-D8).
In the case of AN-Lm RNase HII, the enzyme had a slightly higher activity for cleaving R10-D8
over D9-R1-D8. The position of the single ribonucleotide also affected the activity of the enzyme
and it was observed that the enzyme preferred to cleave substrates containing a single
ribonucleotide at the 5 end (D3-R1-D14) over the substrates with the ribonucleotide at the 3’
end (D14-R1-D3). The D14-R1-D3 substrate hydrolysis was ~3.5 fold less than the hydrolysis of
D3-R1-D14 in the presence of the wild type enzyme; however, substrate hydrolysis was reduced

~50 fold in the presence of the truncated enzyme.

3.3.6 RNase HIl can Recognize Mismatched Ribonucleotide Substrates

We also investigated whether Lm RNase HII had the ability to recognize mismatched
single ribonucleotide substrates. To accomplish this, the D9-R1-D8 was used as the substrate and
a single nucleotide on the complementary DNA strand was altered to create a mismatch (Figure
3.8a). The bases were changed such that the mismatch occurred at the single ribonucleic acid,
one nucleotide downstream (+1) and the other, one nucleotide upstream (-1). Both the wild type
and the truncated enzymes hydrolysed all three different mismatched substrates although the
truncated enzyme had far less activity (Figure 4.8b). The cleavage of the +1, 0 and -1 mismatch
substrates compared to the control (no mismatch) was reduced ~2.2, 42 and 12 fold,

respectively, in the presence of the wild type enzyme. The truncated enzyme also harboured a
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similar trend in tolerating the mismatch at the +1 location most effectively and least effectively at

the -1 location.

3.4 Discussion

3.4.1 Listeria Gene the Lm4b 01283 Encodes for RNase Hil

The predominance of RNase HII makes it the universal gene among organisms, especially
in prokaryotes. Although the multiplicity of rnh genes is not entirely understood, it is believed
that two or more RNase H plays a distinct role in the cells with some functional overlap.'* Our
work is the first to show that the Lm4b 01283 locus, which shares 67% amino acid similarity with
Bs RNase HII (a characterized RNase HII), codes for an RNase HII. The enzyme can recognize
and cleave at the RNA-DNA junction for both Okazaki-like substrates and substrates integrated
with single ribonucleotides (Figure 3.7), thus highlighting its putative biological role in removing

Okazaki fragments and the removal of misincorporated RNA during DNA replication.

3.4.2 Cell Complementation Assay to Test /In Vivo RNase H Activity

Archaea and prokaryotic RNase HII also possess RNase H activity, the ability to cleave a
stretch of RNA in a RNA/DNA heteroduplex, showing their overlapping function with RNase
HI. RNase H activity is often detected by complementing a temperature sensitive phenotype of E.
coli MIC2067 strain (RNase H knockout strain). The Lm RNase HII retained in vivo RNase H

activity as it was able to complement E. coli MIC2067 (Figure 3.6). However, the in vitro RNase
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H activity of Lm RNase HII was very weak when tested with R18 substrate (Figure 3.5). This

suggests that additional cellular factors may be required to promote RNase H activity.

43°C
AN Lm-rnhb

Control : : AN Lm-rnhb
(PBAD30) £ %

30°C

wiln b

Figure 3.6. Effects of wt- and AN-Lm RNase HII on the temperature-sensitive growth of E. coli MIC2067. The E.
coli strain MIC2067 was transformed with pBAD30 vector containing the wt Lm-rnhb or AN Lm-rnhb gene. The
empty pBAD 30 vector served as a control. The E. coli MIC2067 cells grown normally at 30°C but cannot grow at
43°C. Cells complemented with functional RNase HII grow at higher temperature.

3.4.3 AN-Lm RNase Hll is Active In Vitro and has In Vivo RNase H Activity

Previously, it has been shown that some rnh genes, such as the Bst RNase HIII, code for
an extended N-terminus that play a role in substrate binding."* Crystal structures of Bst RNase
HIII showed a highly conserved TBP domain at its N-terminus which consisted of a well-known

structural motif B-a-pPPP-a-P."” The extended N-terminus, (amino acid 1-70) of Lm RNase HII
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shows very little amino acid similarity (~29%) to that of Bs RNase HIII. The N-terminus was
predicted to form a secondary structure of three consecutive alpha helices (as) (Figure 3.2a), and
the sequence could not be matched with any known putative motifs. Phylogenetic analysis
reveals that the a; motif is only present in organisms of the order Lactobacillales and Bacillales.
Previous studies using Bacillus stearothermophilus (Bst) RNase HII (50% similarity to Lm RNase
HII) showed that a; motif was important in substrate binding thus, the RNase HII N-terminus
presents as a novel nucleic binding motif."” Furthermore, it was thought that the a; motif played a
role in RNase HII activity as its removal rendered the enzyme inactive. We also tested the effects
of truncating a; motif of Lm RNase HII by removing the first 57 amino acids. The removal of the
N-terminus did not alter the enzyme’s overall structure as indicated by the far UV CD spectrum
(Figure 3.3b). We also found that truncating the N-terminus of Lm RNase HII did not entirely
eliminate its activity. AN-Lm RNase HII cleaved substrates with RNA-DNA junction (Figure
3.4a). However, the RNase H activity was not observed even at high enzyme concentration of 20
uM (Figure 3.4b). This explains why previously it was thought that deleting the as motif led to no
enzymatic activity since only the in vitro RNase H activity was measured using RNA/DNA
heteroduplex substrates.” Like the wild type enzyme, AN-Lm RNase HII retained in vivo RNase
H activity as it was able to complement E. coli MIC2067 (Figure 3.6). This suggests that the as

motif does not play a significant role in promoting in vivo RNase H activity.
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3.4.4 The pH Dependency of wt- and AN-Lm RNase Hll

The conservation of the DEDD and the GRG motif indicates that the catalytic mechanism
of Lm RNase HII is very similar to that of previously characterized Type 2 RNase H.'""* Type 2
RNase H prefer alkaline conditions, between a pH range of 8-9, for optimal activity.”” The
preference for basic conditions may arise due to the requirement of ionisation of the four
conserved DEDD carboxylate groups which helps with binding and positioning of metal ions
correctly. The wt-Lm RNase HII prefers a basic pH range of 7.5-8 whereas the AN-Lm RNase HII
prefers a pH range of 8.5-9 (Figure 3.5¢). This suggests that the extended N-terminus may act as
a common feature to allow the enzyme to function under less basic conditions which may serve
advantageous to the organism’s survival. Thus, it would be interesting to assess the pH

dependency of RNase HII with a3 motif from other organisms.
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Figure 3.7. Comparing the amount of cleavage among different substrates using wt- and AN-Lm RNase HII. a) The
substrates were kept at a final concentration of 100 nM and the enzymes at 50 nM. The reaction was performed at 37°C for
30 min in conditions listed in materials and methods. The reactions were done in triplicates and the data was quantified
using ImageQuant in order to create the graph. b) A diagram showing the a; motif’s involvement in substrate binding. It is
predicted that this motif binds to the regions downstream of the RNA-DNA junction (depicted as -R-).
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3.4.5 Metal lon Dependency of wt- and AN-Lm RNase Hll

Both the wt- and AN-Lm RNase HII prefer Mg®* ions over Mn?* ions as the optimal
activity with Mg>* being 10 fold greater and 4 fold greater over Mn** for wild type and truncated
enzyme, respectively (Figure 3.5a and b). Interestingly, there is only a very slight decrease in the
optimal activity between the wt and AN-Lm RNase HII when using Mn?*ions. This suggests that
removing the a; motif largely influences the Mg** dependent activity with minimal effects on
Mn?* dependent activity. The preference for Mg** ions has also been observed in E. coli and
Deinococcus radiodurans RNase HIL'> ¥ However, the RNase H activity from E. coli, D.
radiodurans and A. fulgidus RNase HII showed greater preference for Mn** while others like T.
kodakaraensis RNase HII preferred Co**.'"> 2 We could not adequately test the preference for
Mn?* jons for RNase H activity by Lm RNase HII since the in vitro RNase H activity of Lm RNase
HII was very weak. We also tested the preference of Lm-RNase HII for other divalent metal ions

and saw that there was no activity with CaCl,, CuCl,, NiCL, and CoCl, (data not shown).

3.4.6 Enzyme Kinetic Analysis of wt- and AN-Lm RNase Hll

Kinetic analysis using Okazaki-like substrates reveal that the enzyme turnover rate for the
wild type (k= 0.24 + 0.01 min™) is about 2.5 fold greater than that of the truncated enzyme
(kea= 0.09 £0.02 min') (Table 3.2). The reduced turnover rate can partially be ascribed to the
weaker substrate affinity of AN-Lm RNase HII with a Ky, values approximately 1.5 fold greater
than the wild type enzyme. The weak substrate binding alone cannot account for the large

decrease in the Mg** dependent activity. Thus, our data suggests that not only does the a; motif
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help bind the substrate but, it also plays a subtle role in promoting substrate catalysis by
potentially promoting ideal arrangement between the scissile phosphate group of the substrate
and the Mg*"ions at the active site. It would be interesting to see if any mutations of the basic
residues which may be involved in substrate binding can alter enzyme activity to be similar to AN
Lm-RNase HII.

Similar results have been reported using Thermotoga maritima (Tm) RNase HI, in which
not only did the removal of the extended N-terminus reduced substrate binding but also
significantly reduced Mg**dependent enzyme activity.”’ The N-terminus of (Tm) RNase HI
displayed great similarity to hybrid binding domain (HBD), often present in eukaryotic Type 1
RNase H, which is often involved in double stranded RNA/DNA heteroduplex. Although there is
very little sequence and structural similarities between the Type 1 RNase HBD and the Type 2 as
motif, they seem to possess similar functions in regards to substrate binding and influencing
enzyme activity.

Table 3.2 also summarizes the catalytic efficiencies of previously characterized RNase
HII. In general, thermophilic archaea RNase HII’s catalytic efficiency is much greater (ranging
from 11-133 min™'/uM) compared to Lm RNase HII (4.93+0.01 min'/uM) and Bs RNase HII (1.2
min’'/uM). Since the archaea enzymes are thermostable, the kinetic parameters are determined at
higher temperatures, such as 60°C for Pyrococcus abyssi RNase HII, which allows for faster
substrate binding and catalysis.®* Lm RNase HII is not thermostable and could only maintain

optimal activity between 37-42°C (Figure 3.5c). AN-Lm RNase HII enzyme also exhibited a
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similar temperature dependency as the wild type, indicating that the a; motif does not contribute

to thermostability.

