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ABSTRACT

The process of “‘structure-switching’’ enables biomolecular switches to function
as effective biosensing tools. Biomolecular switches can be activated or inactivated by
binding to a specific target that triggers a precise conformational change in the
biomolecules involved. Examples of aptamer-based biomolecular switches can be found
in nature. Furthermore, efforts have been made in the last decade to engineer structure-
switching sensors using DNA aptamers whereby, the aptamer is coupled to a signal
transduction method to generate a readout signal upon target binding to the aptamer
domain. Conversely, RNA aptamers have been relatively underexplored for sensor
development, largely due to its susceptibility to nuclease degradation and chemical
instability. Despite these shortcomings, many RNA aptamers possess superior sensing
capabilities, and the abundance of RNA aptamers provides new opportunities to further
advance the field. In effect, this thesis uses a structure-switching design to demonstrate
the power of RNA aptamers for fluorescence-based sensor development. Herein, we
demonstrate generalizable structure-switching strategies to make use of the abundance of
RNA aptamers, monitor the quality control of detection and correct detection error, as
well as enhance RNA aptamer sensing capability by using regulated graphene adsorption.
Furthermore, our findings have expanded for secondary applications involving
collaborations with other research labs. In one application, we demonstrate that
entrapment of structure-switching RNA aptamers in sol-gel material confers protection
against nuclease degradation and chemical instability. In another application, we further

validate the use of riboswitches, or natural structure-switching RNA aptamers, as



potential targets for drug discovery. Overall, these results demonstrate the capability of
RNA aptamers for sensor development. We conclude with a discussion of possible areas
for further inquiry, as well as future applications for the advancement of structure-

switching RNA aptamers.
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CHAPTER 1

A GENERAL INTRODUCTION

1.1 Author’s Preface

The following introductory sections are intended to provide background
information underlying structure-switching aptamer-based sensors in the broader context
of sensor development. Specifically, sections 1.2 and 1.3 are a modified version of a
published book chapter, which I primarily wrote with suggestions from Dr. Yingfu Li
(First citation below). Section 1.4 is an excerpt from a previously published review, which
I co-wrote with Dr. Yingfu Li (second citation below). Collectively, the introductory

sections lead up to the overall objective of this thesis, which is found in section 1.7.

Lau PS, Li Y (in press) Exploration of structure-switching in the design of aptamer

biosensors. Adv Biochem Engin/Biotechnol. DOI: 10.1007/10 2013 223.

Lau PS, Li Y (2011) Functional nucleic acids as molecular recognition elements for small

organic and biological molecules. Curr Org Chem 15: 557-75.
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1.2 Overview of Structure-Switching Sensors

Nature has evolved biomolecular switches in all domains of life as biosensing
tools to monitor its complex environmental surroundings. Made of nucleic acids or
proteins, biomolecular switches effectively detect specific chemical signals (targets) to
carry out precise biochemical functions within a cell. Through “structure-switching”,
nature’s biosensors can become active/inactive, by target binding that induces specific

conformational change of the biomolecules involved [1].

To date, the only known group of natural nucleic acid-based biomolecular
switches are riboswitches. Discovered by Breaker’s group in 2002, riboswitches are
RNA-based regulatory systems found in diverse organisms that respond to specific small
molecules to regulate gene expression [2]. Typically composed of a molecular recognition
element (aptamer domain) that binds to a specific target and a downstream expression
domain, riboswitches operate through structure-switching events whereby target binding
to the aptamer domain results in an overall change in the structure of the designated RNA

to switch the expression domain to the “on” or “off” state.

Although the number of novel classes of riboswitches that respond to different
metabolites continues to grow [3-5], many research groups have successfully engineered
artificial riboswitches to broaden the versatility of controlling gene expression by RNA
switches [6-14]. Interestingly, even before the discovery of riboswitches, the laboratories
of Szostak and Gold independently developed a method to derive artificial aptamers in

1990 [15, 16]. Termed systematic evolution of ligands by exponential enrichment, or
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SELEX, this test-tube-based selection technique has been extensively used to isolate
aptamers specific to a target of choice from random-sequence DNA or RNA libraries [17,
18]. Through the mechanism of structure-switching, many of these aptamers have been
coupled to a signal transduction method to relay a readout signal produced by target

binding to the aptamer domain [19, 20].

Exploration of structure-switching for the design of aptamer-based biosensors is
attractive for two particular reasons. First, structure-switching processes can ensure high
detection specificity; that is because structure-switching can only be induced through
specific target-aptamer interactions (which are difficult to imitate by non-cognate targets).
Second, structure-switching is highly compatible with a variety of signal transduction
mechanisms for signal generation; the aptamer-ligand binding also brings about
pronounced structural/physical rearrangement of the aptamer, which can be effortlessly
coupled to many prevailing signal production mechanisms for the generation of an easily
detectable signal, such as a change in fluorescence intensity, color appearance and

electrochemical readout.

The exploration of aptamers for engineering biosensors also comes with a number
of advantages that reflect the innate properties of nucleic acids. These include the
chemical stability of DNA, intricate folding capability of DNA and RNA, tendency of
both DNA and RNA to form predictable duplex structural elements, ease of
immobilization of DNA and RNA onto solid supports, and their amenability to various

chemical modifications [21].
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1.3 The Origin of Structure-Switching DNA Aptamers

Early accounts of engineered structure-switching aptamer sensors began using
DNA aptamers. Inspired by natural biomolecular switches and motivated to improve upon
previous aptamer sensor designs that lacked wide applicability towards diverse aptamers,
our group developed structure-switching DNA aptamers [22]. This approach takes
advantage of the ability of aptamers to form both an aptamer—target complex and a DNA-
DNA duplex with complementary sequences. By creating a DNA duplex composed of an
extended DNA aptamer strand partly hybridized to complementary strands of
fluorophore-labeled DNA (FDNA) and quencher-labeled DNA (QDNA), low fluorescent
signal is obtained due to the close proximity of the fluorophore and quencher moieties
(the “off” mode). The addition of target, however, facilitates formation of the target-
aptamer complex and subsequent displacement of QDNA, generating high fluorescent
signal (the “on” mode) (Figure 1-1a). In this way, signaling reporters were successfully

created for both anti-ATP [23] and anti-thrombin [24] aptamers.

The ATP reporter exhibited target specificity comparable to the original aptamer
(which primarily recognizes the common adenosine group), and generated 10- to 14-fold
fluorescence increase in the presence of adenosine and related analogs such as ATP,
ADP, AMP, and dATP. Expectedly, no fluorescence increase was generated in the
presence of CTP, UTP, or GTP. Similarly, the thrombin reporter only recognized the
thrombin target, produced ~12-fold fluorescence increase, but exhibited no signal for

BSA and human factors Xa and 1Xa. The structure-switching design served well despite
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differences in binding affinity and size of the aptamers tested, thus demonstrating

generality of the strategy [22].

To further extend the generality, our group developed three other structure-
switching designs [22]. These alternative designs include the attachment of the
fluorophore to the end of an aptamer (Figure 1-1b) or at an internal nucleotide (Figure 1-
1c), and the hybridization of FDNA and QDNA with an aptamer without the addition of
extra nucleotides (Figure 1-1d). Notably, there are also examples of sensing strategies that
make use of target-induced structure-switching, but do not involve the dissociation of a

complementary oligonucleotide [25, 26].

3 b)SQF 3

““i

”%{ ’@é(
Do
X Mo

Figure 1-1. Variations of the structure-switching design strategy. All examples make use
of the ability of a DNA aptamer (purple) to form a duplex with a complementary DNA
sequence, or a complex with a designated target (star). F and Q signify fluorophore and
quencher, respectively. See main text for details.
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Aptamers are artificially created through the SELEX process [15, 16]. In this
technique, a randomized library of ~10" single-stranded DNA or RNA sequences is
subjected to a selective pressure to separate molecules that pass a functional test (i.e.
target binding) from those that do not. Successful sequences are copied, and used to carry
out the same procedure for another round. Through iterative rounds of selection and
amplification, functional molecules “evolve”, so that only the most effective sequences

survive in the end (Figure 1-2a).

G ) Random DNA
or RNA pool
AL
i f\?}’\:\, N\ Isolation  ~_N\2
/ \\\‘n\\ /\S\J’.\,
Generation \ ———— A
of suDNA Nonfunctional
SELEX i
RAR Functional sequences
\ sequences
\ JIIIT 7
/ . .
Ionmnr  IOOOT 7 Amplification
Lo Immmnr IOOOE
4 dsDNA
Cloning and
sequencing
b)

Streptavidin
BDNA coated bead

I JIIIT
P1 P2

Elutionl):{
Figure 1-2. a) General SELEX scheme. b) Application of SELEX to develop structure-
switching reporters. Isolation step is depicted: DNA sequences are designed with two

randomized sites (green) and fixed regions that hybridize with primers (P1, P2), and
biotinylated DNA (BDNA). Only sequences capable of target (star) binding, and thus

6
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structure-switching, are eluted from the streptavidin beads and carried on for further
SELEX rounds.

Our group has developed a strategy to create structure-switching reporters directly
through SELEX [27]. The potential advantage of this approach is that post-SELEX
modification and optimization steps do not need to be taken to convert the selected
aptamer into a signaling probe. In this study, the DNA library was specially designed to
contain a central fixed-sequence domain flanked by two random-sequence domains, each
of which was further flanked by a primer-binding sequence. The central fixed-sequence
domain was purposely designed to be complementary to an antisense oligonucleotide
biotinylated at its 5’-end (BDNA), which permitted immobilization of the DNA library
onto streptavidin-coated beads. The immobilized DNA duplex was then exposed to a
solution containing the target of interest. Oligonucleotides that were able to form the
DNA/target complex were separated from the beads and were released into solution.
These molecules were then collected, amplified by PCR and processed for the next round
of enrichment (Figure 1-2b). Interestingly, all classes of ATP-binding aptamers obtained
contained the previously isolated ATP-binding aptamer, which reinforces that SELEX
often finds the same solution to a given problem. Other groups have also independently
reported selection of the same ATP-binding motif [23, 28], despite differences in library
designs and SELEX strategies used. Additionally, conserved nucleotides were also found
outside of the target-binding sites, suggesting that these regions are important for the
structure-switching process. All selected reporters readily responded to ATP, however,

the fluorescence increase was only ~4.5-fold. A possible explanation for this may lie in
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the finding that all selected aptamers acquired one or two nucleotide mutations in the site
that binds to BDNA. Although a weaker aptamer-BDNA duplex enabled easier structure-
switching throughout the course of SELEX, it also contributed to higher background
signal of the aptamer-based sensor. Therefore, improved structure-switching reporters
may be developed in the future by using a more stringent SELEX design (i.e. elevated
temperature during the functional selection step to eliminate weaker duplex structures)

[27].

Since conception, structure-switching DNA aptamers have been expanded to
detect various targets including GTP [27], mercury [29, 30], quinine [31], cocaine [32],
arginine [33], IgE [34], L-tyrosinamide [35], cathepsin D [36], lysozyme [37], and PDGF
[38], although most studies to date have predominantly focused on the anti-ATP and anti-
thrombin DNA aptamers, which have become model systems for biosensor development.
Moreover, the versatility of the structure-switching design has been adapted to function
with other signal transduction methods including electrochemical and colorimetric
platforms. In the following sections, we discuss some of the key advancements of
structure-switching sensors using fluorescent, colorimetric and electrochemical signal
transduction mechanisms. To facilitate comparative analysis, we examine examples

primarily based on the well-characterized anti-ATP and anti-thrombin DNA aptamers.

1.3.1 Structure-Switching DNA Aptamers in Fluorescent Sensors

Fluorescence is a commonly used method of signal transduction for aptamer

sensors due to the ease of conjugation of various fluorophores and quenchers to DNA,



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

and the convenience of detection conferred by widely available commercial instruments.
Using the classic structure-switching design [22], our lab discovered that the ATP
reporter produced a Ky of ~600 puM [22], which is 60-fold lower in affinity than the
original aptamer (Kyg = ~10 uM) [23]. The thrombin reporter produced a Ky of ~400 nM
[22], which is a 2-fold reduction in affinity compared to the original aptamer (Kq = 200
nM) [24]. These findings suggest that the QDNA displacement step affects the target-
binding affinity of aptamers with inherently low affinity more so than those with high
affinity. Possible explanations for the reduced affinities of the structure-switching
reporters include: (i) QDNA hybridization partially blocks the aptamer site, so the target
must compete with QDNA for binding, and (ii) the low level of fluorescence generated
from the signaling duplex (extended aptamer-FDNA-QDNA) itself may make it difficult
to detect small increases in fluorescence from low target concentrations, which may be
obscured within the background fluorescence associated with a large excess of

unswitched duplex.

To enhance detection sensitivity, signal amplification methods can provide
solutions. A commonly used assay format based on structure-switching involves a capture
probe to bind a desired ligand at one site for immobilization, and a signaling probe to
bind the ligand at another site for detection (Figure 1-3a). In this way, Qu and colleagues
have created an assay that makes use of fluorescent silica nanoparticles (FNPs), which
can entrap many fluorophores in a single particle [39]. Compared with traditional
fluorophores, FNPs are advantageous as they provide fluorescent signal amplification and

higher photostability. The design by the Qu group involved use of magnetic silica
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microspheres functionalized with DNA that hybridizes to a part of the anti-ATP aptamer
(capture probe), and FNPs functionalized with DNA that hybridizes to another part of the
aptamer (signaling probe). In the absence of the target, the capture probe-aptamer-
signaling probe complex was separated from the solution magnetically, which resulted in
low fluorescence in solution. However, when the target was introduced, the binding of the
target to the aptamer resulted in a structure-switching event that separated FNPs from the
complex and produced a high level of fluorescence in solution. This method exhibited a

much improved detection limit of 0.1 pM.

a) immobilized free signaling

5] signaling /@ probe
probe )
capture
3 probe
zﬁ“: i o Maglic :_

Figure 1-3. a) A structure-switching assay for fluorescence-based detection. The capture
probe immobilizes the aptamer, and the signaling probe anneals to provide a readout
signal upon target induced structure-switching. Only the signal in solution from displaced
signaling probes is measured after the magnetic separation step. b) Quantum dots for
multiplex detection; use of multiple aptamers, for many target-induced structure-
switching events and high increase in fluorescent signal.

Quantum dots (QDs) have also been explored for the purpose of signal

amplification. From a molecular recognition perspective, the surface of QDs can be easily
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functionalized with multiple oligonucleotides to facilitate multiple binding interactions
(Figure 1-3b). From a signaling perspective, QDs provide higher photostability, sharper
emission bands, and versatility for multiplex detection (QDs respond to the same
excitation wavelength, but can be tuned to emit at different wavelengths). The Ellington
group has designed a strategy whereby QDs were functionalized with multiple copies of
an extended thrombin aptamer [40]. Hybridization of a complementary, quencher-
modified DNA to the QD-aptamer resulted in low fluorescence due to the close proximity
of the QD and quencher. The addition of thrombin however, led to multiple target-
aptamer binding interactions, and displacement of many quencher-modified DNA strands.
The result of multiple structure-switching events generated signal amplification and a 19-

fold fluorescence enhancement.

The Lu group has taken QDs one step further for simultaneous detection of
multiple targets within one pot [41]. Their design takes advantage of a number of
properties of gold nanoparticles (AuNPs): the ability of AuNPs to quench fluorescence
when in close proximity to QDs, the tunability of fluorescence quenching by controlling
the aggregation or dispersal state of AuNPs, and the color changes associated with
aggregation or dispersal of AuNPs due to surface plasmon resonance. In brief, when no
target was added, AuNPs and QDs functionalized with complementary DNA sequences
hybridized to an extended aptamer sequence. In this state, the AuNP-QD-aptamer
complex aggregated to generate low fluorescence (due to close proximity of QD and
AuUNP), as well as a blue color from the AuNPs. In the presence of target, however,

target-aptamer binding occurred, which caused the functionalized QDs and AuNPs to
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dehybridize and disperse the aggregate. This subsequently led to high fluorescence
signaling (separation of QD from AuNP), and a color change to red. Using this design,
two different aptamer-based reporters were created to detect ATP, and cocaine,
respectively. The associated QDs for each reporter emitted at characteristic wavelengths
of 525 and 585 nm, although the same excitation wavelength was used for both systems.
ATP and cocaine were accurately detected simultaneously in the same solution using

fluorescent and colorimetric means.

Over the last few years, structure-switching fluorescent reporters have started to
move into the realm of more “real-life” detection involving use of automation and
complex samples. For drug discovery, our group implemented a structure-switching assay
to search for enzyme inhibitors in a high throughput screen (HTS) [42]. The therapeutic
target used in this case was adenosine deaminase (ADA), a problematic metabolic
enzyme in severe combined immunodeficiency diseases that irreversibly converts
adenosine into inosine [43]. The well-established anti-ATP structure-switching aptamer
reporter provided a suitable solution as a screening assay since the aptamer has high
affinity for adenosine, but does not bind inosine [23]. In the presence of adenosine, the
target-aptamer complex formed and structure-switching occurred to generate high
fluorescent signaling. However, in the presence of inosine (after ADA conversion of
adenosine), the fluorescein-labeled aptamer bound to the complementary QDNA
sequence, and fluorescence was quenched. The use of this screening assay resulted in the
identification of small-molecule inhibitors of ADA out of a collection of 44,400

compounds [42].
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Another automated approach that was demonstrated to be highly amenable with
structure-switching sensors is fluorescence activated cell sorting (FACS), a method which
can sort fluorescent cells faster than 10* cells a second [44]. Liu and colleagues
immobilized the anti-ATP structure-switching aptamer onto magnetic microparticles, and
implemented FACS to sort out microparticles that underwent target-induced structure-
switching (high fluorescence) from those that retained the duplex of fluorescein-labeled
aptamer and QDNA (low fluorescence) [45]. Furthermore, sorting was also demonstrated
in serum without significant change in the performance of the reporter. In another FACS-
based study, Mirkin’s group functionalized AuNPs with duplexes made of the ATP
aptamer hybridized to a fluorophore-modified complementary DNA sequence, forming
the aptamer “nanoflare” [46]. In this state, the close proximity of fluorophore to the
AUNP resulted in fluorescence quenching. However, the addition of ATP resulted in
target-aptamer complex formation and the release of fluorophore-modified
complementary DNA (high fluorescence from reporter “flares”). This reporter was
readily taken up by living cells, and FACS was implemented to measure fluorescence

intensity and quantify intracellular levels of ATP.

Other efforts have also resulted in the successful immobilization of structure-
switching reporters in sol-gel- [47, 48], hydrogel- [49], and cellulose- [50] based
materials, which have shown comparable sensing capabilities as solution-based studies.
These findings will help extend the utility of structure-switching sensors towards real-

world applications in medical diagnostics, environmental monitoring, and food safety.
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1.3.2 Structure-Switching DNA Aptamers in Electrochemical Sensors

Electrochemistry has become another well-established signal transduction method
for structure-switching designs (Figure 1-4a). Some of the major advantages include high
sensitivity and selectivity, fast and accurate detection, requirement of only simple
instrumentation, and possible miniaturization for portability [51]. Signals generated by
aptamer-based electrochemical sensors involve the transfer of electrons between redox-
active moieties in an electrically conductive medium (electrolyte) and a conductive
support (electrode) to which the aptamer is typically immobilized. The electrical changes
produced by target binding to the aptamer can be measured based on changes in voltage
(potentiometric), current (amperometric) or the ability to transport charge

(conductometric) [52].
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Figure 1-4. a) Structure-switching design for electrochemical detection. b) Sensor “‘off”’
switch involves a decrease in signal upon target detection (left). Sensor ‘‘on’’ switch
involves signal increase upon target addition (right).
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Electrochemical sensors can be classified as “signal-off” or “signal-on” sensor
types depending on whether target binding decreases or increases the measured
electrochemical signal (Figure 1-4b). One of the earlier signal-off sensor designs involved
hybridization of an immobilized anti-ATP aptamer with a complementary DNA sequence
labeled with a redox-tag [53]. In this state, the close proximity of the redox-tag to the
electrode surface facilitated electron transfer and an intense electrochemical signal.
However, in the presence of ATP, the aptamer sequence binds to its target, and displaces
the redox-tag-labeled DNA strand. The separation of the redox-tag from the electrode
resulted in substantial signal reduction. Alternatively, in a reported signal-on design, the
anti-ATP aptamer was labeled with the redox-tag [54]. When the aptamer sequence
formed a duplex structure with the complementary DNA strand, a low electrochemical
signal was produced due to the rather large distance of the redox-tag from the electrode
surface. The presence of target however, resulted in target-aptamer complex formation,
and displacement of the complementary DNA. In this state, the redox tag was brought in
close proximity to the electrode surface for electron transfer to occur. The aforementioned
designs are considered to be “labeled” methods as they involve direct labeling of the
aptamer or aptamer-related sequence with a redox tag (Figure 1-5a). “Label-free”
structure-switching designs on the other hand, have also been demonstrated and involve a
free redox mediator in solution; the aptamer and aptamer-related sequences are free of
any direct labeling (Figure 1-5b). One notable label-free example involved hybridization
of an extended anti-ATP aptamer sequence to a complementary DNA segment that was

immobilized to an electrode support [55]. Methylene blue was used as the free redox
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indicator, as it has the ability to interact with guanine to form a complex. This way,
methylene blue molecules effectively tag the aptamer sequence. As a signal-off design,
the high electrochemical signal generated in this state was significantly reduced upon
addition of ATP, as structure-switching resulted in displacement of the target-aptamer

complex, as well as methylene blue molecules away from the electrode surface.

Whether classified as signal-off or signal-on, labeled or label-free,
electrochemical structure-switching designs based on the anti-ATP aptamer produce
detection limits in the uM to nM range [53-55], which is an improvement to fluorescence-
based designs. Nevertheless, signal amplification methods have also been successfully
applied to lower the limit of detection further. Dong and colleagues have designed an
assay using AuNPs functionalized with multiple copies of a complementary DNA

sequence in duplex with the anti-ATP aptamer [56]. Methylene blue molecules interca-
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Figure 1-5. a) Electrochemical detection with ‘‘labeled’” design involves direct coupling
of the aptamer or aptamer-related sequence with a signaling molecule. b) A ‘label-free”’
design involves the use of a free signaling molecule in solution.
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late along the DNA sequences immobilized to the electrode surface for redox tagging.
The intense electrochemical signal produced in this state was significantly reduced when
ATP was added to induce multiple structure-switching events, and subsequent
displacement of multiple target-aptamer complexes, as well as methylene blue indicators.
The detection limit was determined to be 100 pM, which is well below the reported Kg4
value of the original aptamer. Another notable signal amplification method involved a
three-step procedure and made use of silver microspheres (SMSs) as a separation
element, and graphene-mesoporous silica AuNP hybrids (GSGHs) to enhance the
performance of the electrode surface [57]. In a first step, SMSs were functionalized with
the anti-ATP aptamer, which formed a duplex with a complementary DNA sequence
(blocker strand). In the presence of ATP, the blocker strand was displaced through
structure-switching. SMSs linked with the aptamer-target complexes were then removed,
leaving only the blocker strands in solution. In step two, hairpin probes that were
complementary in sequence to the blocker strand were incorporated. The blocker strands
opened the hairpin probes by the well-established toehold-based strand displacement
strategy to generate an accumulation of duplex donor probes. In the last step, the duplex
donor probes were captured to form Ag*-stabilized DNA triplex structures with ssDNA
acceptor probes that were immobilized onto the GSGH-electrode platform. Given the
numerous DNA triplex structures formed and the enhanced nature of the electrode surface
implemented, this design provided substantial signal amplification and yielded an

incredible detection limit of ~23 pM.
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In addition to continual advancements in sensing capabilities for electrochemistry-
based detection, many sensing designs have been applied in complex sample matrices
including serum [58], urine [59], and cell extracts [60]. Furthermore, the structure-
switching design has also been used towards multiplex detection. Through
implementation of a bifunctional aptamer, whereby the anti-ATP aptamer was linked to
the anti-thrombin aptamer, parallel detection of both targets was effectively demonstrated
[61]. Arguably, the most successful commercially available electrochemical sensor to
date is the glucose sensor, which is widely used by diabetic patients around the world [62,
63]. Taking advantage of the convenience, portability, and low cost of personal glucose
meters (PGMs), Lu’s group strategically adapted commercially available PGMs and the
structure-switching design to quantify adenosine among other non-glucose related targets
[64]. In this approach, magnetic beads were functionalized with the designated aptamer in
duplex with a complementary DNA sequence labeled with invertase enzyme. The
addition of target resulted in structure-switching: the aptamer-target-bead complexes were
separated magnetically, while the invertase-labeled DNA strands were left in solution.
Invertase was then able to catalyze the conversion of sucrose into glucose for detection by
the PGM. Because the concentration of released invertase-labeled DNA is directly
proportional to the concentration of target, the readings produced by the PGM can be
used for target quantification. Although this integrated method of detection is not as
simple as current usage of PGMs, further progress towards automation can perhaps take
this prototype system into mainstream usage for convenient medical and environmental

monitoring in the near future.

18



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

1.3.3 Structure-Switching DNA Aptamers in Colorimetric Sensors

Colorimetric detection is an attractive option for biosensor development as a
simple color change in the presence of the target is readily observable by the naked eye
without the use of complex instruments (Figure 1-6). This advantage is particularly useful
for on-site qualitative analysis in resource-limited regions. As nucleic acids do not absorb
light in the visible spectrum, colorimetry-based detection requires coupling aptamers to a
color-producing molecule to generate a color change upon target binding. For structure-
switching designs, AuNPs (10-50 nm in diameter) have been a popular choice. Due to the
optical phenomenon of surface plasmon resonance, the color of AuNPs in aqueous
solution can be reversibly changed from a red (dispersed state) to a blue color (aggregated
state). The surface of AuNPs can be easily functionalized to immobilize desired DNA

sequences, which allows the tunability of color changes by target-aptamer interactions.

A “cross-linking” design was created by Lu’s group, whereby AuNPs were
functionalized with one of two DNA sequences that were complementary to different
sites of an extended anti-ATP aptamer [65]. Once all components were hybridized to each
other, the extended aptamer cross-linked both types of functionalized AuNPs to form an
aggregate and produce a blue color. Upon the addition of adenosine, target-aptamer
binding occurred to induce structure-switching and subsequent displacement of
functionalized AuNPs. Dispersal of AuNPs produced a red color. Although this method is
a clear demonstration of technology transfer of the original structure-switching design
into a novel signal transduction platform, the obtained sensitivity was not as high as for

typical fluorescent-based designs, and generated a detection limit of 300 uM.
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Our group has improved the sensitivity of the ATP structure-switching reporter by
applying a “non-cross-linking” strategy [66]. This design makes use of AuNPs
functionalized with a segment of DNA to hybridize to the ATP aptamer. Under specific
salt conditions, the aptamer-AuNPs remained well dispersed and produced a red color.
The addition of target however, resulted in a structure-switching event, which led to
aggregation of the AuNPs and a color change to blue. The detection limit was determined
to be ~10 puM, which is identical to the reported Ky of the original aptamer [23].
Alternatively, a “label-free” method of structure-switching was also demonstrated to
provide improved detection sensitivity. Developed by Fan and colleagues, this design
makes use of the anti-ATP aptamer in duplex with its complementary sequence [67]. In a
mixture of DNA duplex and AuNPs, the addition of salt resulted in aggregation of the
AuUNPs (blue color). However, when ATP was initially added to the duplex DNA and
AuUNP mixture, the target-aptamer complex formation resulted in structure-switching and
displacement of the complementary DNA strand. The free DNA strand was then able to
adsorb onto the surface of AuNPs, which provided protection and stability against the
effect of salt. As a result, the AuUNPs remained dispersed and appeared red in color. The

reported detection limit was ~0.6 pM.

Although less extensively studied than fluorescence- and electrochemistry-based
structure-switching aptamer reporters, AuUNPs have also started to move into the realm of
real-world applications. AuNPs using the cross-linking strategy have been successfully
applied for multiplex detection, which enables the detection of multiple targets within the

same environmental conditions and the investigation of co-operative binding. Based on
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the original cross-linking system, Lu’s group created design variations whereby AuNPs
were functionalized with multiple complementary DNA sequences to hybridize to
designated sites on the anti-ATP and anti-cocaine aptamers [68]. The aggregated state of
the AuNPs resulted in a blue color. Depending on the system, the AuNP aggregates were
dispersed to produce a red colour change, by the addition of both ATP and cocaine targets

(high co-operativity), or simply by either one of the targets alone (no co-operativity).

2‘%&%

Figure 1-6. Structure-switching reporter for colorimetric detection. A gold nanoparticle
(AUNP)-based system is illustrated. See main text for details.

To take one step further towards practical application, the cross-linking design has
also been applied to a “dip-stick” assay format using lateral flow to separate dispersed
aptamer-linked AuNPs from those aggregated [69]. This adaptation enhances the user-
friendliness of detection, and the use of effective separation was also shown to provide
better sensitivity than solution-based tests due to lower background interference.
Furthermore, the assay retained function even in complex sample matrices, such as blood

serum.
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1.4 Structure-Switching RNA Aptamers

1.4.1 Natural Aptamers for Small Molecules: Metabolite-Sensing Riboswitches

Riboswitches are regulatory elements in mRNA that control gene expression by
responding to a specific small molecule in cells. These RNA elements are typically
composed of a well conserved aptamer domain that recognizes a specific metabolite and
an expression domain that converts the aptamer-ligand interaction into a change in the
level of gene expression [70, 71]. The small-molecule metabolites for which a riboswitch
has been discovered include nucleobases [72-74] and their derivatives [75-84], amino
acids [85-88] and their derivatives [89-95], vitamins [2, 96, 97], sugar derivatives [98],
and even metal ions [99, 100] (see Figure 1-7). The binding of small molecule to these
regulatory RNA elements typically alters the expression of genes associated with the
biosynthesis, transport or utilization of the ligand that is directly involved. Remarkably,
riboswitches can recognize its cognate target with superior specificity in a complex
cellular environment and with an affinity typically in the picomolar to micromolar range.
Moreover, riboswitches can effectively modulate gene expression without the need of any
protein effector. Riboswitches that have been found in prokaryotes have been shown to
regulate gene expression primarily at the transcriptional or translational levels.
Commonly, these RNA systems function as genetic “off” switches as the binding of the
designated small molecule often results in the repression of gene expression. For
transcriptional control, small molecule interaction with the aptamer domain
characteristically results in the formation of a terminative hairpin in the expression

domain, which prematurely terminates transcription [71, 74, 77, 78, 90, 91, 93, 96, 97,
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101]. In the absence of ligand, the segments that make up the hairpin are separated and
instead, the anti-terminator structure forms to permit the continuation of transcription

(Figure 1-8a).
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Figure 1-7. A list of targets for which riboswitches have been discovered.