3.4.7 Substrate Specificity Differ Between of wt- and AN-Lm RNase Hll and
Implication in Biological Role

Our data suggests that Lm RNase HII can play a dual role in the cell by removing the
RNA primers at the Okazaki fragments and by assisting the removal of single ribonucleotides
that are misincorporated into genomic DNA during replication. The wild type enzyme prefers
substrates with a single ribonucleotide (D9-R1-D8) at the RNA-DNA junction slightly over
substrates mimicking Okazaki fragments (R10-D8) (Figure 3.7a). However, the preference for the
substrate was reversed when the N-terminus was deleted. This indicated that cells may tightly
regulate substrate specificities through the interaction of the N-terminus and that other binding

partners may be required to achieve these results.

3.4.8 The as Motif Binds Substrate at Regions Downstream of Cleavage Site

We also found that the position of a single ribonucleotide at either the 5 end (D3-R1-
D14) or the 3’ end (D14-R1-D3) of the substrate influences the enzyme activity. The results
showed that the wild type enzyme displayed 4 fold less activity when the single ribonucleotide
was placed near the 3’ end compared to its being closer to the 5 end (Figure 3.7a). In
comparison, a 50 fold reduction was seen when the as motif was deleted. This suggests that that
the presence of only 3 base pairs or less downstream of the RNA-DNA junction is not sufficient

for ideal enzyme-to-substrate contact. Also, a much larger decrease in the AN Lm-RNase HII
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activity suggested that the a; motif may help bind the substrate mainly through interactions with
nucleotides downstream of the RNA-DNA junction (Figure 3.7b). These results are similar to
Tm RNase HI in which it was found that the HBD domain was largely binding to the

downstream regions of the cleavage site.”!

3.4.9 Lm RNase HIl Can Recognize Mismatched Bases

We also tested the ability of Lm RNase HII in recognizing substrates with mismatch base
paring that can occur naturally in cells due to erroneous priming by primase or during DNA
synthesis by DNA polymerase.”> More dramatic mismatches were created at the -1, 0, +1 position
of D9-R1-D8 by transversion of the bases in the complementary DNA strand (Figure 3.8a).
Mismatch at any one of the locations dramatically reduced substrate hydrolysis in Lm-RNase HII
(Figure 3.8b). We predict that a mismatch disrupts the formation of the ideal helix geometry
required by the enzyme for binding the substrate hence, the observation of reduced activity.
Furthermore, the reduction of activity was not equal at the three positions. The greatest to
smallest reductions in activity were observed in the order of -1, 0, +1. This is also consistent with
observations made in another study looking at the effects of mismatch in Chlamydia pneumonia
RNase HIL* It seems that base paring upstream of the RNA-DNA junction play a slightly greater

role in substrate binding.
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3.4.10 Lm RNase HIl’s Potential Role in L. monocytogenes Virulence

A recent study by Bigot et al investigated the role of the gene Imo1273 which was involved
in L. monocytogenes (EGD-e) virulence.'® The gene was suggested to code for a putative RNase
HII due to its high resemblance with other organisms. The study showed that knocking out
Imo1273 severely attenuated of virulence in mouse models as 50% of the lethal dose (LDs) was a
100 fold higher for knockout cells compared to the wild type cells. However, it remains unclear
how the removal of Imo1273 effected virulence. In this study we have confirmed that Imo01273
gene which shows a 99% similarity to Lm4b 01283 (from L. monocytogenes 4b strain) used in our
study does indeed code for RNase HII and is likely involved in DNA replication and repair by
removing Okazaki fragments, and single ribonucleotides misincorporated into the genome. It has
already been shown that RNase HII plays an important role in maintaining the integrity of the
genome in yeast, mammalian and E. coli***® The inability to maintain genomic integrity may
have affected the in vivo survival of L. monocytogenes leading to reduced virulence. For example,
studies have shown that removing RNase HI (involved in removing Okazaki fragments) from
Haemophilus influenza led to a ~3 fold increase in the mutation rate of tetranucleotide repeats
which affects phase transition process important for cells to adapt rapidly to fluctuations in the

host environment.?”

69



M.Sc. Thesis — Kanda, P.

a)

b)

Anti.mut 10C-A

Anti.mut 9T-G

McMaster University — Biochemistry & Biomedical Sciences

Upstream Downstream

< , >
10+

GTACTGCGGaGATGAGCT
-

GTACTGCGGaGATGAGCT

-
Anti.mut BC-A GTACTGCGGaGATGAGCT
v/

wt-Lm RNase HIl AN-Lm RNase HIl

< <

X © o X © ¥

g gy & s &
L < < < < < <
- - - - gy
- - -

Figure 3.8. Effects of mismatch based on Lm RNase HII activity. a) The illustration shows D9-R1-D8
heteroduplexed with three different mutant antisense strands. The location the ribonucleotide is denoted 0

whereas the upstream and downstream bases are denoted by negative and positive numbers respectively. b) The

dPAGE showing enzyme activity with different anti-mut antisense strands. A control reaction (No Mismatch)

represents wild type enzyme activity with D18 antisense strand. The substrates were kept at a final
concentration of 100 nM and the enzymes at 50 nM. The reaction was performed for 30 min at 37°C and the
reaction conditions are mentioned in the material and methods section.
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3.5 Conclusion

In our study we conducted in vitro analysis to confirm that Lm4b 01283 gene locus
encodes for RNase HII. Our results showed that the enzyme likely plays a role in the removing
Okazaki fragments and the misincorporated ribonucleotides which is important for maintaining
genomic integrity. Furthermore, we showed that the extended N-terminus (or a3 motif) of Lm
RNase HII is a new structural motif involved in substrate binding and influences Mg** dependent
enzyme activity. Now that we have a greater understanding of RNase HII from pathogenic
bacteria such as L. monocytogenes, we can now begin to understand how this enzyme influences
virulence. Our next step will be to investigate the in vivo role of Lm RNase HII and specifically

how it influences bacterial virulence.
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3.7 Supplementary Figures

» y=-0.3222x + 1.9604
R*=0.98413

- Vt(total) = 23.36 mL
Vo(bluedextran)=8.326 mL '!

Arbitrary Units OD2e

Figure $3.1: Superdex $200 size exclusion column purification of wt-Lm RNase HII. The flow elution graph is shown
and the samples collected under the labeled peaks (A-F) were loaded onto a 15% SDS-PAGE and stained with Coomassie
Brilliant Blue. The standard equation, listed in the figure, was used to approximate the molecular weight of the protein
eluted under the peak C. The elution volume max was ~11.25 mL which equated to ~36 kDa, representing Lm-RNase HII
monomer.
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Figure S3.2. Assessing cleavage at the RNA-DNA junction by Lm RNase HII. a) The substrate D10R1D7 contained
a *?P at the 5 phosphodiester bond of the ribonucleotide (shown as P*). The cleavage site by RNase HII and under

basic conditions using sodium bicarbonate (NaHCOs) is indicated by the arrows. b) The different sized sequences
used for the ladder is shown. The substrate only sample was not treated with Lm RNase HII or NaHCOs. The RNase
HII reaction was carried out by using 50 nM Lm RNase HII in 20 mM Tris-Cl pH 7.5, 50 mM NaCl, 50 mM DTT, 0.1
mM EDTA, 10 mM MgCl, for 30 min at 37°C. Half of the RNase HII reaction was separated and treated with 50 mM
NaHCO; (pH 9.0) at 90°C for 30 min. The samples were loaded onto a 10% PAGE and visualized by
phosphorimaging. Only the substrate treated with both RNase HII and NaHCO; produced a single P** labeled
ribonucleotide as shown. Thus, Lm RNase HII recognized RNA-DNA junction and cleaves at the 5 end of the
ribonulceotide and leaving behind a 5” phosphate.
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Figure $3.3. Lm RNase HII cannot cleave single stranded DNA-RNA chimera substrates. The R10-
D8 substrate (100 nM final concentration) was mixed wt-Lm RNase HII (50 nM final concentration)
either in the presence or absence of the antisense strand (D18). The reaction contained 20 mM Tris-Cl
pH 7.5, 50 mM NaCl, 50 mM DTT, 0.1 mM EDTA, 10 mM MgCl, and was performed at 37°C for 30
min.
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CHAPTER 4: Developing RNase-Cleaved Fluorescent Substrate (RFS) to Detect
Listeria monocytogenes

4.1 Abstract

L. monocytogenes is a foodborne pathogen which can causes severe illness (listeriosis) in
individuals with weakened immune systems. The fatality rate of individuals with listeriosis can
reach up to 20%-30% thus, monitoring foods on a timely-bases for L. monocytogenes is necessary
step to ensure the safety of public health. Current detection methods such as cell-plating analysis,
enzyme-linked immunosorbant assay, or polymerase chain reaction fail to meet the demands for
frequent-food screening since it can take 2-5 days to obtain results. In this study, we investigate
the use of functional nucleic acid as a molecular tool to develop a sensitive and rapid biosensor to
detect L. monocytogenes. We developed fluorescently labeled nucleic acid molecules that act as
substrates for endoribonuclease (RNase) from L. monocytogenes. These substrates were termed
RNase-cleaved fluorescent substrates (RFS) and were developed using a method called
“Systematic Evolution of Ligands by Exponential Enrichment” (SELEX). We initially identified
and purified three RNases (RNase III, G and HII) from L. monocytogenes. The RES was first
developed for RNase HII for which 15 rounds of SELEX were completed. All the sequence
isolated at the end of round 15 contained CCATA nucleotides believed to be important for
interacting with RNase HII. Six class of sequences termed C1 to C6 were most abundant in the
round 15 sequence population and were further characterized in Chapter 5. When testing the

ability of C1-C6 to detect native RNase HII in L. monocytogenes cell lysate, we found that only C4
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was able to produce a signal after a 24 h incubation time. Thus, although we have developed a
RES which can detect purified RNase HII, further work is required to improve the detection of
native levels of the enzyme in cell lysates. Furthermore, many challenges were encountered when

developing RFSs for RNase III and G and the issues with SELEX are discusses within this chapter.