Alternatively, small molecule interaction with riboswitches that utilize translational
control often involves the formation of a sequestering structure that blocks the ribosomal
binding site (RBS) and consequently, impedes translation. In the absence of ligand, the
elements that form the sequestering structure are disassembled and the RBS becomes
available for ribosomal binding and for translation to proceed (Figure 1-8b) [2, 78, 83, 87,
92, 96]. As regulation at the transcriptional level can effectively suppress gene expression
at an early stage, regulation at the translational level may appear to be a slow and
wasteful mechanism of control [102]. In spite of this observation, many riboswitches have

been found to regulate translationally [2, 76, 78, 83, 87, 89, 92, 96, 102]. It may be the
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case that regulation at the translational level is the first step of a more complicated
process to regulate gene expression. In one hypothesis, the binding of ligand to terminate
translation may allow the free 5° end of the newly produced transcript to be recognized by
Rho, a protein that causes ATP dependent termination of transcription [103]. The
orchestration of a number of regulatory steps that may not appear interconnected at first
glance could potentially be in place to produce an overall, highly efficient control
mechanism. Another apparent peculiarity in prokaryotic riboswitches is the existence of
genetic “on” switches whereby, the binding of metabolite leads to the formation of an
anti-terminator structure to activate transcription [73, 85, 102] or an anti-sequestering
structure to activate translation [102]. The rarity of on-switches may be accounted for by
the observation that most known riboswitches regulate genes that synthesize or transport
more of the designated small molecule and hence high levels of that ligand logically
signal repression of expression. However, in the case of the glycine riboswitch in Bacillus
subtilis, operation by an on-switch mechanism may be preferable since it regulates genes
involved in glycine degradation. High level of the glycine may make the organism aware
that ligand is available for usage [85]. Alternatively, riboswitches have also been
discovered to regulate gene expression through catalytic activity. In prokaryotes, a
riboswitch that responds to glucosamine-6-phosphate (GICNG6P) exists to repress the
biosynthesis of the monosaccharide ligand when cell wall production is not needed.
Binding of GICNGP activates self-cleavage of the ribozyme (the glmS ribozyme) and

terminates further gene expression (Figure 1-8c) [98].
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Figure 1-8. Riboswitches can regulate gene expression through a) transcription, b)
translation (RBS = ribosomal binding site), c¢) catalytic cleavage, or d) alternative
splicing. For simplicity, only genetic “off” switches are presented, whereby metabolite
binding represses gene expression. Though not illustrated, systems whereby metabolite
binding activates expression (“on” switches) also exist.

Eukaryotic organisms have also been discovered to implement similar RNA systems for
regulatory control. Notably, thiamine pyrophosphate (TPP) riboswitches in many species
of fungi and plants, have been found to use alternative RNA splicing to control gene
expression (Figure 1-8d). Depending on the specific organism and the particular gene

involved in regulation, TPP interaction has been shown to be able to activate or repress

gene expression [79]. A common theme appears to entail off-switch regulation whereby
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TPP binding leads to the production of a truncated or unstable transcript through
alternative splicing, which consequently, causes down-regulation in expression of the
gene of interest. Conversely, at low levels of TPP, a different splicing pattern or no
splicing event occurs in the mRNA, which leads to the production of a functional protein

[79-82].

1.4.2 Synthetic Riboswitches for Small Molecules

Similar to natural riboswitches, synthetic counterparts have been engineered to
regulate gene expression through small molecule binding. However, although natural
riboswitches typically regulate the expression of metabolic genes, synthetic riboswitches
can be designed to regulate virtually any gene in response to any small molecule that can
bind to RNA [6]. Since the discovery that synthetic aptamers can be inserted into mRNA
to regulate gene expression in a variety of organisms [7-11, 104, 105], substantial
developments have been made to isolate effective synthetic riboswitches through high-
throughput screens and selections [12, 106, 107]. Gallivan and his colleagues provided
the first example of a synthetic riboswitch to function in E. coli, whereby the activity of
the theophylline-sensing riboswitch was coupled with the chromogenic state of the
bacterial cells. When theophylline bound to the aptamer domain, expression of the
downstream R-galactosidase reporter gene was activated and the cells produced a blue
color. However, in the absence of theophylline, translation of the reporter gene was
repressed and the cells appeared white. This study also provided a proof of principle that
unique synthetic riboswitches can be isolated from a library of non-functional sequences

[11]. In a later study, partially randomized pools of the theophylline-sensing synthetic
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riboswitch were applied in an automated high-throughput screen to select for sequences
with enhanced function [108]. The screen led to the isolation of improved theophylline-
sensing riboswitches that produced lower background levels of R-galactosidase
expression when theophylline was absent and increases in reporter gene expression in the
presence of theophylline. Moreover, the sequence information from this screen helped
provide deeper insight into the possible mechanism of the isolated riboswitches [108].
Additionally, synthetic riboswitches have also been successfully implemented to
“reprogram” bacteria to follow new chemical signals. In another study by the same group,
the theophylline-sensing synthetic riboswitch was used to control the motility of E. coli
cells when the aptamer domain was strategically placed upstream of cheZ, a gene which
encodes for a protein factor that plays a critical role in bacterial chemotaxis. The presence
of theophylline activated expression of the reporter gene, which consequentially enabled
controlled movement of the cells toward the chemical stimulus [13]. As an extension of
this work, cell motility was shown to be a readout response to monitor the progress of
high-throughput screens. In contrast to the commonly used R-galactosidase reporter assay,
a cell motility-based assay that simply measures the distance of cell migration on
semisolid media, is relatively inexpensive, and can also provide rapid results [14]. Further
progression in the development of synthetic riboswitches may pave the way for possible

applications in bioremediation, bionanotechnology and synthetic biology [14].

1.5 RNA Aptamers Created Through SELEX

The power of SELEX continues to generate novel aptamers that showcase the

ability of nucleic acid probes to recognize a diverse range of targets. To date, there are at
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least 130 RNA aptamers (Figure 1-9), which provides many opportunities for sensor
development. These RNA aptamers can recognize a variety of targets including cofactors
[109-114], small molecule drugs [115-118] and antibiotics [119-126], amino acids [127-
134]and their derivatives [135, 136], nucleotides [137-139]and their derivatives [140-
142], organic dyes [15, 143, 144], toxins [145], metal ions [146, 147], biomarkers of
cancer [148-151] and neurological disease [152-158], as well as protein and non-protein
factors related to microorganisms [159-165], viruses [16, 166-183], blood regulation
[184-189], cell adhesion [187, 190-194], translation regulation [195-198], cell regulation

[187, 199-216], and immunology [217-230].

Similar to naturally occurring RNA aptamers, many artificially developed RNA
aptamers also possess superior target-binding characteristics. The RNA aptamer for
keratinocyte growth factor for example, possess a Ky of 0.3 pM [199], which is the
highest affinity of an artificially created aptamer known to date. Furthermore, several
RNA aptamers possess remarkable binding specificity. For instance, the theophylline
aptamer can bind theophylline ~10 000 times better than caffeine, a structural analog that
only contains an additional methyl group [115]. Similarly, the arginine-binding RNA
aptamer is highly enantioselective, and can recognize the L-form of arginine ~12 000
times better than the D-form [128]. Additionally, RNA aptamers have also demonstrated
to discriminate against different redox states of the same target, as exemplified by the
nicotinamide mononucleotide (NMN)-binding aptamer , which preferentially binds the

oxidized state (NAD+) over the reduced state (NADH) of its target [109].
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MICROORGANISMS &
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E. coli 55 RNA
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Trypanosoma brucei

S. enterica Serovar Typhi IVP pili
Salmonella enteritidis
streptavidin

colicin E3
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riboflavin

coenzyme A

flavin mononucleotide

flavin adenine dinucleotide
nicotinamide adenine dinucleotide
nicotinamide mononucleotide

S-ad 1h,
- y

" biotin

VIROLOGY-RELATED FACTORS
HIV-1Tat

HIV-1 integrase

HIV-1 nucleocapsid

HIV-1 reverse transcriptase

HIV-1 surface glycoprotein gp120
Human Influenza A virus H3N2
Influenza B Hemagglutinin
Hepatitis B virus polymerase
Hepatitis C virus protease

Hepatitis C virus RNA polymerase
Moloney Murine Leukemia Virus reverse transcriptase
hemagglutinin of H5 avian influenza virus
SARS Coronavirus NTPase/Helicase
Herpes Simplex Virus-1 Us11
HTLV-1 Rex ARM peptide

AMV reverse transcriptase

FIV reverse transcriptase

phage T4 DNA polymerase

phage R17 coat protein

SP6 RNA polymerase

NEUROLOGICAL DISEASE BIOMARKERS
Alzheimer’s betaA4(1-40) amyloid
human nerve growth factor

rat GPCR for neurotensin

substance P

AMPA GluR2

prion

TOXINS
4,4'-methylenedianiline

AMINO ACIDS &
DERIVATIVES
L-arginine
L-histidine
L-citrulline
L-dopamine
phenylalanine
L-tryptophan
D-tryptophan
L-isoleucine
L-tyrosine
L-valine

CANCER-BIOMARKERS
prostate specific membrane antigen
epithelial cell adhesion molecule
HER-3 receptor
HER-2 cells

NUCLEOTIDES & DERIVATIVES
xanthine/guanine
7-methyl guanosine
8-oxo-deoxyguanosine

i =

TRANSLATION REGULATORY FACTORS
elongation factor Tu

elongation factor SelB

yeast phenylalanine tRNA

pepocin

IMMUNOLOGICAL FACTORS

human Cd4

interferon gamma

immunoglobulin IgE

cytotoxic T-cell antigen-4

toll-like receptor 3 ectodomain

antibody against human insulin receptor
antibody against MIR of AChR

G6-9 anti-DNA autoantibody

transferrin receptor

nuclear factor kappaB
interleukin-6 receptor
interleukin 10
interleukin 32

CELL REGULATORY FACTORS
keratinocyte growth factor

cyclic phosphate
adenosine triphosphate
adenine
lipocalin-2
TARGETS OF
RNA APTAMERS
FROM SELEX

BLOOD REGULATORY FACTORS

Ras-binding domain of Raf-1
formamidopyrimidine glycosylase
vascular endothelial growth factor

b compl C5 comp +
fibrinogen-like domain of tenascin-C

coagulation factor VIIa
coagulation factor Ixa
activated protein C
thrombospondin
angiopoietin-2
thrombin

ORGANIC DYES
cibacron blue 3G-A
sulforhodamine B
malachite green
reactive blue 4

CELL ADHESION PROTEINS
alpha-V beta-3 integrin
beta 2-integrin
beta-catenin
fibronectin
P-selectin
L-selectin
laminin

DRUGS
theophylline
heteroaryl dihydropyrimidine
cyanocobalamin
codeine

pancreatic secretory phospholipase A,
transforming growth factor beta-type III receptor
extracellular regulated ki 1&2
basic fibroblast growth factor
signal recognition particle 19
histone H3R8Me2sym
tyrosine phosphatase
C-reactive protein
heparan sulfate
GPCR kinase 2
Sialyl Lewis X
lysozyme
thyroxine

ANTIBIOTICS
kanamycin A
kanamycin B
chloramphenicol
streptomycin
tetracycline
tobramycin
neomycin
viomycin

METAL IONS
Ni**
Zn™

Figure 1-9. A list of targets for which RNA aptamers have been discovered through

SELEX.

1.6 The Limitations of RNA for Detection

Despite the abundance of RNA aptamers, and the superior binding characteristics

that many exhibit, RNA aptamers are relatively underexplored for sensor development.
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The main reason for this is due to RNA’s inherent chemical instability and susceptibility
to degradation. Spontaneous cleavage of the phosphodiester bonds that connect the sugar-
phosphate backbone of RNA commonly occurs through intramolecular transesterification
reactions [231]. The source of instability stems from the characteristic 2'-hydroxyl group
found on the ribose sugar of RNA. Absent in DNA, the 2’-hydroxyl group can readily act
as a nucleophile to attack the adjacent phosphodiester linkage in the backbone of RNA,
resulting in cleavage (Figure 1-10) [231]. This key chemical difference makes RNA ~100

000 times less stable than DNA under physiological conditions [232].

Figure 1-10. General mechanism of RNA cleavage by intramolecular transesterification.
Ribose sugar possesses a 2'-hydroxyl group that can readily act as a nucleophile to attack
the adjacent phosphodiester linkage, resulting in cleavage of the RNA.

A number of factors can also accelerate the rate of RNA transesterification. These

factors are discussed below:

pH. Under basic conditions, specific base catalysis plays a predominant role to accelerate

RNA cleavage as deprotonation of the 2’-hydroxyl group results in an increase in the
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formation of the more nucleophilic 2’-oxyanion group [232]. In contrast, under acidic
conditions, specific acid catalysis occurs, whereby both a non-bridging phosphate
oxygen, as well as the 5-oxyanion leaving group become protonated to accelerate

cleavage reaction [233].

Position of chemical groups involved in cleavage. To enable RNA cleavage, the 2'-
oxygen nucleophile must be precisely positioned in-line with the 5’-oxyanion leaving
group, in such a way that the leaving group is on the opposite side of the central

phosphate relative to the nucleophile [234-236].

Metal ions. The presence of metal ions can enhance transesterification by stabilizing
specific RNA conformations that favor in-line positioning of the chemical groups
conducive for cleavage [236]. Additionally, metal ions can also speed up
transesterification by acting as a specific base catalyst to form metal-hydrates, or a

specific acid catalyst to form complexes with oxygen atom(s) [237].

RNA structure. Single-stranded RNA (ss RNA) is more prone to degradation than RNA
in duplex form. While some ss RNA can fold up upon itself to form intramolecular
duplex-like structures, these structures tend to be relatively weak; the greater
conformational flexibility of ss RNA means greater sampling of different conformations
including the position for in-line attack [238-240]. Phosphodiester linkages located at the
termini of RNA helices are also more prone to cleavage relative to internally situated

linkages, due to easier accessibility of degrading agents [241-243]. However, RNAs that
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fold into highly complex structures are not necessarily protected against the effects of

transesterification if the adopted conformations are favorable for in-line attack [236, 241].