4.2 Introduction

The foodborne pathogen, Listeria monocytogenes, poses a public health concern across
the globe as it has been responsible for multiple food contamination outbreaks over the past
century.”? The pathogen is an intracellular, gram positive facultative anaerobe which can invade
the body through the intestinal wall following consumption of contaminated food or drinks.” It is
naturally found in soil, vegetation, waste water, insects, birds, animals, and fecal matter. It can
grow at temperatures ranging from -7°C to 45°C, under high salt conditions and at a pH range of
4.0-9.5.>*° Due to its robust nature, packaged food has become a common route of spread for the
pathogen.! In 1992, contaminated pork tongue delicacies were consumed in France that led to a
total of 279 cases from which 63 deaths and 22 abortions were reported.’ A recent outbreak of L.
monocytogenes in the United States was spread by the consumption of contaminated cantaloupes
leading to over 125 infected individuals and at least 25 deaths.” Other L. monocytogenes outbreaks
have led to massive recalls of food products, costing companies such as Maple Leaf Foods over
$20 million as well as a loss of consumer trust® ° Furthermore, reports have estimated
approximately 1600 cases annually related to Listeria infections resulting in 400 to 500 deaths."

The infection caused by Listeria is termed listeriosis, and can manifest as meningitis, an
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inflammation of the protective covering of the spinal cord and brain and as endocarditis, a
problem of the circulatory system.'> "> Listeriosis in healthy individuals is rare however, at-risk
individuals can become severely ill with a fatality rate reaching as high as 20% to 30%, whereas,
other food borne pathogens such as S. typhimurium and E. coli which have a fatality rate of only
1%.> ¥ At-risk individuals include immuno-compromised patients (organ transplant patients,
HIV positive individuals), infants, elderly and pregnant women.> * ' Consequently, the
government and health organizations like the World Health Organization (WHO) have put large
efforts in studying listeriosis epidemiology and implementing good food hygiene practices to
prevent future outbreaks.

Standards for the exact amount of L. monocytogenes that can be tolerated within
processed food varies by country but the general standard set by the WHO (practiced within
North America) is a zero tolerance within pasteurized food and a tolerance level of <100 cells/g
or mL in all other foods.> ™ A higher level of contamination will require removal of the product
from the market as it can pose serious harm to the consumer. Hence, the ability to detect L.
monocytogenes in a quick and sensitive manner becomes important for the food industry as well
as for health organizations. Furthermore, detection methods are required to monitor and assess
L. monocytogenes in the environment as a way to trace outbreaks for epidemiological studies.

There are several methods to detect L. monocytogenes in food and environmental
samples. The classical approved method uses chromogenic selective agar in conjugation with

biochemical techniques and microscopy.'”> '® This method can distinguish different Listeria
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species and can determine the presence of L. monocytogenes with a success rate of 90% or
greater.! However, this technique requires a high degree of training and can take anywhere from
3 to 5 days to produce results. Other techniques have been developed for rapid detection of L.
monocytogenes such as PCR kits or enzyme-linked immunosorbant assay (ELISA). Although
these rapid detection methods can provide species-specific detection of Listeria with detection
limits of 10'-10* CFU/mL, they possess their own caveats. The PCR and ELISA methods are
expensive and require specialized equipment, training and proper handling and storage.
Furthermore, it is common practice to implement a time consuming 24-hour enrichment step
prior to detecting the pathogen. This step selectively allows the growth of Listeria and ensures
that there are enough cells present for detection. Thus, despite the advancements in the methods
to detect L. monocytogenes, there is still a need for an inexpensive, rapid and easy-to-use
detection system. In this study, we propose the use of functional nucleic acid (FNA) molecules as
a new approach to achieving such goals.

Functional nucleic acids have been widely studied and used for various applications
ranging from studying biological systems, developing biosensors and as therapeutics. One class
of FNAs, called aptamers, are highly specialized single-stranded deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) molecules which have the ability to bind target molecules much like an
antibody binds to its antigen.'” Naturally occurring RNA-aptamers, called riboswitches, have
been identified as part of gene control elements and are involved in regulating various metabolic

genes.'® Although various riboswitches have been identified such as those that bind to flavin
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mononucleotide, S-adenosyl methionine, vitamin By, and thiamin pyrophosphate, methods to
artificially create aptamers have advanced over the past years. These aptamers have been
developed to bind a wide range of targets such as amino acids, nucleotides, enzyme co-factors,
blood coagulation factors, growth factor proteins, antibiotics, vitamins, viral proteins and whole
cells. In a book chapter, Scott Silverman (2009) has summarized the most current FNAs and their
dissociation constants (Kd)."”

Aptamers are generated by a method called Systematic Evolution of Ligands by
EXponential enrichment (SELEX) or in vitro selection. To obtain an aptamer, a pool of over 10"
DNA or RNA molecules each containing a randomized sequence region are subjected to selective
pressures such that only sequences which are able to bind to the target analyte will be isolated.'”*
The isolated sequences are amplified with the use of PCR to generate a specialized population
that again is subjected to the selective pressure. In order to narrow down and obtain sequences
with the greatest ability to bind the target, more stringent selection conditions are introduced in
successive rounds of selection. This includes either reducing the incubation time between the
target and the DNA or RNA population, or reducing the concentration of the target. The cycles
of selection are repeated multiple times until unique sequences are isolated which can bind the
analyte with great affinity and high specificity. In order to improve specificity towards a target, a
counter selection step can be introduced in an attempt to eliminate sequences that cross-react

with non-specific targets. For this step, the enriched DNA or RNA pool is incubated with a non-
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specific target and only the sequences which do not interact with the non-specific target are
isolated.

In this study, FNAs that target various L. monocytogenes endoribonucleases (Lm-RNases)

D)

L. monocytogenes

|
Qe

08 ., a2 R

Aptamer Region

RNase-cleaved Fluorscent substrate RFS-RNase complex RNase cleaves RFS
(RFS)

Figure 4.1. RNase-cleaved fluorescent substrate (RFS) used to detect L. monocytogenes. The RFS contains a DNA
aptamer region which binds to a specific endoribonuclease from L. monocytogenes. The RFS sequence also contains a
single ribonucleotide, (riboadenosine, labeled as R) which is situated between a fluorophore (F) and a quencher (Q)-
modified deoxythymine. Initially there is minimal emission of fluorescence due to the close proximity of the
fluorophore and the quencher. In the presence of L. monocytogenes, which produces RNases, a RFS-RNase complex
can be formed. The RNase cleaves the single ribonucleotide which separates the quencher form the fluorophore thus
enhancing fluorescence.

are generated using SELEX. However, these FNAs differ from traditional aptamers such that they
undergo catalytic cleavage upon binding their respected target. These specialized DNA molecules
are composed of two main components: 1) A DNA sequence behaving much like an aptamer by
binding to the RNase; 2) A stretch of DNA flanking a single RNA moiety which acts as the
substrate for the RNase. Furthermore, the RNA moiety is situated between a fluorophore and a

quencher-modified deoxythymine, fluorescein (Emission max = 521 nm, green) and dabcyl
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(Absorbance range = 400-550 nm), respectively (Figure 4.1). Since the RNase catalyzes the
cleavage of single stranded or double stranded RNA molecules, the goal was to isolate highly
specialized FNAs that would undergo cleavage at the single RNA moiety only upon binding to a
particular Lm-RNase. Prior to cleavage, the close proximity of the quencher to the fluorescent
molecule prevents fluorescence; however, upon cleavage, strong fluorescence would be present as
the fluorescent molecule is separated from the quencher. These FNAs were termed RNase-
cleaved fluorescent substrates (RFS) and the detailed SELEX strategy is illustrated in Figure 2.5 in

Chapter 2.

We are exploiting the robust catalytic power of a natural protein enzyme to cleave
artificially evolved functional nucleic acid molecules. Since natural RNases have relatively high
turnover rates (catalytic efficiencies ranging 10° to 10" M's™) we predicted that we could produce
a highly sensitive detection method using the RFS.*"?* Furthermore, the RFS had the potential to
be developed into a simple mix-and-read assay. For example, a contaminated food sample could
be placed into a cell enrichment solution containing RES probes. As the cells enumerate,
fluorescence can be measured to indicate the presence of pathogen. Similar work done with a
RNA-cleaving fluorescent DNAzyme (RFD) has shown that these simple mix-and-read assays
can be developed into a sensitive and quantitative method to detect pathogens.” In the study, a
single live E. coli cell was detected within eight to twelve hours of culture with minimum

preparation steps. In our study, we investigated whether RFSs have the potential to detect L.
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monocytogenes and provide significant advantages over the existing commercially available

detection systems such as reduced detection time, simple to use and low cost.

4.3 Prospective Challenges of Developing RFS for Detecting L. monocytogenes

Most of the RNases have been well characterized in model organisms such as E. coli but
essentially no characterization has been completed of the Lm-RNases. Thus, prior to developing
RES, the different endoribonuclease genes within the L. monocytogenes genome were identified
with the aid of genomic analysis tools. For this study, Lm-RNase G, III, and HII were initially
used to generate RFSs (see Table 4.1 below for more information on RNases).**" Since these
RNases play a vital role within most bacterial species, it was predicted that they were also
expressed in L. monocytogenes which was later proved experimentally using reverse transcription
polymerase chain reaction (RT-PCR).*>** RNases are ubiquitous within various organisms thus,
one of the potential challenges in this study will be the cross-reactivity of the RES probes with
different bacterial species. However, it was hypothesized that the differences within the primary
amino acid sequences and the overall enzyme topologies would be sufficient to generate species-
specific RESs. In fact, it is already known that aptamers have the ability to distinguish between
protein variants that are very similar.” For example, the aptamer developed for platelet-derived
growth factor B chain (PDGF-B) has a 100 fold greater affinity than to PDGF-A; the variants
share a 60% sequence similarity.* An aptamer (14F3°T) that binds to keratinocyte growth factor
(KGF), a member of a larger family of fibroblast growth factors (FGFs), can discriminate against

all other members by 10,000 fold.* An aptamer which binds to L-selectin shows specificity of
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8,000-15,000 folds and 200-500 folds over P-selection and E-selection, respectively.’>*” Although

cross-reactivity of RFS may not be entirely avoided, a high degree of specificity towards Lm-

RNases can be used to discriminate against other bacterial RNases.

Table 4.1. List of endoribonucleases and their biological role.

Endoribonuclease

Substrate

Biological Function

Type 1 RNase H (RNase HI)

DNA/RNA heteroduplex

Removing Okazaki fragments during DNA
replication

Type 2 RNase H (RNase HIT) DNA/RNA heteroduplex and Removing Okazaki fragments during DNA
DNAn-RNA-DNA./DNA heteroduplex replication. Repairing genomic DNA by
removing misincorporated ribonucleotides.
RNase E Single stranded RNA and prefers to cleave Rate limiting step which initiates mRNA
in A/U rich region turnover via the formation of degradasome in
gram negative bacteria.
Involved in maturation of many RNA species
within bacteria cells.
RNase G Single stranded RNA and prefers to cleave A non-essential enzyme with very similar
in A/U rich region structure and function to RNase E but, does not
form a degradasome complex. Involved in
maturation of many RNA species within bacteria
cells.
RNase III Duplex RNA (shows preference to specific Maturation of rRNA as well as mRNA.
nucleotide regions within steam and loop of
a hairpin structure)
RNase Z Duplex RNA Cleaves tRNA at 3’ end in order for the addition

of CCA nucleotides.

RNase T1 family

No specificity towards single stranded RNA
sequence

Enzyme is secreted out of the cell to cleave
extracellular RNA.

RNase T2 family No specificity towards single stranded RNA  Similar to T1 family in which it is secreted out of
sequence the cell to cleave extracellular RNA. (Functions
optimally at lower pH of 4-5)
RNase P 5" end of the tRNA A ribozyme in complex with protein cofactors to
trim the 5" tRNA end for maturation.
RNase Y Single stranded RNA Rate limiting step which initiates mnRNA

turnover via the formation of degradasome in
gram positive bacteria.

Involved in maturation of many RNA species
within bacteria cells.
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In this study we attempted to generate three different RFS (each with a different
fluorophore and quencher pair) targeting three different Lm-RNases. Thus, in the presence of the
pathogen three simultaneous fluorescence signals would be generated each corresponding to a
different RNase. The ratio between the different fluorescence signals will depend on 1) the
strength of interaction between RFS and the RNase, and 2) the amount of RNase produced by the
organism. Even if the RFS do cross-react with different organisms, the ratio-metric fluorescence
profile would be different from that of L. monocytogenes. We predict that not only will the RFSs
determine the presence of L. monocytogenes, the ratio-metric fluorescence profile can also help
identify other bacterial organisms.

Overall, this study investigated the possibility of developing novel fluorescent nucleic acid
probes used to detect L. monocytogenes (and potentially other bacterial organism) in packaged

foods or environmental samples with high sensitivity, reduced detection time and low-cost.

4.4 Results and Discussion

4.4.1 Sequence Similarities between Lm-RNases to Other Bacterial Organisms

RNases from L. monocytogenes show percent sequence identity of less than 70% to other
organisms (Table 4.2a). The percent similarity values reached as high as 87%; these values are
expected to be larger than percent identity since the calculations also encompass amino acids
which are chemically similar (Table 4.2b).

The percent identity and similarity between the different Listeria species is greater than

90%. This poses a challenge since only genus specific RES may be isolated during the SELEX
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process. Since all of the Listeria species are potentially pathogenic, the presence of any in
packaged food or drinks is undesirable. Thus, making a rapid, simple to use detection system for
the genus Listeria will also prove advantageous. It is feasible to make a species-specific RFS
because although the RNases are essentially identical, their expression levels in different species
may vary under different growth conditions. As mentioned earlier, ratio-metric fluorescence

profile may help differentiate different Listeria species.
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Table 4.2. Percent sequence identity of Lm-RNase to various bacterial organisms. a) The percent identity of Lm-
RNases (protein sequence) was assessed by performing multiple global pairwise alignment using gene analysis tools
provided by European Bioinformatics Institute (EBI) and National Center for Biotechnology Information (NCBI).
Various bacterial organisms from the Firmicutes phylum were assessed and the highest percent identities in the
various genus or class are listed. Sequences from three common pathogens from the Proteobacteria phylum were also
aligned with Lm-RNases. Gram positive bacterium shows the lowest sequence identity to Lm-RNase. Bacterial
organisms from the Bacillus genus show the greatest percent identity. Percent identity greater than 90% exists between
the different species within the Listeria genus. (*)Note: RNase G lacks the C terminal domain often present in RNase
E; the C terminal amino acid sequences of RNase E were not included during alignment. b) The organisms which
scored the highest percent similarity are listed in this table. The organisms with RNases that scored the highest percent
similarity and identity to L. monocytogenes RNases fall within the bacterial order Bacillales.

a
) RMase lll | RNase E/G* | RNase H I
I
Streptococcus ® 55% —--- —ee-

“@ Lactobacillus ® 57% ——-- 50%

g 7

- |

£ s Bacillus® 65% 33% 60%

=Y

i

Clostridia ® 55% 33% 50%
Listeria® 92-99% 92-99% 92-99%
_— v
I

© S.typhimurium 40% 31% 50%

=

g~

8 £

8 s E. coli 40% 31% 50%

[=]

29

E V. cholerae 38% 20% 36%

___|
Taxonomy: 2 refers to genus and b refers to class,
(—--) refers no significant sequence similarity found during sequence Blast
b)

‘ Organism RNase Type Percent Similarity Percent Identity
Geobacillus RNase Il 87% 66.1%
Streptococcus pseudoporcinus RNase Hll 81% 54 %
Bacillus megaterium RNase HIII 85% 58%
Bacillus thuringiensis RNase G 61% 31%
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4.4.2 Reverse Transcription

Reverse-transcription (RT)-polymerase chain reaction was performed to assess whether
or not the L. monocytogenes expressed the rng (RNase G), rnc (RNase III) and rnhb (RNase HII)
genes (Figure 4.2). The size of the PCR products correlated well with the expected size of the rng,
rnhb, and rnc mRNA transcripts, which were 1362 nucleotides (nt), 786 nt, and 690 nt,
respectively. There were multiple RT-PCR products present for the rng gene and likely produced

due to the primer annealing with sequences other that the rng mRNA transcript.
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Figure 4.2. Reverse-transcription polymerase chain reaction. A 1% agarose gel showing
the RT-PCR products for the rnc, rnhb and rng gene. The expected size of each PCR
product (size in nucleotide, nt) is indicated.
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4.4.3 Protein Expression, Purification and Activity

Three clones were created by transforming E. coli BL21 (DE3) with pET 15b vectors
containing the genes for one of Lm-RNases G, III, and HII. The detailed protocol for solubility
assays and protein purification are described in the materials and methods chapter.

Following purification, a single band of high intensity was visualized for the Lm-RNase
III and HII samples, indicating that the samples were contaminant-free (Figure 4.3). However,

the Lm-RNase G sample contained a high molecular weight band of ~ 116 kDa. Since this band is
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Figure 4.3. Silver Staining of Lm-RNase III, G and HII. a) Silver staining of Lm-RNase III and G.
Approximatly 1 mg of protein was loaded on a 15% SDS-PAGE, and silver stained. The small arrow
indicates the presence of a larger molecular weight protein within the Lm-RNase G sample. b) Silver
staining of Lm-RNase HII: Approximately Img of the sample was loaded onto 15% SDS-PAGE and
silver stained. A band of high intensity at ~32 kDa represents Lm-RNase HIL
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approximately twice the size of the original 53 KDa band, it is likely the product of Lm-RNase G
dimerization held together by disulfide bridges.

A Superdex (dextrose) size exclusion column was used to determine that the Lm-RNase
III and G existed predominantly as a dimer in vitro, whereas Lm-RNase HII was a monomer
(Chapter 2 Figure 2.2¢, 2.3¢, and 2.4c). These results are consistent with the multimeric states for
the RNases identified in other organisms.** 4

The purified Lm-RNase III failed to cleave a 5" P radioisotope labeled RNA substrate
called uR1.1 [5'+2] (a substrate previously used to study E. coli RNase III) in the presence of
magnesium ions (Mg*"), whereas the commercially available RNase III from E. coli cleaved uR1.1
[5°+2] as expected in the presence of the Mg** cofactor (Figure S4.1a).*' Initially it was predicted
that the enzyme aggregation was responsible for the lack of enzyme activity however, dynamic
light scattering (DLS) analysis shows that the protein was soluble (data not shown). The study
from which the uR1.1 [5+2] substrate was adopted had the goal to identify a substrate with a
minimal set of RNA sequence required for recognition by E. coli RNase III substrate hence, it is
possible that the Lm-RNase III may not recognize or cleave pR1.1 [5'+2]. A natural substrate, E.
coli 23S ribosomal RNA (rRNA), which is recognized by E. coli RNase III was adopted to test
Lm-RNase III activity. However, the 23S substrate was not cleaved by the Lm-RNase III (data not
shown). It is possible that in vitro conditions lack specific factors such as co-factors or other
interacting proteins required by Lm-RNase III to recognize and cleave E. coli 23S rRNA

substrate. Previous studies have elucidated that RNase III from Bacillus subtilis (B. subtilis), a
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closely related bacterium to Listeria, was unable to cleave E. coli 23S rRNA in vitro but, its
endogenous expression was able to complement E. coli RNase III mutants.*>*

The N leader (viral) gene which can be recognized in vitro by B. subtilis RNase III was
tested.” In E. coli, the A N leader transcript is cleaved by RNase III to activate viral gene
expression.” The plasmid which contained this gene downstream of a T7 RNA polymerase was
linearized and transcribed to obtain the X N leader RNA. The Lm-RNase III cleaved the
transcript in presence of Mg** producing three bands of 150 nt, 131 nt, and 109 nt similarly to
that of E. coli RNase III (Figure S4.1b). However, it is not clear why the substrate was cleaved to
generate a band larger than 150 nt in the absence of Mg*". The control reactions, which contain
only the A N leader transcript, show no cleavage in presence or absence of Mg* thus,
contamination by other ribonucleases or auto-cleavage of the transcript is unlikely. It is possible
that Mg?** ions are still tightly bound to the enzyme which led to enzyme activity.