Temperature. High temperature can also substantially speed up RNA cleavage by
breaking up chemical bonds. In a reported study testing RNA degradation in conditions
ranging from 4 to 50°C, the rate of RNA degradation increased by 3-fold at higher

temperature [232].

Nucleases. Nucleases are another source of RNA degradation, and the majority of these
protein enzymes target RNA rather than DNA [231]. Many nucleases catalyze
transesterification using a combination of mechanisms described above. For example,
bovine pancreatic ribonuclease A (RNase A) implements a combination of general acid
and base catalysis [244], along with precise in-line positioning of the RNA
phosphodiester linkage to the nuclease active site for cleavage [245]. As a result of
effectively implementing all three methods, RNase A can catalyze RNA
transesterification with a rate enhancement 10**-fold higher than the uncatalyzed RNA

cleavage rate [246].
1.7 Research Objectives and Thesis Organization

As discussed in the preceding sections, RNA aptamers inherently possess many
useful properties for sensor development including immense functional capacity,
conformational flexibility, as well as superior binding affinity and specificity in many
examples. Furthermore, the abundance of naturally occurring and artificially developed

RNA aptamers provides relatively untapped sources of molecular recognition elements
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for sensor development and new opportunities to further advance the field. In effect, the
overall objective of this thesis is to harness the power of RNA aptamers for fluorescence-
based sensor development using a structure-switching design. While the concept of
structure-switching has demonstrated to be highly versatile and effective in sensor
development using DNA aptamers and riboswitches, it has not been applied towards
RNA aptamers. The work presented in this thesis is the first to demonstrate this novel

discovery.

The first research project establishes a general strategy to create structure-
switching sensors based on RNA aptamers, and sets the foundation for all subsequent
work in this thesis. Regardless of the origin, size or affinity of the aptamers tested, the
presented sensing strategy demonstrates to be effective, and widely applicable (Chapter
2). To enhance user confidence against concerns of RNA aptamer instability and
degradation, the second research project describes a novel structure-switching sensing
strategy that can monitor the quality control of detection and distinguish between true-
positive and false-positive signals (Chapter 3). By using this strategy to pin-point
defective samples, remedy methods to correct a false-positive signal are also
demonstrated in this section (Chapter 3). In the third research project, the versatility of the
structure-switching approach using RNA aptamers is demonstrated by adapting the design
for sensor development on graphene material (Chapter 4). For the fourth and fifth
research projects, structure-switching RNA aptamers are further explored in secondary
applications. In collaboration with the Brennan group, the established RNA aptamer-

based sensors are successfully entrapped in sol-gel materials for solid-assay development.
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Furthermore, this work also demonstrates that sol-gel entrapment provides a general
method to protect RNA aptamers against nucleases, and chemical instability (Chapter 5).
Additionally, in collaboration with the Ye group, the gimS ribozyme, a natural structure-
switching RNA aptamer found in numerous Gram-positive bacteria has been further
explored as a potential drug target for antibiotic development. Chemical synthesis of
different metabolite analogues has resulted in one particular analogue that may be a

potential lead for drug design (Chapter 6).

References for this Introductory Chapter, as well as for the final thesis chapter on
Discussion and Future Directions (Chapter 7) are found at the end of this thesis.
References pertaining to specific research projects (Chapters 2-6) are found at the end of

each of these sections, respectively.
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CHAPTER 2

A GENERAL APPROACH TO THE CONSTRUCTION OF STRUCTURE-

SWITCHING REPORTERS FROM RNA APTAMERS

2.1 Author’s Preface

The first research project establishes a general strategy to create structure-
switching sensors based on RNA aptamers. At the beginning of this project, RNA
aptamers were highly underexplored for sensor development. This study provides the first
sensing strategy that is widely applicable towards various RNA aptamers, and sets the

foundation for all subsequent work in this thesis.

This chapter has been published, and a modified version is presented for this
thesis (see full citation below). I am the first author of this publication. I was mainly
responsible for project design, and performed all experiments, and analyses. | wrote the
manuscript with significant assistance from Dr. Yingfu Li and Dr. Brian Coombes.

Supplementary information is found in Appendix 1.

Lau PS, Coombes BK, Li Y (2010) A general approach to the construction of structure-

switching reporters from RNA aptamers. Angew Chem Int Ed Engl 49: 7938-7942.
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2.2 Abstract

Aptamers are unique molecular probes made up of single-stranded DNA or
RNA that can fold into a defined tertiary structure to bind a designated target. Despite
the wide availability, RNA aptamers remain underexplored for biosensor development.
Herein, we present a general strategy to create fluorescent reporters from existing RNA
aptamers. Based on a structure-switching design, this strategy exploits the dual ability
of RNA aptamers: i) to form an RNA-DNA duplex by binding to its complementary
sequence and ii) to form an RNA-target complex by binding to its designated target. In
the reporter off mode, the fluorophore labeled RNA aptamer forms a duplex with
quencher labeled DNA (denoted as QDNA). The close proximity of the fluorophore
and quencher results in maximal fluorescence quenching. The addition of target
displaces the QDNA to facilitate complex formation with the aptamer. As a result, the
separation of fluorophore and quencher allows high fluorescence generation as the
reporter is turned on. This fluorescent tagging strategy is attractive as it circumvents
the need for the chemical synthesis of modified RNA, and the structure-switching
reporters can be used to distinguish targets that have very similar chemical structures.
We demonstrate the gerenerality and simplicity of our approach with the creation of
two novel reporters based on RNA aptamers that recognize theophylline drug, and

thiamine pyrophosphate (TPP), respectively.
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2.3 Introduction

Aptamers are single-stranded DNA or RNA molecules that are capable of

ligand binding and have been widely investigated as molecular tools for a variety of

T £ . .
applications. ~ For example, aptamers have become popular recognition elements in

various biosensor platforms in which the aptamer—target binding event is reported by

. . . . [2]
an optical, acoustic, mechanical, or electric signal.

Biosensing by fluorescence is one of the most popular methods for the design of

. B3
aptamer-based assays, largely because of ease of detection.  Our research group has

previously reported a “structure-switching” approach to engineering fluorescent

reporters from DNA aptamers.w This approach takes advantage of the ability of
aptamers to form both an aptamer—target complex and a DNA-DNA duplex with a
complementary sequence. Thus, a DNA duplex with a fluorophore-labeled aptamer and
a quencher-labeled complementary strand can function as a reporter: the addition of
target would release the complementary sequence from the aptamer, accompanied by

an increase of fluorescence intensity.

The structure-switching approach was initially demonstrated using an anti-ATP

. . . . [4]
aptamer (ATP = adensoine triphosphate) and an anti-thrombin aptamer, = and was

further used to design reporters for other targets including guanosine triphsophate

5
(GTP), cocaine, arginine, and the platelet-derived growth factor (PDGF).[ : Subsequent

work has also expanded the utility of structure-switching aptamers in secondary
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applications to monitor enzymatic reactions, facilitate high-throughput screening, and

. . 6] o
develop nanodevices and solid-phase assays. = The structure-switching approach has

also been exploited to design aptamer sensors that function by colorimetric,

: : .
electrochemical, or other reporting mechanisms.

. . [l
A large number of RNA aptamers have been isolated for diverse targets

through systematic evolution of ligands by exponential enrichment (SELEX)
. [9] . .. _
experiments. - Moreover, many metabolite-binding RNA aptamers exist in cells as part

. . . [10] - .
of riboswitches to regulate gene expression. ~ The availability of versatile RNA
aptamers represents a superior opportunity to develop RNA-aptamer-based biosensors.
However, the potential of RNA aptamers for bioanalytical applications is still

underexplored. For example, only a few studies have investigated the use of RNA

. [11] .
aptamers in the development of fluorescence assays. ~ To expand the exploration of
RNA aptamers in bioanalysis, in this study we sought to devise a generalizable,
structure-switching-based approach for the rational design of fluorescent reporters from

known RNA aptamers.

Since DNA oligonucleotides are more readily available and more stable than
synthetic RNA oligonucleotides, our proposed strategy began with the polymerase
chain reaction (PCR) to produce double-stranded (ds) DNA from a synthetic, aptamer-
encoding DNA template (purple line, Figure 2-1) using two primers. Primer 1 contains
a T7 promoter at the 5'- end so that the resultant dSDNA can be used to synthesize an

RNA molecule using T7 RNA polymerase by in vitro transcription. The RNA was
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designed to have a sequence extension (red line) at the 5’-end so that this RNA can be
used to assemble a three-component duplex structure with a fluorophore (F)-labeled
DNA strand (denoted FDNA) and a quencher (Q)-labeled DNA oligonucleotide
(QDNA) that has a complementary sequence to part of the RNA aptamer. This
signaling duplex was expected to exhibit low fluorescence because of the proximity of
the fluorophore and quencher. However, addition of the target should promote
dissociation of QDNA from the duplex in favor of the target-aptamer complex
formation, thus leading to the generation of a fluorescent signal. Two RNA aptamers

. . . . . . [9a]
were examined in this study: a synthetic aptamer that recognizes theophylline, " and a

12
naturally occurring aptamer that binds thiamine pyrophosphate (TPP).[ :

5'w. Primer1 DNA template for transcription

7 T — -codi 1)PCR 5
promoter e > LLLLLRRRRL e

5" Synthetic DNA template s 5/ 5
Primer 2 2) In vitro
transcription
RNA aptamer with §' extension

3) FDNA and

4 QDNA binding
5’ ,
4) Target binding 5

ﬁ””“y@ = T L
29 FDNA ‘ QDNA
’ F Q

Figure 2-1. The proposed strategy for designing fluorescent RNA aptamer reporters
that switch structures from a weakly fluorescent duplex to strongly fluorescent complex
upon target binding. The aptamer sequence, shown in purple and produced by PCR and
in vitro transcription, is linked to a sequence element that binds FDNA. The blue star
represents the target for the aptamer.

2.4 Materials and Methods
2.4.1 Materials. All DNA oligonucleotides were synthesized using automated DNA
synthesis (Integrated DNA Technologies, Coralville, 1A) following the standard
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phosphoramidite chemistry. FDNAs contain a 5'-fluorescein introduced using
5'-fluorescein phosphoramidite; QDNAs contain 3'-DABCYL introduced using
3'-DABCYL derivatized controlled pore glass (CPG). DNA oligonucleotides and purified
by 10% denaturing PAGE before use. The fluorescently labeled DNA oligonucleotides
were purified by HPLC. Unless otherwise noted, all other materials were purchased from
Sigma (Oakville, Canada) and used without further purification.

2.4.2 Polymerase Chain Reaction. The synthetic DNA template for the theophylline
reporter has the sequence of 5-GAATT CTAAT ACGAC TCACT ATAGG CCTGC
CACGC TCCGC TCACT GGGCG ATACC AGCCG AAAGG CCCTT GGCAG
CGTCC AACAC ATCG-3'. It was amplified by PCR with 5'-GAATT CTAAT ACGAC
TCACT ATA-3"and 5’-CGATG TGTTG GACGC-3' as forward and reverse primers. The
sequence of the TPP aptamer template is 5'-GAATT CTAAT ACGAC TCACT ATAGG
GCTGC CACGC TCCGA CGCTA TCACT CTATG CCACT AGGGG TGCTT GTTGT
GCTGA GAGAG GAATA ATCCT TAACC CTTAT AACAC CTGAT CTAGG
TAATA CTAGC GAAGG GAAGT GGCAA CAGAA GC-3', which was amplified with
5-GAATT CTAAT ACGAC TCACT ATA-3' (forward primer) and 5'-GCTTC TGTTG
CCACT-3' (reverse primer). PCR was conducted in 75 mM Tris-HCI (pH 9.0), 2 mM
MgCl,, 50 mM KCI, 20 mM (NH,4),SO4, each primer at 0.5 uM, the template at 3 nM,
each dNTP at 0.5 mM, and 5 units of Tag DNA polymerase (Biotools, Madrid, Spain).
Thermal cycling steps were: 94°C for 1 min, 20 cycles of 94°C-45°C-72°C (30 s for each

temperature), and finally 72°C for 8 min.
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2.4.3 RNA transcription. The transcription reaction was conducted at 37°C for 2 h in 150
pL of 40 mM Tris-HCI, pH7.9, 6 mM MgCl,;, 10 mM DTT, 10 mM NaCl, 2 mM
spermidine, 25 pmol PCR amplified DNA, 2.5 mM each of GTP, CTP, UTP, ATP, 1.07
units/pL RiboLock Ribonuclease Inhibitor and 1.33 units/uL T7 RNA polymerase (MBI
Fermentas). The transcription mixture was then treated with DNase | (3 units) in the
presence of 0.2 mM CacCl, at 37°C. The transcribed RNA was subsequently purified by
10% denaturing PAGE and quantified by absorbance at 260 nm.

2.4.4 Fluorescence measurements. The signaling mixture contained 50 mM Tris-HCI
(pH 7.5), 20 mM MgCl,, 40 nM of FDNA, 80 nM extended RNA aptamer and 120 nM
QDNA. The mixture was first heated at 65°C for 2 min, cooled at room temperature for
10 min, and stored at 4°C until analysis. Fluorescence measurements were performed at
37°C (unless stated otherwise) on Cary Eclipse (Varian) with an excitation/emission at
490/520 nm. To obtain the thermal denaturation profiles, each signaling mixture was
incubated at 65°C for 5 min in the fluorimeter before temperature was decreased to 20°C
at a rate of 1°C/min.

2.4.5 Signaling rate calculation. We estimated the signaling rate for each solution
referred to in Figure 2-4c by using data taken from within the linear signaling phase of the
experiment. Each data series was normalized by using the equation x = (F -Fo)/(Fmax -Fo),
where Fnax is the maximal fluorescence intensity observed with 100 uM TPP (which gave
highest level of fluorescence), Fo is the fluorescence reading taken for a TPP-containing
solution immediately before TPP was added, and F is the fluorescence reading of the

same solution at a given time after the TPP addition. On the assumption that the structure
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switching reaction is a first-order reaction, x is equivalent to the fraction of the
FDNA-aptamer-TPP complex at a defined TPP concentration at a given time point, and
(1-x) is the fraction of the unswitched FDNA-QDNA-aptamer at the point. A plot of
Ln(1-x) versus the reaction time should be linear and the negative slope of the line
represents the reaction rate (k). The signaling rate (ks), defined as fraction increase/min,
for each TPP concentration is calculated as (k; — Ko)/(ke-ko) where kg is the reaction rate at
the highest TPP concentration tested (i.e. 1000 puM) and ko is the reaction rate without

TPP.

2.5 Results and Discussion
2.5.1 Creation of an aptamer reporter for theophylline

The theophylline aptamer (see Figure S2-1 in Appendix 1, Supporting Information
for the secondary structure) was chosen as the first model aptamer. This aptamer is well-

characterized, exhibits remarkable specificity, and has been used in several biosensor

engineering studies.[ga'm] We assessed different combinations of FDNA, the extended
theophylline RNA aptamer (TRA) and QDNA in preliminary experiments (one example
is provided in Figure S2-2 in Appendix 1, Supporting Information). Based on these
investigations, we decided to investigate a system consisting of FDNAL, TRAL, and
QDNAZ2 (Figure 2-2). TRAL was designed to have several sequence elements, each of
which served a defined purpose (see also Figure S2-1 in Appendix 1, Supporting
Information): G;G; to facilitate RNA transcription, Cs-A;, for FDNAL binding, Uy; to

A
create a suitable distance between F and Q for optimal quenching,[ ]Q24—A39 for QDNA2
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binding, G33—Cgs (letters in blue) is the actual recognition element, and ces—g75 (lowercase
letters) as part of 3'-primer binding site in the DNA template for PCR. C—G3, were
added as a “extension domain” to allow the formation of a stable QDNA-TRA duplex

without sequestering many nucleotides in the actual aptamer sequence, a feature modeled

. o [4]
after the design of structure-switching DNA aptamers.

a) FDNA1: 5" F-TAGCGTCGGAGCGTGGCAGG
QDNA1: 5" ATCGCCCATAGAGTG-Q
QDNA2: 5" TATCGCCCATAGAGTG-Q
QDNA3: 5" GTATCGCCCATAGAGTG-Q
QDNA4: 5 GGTATCGCCCATAGAGTG-Q
TRA1: 5 GGCCUGCCACGCUCCGACGCUAUCACUCUAUG

Caacacaucg

c)

0 - 8 -
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8 - ‘w
7 QDNA1 8 :l -+ 25°C
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Figure 2-2. Structure-switching reporter for theophylline. a) Sequences of FDNAL,
TRAL, and QDNA1-4. b) Thermal denaturation profiles of the duplexes made from
QDNA1-4 with TRA1 and FDNAL. c) Target induced fluorescence response at 25°C,
37°C, and 45°C. RF=relative fluorescence. The duplex was incubated for 5 min followed
by addition of 1 mM theophylline. The average values of two independent experiments
(with less than 20% variations) are shown (the same applies to other figures below if not
specified otherwise). Experimental details are provided in the Supporting Information.

To derive an optimal QDNA, four different QDNA sequences (Figure 2-2a) were
examined for thermal denaturation profiles in the duplex with FDNA1 and TRAL (Figure

2-2b). The FDNA1-TRA1-QDNA2 duplex produced the best fluorescence enhancement
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and a relatively low melting point; thus, QDNAZ2 was selected for further experiments.
We also found that for this signaling duplex, the theophylline-induced fluorescence
increase progressed rapidly at both 37°C and 45°C, and reached the maximal
enhancement after 3 minutes (Figure 2-2c). In contrast, at 25°C, both the rate of signal
increase and the maximal signal were considerably poorer. Since the signaling
performance was at its best at 37°C, this temperature was chosen for the remaining

experiments.
2.5.2 Sensing capability of the theophylline reporter

The FDNA1-QDNA2-TRAL reporter was found to be highly specific for
theophylline; the addition of theobromine and caffeine (two structural derivatives of
theophylline) did not generate significant signal output (Figure 2-3a). This observation is

consistent with the previous report that the theophylline-binding aptamer exhibits much

9
higher affinity for theophylline than for theobromine and caffeine.[ ?
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Figure 2-3. Specificity and sensitivity of the theophylline reporter. a) Specificity test.
The signaling duplex was incubated at 37°C for 5 min before addition of 1 mM
theophylline (black), caffeine (red), or theobromine (light blue). Two mutant aptamers
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(green: mutant 1; purple: mutant 2) were also tested with addition of 1 mM theophylline.
b) Signal response of the theophylline reporter to theophylline concentrations.

Two mutant aptamers with altered nucleotides critical to target recognition[ga] were
also examined. In mutant 1, G4; and Ago were mutated to A4z and Ugo; in mutant 2, AsoGar
were replaced with G4A4;. The signaling duplexes from both mutants did not produce
signal increase upon theophylline addition (Figure 2-3a). This observation verifies the
importance of the specified nucleotides for theophylline binding and further validates the
specificity data obtained for this reporter. To assess the sensitivity of the theophylline
reporter, the relative fluorescence was determined at various concentrations of
theophylline (Figure 2-3b). The detection limit was found to be 1 pM and the dynamic
detection window was between 1-1000 uM (Figure 2-3b; the relative fluorescence
observed at 20 min versus the theophyline concentrations can be found in Figure S2-3 in

Appendix 1, Supporting Information).
2.5.3 Creation of an aptamer reporter for TPP

We then turned our attention to the TPP-binding RNA aptamer, which is part of

natural riboswitches that regulate gene expression in response to intracellular TPP
N 7 . . .
concentrations. ~ This aptamer has been the subject of extensive structural and functional

analyses.[14] We chose to examine this aptamer for the structure-switching design mainly
because it is much larger than the theophylline aptamer (87 vs. 33 nucleotides (nt)) and
structurally more complex (Figure S2-1 in Appendix 1, Supporting Information).

The design of the TPP reporter was based on the information acquired with the

theophylline reporter. Briefly, the 20-nt FDNAL was retained as the FDNA and 16-nt
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QDNAS was used as the new QDNA (Figure 2-4a and Figure S2-1 in Appendix 1,
Supporting Information). The following features were designed into the extended TPP
RNA aptamer (TPPRA): GG, for high transcription efficiency, Cs—Ay, for FDNAL
binding, U23 for optimal F-Q distance, C,—Gsg for QDNA binding, and C33—Gj19 for
TPP recognition. Similar to the theophylline reporter, it was determined that the optimal

QDNA length was 16 nt and sensing was most optimal at 37°C.

2.5.4 Sensing capability of the TPP reporter

The TPP reporter produced a signal enhancement of around fourfold upon
addition of 1 mM TPP. At this concentration, the reporter reached maximal enhancement
after approximately 5 min. At lower concentrations (10 nM— 100 pM), however, the rate
of signal increase was reduced (Figure 2-4b). This reporter exhibited a linear dynamic
range between 1-1000 pM when the signaling rate was plotted against TPP
concentration, although the detection limit can reach 10 nM (Figure 2-4c). The slightly
reduced maximal signal enhancement at 1000 puM in comparison to 100 uM may be
caused by the fluorescence quenching of TPP at this concentration. The TPP reporter also
showed high specificity for TPP: only a subtle signal was seen with thiamine

monophosphate (TMP) and thiamine, and no signal increase was observed with

. . . . . . ) [14b.e]
oxythiamine (Figure 2-4d). These observations are consistent with previous results.

One mutant aptamer (sequence shown in Figure S2-4 in Appendix 1, Supporting
Information) was also examined, and did not produce signal enhancement upon TPP

addition (Figure 2-4d).
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A FDNAl: 5'F-TAGCGTCGGAGCGTGGCAGG
QDNA5: 5'CTAGTGGCATAGAGTG-Q
TPPRA: 5'GGCCUGCCACGCUCCGACGCUAUCACUCUAUGCCACUAG
GGGUGCUUGUUGUGCUGAGAGAGGAAUAAUCCUUAACCCU
UAUAACACCUGAUCUAGGUAAUACUAGCGAAGGGAAGUGG
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Figure 2-4. Structure-switching reporter for TPP. a) Sequences of FDNA and QDNA,
and the extended RNA aptamer for TPP (TPPRA). b) Target-induced fluorescence
increase of the reporter where the TPP concentration was varied between 0-1000 uM. c)
Signaling rate versus TPP concentration (the method for deriving signaling rate (fraction
increase/min) is provided in the Supporting Information) Bk rate=background rate,
produced by the signaling duplex in the absence of TPP. d) Specificity test. The TPP
signaling duplex was incubated for 10 min before 100 uM TPP (black), TMP (green),
thiamine (red), or oxythiamine (light blue) was introduced (all 100 uM). One mutant
aptamer (gray) was also tested with the addition of 100 uM TPP.

A key difference between theophylline and TPP reporters is the signal increase
speed in relation to the target concentration. For the theophylline reporter, the signal
increase was rapid (reaching the maximal signal after approximately 5 min) at all

responsive target concentrations (Figure 2-3b). In contrast, the signaling rate of the TPP

reporter was significantly dependent on the target concentration (Figure 2-4b):

47



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

approximate times required to reach the maximal signal were 5 min for 1 mM TPP, 15
min for 0.1 mM TPP, 120 min for 10 puM TPP, and much longer times for lower
concentrations. We speculate that this natural aptamer may have been evolved to have the
necessary ability to respond accurately to the level of TPP in cells. Since the TPP aptamer
Is proposed to function in cells as TPP-responsive genetic OFF switch (to terminate the

transcription of downstream genes that code for proteins involved in TPP

biosynthesis),[12C] it would be most desirable for cells to have an aptamer that shows
exquisite response to the cellular TPP level: very quick response when the TPP
concentration is very high (thus no need for more TPP biosynthetic proteins) and
progressively reduced response at lower levels of TPP (to reach an optimal biosynthetic

proteins/TPP ratio).

2.6 Conclusions

In summary, we have demonstrated an approach that can be generally applied for
the design of fluorescent reporters from RNA aptamers. Our method is based on a three-
component system made of two chromophore-labeled DNA oligonucleotides obtained
from chemical synthesis and an aptamer-containing RNA strand produced by in vitro
transcription. Since the chemical synthesis of RNA is less efficient than that of DNA, and
RNA is more prone to degradation, the production of RNA aptamers by in vitro
transcription is an attractive option. The strategy to tag the aptamer with a fluorophore-
labeled DNA oligonucleotide by duplex formation also circumvents the need of chemical
synthesis of modified RNA and alleviates the probe degradation during storage, which
would produce higher background fluorescence.
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Three adjustments were made in the design of structure-switching reporters for
RNA aptamers when compared to the design for DNA aptamers. Firstly, the number of
base pairs in the duplex between FDNA and the extended aptamer sequence was
increased from 15 to 20, as we observed that 15 base pair DNA/RNA duplex had a higher
background signal and smaller signal enhancement upon target addition (Figure S2-2 in
Appendix 1, Supporting Information). Secondly, the optimal length of QDNA (which
produce the most desirable balance of background signal, fluorescence enhancement, and
signaling rate) was found to be 16 nt for the RNA reporters and 12 nt for the DNA
reporters.l! This modification was made based on the observation that the reporters
constructed with QDNA of reduced length had higher background signal and reduced
signal enhancement. Thirdly, with the increased size of QDNA, we increased the size of
the extension domain from 5 nt in the DNA reporters to 9 nt in the RNA reporters (the
extension domain consists of nucleotides that participate in the binding of QDNA but not

in the binding of the target).

We examined two model aptamers with different origins, sizes, and affinities. The
theophylline-binding RNA aptamer was obtained in a SELEX experiment, is 33 nt long
and has a dissociation constant Ky of 0.1 pM.¥ The TPP aptamer is found in cells, is
considerably larger (87 nt) and has a Kq value of 0.85 nM.1**I The successful conversion
of the two very different RNA aptamers into structure-switching reporters using the same
design demonstrates the general utility of the method. Furthermore, to the best of our
knowledge, our work is the first reported attempt of exploring a naturally occurring

aptamer for the design of a fluorescent biosensor for bioanalytical applications.
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The designed structure-switching reporters retained the binding specificity of the
original aptamer. For example, the original theophylline aptamer can distinguish
theophylline (cognate target) from caffeine and theobromine that have very similar
chemical structures.’®¥ As shown in Figure 2-3a, the structure-switching reporter
displayed the same specificity. Similar observations were made with the TPP reporter

(Figure 2-4d).

The detection limit of the theophylline reporter was found to be 1 uM, which is 10
times higher than the Ky value of the original aptamer. Similarly, the detection limit of the
TPP reporter was 10 nM, which is also 10 times higher than the Ky value of the original
aptamer. The fact that structure-switching reporters did not produce better detection
sensitivity may have two possible explanations. Firstly, the use of a complementary
sequence (i.e., QDNA) to partially block the binding site of an aptamer has reduced its
affinity for its target because in this modified system, the target needs to compete with
QDNA for binding to the aptamer. Secondly, since the starting signaling duplex itself also
exhibits some level of fluorescence, the small signal increase induced by the target at very
low concentrations can easily be obscured within the background signal associated with
large excess of unswitched duplex. These two inherent problems imply that it may be
difficult to achieve extremely high sensitivity with structure-switching fluorescent
aptamer reporters, particularly in the real-time sensing mode (i.e., detection without a
separation step). Similar observations have also been reported for structure-switching
fluorescent reporters based on DNA aptamers.! To achieve better sensitivity, alternative

methods that can offer reduced background signal should be considered. One such
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method is electrochemical sensing,™™ which has already been applied to achieve

improved detection sensitivity with structure-switching DNA aptamers.!®]
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CHAPTER 3

QUALITY CONTROL CERTIFICATION OF RNA APTAMER-BASED

DETECTION

3.1 Author’s Preface

To provide assurance against concerns of RNA aptamer instability and
degradation during analysis, the second research project describes the first aptamer-based
sensing strategy capable of monitoring quality control. Base on the structure-switching
design, this novel sensing strategy can distinguish between true-positive and false-
positive signals. By using this strategy to pin-point defective samples, remedy methods to

correct a false-positive signal are also demonstrated in this chapter.

This work has been published and provisionally patented. This chapter appears in
its published format (see full citation below). I am the first author of this publication. |
took the leading role for project design, and data analysis. I conducted all experiments to
demonstrate false-positive signal reporting, as well as the correction of false-positive
signals. With my supervision, Chung Kit Lai performed assays to assess sensitivity and
specificity of the sensing systems. | wrote the manuscript with assistance from Dr. Yingfu

Li. Supplementary information is found in Appendix 1.

Lau PS, Lai CK, Li Y (2013) Quality control certification of RNA aptamer-based

detection. Chembiochem 14: 987-992.
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Lau PS, Lai CK, Li Y. Provisional U. S. Patent (61/658,650) Issued June 14, 2012.

Structure-Switching RNA Aptamer Reporters with a Quality Control Element.