The Lm-RNase G activity was tested using a short single stranded RNA substrate called
pBR-13; this substrate had previously been used to study mycobacterial and E. coli RNase E/G
kinetics.*! Similar to previous reports with E. coli RNase E, the purified enzyme cleaved pBR-13
in the presence of Mg** (Figure S4.1c). This indicates that Lm-RNase G may play a similar
physiological role as E. coli RNase E/G, such as ribosomal RNA processing (e.g 5S), tRNA
maturation, and regulating messenger RNA turnover however, further investigations are

required.*"*
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The Lm-RNase HII activity was assessed using a DNA (polydeoxythymine)-RNA

(polyadenine) heteroduplex which has been previously used to study RNase HII activity. The

activity assay revealed that the purified enzyme was functional and required Mg** as a cofactor

(Figure S4.1d).**

4.5 Results and Discussion for Systematic Evolution of Ligands by Exponential
Enrichment

4.5.1 RNase-Cleaved Fluorescent Substrate for Lm-RNase HII

A total of 15 positive rounds of in vitro selection were completed to isolate the RFS probe.
The entire selection progress is summarized in Figure 4.4. The first round (R1) was initiated by
incubating ~500 pmol of DNA library with a high concentration of enzyme (40 nM) for 30 min
at room temperature. This resulted in only 2% cleavage (~10 pmol of product). All other
selection rounds started with ~200 pmol of DNA library as this was the practical final yield
obtained following the purification of PCR2. In round 2, the selective pressure was increased by
reducing the enzyme concentration by 10-fold which resulted in a 7% cleavage (or ~10 pmol
product). Even though a 7% cleavage seemed as a small quantity, this represented ~10"> DNA
sequences carried over as products for the next round of selection. Thus, the stringency of
selection from R3-5 was increased by decreasing the enzyme concentration to 400 pM and
reaction time to 20 minutes.

Lowering the enzyme concentration also posed a risk of populating the DNA pool with

self-cleaving sequences (or catalytic DNA). The activity of catalytic DNA is often promoted in
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the presences of buffers containing divalent metal ions. Multiple motifs of catalytic DNA which
cleave RNA in presence of various divalent metal ions have been independently isolated via
SELEX.*** The dose of RNase HII was increased by 10-fold in R6 to assess whether the percent
cleavage would also proportionally increase. An increase in the signal would indicate that
cleavage was target dependent. If the percentage of cleavage remained the same, then the cleavage
activity would largely be accounted by selfish catalytic DNAs. The R6 cleavage increased little less
than 10-fold indicating that the DNA population consisted largely of target-dependent sequences
over catalytic DNA sequences.

The reaction time for R7-10 was reduced to 15 minutes with the enzyme concentration
set to 400 pM. No improvement in the catalytic activity was observed from R7 to R10 as the
percent cleavage remained little less than 1%. If the DNA sequence diversity had reduced
drastically over the many rounds of evolution, continuing successive rounds of selection would
no longer isolate the strongest target-binding sequences. As a result, the DNA population at the
end of R10 was sequenced (data not shown). Sequencing results showed that the DNA
population still contained a very diverse set of sequences because they could not be collectively
organized into large families based on sequence similarity. This scenario allowed for further
increase in the stringency of selective pressure in later rounds.

The negative round (N1) served as a check point to ensure that DNA population did not
contain selfish catalytic DNAs. N1 was performed by incubating the R10 population with buffer

for 1 hour at room temperature. No cleavage was observed for N1, indicating that DNA
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population was largely target-dependent. A very small percentage of cleavage by catalytic DNA
may have occurred even though no visible cleavage was observed during N1. Fortunately, this
small percentage of catalytic DNA sequences were eliminated from the population by gel
separation.

Counter-selection (CS) is a process in which the DNA sequences that interact with agents
other than the desired target are eliminated.* Biological samples often contain various nucleases
such as DNases that degrade DNA strands non-specifically, posing problem for detection using
DNA-based probes. Past work has demonstrated that the process of SELEX can often isolate
target-specific sequences that can be resistant to non-specific nuclease degradation.” To address
these issues, we employed a counter-selection step in which the DNA population after R11 was
mixed with cell lysate obtained from Bacillus subtillis. To eliminate sequences which would be
targeted for nonspecific degradation by nucleases or by other components in cells or excreted
into the medium. The non-specific cleavage observed in counter-selection round (CS1) was large
(~6%), indicating that many of the sequences present within the library were targeted by
nucleases or other factors which helped promote RNA hydrolysis. Sequences that were resistant
to cleavage in CS1 were isolated and subjected to a second counter-selective pressure (CS2) with
similar conditions as CS1. The amount of non-specific cleavage seen in CS2 was less than 0.5%,
indicating that the DNA library contained sequence that were more resistant to non-specific
degradation. The sequences isolated after CS2 were subjected to a positive selection (R12) in

order to assess if the DNA population could still respond to Lm-RNase HII. Although, counter-
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selection steps provide an excellent strategy to eliminate undesired sequences, the caveat is that
diversity of the DNA population can be drastically decreased due to removal of many sequences.

Furthermore, there is a risk of losing key sequences that are important for performing the desired
function. This would make it increasingly difficult to isolate desired sequences in later positive
selection rounds. Thus, the enzyme concentration for R12 was increased to 4 nM to improve the

30+
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20+
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SELEX Rounds
1 2 3 4 5 6 7 8 9 10 N1 11 (€SI €S2 12 CS3 CS4 13 14 15
[Enzyme](nM) 40 4 04 04 04 4 04 04 04 04 0 04 0 ©0 4 1 1 4 4 4
Time(min) 30 30 30 20 20 20 15 15 15 15 60 15 30 30 10 15 15 10 10 10

Figure 4.4. Progress of SELEX using RNase HII as the target. The percent cleavage of the DNA pool at each round of
selection was graphed. The reaction time and the concentration of RNase HII used for each round of selection is listed in
the table. In the negative (N) round, the DNA pool was incubated with the only SELEX buffer. Counter selection (CS)
rounds 1 and 2 were incubated with cell lysate obtained from B. subtilis. CS3 and CS4 were incubated with a mixture of
RNase HII purified from C. difficile and S. typhimurium.
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chances of isolating RNase HII-dependent sequences. A cleavage of ~7% at R12 indicated that
the DNA population were still target-dependent.

Two consecutive counter-selection steps (CS3 and CS4) were performed using a mixture
of purified RNase HII from C. difficile (Cd) and S. typhimurium (St). This step was used to aid in
the removal of sequences with affinity towards RNase HII from other pathogenic bacteria. A
~1.5% and less than 0.5% cleavage was seen for CS3 and CS4, respectively. The decrease in
cleavage indicated that sequences at the end of CS4 were less likely to interact with Cd- and St-
RNase HII.

No cleavage was observed at the end of R13 leading to the possibility that the counter-
selective steps, CS3 and CS4, may have removed RNase HII binding sequences. This is likely
since both the Cd- and St-RNase HII show close to 50% sequence similarity to Lm-RNase HIL
However, this was not the case since the cleavage in R14 and R15 exceeded 35%. One possible
explanation could be that at the end of CS4, multiple sequences that interact with RNase HII
were eliminated with only a few sequences remaining within the population. Thus, no cleavage
was observed in R13. Although not visible, the small set of sequences that were cleaved in R13
were amplified using PCR. This would repopulate the DNA population with sequences that
strongly interacted with Lm-RNase HII therefore, observing the large percent cleavage in R14

and 15.
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4.5.2 Sequencing of DNA population at the end of R15

The sequencing result for the DNA pool at the end of R15 is summarized in Figure 4.5.
There are diverse DNA sequences which cannot be categorized into distinct families. Further
positive selection rounds may assist in isolating more specialized class of sequences that have the
strongest capability to bind Lm-RNase HII. These results also highlight that even with stringent
counter-selective pressure, such as CS3 and CS4, the DNA pool can still have sequence diversity.
Even though in vitro selection did not lead to the isolation of dominant sequences, the DNA pool
did contain six classes that were more abundant. These classes, termed C1 to C6 based on
sequence similarity, were not present at the end of R10 (data not shown), thus they only started
to dominate the DNA pool over the last five rounds of positive selection. The analysis of C1 to C6

sequences are discussed in greater depth in Chapter 5.
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CCATA
Motif

CCATAGATCRAAATCTTCCGGTTG
CCATAGATCRAAATCTTCCGGTTG
CCATAGATCRAAATCTTCCGGTTG
CCATATCTAGAGTCTCGTGCC
CCATATCTAGAGTCTCGTGCC
CCATATCTAGAGTCTCGTGCC

GTAGTCTGCGARCGTGTCGCGATCGCCATATCTAGATGTG
GTAGTCTGCGARCGTGTCGCGATCGCCATATCTAGATGTG
GTAGTCTGCGARCGTGTCGCGATCGCCATATCTAGATGTG

GGTCGCGGGTTGAAT
GGTCGCGGATTGAAT
GGTCGCGGGTTGAAT
GGTCGCGGGTTGAAT
GGTRAAGTTCTITGACCGAAG
GGTRAAGTTCTITGACCGAAG
GGTRAAGTTCTITGACCGAAG
GGTRAAGTTCTITGACCGAAG

CCATATCTCACTAATAGTCCCCGGC
CCATATCTCACCAATAGTCCCTGGC
CCATATCTCACCAATAGTCCCTGGC
CCATATCTCACTAATAGTCCCTGGC
CCATATTCTTGGAAACGTGTG
CCATATTCTTGGAAACGTGTG
CCATATTCTTGGAAACGTGTG
CCATATTCTTGGAAACGTGTG

GGACTATGAGGGTCGACGATTTAATCCATATCTACAGGTG
GGACTATGAGGGTCGACGATTTAATCCATATCTACAGGTG
GGACTATGAGGGTCGACGATTTAATCCATATCTACAGGTG
GGACTATGAGGGTCGACGATTTAATCCATATCTACAGGTG
GGACTAGGAGGGTCGACGATCTAATCCATATCTACAGGTG

GITGAGTGTCGAAGTATCGGA
GTACGTGATTGCTCA
GICCAGACGTGCAGTTGTGAGARARL
GTCGGTGCGTAGATTGCAC
GTCGCGGGTTGRAT
GTGGGACGTGTGGARGTTCGAAR
GTGGAGGGTCGCGTAGTCTAR
GCGATCCTGGTCGRAATGTITCARAT
GCCGTAGAATGTATCG
GCGGGTCGRAAGATTTAR
GCGGGTCGRAAGATTTAR