3.2 Abstract

Aptamers are single-stranded DNA or RNA molecules with a defined tertiary
structure for molecular recognition. Numerous RNA aptamers with excellent binding
affinity and specificity have been reported; they constitute an attractive reservoir of
molecular recognition elements for biosensor development. However, RNA is relatively
unstable owing to spontaneous hydrolysis and nuclease degradation. Thus, RNA aptamer-
based biosensors are prone to producing false-positive signals. Here, we present an RNA
aptamer biosensor design strategy that utilises an internal control to distinguish target
binding from false-positive signals. The sequence of a chosen RNA aptamer is expanded
so that it can form three consecutive short RNA-DNA duplexes with 1) a quencher-
labelled DNA strand (Q:DNA), 2) a dual-fluorophore-labelled DNA strand (F1DNAF;)
and 3) another quencher-labelled DNA strand (Q,DNA). The addition of a target releases
Q2DNA from the duplex assembly, and produces the expected positive signal from F.
However, the authenticity of target recognition is validated only if no signal is generated
from F1. We have successfully engineered two fluorescent reporters by using an RNA
aptamer that binds thrombin and one that binds theophylline. Both reporters show the
expected binding affinity and specificity, and are capable of reporting system malfunction
when treated with nucleases and chemical denaturants. This strategy provides a simple
and reliable way to ensure high-quality detection when RNA aptamers are employed as

molecular-recognition elements.
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3.3 Introduction

RNA is a functionally versatile biopolymer from which numerous molecular
recognition elements, known as aptamers, have been derived in different ways. Nature,
for instance, has employed a host of RNA aptamers to construct riboswitches to regulate
gene expression.™! With the development of the in vitro selection technique, a large
battery of artificial RNA aptamers have been isolated from random-sequence RNA
libraries to recognise wide-ranging targets.”” Many naturally occurring and artificially
developed RNA aptamers exhibit excellent binding affinity and specificity, thus making
them attractive for biosensor development.”! However, reports on exploring RNA
aptamers for biosensing applications are relatively limited, largely owing to the poor
chemical stability of RNA and its susceptibility to RNase degradation. To harness RNA
aptamers as sensing elements, we previously developed a general approach to create
structure-switching reporters from RNA aptamers.!” More recently, we have shown that
entrapment in sol-gel-derived materials conferred protection from nuclease degradation
on these RNA-based reporters.® Nucleotide chemical modifications, spiegelmers and

locked nucleic acids (LNAs) are other established methods of RNA protection.®!

Working with RNA aptamer-based biosensors requires appropriate experimental
controls to ensure the validity of the detection results. Although external experiments can
be implemented to assess RNA integrity,”! a biosensing strategy that incorporates a
simple internal control for continuous monitoring of RNA quality would be highly
beneficial. Many biosensing designs, such as structure-switching reporters, require the

formation of DNA-DNA or RNA-DNA duplexes as critical structural elements.!!
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Unintentional structural denaturation, however, can occur from a variety of factors, such
as altered pH and suboptimal ion strength. RNA is also prone to spontaneous
transesterification,”™ and degradation by ubiquitous RNases.!® Therefore, having a simple
internal control that can detect system malfunction would ensure the reliability and

reproducibility of RNA aptamer-based sensing.

Herein, we present an aptamer biosensor design strategy that exploits an internal
control as a quality control (QC) element to distinguish target binding from false-positive
signals in real time. The sensing system consists of a multifunctional RNA (mfRNA) with
three sequence domains (Figure 3-1A): the first forms a duplex with a quencher-labelled
DNA strand (Q:DNA), the second forms a duplex with a dual-fluorophore labelled DNA
strand (Fi.DNAF,), and the third is an RNA aptamer sequence capable of forming a
duplex with another quencher-labelled DNA strand (Q.DNA). The addition of target
releases Q,DNA from the duplex assembly, and produces an expected signal from F;
(Figure 3-1B). Incorporation of the QiF; pair allows true-positive signals to be
distinguished from false positives that can arise from unexpected system malfunctions,
such as the destruction of the DNA/RNA assembly by nucleases (Figure 3-1C).
According to this strategy, we have successfully engineered two fluorescent reporters by

using an RNA aptamer that binds thrombin and one that binds theophylline.
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Figure 3-1. Structure-switching RNA aptamers with a quality control element. A) Duplex
assembly between a multifunctional RNA with Q:DNA, FiDNAF,, and Q,DNA. B) True-
positive signal. Addition of the target (star) results in target-aptamer complex formation
and the departure of Q,DNA, which is accompanied by signal generation from F,. C)
False-positive signal. System destruction, for example, by a nuclease, would lead to
signal production from both F; and F».

3.4 Materials and Methods

3.4.1 Materials. All DNA oligonucleotides were synthesized using automated DNA
synthesis (Integrated DNA Technologies, Coralville, 1A). F; and F, of F;DNAF, are 3'-
fluorescein and 5'-TYEG665, respectively; F, was introduced using TYE665
phosphoramidite while F; was introduced using fluorescein derivatized controlled pore
glass (CPG). Qi:DNA contains a 5’-lowa Black FQ dark quencher introduced using lowa
Black FQ phosphoramidite. Q,DNA contains a 3’-lowa Black RQ dark quencher
introduced using lowa Black RQ derivatized CPG. Unmodified oligonucleotides were

purified by 10% denaturing PAGE, and modified DNAs were purified by HPLC before

use. Human o-thrombin, and human prothrombin were obtained from Haematological
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Technologies (Essex Jct.,, VT). Unless otherwise noted, all other materials were
purchased from Sigma (Oakville, Canada), and used without further purification.

3.4.2 Polymerase Chain Reaction. The synthetic DNA template for the thrombin reporter
has the sequence of 5-GAATT CTAAT ACGAC TCACT ATAGG GAGAC ACGTC
GTGCG TACTC CTGCC ACGCT CCGAC GCTAG CTGAT CACTC GAAGT
CCGGA TCGAA GTTAG TAGGC GGA-3'. It was amplified by PCR using primers 5'-
GAATT CTAAT ACGAC TCACT ATA-3' (forward) and 5-TCCGC CTACT AACTT
C-3' (reverse). The theophylline reporter has the sequence of 5-GAATT CTAAT
ACGAC TCACT ATAGG GAGAC ACGTC GTGCG TACTC CTGCC ACGCT
CCGAC GCTAG CTGAT CACTC GAAGG GCGAT ACCAG CCGAA AGGCC
CTTGG CAGCG TCCAA CACAT CG-3' and was amplified using primers 5'-GAATT
CTAAT ACGAC TCACT ATA-3' (forward) and 5-CGATG TGTTG GACGC-3'
(reverse). PCR was conducted in Tris-HCI [pH 9.0] (75 mM), MgCl, (2 mM), KCI (50
mM), (NH4)2SO4 (20 mM), primers (0.5 uM of each), DNA template (3 nM), dNTPs (0.5
mM of each), and Taqg DNA polymerase (5 units, Biotools, Madrid, Spain). Thermal
cycling steps were: 94°C for 1 min, 20 cycles of 94°C-42°C-72°C (30 sec for each
temperature), and finally 72°C for 8 min.

3.4.3 RNA transcription. The transcription reaction was conducted at 37°C for 3 h in 150
uL of Tris-HCI [pH 7.9] (40 mM), MgCl, (6 mM) DTT (10 mM), NaCl (10 mM),
spermidine (2 mM), PCR amplified DNA (25 pmol), NTPs (2.5 mM of each), RiboLock
Ribonuclease Inhibitor (1.07 units/uL), and T7 RNA polymerase (1.33 units/puL,

Fermentas, Burlington, Canada). The transcription mixture was then treated with DNase |
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(3 units, Fermentas) in the presence of CaCl, (0.2 mM) at 37°C for 15 min. The
transcribed RNA was subsequently purified by 10% denaturing PAGE, and quantified by
absorbance at 260 nm.

3.4.4 Fluorescence measurements. The signalling mixture contained F;DNAF; (40 nM),
extended RNA aptamer (80 nM), Q;:DNA (120 nM), and Q;DNA (120 nM) in a binding
buffer (50 pL total volume) corresponding to each aptamer. Thrombin buffer: Tris-HCI
[pH 7.7] (50 mM), NaCl (100 mM), DTT (1 mM), and MgCl, (1 mM). Theophylline
buffer: Tris-HCI [pH 7.5] (50 mM), MgCl; (20 mM). The mixture was first heated at
65°C for 2 min, then cooled at room temperature for 10 min, and stored at 4°C until
analysis. Fluorescence measurements were taken at an excitation/emission of 645/665 and
495/520 nm every min at 37°C (unless stated otherwise) on Cary Eclipse (Varian).
Target-sensing assays were conducted by adding thrombin, theophylline or their
structural analogs to signalling mixtures. For degradation assays, the following were
introduced: i) RNase A (0.1 pg/uL, Fermentas), ii) DNase I (0.06 units/uL, Fermentas)
plus CaCl; (0.1 mM), iii) NaOH (50 mM) in Tris-HCI [pH 7.5] (50 mM) plus NaCl (300
mM), or iv) no addition (negative control). To test the effects of human serum on the
theophylline reporter, the following were added to each signalling mixture: i) serum (5
pL), ii) filtered serum (10 K filtration column, Sartorius Stedium Biotech), iii)
theophylline (60 mM) in serum, iv) filtered theophylline (60 mM) in serum, v) filtered
theophylline (60 mM), or vi) no addition (negative control). To test the effects of human
serum on the thrombin reporter, the following were added to each signalling mixture: i)

serum (1 pL), ii) RiboLock RNase Inhibitor (4.8 units/uL) plus thrombin (3 pM) in

59



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

serum, iii) no addition (negative control). Relative fluorescence (RF) was calculated using
F/FO, where FO and F are the fluorescence intensity before and after addition of
target/degrading agent, respectively. To obtain the thermal denaturation profiles, each
signalling mixture was incubated at 65°C for 5 min in the fluorimeter before temperature

was decreased to 20°C at a rate of 1°C/min.

3.5 Results and Discussion

3.5.1 Construction of an aptamer reporter for thrombin

As the first demonstration, we chose an RNA aptamer that recognises human a-
thrombin,™ a serine protease that plays a critical role in the regulation of thrombosis, and
haemostasis.'” The DNA sequence encoding both the QC and aptamer elements was
chemically synthesised, and amplified through polymerase chain reaction (PCR) with
necessary primers to produce a double-stranded DNA template, which was then used for
in vitro transcription to generate the required mfRNAwrom (its sequence is given in Figure
3-2A, along with those of the relevant chromophore-containing DNA molecules).
MFRNAhom Was designed to form a 20 bp duplex with Q;:DNA, and a 25 bp duplex with

F1DNAF-.

To determine the optimum length of Q,DNA for the third duplex, which is critical
to the sensing performance of the system, we examined thermal-denaturation profiles of
the duplex assemblies with Q;DNAs containing 13-16 nt (Figure S3-1A; found in
Appendix 1, Supplemenary Information). As the 13-nt Q2DNA (Q2DNA13) produced the

best signal enhancement with a relatively low melting point (which should facilitate the
60



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

displacement of Q,DNA by thrombin), this molecule was chosen for further study. Note
that we incorporated several non-aptameric nucleotides (underlined letters) immediately
upstream of the aptamer domain (boldfaced letters). This feature, which was established
in our previous studies,” allows the formation of a stable Q,DNA-mfRNA duplex
without sequestering many nucleotides in the aptamer domain that are involved in target

recognition (Figure 3-2A).

A ) mfRNA,,,,:5'GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCGAC
GCUAGCUGAUCACUCGAAGUCCGGAUCGAAGUUAGUAGGCGGA3'
Q,DNA:  5'Q,-GTACGCACGACGTGTCTCCC3'

F,DNAF,: 5'F,-TCAGCTAGCGTCGGA GCGTGGCAGG-F,3'
Q,DNA13: 5'CGGACTTCGAGTG-Q,3'

B)
54 5
1 a- 1
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Figure 3-2. A thrombin reporter. A) The sequences of mfRNA, Q:DNA, F;DNAF, and
Q2DNA used. B) Specificity test. The signaling duplex was incubated for 5 min before
addition of thrombin or prothrombin (3 uM). Mutants 1 and 2: modified mfRNAs with
mutations in the aptamer domain; both were tested with thrombin. RF: relative
fluorescence, calculated as F/Fo, fluorescence intensity at time t and time 0. RF from F,
(sensor module), and F; (QC module) are presented on the left and right, respectively.
The data are the average of three independent experiments.

3.5.2 Sensing performance of the thrombin reporter

The aptamer reporter produced an approximately fivefold increase in intensity at

665 nm upon the addition of thrombin (Figure 3-2B, left); the fluorescence of TYE665 as
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F, was indicative of Q,DNA departure from the duplex assembly. The high level signal
enhancement from F, confirms that the reporter is capable of thrombin detection. Two
experiments were conducted to verify specific molecular recognition between the aptamer
and thrombin. First, prothrombin, a precursor of thrombin that has no affinity for the
original RNA aptamer,™ was tested. No signal enhancement was observed at F, (Figure
3-2B, left). Second, two mutated versions of mfRNA sequences, in which selective
nucleotides critical for thrombin recognition were altered (Figure S3-2A, Appendix 1,
Supplemenary Information), were examined. Neither mutant was able to register a signal
increase at F, (Figure 3-2B, left). To assess the sensitivity of the reporter, the relative
fluorescence from F, was determined at various concentrations of thrombin (Figure S3-
3A, left, Appendix 1, Supplementary Information). The detection limit was found to be

0.01 uM, and the dynamic detection window was between 0.01-3 pM.
3.5.3 Functionality test of the QC element

Two scenarios are expected of the QC element with regard to signal generation:
when the reporter is fully functional, no signal change from F; should be observed,
however, the observation of notable fluorescence changes from both F; and F, indicates
system malfunction. No intensity increase was observed at 520 nm (Figure 3-2B, right
and Figure S3-3A; fluorescence from fluorescein as F; in the QC element) in the presence
of the intended target, thrombin. However, when the system was treated with RNase A,
DNase | and NaOH, notable signal enhancement for both F, (Figure 3-3A), and F;
(Figure 3-3B) was observed. These results validate the complete function of the thrombin

reporter.
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Figure 3-3. False-positive signal reporting. The signaling duplex was incubated for 5
min, before the addition of RNase A, DNase I, and NaOH. NC: negative control (no
denaturant added). Relative fluorescence (RF) was measured for A) F, and B) F;. Data
are the average of two independent experiments.

3.5.4 Construction of an aptamer reporter for theophylline

To demonstrate the generality of the approach, we designed a second reporter by
using the well-characterised anti-theophylline RNA aptamer.B***1 we directly
incorporated many design features shown to be effective for the thrombin reporter into
the construction of the theophylline reporter. As shown in Figure 3-4A, the theophylline
reporter used the same Q;DNA and F;DNAF,. The mfRNA sequence (MfRNAheo)
possessed the same non-aptameric nucleotides upstream of the aptamer domain
(underlined letters), and only differed in the actual aptamer sequence (boldfaced letters).
To determine the optimal Q,DNA length, we examined the thermal denaturation profiles
of four different Q:DNA sequences (13-16 nt) in duplex with mfRNAe, FIDNAF, and
Q:DNA (Figure S3-1B). As for the thrombin reporter, the optimum length of Q,DNA for
the theophylline system was determined to be 13 nt (Q.DNA13; best signal enhancement

with relatively low melting point), and this sequence was selected for further experiments.
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3.5.5 Sensing capability of the theophylline reporter

Consisting of MfRNAeo-Q:DNA-F;DNAF,-Q,DNA, the theophylline reporter
generated an approximately sixfold signal enhancement at 665 nm upon addition of
theophylline (Figure 3-4B, left). This F, signal was verified to be target-specific, as
addition of the closely related structural derivatives caffeine or theobromine (Figure 3-4B,
left) generated no signal at F,. Likewise, the F; signal increase from theophylline addition
was also demonstrated to be aptamer sequence-specific, as mutations of critical
recognition nucleotides in the mfRNA sequence (Figure S3-2B) abolished the binding
activity, as shown by the absence of F, signal for mutants 1 and 2 (Figure 3-4B, left).
After evaluation of the sensitivity of the reporter (Figure S3-3B, left), the detection limit

was determined to be 1 uM, and the dynamic detection window was between 1-1000 puM.