CCATAAGCARATCGTGTGC
CCATAGTACCTGAGTCGTCCACATG
CCATAGARARCTAGTG
CCATAGAACTTATACGGTICTG
CCATATCTCACTAATAGTGCCCTGGC
CCATAGCTATCCTGTAC
CCATATCTACCAGAGTGTG
CCATATCTATACCCTG
CCATAGCTCGGCARACTCTTACTG
CCATATCTATTATTTTGTCAGTG
CCATATCTATTATTTTGTCAGTG

GCCTCAAGGCARACCGITCGTAGGTTGRAATCCATAGTTGGE

GCCTGTGTGTAGGAGAAT
GCAGTGTAGAAGATTCGATT

CCATAGACTTCACTACCCICTG
CCATAGAACTTGGAAGTTGG

GGTACGCCGTCCGCETCGCGEEAGAGTCCATAGCCCTGGC
GGITCCTTCGGGTAGTAGATCGAATCCATATCTCGATGGG
GGITCTCGIAAGGGTCGCAGTAACGTAATCCATAGGTATG
GGACCATGAGGGTCGACGATTTAATCCATATCTACAGGTG

GGACGCGTTTGAACGAAT
GGAATGTTCGATGCATCGAGT
GGAARCGTGCTTTGTICAR

CCATAGCTTACCGTGTCGTACC
CCATAGGTAGACATGGTGC
CCATAGATCTTTACTTCGTTITGG
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GGACCATGAGGGTCGACGATTTAATCCATATCTACAGGTG

GGACGCGITTGAACGAAT CCATAGCTTACCGTGTCGTACC
GEGAATGTTCGATGCATCGAGT CCATAGGTAGACATGGETGC
GGAACGTGCTTTGTCAL CCATAGATCTTTACTTCGTTITGG
GGAGGGGGATGCGTTCTIGICG CCATAGTTACGIGTGGTG
GGCGTGCGATTGATCAAT CCATAGTAAGTCCCTGGTGATG
GGGGACACGGGGATTGAGCCGGAT - CCATATCTACTGGGETG
GGGCGTGCTGGATTG CCATAGTTGTGATATCGIGCTCTITG
GRAAAAGACGAGAATTGATCGAAG - ~CCATAGACCTCGCGATG
GAACGTGATTGATCAAT CCATATATAGGTITTTTRACGTGGE
GACAGTGGTTTITATCGAAT CCATATCTAGATTACCCGGTA
GATATGCGTCGAGAGCGAG CCATATCTATARATGTACTGG
GATATGCGTCGAGAGCGAG CCATATCTATARGTGTACTGG
GATGGTIGTGGATTGTARGA CCATATCTAGAATGGTCATGG
TGGAGGGATCGAAT CCATATCTAGGTAGCCACACCCCCCA
TGGAGGGATCGAAT CCATATCTAGGTAGCCACACCCCCCA

TGGEGTACGCGCCTCTGICGAAG - - CCATATCTAGTCTCAGC
TAATCGCTIGGGATCATGTCTITGGAGTGCCATAGCAAGGTG
TCATTGTCTGGCGGGAATTGATTTAATCCATAGTATGTG

TGTAGCCGAATGAATTT CCATATCTATARAGAGTCATTGGE

TGACAGTCCGITCTTAATTG CCATAGTAAGGCATCATGGC

TAACGAGGATTGGGTCGCAGCTCTGRATCCATAGTTGGETG
ACGATAGTGACGTAGATCTAAT CCATAGAATRACGTATGGG
ACAGGTGGAGTGATCGCAT CCATATCTATGRAACCCTCTITG

ATACAAGRACGGTACGTGACTTGACTTIGACCATAGCTCTG
CCCTTGTGTCGATGAGTGAAR CCATAGTTTCGTCCTAGTG
CATCTTGITTACGCGTCTAGATCAAT CATATCTCGATTGGG

CATCATGTCTTTCGAGT CCATATCTAGATTTRAGCCCCICG
CATATCACCTTTCGCTGAACGACATCCATATCTACGGTAG
CATACGTGTCGAGATCGGG CCATAGRAATATGGTTCTCCTG
CGATGGGETCGATGGTCGAG CCITAGCAATTRAGACATGTG
CGATGGGGETCGATGGTCGAG CCITAGCAATTRAGRACATGTG
CGCEGTEGTEGGTEGTTTCGAGT CCATAGCTATCTTACTCGGGC

CGCAAGAGCCAGATGTCGAGTGAGAGGCCACAGCACGGTG
CGGITATGAGGRAGACGCGTICTITATCGACCATATCTCGGC
CGGTGGGGTCGAAGTTCCGAG CCATATCTAGTCGTCGGCC
CTCGGICCTAAGTGTGGCAGATCGAAGCCATAGCCAGTTG
CGIGCGGTCAGATCAGTGTITITTGATCAATCCATATGCCCC
CGAGGGCTACGTATTITTIGGATCAA CCATATCTGGGATGTG
CGGTCACAAGGRAATAGGGTCGAAGGTCAAATCCATAGGETC
AGGTACGRAAGGGGTCCTGTCNAGCATCAATCATATCTGGGE
CTACCGGTACGITTICGACGATCGGATCCATATCTAGTACC

Figure 4.5. Sequences present in the R15 DNA pool. Gaps (~) were inserted to align the CCATA nucleotides. The
different sequence classes are labeled C1 to C6 based on their overall sequence similarity. The primer binding
sequence was excluded from the alignment.
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The motif CCATA was present in most sequences. This motif formed a five base pair
duplex at the cleavage site containing the single ribonucleotide (Figure 4.6). A duplex structure is
key for Lm-RNase HII to bind and perform catalysis thus, we repeatedly see the presence of the
CCATA motif. The upstream and downstream regions of the CCATA motif for C1-C6 vary in
their nucleotide sequence, length, and the number of Watson-Crick base paring. The variation in
these regions play a role in influencing enzyme binding and catalysis. Further analysis of the

sequences are discussed in Chapter 5.

5" ACTCTTCCTAGSE,?(;(?TTCGATCAAGA
/= RTACC

Figure 4.6. CCATA nucleotides help form a duplex at the cleavage site. The CCATA sequence forms a duplex by
paring with the region containing the single ribonucleotide (riboadenine, a). The location of the fluorophore (F) and a
quencher (Q) is shown in the sequence.

4.5.3 Testing C1 to C6 RFS probes for detecting L. monocytogenes cells

We also tested whether C1-C6 probes could also detect L. monocytogenes cells. The cells
were grown to mid-log phase (ODew 0.7), pelleted and lysed using sonication. The cell lysate was
used for the reaction and only C4 was cleaved (Figure 4.7). There are two distinct reaction
products visible on the dPAGE by phosphorimaging. The higher molecular mass product was
indicative of DNA cleavage by DNases within the cell lysate. Overlapping the phosphorimage
with the fluorimage shows that this product retained the fluorophore thus, the cleavage did not

occur at the single ribonucleotide but elsewhere. The lower molecular product was formed due to
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RNA cleavage as indicated by the correct size correlating with that of the sodium hydroxide
treated marker, and the band does not retain the fluorophore. It is still unclear whether RNA
cleavage occurred due to the presence of RNase HII within the lysate or influenced by other

factors.

Thus far, the results show that RFS, at least C4, may have the potential to detect L.

NaOH treated
NaOH treated

Gl C2 G3 C4 (5 C6 Cl C2 C3 C4 C5 C6

Uncleaved |, SRS ED S EDED| | 5 e o ol

...................................... - = == DNA cleavage
--------------------------------------- t - === RNA cleavage

cleaved |wee

Phosphor-imaging Fluorscence-imaging

Figure 4.7. Testing if C1 to C6 cleavage using L. monocytogenes cell lysate. The L. monocytogenes cells were
grown an ODey of 0.7 and lysed using sonication (5 min). The lysate was directly added to a solution containing
one of the sequences and the reaction took place for 24 hours. The cleavage was visualized on a dPAGE by
phosphor-imaging and fluorescence-imaging. The marker sample contained alkaline treated (sodium hydroxide,
NaOH) C1 sequence. The same cleaved bands within the phosphor-image and the fluorescent-image are indicated
by the dotted line. The sequences that are cleaved at the RNA show no fluorescence, and those cleaved within the
DNA show fluorescence. Only C4 sequence was cleaved in the presence of Listeria cell lysate.

monocytogenes however the sensitivity is quite low since a dense culture of cells (ODgw 0.7) and a
reaction time of 24 h is required. It is possible is that the amount of target present within the cells
is very low or that sonication may not be the ideal method for extracting cell lysate as it may
damage the enzyme in the process. Other methods such lysozyme treatment, or high pressure cell

disrupter need to be tested.
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There are many factors that contribute to the lack of functionality of the RFS with cell
lysates such as: 1) the amount of enzymes within cells is much lower than that of purified enzyme
used during SELEX; 2) the enzyme may have altered binding affinity or catalytic rate compared
to purified samples due to interaction with other cellular components; 3) other nucleases such as
DNases can non-specifically cleave the DNA sequences. Thus, we recommend testing a slightly
alternative method of SELEX when targeting enzymes such as RNases. SELEX should be done
with medium more similar to the environment in which the target is naturally present such as
using cell lysates. Of course, the caveat to this approach would be that some DNA sequences
would evolve to bind to targets present within the cell lysates other than the desired target, but
this could be minimized by doping cell extracts with purified target. An added benefit to this
technique would be that not only would evolution isolate sequences that bind to the target (or the
target complexed with other proteins), but also would eliminate sequences which would
otherwise be inhibited by other cellular components via non-specific binding or degraded non-
specifically by DNases. Further investigations are underway to see whether or not this strategy

can improve the isolation of more sensitive, and specific RFS probe.

4.5.4 RNase-Cleaved Fluorescent Substrate for Lm-RNase G and Lm-RNase Il

To develop a multi-probe analysis system for detecting L. monocytogenes, it was
important that RFS targeting different Lm-RNases were isolated. An effort to isolate RFS for both
Lm-RNase G and Lm-RNase III was done similarly to the selection strategy for RNase HII.

However, despite having accomplished several round of selection (RNase ITI SELEX was repeated
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twice), neither achieved desirable results (data not shown). The DNA populations could not be
evolved to undergo cleavage by their respected target. Furthermore, we repeatedly encountered
catalytic DNA sequences which were eliminated through negative selection steps. We believe that
a single ribonucleotide present at the cleavage site may not be sufficient for the Lm-RNase G or
I1I to perform catalysis. This is different from the case of RNase HII which has a natural ability to
recognize and cleave single ribonucleotides present within DNA. Since our study is the first to
look at the use of natural RNases for cleaving artificially evolved DNA-RNA hybrid sequences,
the results show valuable insight into some of the limitations of this design. We learned that
enzymes such as RNases G and III are very strict in binding and catalyzing ribonucleic acid
sequences with specific structures. The former cleaves only single stranded RNA and the latter
cleaves double-stranded RNA. Both enzymes require a stretch of ribonucleic acid where the 2’
hydroxyl groups flanking the cleavage site aid in binding and catalysis. This may explain why our
design for isolate RFS targeted by these enzymes was not successful. Our RES sequence only
contained a single ribonucleotide at the cleavage site, which may not be sufficient for catalysis by
these enzymes. However, it is important to note that the number of selection rounds performed
with these enzymes were limited (7 rounds RNase G, and 15 rounds RNase III). Due to the
nature of the target, evolution of DNA sequences to be cleaved by the target enzymes may occur
at a slower rate compared to that of RNase HII hence, more rounds of selection may be required.
Thus, from our study, it is not yet conclusive whether our selection strategy failed at isolating the

desired RFS for RNase G and III. Nonetheless, alternative RFS sequence design should be sought
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out for analysis. We plan to test sequences with different stretch of RNA nucleotides at the
cleavage site to determine if they can evolve via SELEX to be recognized and cleaved specifically

by Lm-RNase G or III.

4.6 Conclusion

In our study, we investigated whether a new class of functional nucleic acid termed
RNases-cleaved fluorescent substrates or RFS, could be developed for future downstream
application for creating L. monocytogenes biosensors. We first identified and purified putative
RNases (RNase G, III and HII) from L. monocytogenes and have briefly highlighted their cellular
roles by in vitro analysis. We developed a RES probe that targeted Lm-RNase HII and showed
that it has the potential for bacterial cell detection. Furthermore, we showed that this probe could
be exploited as a molecular tool for studying RNase HII activity from broad range of bacteria
species and had distinct advantages over tradition methods for studying the enzyme (more on
this in Chapter 5). Our study also demonstrated some of the limitation of SELEX and the
importance of sequence design as we were unable to isolate RFS probes for RNase G and III using
conventional sequence design. Overall, our study took the first step to look at the ability of
SELEX to isolate sequences that can be targeted for cleavage by natural enzymes. Although we
did not demonstrate the use of RFS as a bacteria biosensor, we highlighted key steps that are

needed for developing such probes and challenges that need to be overcome for future studies.
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Figure S4.1. Assessment of enzyme activity. a) The 5" **P uR1.1 [5°+2] substrate (S) was incubated with either E. coli (Ec) or Lm-RNase
III (300 nM), in the presence or absence of Mg®* for 15 minutes. Cleavage product (P) is indicated by the arrow. b) The A N leader
transcript substrate (S) was incubated with either E. coli (Ec) or Lm-RNase III (300 nM) in the presence or absence of Mg*, for 15
minutes. The three primary products are visualized at 150 nucleotide (nt), 131 nt and 109 nt. ¢) The 5 **P pBR13 RNA substrate (S) was
incubated with Lm-RNase G (300 nM), in the presence or absence of Mg* for 10 minutes. d) The DNA-RNA chimera substrate (S)
contained four riboadenosine (rA) and the cleavage sites are indicated by the arrows. The DNA-RNA chimera sequence and the
complementary DNA sequence were mixed in a 1:3 mole ratio, respectively. The substrate was incubated with Lm-RNase HII (300 nM),

in the presence or absence of Mg** for 20 minutes.
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CHAPTER 5: Development and Characterization of RNase-Cleaved Fluorescent
Substrate (RFS) as a Tool to study RNase HlI

5.1 Abstract

Endoribonuclease (RNase) H II plays an important role in the removal of Okazaki
fragments during DNA replication and misincorporated ribonucleotides within the genome.
Thus, it is important that we understand how the enzyme function. Developing a method which
can measure enzyme activity in a simple and sensitive manner is essential in progressing our
understanding of RNase HIIL. In this study, we developed a method to create an artificially
evolved nucleic acid strand to act as a fluorescent substrate to measure enzyme activity. These
substrates were termed RNase-cleaved fluorescent substrates (RFS) and were developed using a
method called “Systematic Evolution of Ligands by Exponential Enrichment” (SELEX). We
successfully isolated six sequence classes termed C1 to C6 that could measure RNase HII activity.
The sensitivity of the RFS probes was found to be 0.1 picomolar (pM) and 1 pM using a gel based
assay and fluorimeter, respectively. We also found that the DNA bulge two nucleotide upstream
of the cleavage site played an important role in stimulating enzyme activity. The RES probes that

we isolated could also be used to study RNase HII from different organisms.

5.2 Introduction

Endoribonuclease (RNase) H is an enzyme which hydrolyzes RNA strands within a
RNA/DNA heteroduplex.' It plays an important role in several cellular reactions such as DNA

replication, DNA repair, and transcription."* This enzyme has been identified in many
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organisms including archaea, prokaryotes, eukaryotes and even retrovirus and can be divided
into two families based on amino acid sequence. The type 1 enzymes (RNase HI) play a key role
in removing the Okazaki fragments during DNA replication.' The type 2 enzymes’ (RNase HII)
function overlaps with RNase HI and participates in DNA repair by removing misincorporated
ribonucleotides.’

Since RNase H plays an important biological role, it is important that we understand how
these enzymes function within the cells. Biochemical analysis and crystal structures of RNase HI
and RNase HII have greatly increased our knowledge on how these enzymes recognize and
catalyze their substrate.®® However, gel electrophoresis, capillary electrophoresis, and HPLC have
been the predominant means of studying enzyme activity and often require radioisotope-labeled
DNA substrates.® "> These methods often require high concentration of DNA (micromolar
range), provide discontinuous enzyme kinetic analysis and are laborious. To address these issues,
molecular beacon (MB) substrates were developed to conveniently study RNase H activity in
real-time."* ' However, even with the improvement of methods to study RNase H activity, we
still do not understand the complete nature of how these enzyme recognizes substrates. Substrate
design to study RNase H has mostly been limited to poly-rA/poly-dT heteroduplex. Testing the
effects of various combination of nucleotide pairing and mispairing on enzyme activity is
impractical using conventional methods of substrate design. Thus, a new method for designing

substrates and testing RNase H activity is required. We took an alternative approach by using

111



M.Sc. Thesis — Kanda, P. McMaster University — Biochemistry & Biomedical Sciences

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technique for creating
substrates to study RNase H activity.

SELEX (or in vitro selection) is an in vitro, test-tube evolution method that begins with a
large pool of randomized DNA or RNA sequences that were subjected to multiple rounds of
selective pressure.'>!” Only the sequences that are capable of performing a desired function, such
as binding to a specific target are isolated, amplified and subject to further rounds of evolution.
This allows one to isolate a diverse set of sequences with the capability to bind the intended target
tightly.

In this study, we devised a SELEX technique to isolate a set of fluorescently labeled
RNA/DNA hybrid nucleic acid probes with optimal affinity for RNase HII. We called these
sequences RNase-cleaved fluorescent substrates (RFS). The nature of this method allows for a
convenient way to assess large possibilities of sequence pairing and mispairing important for
enzyme binding. Thus, we were able to find new interactions between enzyme and substrates not
previously addressed. We believe that our method’s sensitivity to detect 1 pM of RNase HII is the
lowest reported hence, it may prove to be advantageous when probing for low cellular levels of

RNases HII.

5.3 Results and Discussion
5.3.1 Systematic Evolution of Ligands by Exponential Enrichment

REFS targeting RNase HII was isolated form a DNA pool containing 40 randomized nucleotide in

15 rounds of in vitro selection. More details on the selection design are discussed in Chapter 2.
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The progress of selection depicting the evolution of the DNA pool over a few rounds of selection
are summarized in Figure 5.1. Essentially no cleavage was observed by RNase HII using the initial
Round 0 (RO) DNA population. However, by R3, close to 20% cleavage was observed indicating
that the DNA population had quickly evolved to interact with Lm-RNase HII within the first 3

rounds of selection. From R3 to 15, the percentage cleaved increased only by 2 fold.
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Figure 5.1. Progress of SELEX to develop RFS for RNase HII. a) Cleavage (P, product) of the full length DNA pool (S,
substrate) from different rounds of selection on a 10% dPAGE. Approximately 2 pmol of DNA pool was incubate with 0.1
nM of Lm-RNase HII for 15 minutes. The DNA was visualized by measuring fluorescence b) The percent of cleavage
visualized on 10% dPAGE was quantified using ImageQuant. The reactions were done in duplicates.

The slow evolution of the DNA pool in the later rounds indicated that large diversity of sequence
still remained with the pool of DNA which can act as substrate for Lm-RNase HII. This idea was
also supported by sequencing results obtained at the end of R15 (Figure 4.5 from Chapter 4)
which shows the presence of a large diversity of sequences. To increase the stringency of selective
pressure throughout R0-R15, the reaction time was reduced from 30 min to 10 min and varied

the enzyme concentration from 4 nM to 0.4 nM (Chapter 4, Figure 4.4). The enzyme
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concentration was maintained to ensure that the DNA pool was saturated with the desired target.
This would also reduce the likelihood of isolating catalytic DNA sequences which are involved in
cleaving RNA in the absence of target.

We next determined the sensitivity of the R15 DNA pool. Cleavage was observed at a
concentration of 0.1 nM for a 5 minute reaction but, the enzyme concentration could be reduced
further to 1 pM for a 30 minute reaction (Figure 5.2).