3.5.6 Test of QC element function within the theophylline reporter

No F; fluorescent increase was observed at 520 nm in assessment of the
specificity and sensitivity of the theophylline reporter (Figure 3-4B, right and Figure S3-
3B, right); this verifies the ability of the QC element to detect true-positive signals. To
test for false-positive signalling, we evaluated the performance of the theophylline
reporter in human serum, a medium routinely used in medical testing, and a known source
of nucleases. The addition of serum produced signal enhancement for F,, as well as F;
(Figure 3-4C), thus signifying separation of the fluorophores from their respective
quenchers. This observation was confirmed to be the result of nuclease degradation, as
filtration of the serum on a 10 kDa molecular weight cut-off column before addition to

the reporter removed nucleases on the basis of molecular size and eliminated both F;, and
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A ) MfRNA,,: 5'GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCGACG
CUAGCUGAUCACUCGAAGGGCGAUACCAGCCGAAAGGCCCUUGG
CAGCGUCCAACACAUCG3'

Q.DNA:  5'Q-GTACGCACGACGTGTCTCCC3'
F.DNAF,: 5'F,-TCAGCTAGCGTCGGAGCGTGGCAGG-F,3'
Q,DNA13: 5'CGCCCTTCGAGTG-Q,3'
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Figure 3-4. A theophylline reporter. A) The sequences of mfRNA, Q:DNA, FiDNAF,
and Q,DNA used. B) Specificity test. The signaling duplex was incubated for 5 min
before addition of 1 mM theophylline, caffeine or theobromine. Mutants 1 and 2:
modified mfRNAs with mutations in the aptamer domain; both were tested with
theophylline. RF from F, (sensor module), and F; (QC module) are presented on the left
and right, respectively (same layout for subsequent panels). C) and D) Test in human
serum. Comparing effects produced by the addition of unfiltered and filtered human

serum doped with theophylline.
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F1 signals (Figure 3-4C). Together, these results validate the complete function of the
theophylline reporter. Notably, a small signal decrease in F; and F, was produced upon
the addition of filtered serum. Given the complex components found in serum, smaller
molecules (peptides, hormones, small molecules, electrolytes, etc.) can still pass through
the filter, and cause slight fluctuations in fluorescence due to molecular crowding of the

fluorophores.!*!
3.5.7 Elimination of false-positive signals guided by QC element

We have already established that the QC element was able to detect the
degradation effects of serum in the theophylline reporter (Figure 3-4C). False-positive
signalling was also exhibited when testing the effects of serum and theophylline together
(as would be the case in clinical blood testing for drugs and other substances). Here, we
found that any theophylline-binding effects were “masked” by the F, and F; signals
produced by serum degradation (Figure 3-4D). To correct this detection error, we
removed contaminating nucleases by membrane column filtration, while retaining
theophylline. By filtering serum doped with theophylline before addition, we were able to
accurately detect theophylline (F, signal enhancement from aptamer-sensing module;
Figure 3-4D, left), without any system malfunction (absence of F; signal from QC
element; Figure 3-4D, right). Furthermore, we found that, after filtration, serum did not
alter the signalling ability of the reporter, as both the filtered serum plus target sample
(Figure 3-4D, left), and the filtered target-only sample (Figure 3-4D, left) produced the

same magnitude of F; signal.
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The thrombin reporter was also able to detect the degradation effects of serum, as
high F, and F; signals were generated (Figure S3-4). However, given that thrombin
possesses a molecular weight in the same range as those of most nucleases, simple
column-filtration of the protein—serum mixture would not be a feasible remedy method
for the detection of protein targets. In this case, adding RiboLock RNase inhibitor to the
target—serum mixture successfully inactivated most nucleases, and the F; signal was
substantially reduced compared to that of the serum sample without treatment with
nuclease inhibitor (Figure S3-4, right). The likely reason why not all the F; signal was
abolished is the capability of RiboLock to inhibit common nucleases, but not all. Further
studies could benefit from the use of a cocktail of common nuclease inhibitors to

inactivate a wider range of nucleases in complex samples.

3.6 Conclusions

In summary, we have demonstrated a new general approach to creating RNA
aptamer-based biosensors that exploit an internal quality control element to distinguish
target binding from false-positive signals. The sensing strategy is based on a
multifunctional RNA sequence that forms a duplex with one dual-fluorophore-modified
oligonucleotide and two quencher modified DNA oligonucleotides, which function in
coordination to form the QC element and sensor module. To the best of our knowledge,
this is the first example of an aptamer-based sensor that is capable of monitoring the

quality of detection.
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The QC element was able to report true-positive signals for both reporters
(production of an F, signal and lack of an F; signal) and also reliably reported system
malfunction when treated with known chemical denaturants and nucleases (production of
both F; and F; signals). These results demonstrate the utility of the QC element and
showcase the generality of the design strategy. In testing the human serum samples doped
with theophylline, we discovered that simple filtration of the drug—serum mixture prior to
addition to the theophylline reporter removed all contaminating nucleases, but retained
the drug target for detection. This approach is likely to be applicable for the detection of
other small-molecule targets in serum. However, for the detection of protein targets,
which have molecular weights in the same range as most nucleases, simple filtration
would not be a feasible method. One possible solution that we have demonstrated is to
treat protein—serum mixtures with common nuclease inhibitors. Hence, incorporation of a
QC element will be useful to help identify remedy methods to eliminate false-positive

signals.

Generating aptamers that are intrinsically resistant to degradation would be an
attractive option to avoid the need for remedy methods altogether. Chemical modification
of nucleotides can prolong the lifetime of RNA aptamers for several days,!® and sol-gel
entrapment of RNA structure-switching reporters has demonstrated long-term chemical
stability of up to one month.®! However, generating modified RNA libraries for SELEX
remains expensive, and some modified nucleotide building blocks are not commercially
available. Furthermore, some modifications can only be incorporated into aptamers post-

SELEX, and this can alter aptamer binding properties. This is especially the case for
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naturally occurring RNA aptamers, which offer a plethora of possibilities for biosensor
development, yet still remain relatively underexplored. To utilise these aptamer species
for biosensing applications, having a QC element can ensure the validity of the results

obtained and provide greater user confidence.

Structure-switching reporters have been expanded to detect many small-molecule
and protein targets,*? and applied in many secondary applications, such as enzymatic
reaction monitoring and inhibitor screening,™ designing nanodevices and solid-phase
assays,* and in vivo sensing.™ Additionally, the fluorescence detection platform has
been expanded to include other signal-transduction methods such as electrochemical, and
colourimetric detection.™® It is conceivable that aptamer reporters with a QC element
could be useful for many of the aforementioned purposes, as well as for other future

applications in which high-quality detection is needed.
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CHAPTER 4

A GENERAL STRATEGY TO CREATE RNA APTAMER SENSORS USING

REGULATED GRAPHENE OXIDE ADSORPTION

4.1 Author’s Preface

In the third research project, the versatility of the structure-switching approach
using RNA aptamers is demonstrated by adapting the design for sensor development on
graphene material. Furthermore, this strategy involves a novel method to regulate RNA
aptamer adsorption on graphene oxide, which immensely broadens applicability of the

sensing design to accommodate aptamers of various lengths.

The work presented in this chapter has been submitted for publication. 1 will be
co-first author (*) for this manuscript. For this work, | conceived the project idea, and was
principally responsible for experimental design and data interpretation. With my
guidance, Jinping Song performed the experiments. | wrote the entire manuscript. Meng
Liu provided the graphene oxide material. Dr. Yingfu Li, Dr. Chuan Dong and Dr.
Shaomin Shuang provided helpful guidance and suggestions. Supplementary information

is found in Appendix 1.

Song J*, Lau PS*, Liu M, Shuang S, Dong C, Li Y (submitted) A general strategy to

create RNA aptamer sensors using regulated graphene oxide adsorption.
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4.2 Abstract

Aptamers are single-stranded DNA or RNA molecules that can fold into a defined
tertiary structure to bind a designated target. Aptamers have been used for sensor
development in combination with graphene oxide (GO), a nanomaterial with properties
including fluorescence quenching, and selective adsorption of single-stranded nucleic
acids. However, previous sensor designs based on aptamer-GO adsorption have not
demonstrated wide applicability. Many RNA aptamers possess superior sensing
properties, and provide many opportunities for further exploration. Herein, we present a
novel sensing strategy based on “regulated” GO adsorption that can accommodate various
RNA aptamers. First, the RNA aptamer hybridizes to a fluorophore-modified,
complementary DNA strand (FDNA). Adsorption of FDNA-RNA aptamer duplex to GO
then results in fluorescence quenching due to close proximity of the fluorophore to GO.
The addition of a complementary, “blocking” DNA strand (BDNA) that hybridizes to the
3'-end of the aptamer, weakens aptamer-GO interaction, and enables higher fluorescent
signal generation upon the addition of target, as the sensing system becomes completely
separated from GO. Using this strategy, we have engineered two novel RNA aptamer-
based sensors, which require BDNA for increased signal generation. Our findings can be
applied towards different aptamers, and adapted to enhance generality of existing sensing
applications.

4.3 Introduction

Aptamers are single-stranded DNA or RNA molecules that fold into a defined

tertiary structure to bind a designated target.™ These unique molecular probes have been
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widely implemented for sensor development, particularly using fluorescence due to ease

in aptamer labeling, and availability of detection instruments.?!

Exploration of RNA aptamers for sensor development has begun to emerge in
recent years. Through bioinformatics and biochemical testing, new RNA aptamers
continue to be discovered as part of riboswitches, or systems that regulate gene
expression in diverse organisms.”®! Additionally, many RNA aptamers continue to be
artificially developed through the process of systematic evolution of ligands by
exponential enrichment (SELEX).! To make use of the abundance of RNA aptamers for
sensor development, we have previously demonstrated a fluorescent “structure-
switching” strategy that is widely applicable to various RNA aptamers.[sl Furthermore,
since RNA is known to be chemically instable, and prone to nuclease degradation, several
RNA aptamer protection methods have been well-established including chemical
nucleotide modifications,™® and Spiegelmers.l”? More recently, we have demonstrated that
sol-gel entrapment can also confer protection towards structure-switching RNA
aptamers.®® Additionally, we have also previously developed a method to monitor the
quality control of detection from structure-switching RNA aptamers to safeguard against

false-positive signals that can arise from degradation.™

A common theme among all of these developments is the general applicability of
each design to accommodate different RNA aptamers. Well-constructed design generality
can extend applicability beyond merely proof-of-concept examples. Furthermore, general
design applicability can greatly facilitate the overall progression of sensor development.

As discussed above, the broad concept of structure-switching for example, has been
74



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

effectively adapted and optimized to meet the specific requirements of several different
applications. Continued efforts to establish effective general applicability towards
emerging sensing technologies may further expand the utility of RNA aptamers for future

sensor development.

One notable emerging nanomaterial is graphene. Since its discovery in 2004,
graphene has made tremendous contributions for sensing.™ Made up of a single-layer
lattice of hexagonal carbon, graphene possess many useful properties including high
surface area, mechanical strength, conductivity, biocompatibility, fluorescence quenching

ability, and amenability to functionalization.**!?

In several reported studies, the oxidized form of graphene, graphene oxide (GO)
has been applied as a fluorescence quencher in fluorescence resonance energy transfer
(FRET)-based detection using aptamers.l*?>*®! Typically, these designs make use of the
ability of GO to preferentially bind the aptamer in its free, single-stranded state rather
than the state where the aptamer is target-bound. Hence, adsorption of a fluorescently
labelled aptamer to GO, results in fluorescence quenching through FRET. The addition of
target however, results in structure-switching of the aptamer to form the aptamer-target

complex. The subsequent disruption of FRET generates a high fluorescent signal.

This strategy of GO functionalization through non-covalent adsorption of the
aptamer possesses many advantages compared to covalent strategies including the
preservation of intrinsic GO properties, and the simplicity of functionalization without the

need of any coupling reagents.**¥ However, this strategy may not be widely applicable to
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many aptamers, particularly longer sequences. The binding interaction of single-stranded
nucleic acids to GO typically becomes greater with increasing sequence length.™**! For
this reason, the relatively stronger GO adsorption from longer aptamers is likely to out-
compete the formation of target-aptamer complex, especially when dealing with low-
affinity aptamers. While previously reported studies have successfully implemented this
strategy for sensing, it must be noted that the aptamers used were relatively short (< 40 nt

in length),*2*3¢1 and very few studies have pertained to RNA aptamers.[**"d

Adaptability of the GO adsorption method towards longer aptamers would
immensely enhance its utility. For example, RNA aptamers derived from riboswitches,
are typically longer aptamers (>100 nt),"*® and have not yet been explored for graphene-
based sensing. Many of these natural aptamers possess superior target-binding specificity
and affinity,"***® and represent a class of aptamers that may be highly beneficial for

sensor development.

Herein, we present a generalizable sensing strategy based on regulated GO
adsorption that can accommodate RNA aptamers of various lengths. In our design, the 5’-
end of an extended RNA aptamer is first hybridized to a complementary DNA strand that
is modified with fluorophore (FDNA) (Figure 4-1, reaction a). Adsorption of this FDNA-
RNA aptamer duplex to GO results in fluorescence quenching due to the close proximity
of the fluorophore to GO. The addition of a complementary, “blocking” DNA strand
(BDNA) that hybridizes to the 3'-end of the aptamer, weakens aptamer-GO interaction

(Figure 4-1, reaction b), and enables higher fluorescent signal generation upon the

76



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

addition of target, as the sensing system becomes completely separated from GO due to
structure-switching (Figure 4-1, reaction c). Using this strategy, we have successfully
engineered two novel sensors based on RNA aptamers that recognize theophylline, and

thiamine pyrophosphate (TPP), respectively.

A Extended RNA Aptamer . BDNA

A FDNA W Target

Figure 4-1. RNA aptamer sensors based on regulated graphene oxide (GO) adsorption.
GO adsorption of duplex assembly between FDNA and Extended RNA Aptamer
(reaction a), results in fluorescence quenching. Addition of BDNA (reaction b), leads to
duplex formation with part of the aptamer, and weakening of GO absorption to produce
moderate fluorescence. The addition of target (reaction c) results in complete separation
of the sensing system from GO, and high fluorescence is generated.

4.4 Materials and Methods

4.4.1 Materials. All DNA oligonucleotides were synthesized using automated DNA
synthesis (Integrated DNA Technologies, Coralville, IA) following the standard
phosphoramidite chemistry. FDNA modified with 5’-fluorescein was introduced using 5'-
fluorescein phosphoramidite. All DNA oligonucleotides were purified by 10% denaturing

PAGE before use. FDNA was purified by HPLC. Graphene oxide was obtained from the
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Dalian University of Technology (Dalian, China) and was synthesized according to a
modified Hummers method.'] Unless otherwise noted, all other materials were
purchased from Sigma (Oakville, Canada) and used without further purification.