[RNase HII] (hM): 10 1 0.1 0.01 0.001
E——

— — S—

Smin

-

30min

Figure 5.2. Testing for optimal SELEX condition at the end of R15. Approximately 0.5 pmol of R15 DNA pool
was incubated with varying concentration of Lm-RNase HII at room temperature for 5 or 30 minutes. The DNA
on dPAGE was visualized by measuring fluorescence.
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5.3.2 Structure of Class 1 to 6 RFS sequences

Six distinct sequence classes (C1 to C6) were most frequent in the R15 pool (Chapter 4,
Figure 4.5) and were further characterized. The secondary structures of Cl to C6 were
approximated using M-fold. Structural analysis reveals that majority of the sequences folds into a
duplex structure especially near the cleavage site containing the single ribonucleotide (Figure
5.3). The structure and sequences of the duplex near the cleavage site was very similar between
the different classes of sequences, with five absolutely conserved nucleotides, CCATA. The
tendency to isolate duplex structures stems from the fact that the natural affinity of RNase HII is

5 ACTCTTCCTAGSE:?GIGITTCGATCAAGA ca 5'ACTchccrAGg'ng-TTcIGATCAAGA
C1 AATAGEA ctt_AtALE_AAG_TAS
T T (o e e
/TTCTAAAC AcTGTAAG ~TAAC GC

5 ACTCTTCCTAGgaEGTTCGATCAAGA 5 ACTCTTCC TAGgaEG-TTCGATCAAGA
2 GAél'l"r(': htAcds, Cs5 c Acfé.r."\h'\(':c' GAA('EtC'A('E'l"‘H'i'
—TCT T AGTTAGCG —TAAC

5’ACTCTTCCTAGgaIEGTqu.E\T(I:AAGIII\ Cc6 5'ACTCTT?C.T._’."?'S?E‘?TTCGATCAAGA

C3 AGATE ATAL mmGCTAG €T TR CTCTATACCT
——GTG r— TTTAGCAG

Figure 5.3. Highlighting key structural features of C1 to C6 sequences. M-fold was used to predict the secondary

structure of C1 to C6. The key duplex regions near the cleavage site containing the single ribonucleotide

(riboadenosine, a) is depicted above. The riboadenosine is situated between a fluorophore (F) and a quencher (Q)-

modified deoxythymine, fluorescein (Emission max=521 nm) and dabcyl (Absorbance range=400-550 nm)
respectively. All sequences contain the CCATA nucleotides within the core-duplex region near the cleavage site.

towards DNA/RNA heteroduplexes. Thus, throughout the course of the evolution, only the
sequences able to form a suitable duplex structure were isolated. C3-5 contained a greater

number of Watson-Crick base paring within the duplex structures compared to C1, 2 and 6. The
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degree of variation within the duplex may account for the subtle differences in substrate affinity

to the RNase HII.

5.3.3 Sensitivity of C1 to C6 Sequences

The cleavage activity of Lm-RNase HII using C1 to C6 was tested (Figure 5.4). All 6
classes are cleaved only in the presence of RNase HII and are not cleaved when mixed with only
the reaction buffer. The percent cleavage between different classes of sequences was relatively
similar with C3 displaying the greatest amount cleaved by 2-fold. Other regions within the

sequences had less influence on the overall activity of the enzyme. This idea was supported by

ce c5 C4 Cc3 c2 c1
Lm-RNase HIl: - + - + - + - + - + - +
bl bl b Gy Gy SEae S e S T S S—

_— e i il W e—

%Clv 1 1 1 2 1.5 1

Figure 5.4. Assessing the cleavage of C1 to C6 with Lm-RNase HII. Approximately 2 pmol of DNA was
incubated with or without 0.1 nM of Lm-RNase HII for 30 minutes. The DNA was visualized by measuring
fluorescence and the percent cleavage (%Clv) was quantified using ImageQuant.

truncation analysis of the C3 sequence (Figure 5.5). Only minute differences in the percent
cleavage between C3 and the truncated sequence C3a was observed. Even with the addition of
extra nucleotides to make the duplex longer (C3b) the percent cleavage was not significantly
altered. These results suggest that the duplex formed by the CCATA region is most important for
influencing enzyme activity. This may also explain why such a diverse set of sequences were

present at the end of R15. Sequences that contained the CCATA nucleotides had virtually an
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equal opportunity of being cleaved by Lm-RNase HII, thus a diverse set of sequences were able to

move onto the next rounds of selection.

a) b)
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Figure 5.5. Comparing the amount of cleavage between different variants of C3 sequence. a) The different variations to the
C3 probes are shown. C3a is the truncated form of C3 to only contain 15 nucleotides involved in the duplex formation near the
cleavage site. C3b contains an additional set of nucleotides to make a longer duplex. C3c is similar to C3a with the exception of
removing the thymine-thymine (TT) bulge by adding complementary nucleotides adenosine. b) Gel depicting the difference in
cleavage between the altered C3 sequence variants. Approximately 2 pmol of DNA was incubated with 1 nM of Lm-RNase HII
for 30 min. The DNA was visualized by measuring fluorescence and the percent cleavage (%Clv) was quantified using
ImageQuant.
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5.3.4 Detecting RNase HIl with Gel-Based and Fluorometer Methods

We determined the sensitivity of C1-C6 by titrating it with different concentrations of
Lm-RNase HII (Figure 5.6). For all six sequences, cleavage using 1 pM of Lm-RNase HII was

clearly visible on the dPAGE after 30 min of reaction. Cleavage with 0.1 pM was also observed.
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Figure 5.6. Assessing the sensitivity of C1 to C6 sequences. Approximately 2 pmol of DNA was incubated

with varying concentrations of Lm-RNase HII for 30 minutes at room temperature. The cleavage was
visualized by measuring fluorescence.
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Since the RFS probes are developed for fluorescent analysis, we used C3 to test whether
we could detect Lm-RNase HII with a fluorimeter with sensitivity similar to dPAGE. The
fluorimeter based method had a sensitivity of 1 pM RNase HII (Figure 5.7). Unlike the gel based
method, 0.1 pM enzyme signal was undistinguishable from the control (no enzyme) sample.
Nonetheless, we demonstrated that the RES probe can easily be used to detect low picomolar

concentration Lm-RNase HII using a fluorometer.
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Figure 5.7. Detecting Lm-RNase HII using C3 sequence by a Fluorimeter. a) and b) represent the same set of data. Fluorescence
generated over time due to the cleavage of the C3 probe by Lm-RNase HII was measured using the Cary Eclipse fluorescence
spectrophotometer (Varian). Approximately 10 pmol of C3 was incubated with varying concentration of Lm-RNase HII for 65
minutes. The enzyme was added 5 minutes post the start of fluorescent measurements. The fluorescent measurements are based on
relative fluorescence where the base line is set to an arbitrary unit of 1. The base line was determined by the control sample containing
no enzyme.

5.3.5 Thymine Bulge within DNA Duplex Enhances C3 Cleavage

Another interesting structural motif observed was the presence of a bulge upstream or
downstream of the cleavage site caused by nucleotide mismatch. Past literature has shown that
RNase HII activity is reduced by mismatched base-pairing either upstream or downstream of the
cleavage site.” Thus, it was interesting to see that the sequences isolated through in vitro

selection had opted to preserve mismatched bases upstream or downstream of the cleavage site.
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The thymine nucleotide bulge (T-bulge) within the C3c sequence (Figure 5.8a) was mutated to a
guanine (C3d) to form a complete duplex. Initially we expected that removing the bulge would
enhance catalytic activity of RNase HII but, to our surprise, opposite results were observed. By
removing the T-bulge the activity of the enzyme was reduced by almost 2-fold. Figure 5.8b shows
the cleavage activity of Lm-RNase HII using the C3c and C3d over the time course of 24 hours.

The C3 sequence also contains another bulge consisting of two consecutive thymine
nucleotides (TT) which enhances the cleavage. The effects of removing the TT-bulge can be seen
in Figure 5.5 which compares the percent cleavage between C3a and C3c (no TT-bulge)
sequences. The amounts of cleavage seen for the two sequences are very similar indicating that
the TT-bulge at this location does not significantly influence enzyme binding and activity.

The conventional method for understanding how mismatched bases influenced RNase
HII activity was assessed by rationally designing substrates with strategically placed mismatched
bases. Our results showed that SELEX is an excellent strategy for taking into account a large
diversity of sequences and structural possibilities that can influence RNase HII activity. This has
led to the identification new structural motifs which influence enzyme activity and has provided

us with greater insight on understanding how RNase HII binds its substrate.
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Figure 5.8. A single thymine (T) bulge enhances the cleavage of C3 sequence. a) The T bulge as shown in C3c was
changed to a guanine to form a complete duplex. b) The graph shows a 24 hour reaction time course comparing the
difference between the cleavage of C3c and C3d sequence. Approximately 3 pmol of DNA was incubated with 1 nM of
enzyme. The cleavage was visualized by measuring fluorescence on 10% dPAGE and then graphed.
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5.3.6 Class 1 to 6 RFS Specificity

The specificity of the different RES classes was also tested using Clostridium difficile (Cd)
and Salmonella typhimurium (St) RNase HII as non-specific targets. We found that despite the
selection of the RFS probe using only the Listeria enzyme, C1-6 can also be used to test enzyme
activity of RNase HII from other organisms (Figure 5.9). However, the amount of cleavage varies

between the different RNase HIIs and may depend on both the differences in enzyme binding
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Figure 5.9. Specificity of C1 to C6 sequence. Approximately 2 pmol of DNA was incubated with 1
nM of RNase HII form either L. monocytogenes (Lm), C. difficile (Cd) and S. typhimurium (St) for 30
minutes.
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affinity and the enzymatic turnover rate.

5.4 Conclusion

In this study we have shown that SELEX can be used to create efficient fluorescent
substrates that can be used as a tool to study RNase HII. We had looked at six sequence classes
isolated from SELEX in further details. All six probes were cleaved by RNase HII with C3 being
cleaved most efficiently. We found that the regions forming the duplex near the single
ribonucleotide were most important towards influencing RNase HII activity. Furthermore, we
identified new nucleotide arrangements that influence RNase HII activity. We found that a single
nucleotide mismatch (or DNA bulge) two nucleotide upstream of the cleavage site enhanced
RNase HII activity. How this bulge enhances enzyme activity remains to be determined. The C1-
C6 sequences could easily detect 1 pM of enzyme using a fluorimeter. We have also shown that

these sequences can be used to study RNase HII from different organism.
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