4.4.2 Polymerase Chain Reaction. The theophylline DNA template with the sequence of
5-GAATT CTAAT ACGAC TCACT ATAGG CCTGC CACGC TCCGA CGCTA T
GGCG ATACC AGCCG AAAGG CCCTT GGCAG CGTC-3" was amplified by PCR
using 5'-GAATT CTAAT CGAC TCACT ATA-3" and 5-GACGC TGCCA AGG-3' as
forward and reverse primers. The TPP DNA template with the sequence of 5'-GAATT
CTAAT ACGAC TCACT ATAGG CCTGC CACGC TCCGA CGCTA TCCAC T
AGGG GTGCT TGTTG TGCTG AGAGA GGAAT AATCC TTAAC CCTTA TAACA
CCTGA TCTAG GTAAT ACTAG CGAAG GGAAG TGG-3" was obtained through T4
polynucleotide kinase (PNK)-mediated ligation of DNA template fragments. Ligation
reaction was conducted according to manufacturer’s protocol (Thermo Scientific,
Canada). TPP template fragments with sequences of 5-GAATT CTAAT ACGAC
TCACT ATAGG CCTGC CACGC TCCGA CGCTA TCCAC TAGGG GTGCT-3' and
5'-TGTTG TGCTG AGAGA GGAAT AATCC TTAAC CCTTA TAACA CCTGA
TCTAG GTAAT ACTAG CGAAG GGAAG TGG-3' were ligated together using a
ligation template sequence of 5'-CAGCA CAACA AGCAC CCCTA-3'. The final ligated
TPP DNA template was then purified by 10% denaturing PAGE and amplified through
PCR using 5-GAATT CTAAT CGAC TCACT ATA-3' (forward primer) and 5'-CCACT

TCCCT TCGCT AGTAT-3' (reverse primer). PCR was carried out in Tris-HCI (pH 9.0,
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75 mM), MgCl; (2 mM), KCI (50 mM), (NH4)2SO4 (20 mM), primers (0.5 uM of each),
DNA template (3 nM), dNTPs (0.5 mM of each) and Tag DNA polymerase (5 units,
Biotools, Madrid, Spain). Thermal cycling steps were 94°C for 1 min, 18 cycles of 94°C—

45°C-72°C (30 sec for each temperature), and finally 72°C for 8 min.

4.4.3 RNA transcription. The transcription reaction was conducted at 37°C for 2.5 hr in
Tris-HCI (150 pL, 40 mM, pH 7.9), MgCl, (6 mM), dithiothreitol (DTT, 10 mM), NaCl
(10 mM), spermidine (2 mM), PCR amplified DNA (25 pmol), NTPs (2.5 mM of each),
RiboLock ribonuclease inhibitor (1.07 units/uL) and T7 RNA polymerase (1.33 units/uL,
Thermo Scientific, Canada). The transcription mixture was then treated with DNase | (3
units, Thermo Scientific) in the presence of CaCl, (0.2 mM) at 37°C for 15 min. The
transcribed RNA was subsequently purified by 10% denaturing PAGE, and quantified by

absorbance at 260 nm.

4.4.4 Fluorescence measurements. For FDNA-RNA aptamer duplex assembly, a mixture
of FDNA (200 nM) and RNA aptamer (200 nM), in a reaction buffer (50 pL total
volume) of Tris-HCI (25 mM, pH 7.5) and MgCl, (10 mM) was first heated at 65°C for 2
min, then cooled at room temperature for 10 min, and finally cooled at 4°C for 10 min.
GO (20 pL from 100 pg/mL stock) was then mixed into the FDNA-RNA aptamer
mixture, and an aliquot (50 uL) was taken for analysis. All fluorescence readings were
measured at 37°C (unless stated otherwise) on Cary Eclipse spectrophotometer (Varian)
with an Aex/Aem OF 490/520 nm. Aliquots of FDNA-RNA aptamer-GO were incubated at
37°C for 30-60 min to reach stable background fluorescence and then the following were

introduced: i) BDNA only, ii) target only or iii) BDNA and then target/structural
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analogue. For assays measuring fluorescence in real time, relative fluorescence (RF) was
calculated by using F/Fo, where Fo and F are the fluorescence intensity before and after
the addition of BDNA/target, respectively. For assays measuring fluorescence spectra,
fluorescence readings of test samples were recorded after 1 hr incubation at 37°C. For
thermal denaturation profiles, each test sample was incubated at 20°C for 5 min in the

fluorimeter before the temperature was increased to 65°C at a rate of 1°C/min.
4.5 Results and Discussion
4.5.1 Creation of an aptamer reporter for theophylline

For the first demonstration, we chose the well-characterized theophylline RNA
aptamer, a relatively short aptamer of 33 nt.***® The DNA sequence that encodes both
the FDNA-binding site and aptamer domain was chemically synthesized and amplified
through polymerase chain reaction (PCR) using the necessary primers to produce a
double-stranded DNA template. The PCR product was then used for in vitro transcription
to generate the extended RNA aptamer. The sequence is presented in Figure 4-2A
(aptamer domain in blue), along with relevant DNA sequences. The extended RNA
aptamer was designed to form a duplex with an FDNA of 20 nt, which we have
previously demonstrated to be a sufficient length for generating relatively low

background and high target-induced signal enhancement.?”!

In our preliminary analysis, we optimized the experimental conditions necessary
for target detection using the classic method of GO adsorption. We systematically tested

each relevant factor by assessing the theophylline-sensing ability of the FDNA-RNA
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aptamer duplex adsorbed to GO. By assessing concentrations of divalent metal ion
(Figure S4-1A), FDNA (Figure S4-1B) and GO (Figure S4-1C), as well as temperature
(Figures S4-1D and S4-1E), we determined the optimal conditions to minimize
background fluorescence, and generate the highest fluorescent signal enhancement

possible using this design. The maximum fold enhancement was found to be ~5-fold.

To further enhance signaling ability, we designed various lengths of BDNA (8-12
nt) to hybridize to the 3’-end of the theophylline aptamer (Figure 4-2A). For all BDNA
lengths, we found that the addition of theophylline and BDNA together significantly
enhanced fluorescent signal, even after subtraction of BDNA background (black and red
data sets respectively, Figure 4-2B), as compared to the addition of BDNA or target only
(gray and striped data sets respectively, Figure 4-2B). Particularly, BDNA length of 10 nt
(BDNAU10) generated the highest signal enhancement and was chosen for further analysis

(Figure 4-2B).

To investigate the mechanism of BDNA for signal enhancement, we tested the
effect of various BDNA10O concentrations on the FDNA-RNA aptamer-GO system. In
samples treated with BDNAZLO alone, we discovered that increasing BDNAL0
concentration, expectedly led to increasing background signal, which signifies increasing
FDNA-RNA aptamer dissociation from GO (gray data set, Figure 4-3A). The ability of
BDNAL10 to weaken FDNA-RNA aptamer interaction with GO was also confirmed in our
thermal denaturation analysis (Figure 4-3B). In this assay, the control sample of FDNA-

RNA aptamer-GO produced the expected low fluorescence at all temperatures signifying
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adsorption of FDNA-RNA aptamer to GO (black data set, Figure 4-3B). However, the
addition of BDNA10 to FDNA-RNA aptamer-GO resulted in relatively high fluorescence
at lower testing temperatures, and a gradual decrease in fluorescence with increasing
temperature. These results confirm that when the temperature is lower than the melting
temperature of BDNA10 (Tm = 41°C, predicted by IDT Oligo Analyzer), BDNA10 can
hybridize to FDNA-RNA aptamer and weaken GO adsorption to generate moderate
fluorescence (red data set, Figure 4-3B). In contrast, at higher temperatures, BDNA10
remains unhybridized and FDNA-RNA aptamer can strongly absorb to GO for
fluorescence quenching (red data set, Figure 4-3B). Notably, a small gradual decrease in
fluorescence was found from low to high temperatures for both samples. This may be due
to the well established effect of temperature on fluorophore emission,™ as well as GO
solubility.*! In further testing, we found that the addition of a fixed concentration of
theophylline along with increasing BDNA10 concentration (black data set, Figure 4-3A)
resulted in increased overall signal enhancement (red data set, Figure 4-3A), as compared
to the addition of either theophylline or BDNALO alone (striped data set, and gray data
set, Figure 4-3A). The optimal BDNAL1O concentration was determined to be 400 nM
since the highest signal enhancement was generated: ~17-fold raw fluorescent value
before subtraction of signal produced by BDNA10 (black data set, Figure 4-3A), ~14-fold
finalized value after subtraction of BDNAZ10 signal (red data set, Figure 4-3A), which are
respectively 12- and 9-fold higher than the addition of theophylline alone (striped data
set, Figure 4-3A). Overall, the mechanism of the sensing system is summarized in Figure

4-3C, whereby FDNA-RNA aptamer duplex is initially absorbed onto GO to produce low
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A)
FDNA: 5’ F-TAGCGTCGGAGCGTGGCAGG 3’

BDNAS: 5’ GACGCTGC 3’

BDNA10: 5 GACGCTGCCA 3°

BDNA12: 5 GACGCTGCCAAG 3’

Theo Apt: 5° GGCCUGCCACGCUCCGACGCU
AUGGCGAUACCAGCCGAAAGG
CCCUUGGCAGCGUC 3’

B)

= BDNA+target
15 {mm overall signal

8 10 12
BDNA Length /nt —»

Figure 4-2. Creation of the theophylline reporter. A) Sequences tested for the reporter
(aptamer domain shown in blue). B) Optimization of BDNA length (nucleotides, nt).
FDNA-RNA Aptamer-GO was incubated for 30 min, then BDNA (gray, 400 nM),
theophylline target (striped, 800 uM), or a combination of BDNA+target (black) was
added. Relative fluorescence (RF) was plotted after 1 hr. RF = F/F,, fluorescence
intensity at time t and 0. Calculation of overall signal enhancement (shown in red) =
[BDNA+target]-BDNA. The data are an average of two independent experiments.

fluorescence (FDNA-RNA Apt-GO). The addition of BDNA forms a duplex with the 3’
end of the aptamer and weakens aptamer interaction with GO to generate moderate
fluorescence (FDNA-RNA Apt-BDNA <¢¢ GO). The addition of target in the final step,
results in the formation of FDNA-RNA Apt-Target complex, and dissociation of BDNA.
Complete separation of the sensing system from GO leads to high fluorescence signal
generation. In combination, the addition of target and BDNA together can shift the

equilibrium to form FDNA-RNA Apt-Target complex better than either target or BDNA

alone.
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Figure 4-3. BDNA mechanism for signal enhancement. A) Testing the effect of
increasing BDNA concentration. FDNA-RNA Aptamer-GO was incubated for 30 min,
then BDNA (gray, 10-500 nM), theophylline target (striped, 800 uM), or a combination
of BDNA+target (black) was added. RF was plotted after 1 hr. Overall signal
enhancement shown in red. B) Thermal denaturation profiles of FDNA-RNA Aptamer-

GO system with the addition of BDNA (red), or without BDNA (black). All data are an
average of two independent experiments. C) Summary of sensing scheme.

4.5.2 Sensing capability of theophylline reporter

The FDNA-aptamer-GO-BDNA10 system was found to be highly specific for
theophylline detection. The addition of BDNA10O along with structural derivatives
theobromine or caffeine generated relatively low fluorescent signals, which were
comparable to the sample treated with BDNALO alone (Figure 4-4A). Similarly, mutation
of aptamer nucleotides known to be critical for theophylline recognition abolished
binding activity, as a low fluorescent signal was produced (Figure 4-4A and sequence
found in Figure S4-2A). To determine the sensitivity of the system, fluorescent signal was
measured at various theophylline concentrations. The detection limit was found to be 0.5

MM, and the dynamic detection window was between 0.5 - 2000 uM (Figure 4-4B). The
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relative fluorescence observed at 1 hr versus theophylline concentration is found in

Figures 4-4C and 4-4D.
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Figure 4-4. Sensing capability of the theophylline reporter. A) Specificity test. FDNA-
RNA Aptamer-GO was incubated for 30 min, then BDNA (400 nM) was added, and
finally theophylline (800 uM), caffeine (800 uM), theobromine (800 uM) or no addition
(BDNA only) was introduced. Mutant aptamer was tested with theophylline. RF was
plotted after 1 hr. B) Fluorescence spectra of FDNA-RNA Aptamer-GO (dotted line), and
after the addition of BDNA10 (400 nM) along with theophylline (0, 0.5, 1, 2.5, 5, 10, 25,
50, 100, 200, 400, 800, 1000, and 2000 uM). C) Signal response of the reporter to
theophylline concentration. D) Signal response to logarithm of theophylline
concentration. The data are an average of two independent experiments.

4.5.3 Creation of an aptamer reporter for TPP

To demonstrate that our novel sensing strategy is generalizable and can
accommodate longer RNA aptamers, we chose the TPP aptamer as the second example.
The TPP aptamer is 87 nt in length, and derived from a well-characterized riboswitch that

is found in diverse organisms.®*?% The design of the TPP reporter was mostly based on
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our findings from the theophylline reporter and used the same 20-nt FDNA sequence (all
sequences presented in Figure 4-5A, aptamer domain in blue), as well as the optimized
conditions for sensing (Figure S4-1). The only difference was the BDNA sequence
required. By testing various BDNA lengths (10 to 15 nt), the BDNA length of 13 nt
(BDNAZ13) was found to be optimal since the highest overall signal enhancement of ~3-
fold was produced (red data set, Figure 4-5B), which is 2x higher than the enhancement

from TPP addition alone (striped data set, Figure 4-5B).

A)

FDNA: 5’ F-TAGCGTCGGAGCGTGGCAGG 3’

BDNA10: 5 CCACTTCCCT 3’

BDNA12: 5 CCACTTCCCTTC 3’

BDNA13: 5° CCACTTCCCTTCG 3’

BDNA15: 5 CCACTTCCCTTCGCT 3

TPP Apt: 5’GGCCUGCCACGCUCCGACGCUA
UCCACUAGGGGUGCUUGUUGUG
CUGAGAGAGGAAUAAUCCUUAA
CCCUUAUAACACCUGAUCUAGG
UAAUACUAGCGAAGGGAAGUGG 3°

B)

3.5 {mm= BDNA only
s target only

3.0 {mmm BDNA Harget

3.5 Jm=overall signa

0] & N
ol BB B

-y

0 12 13 5
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Figure 4-5. Creation of the TPP reporter. A) Sequences tested for the reporter (aptamer
domain shown in blue). B) Optimization of BDNA length (nt). FDNA-RNA Aptamer-GO
was incubated for 1 hr, then BDNA (gray, 400 nM), TPP target (striped, 100 uM), or a
combination of BDNA+target (black) was added. RF was plotted after 1 hr. Overall
signal enhancement shown in red. The data are an average of two independent
experiments.
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4.5.4 Sensing capability of TPP reporter

The TPP reporter could also detect TPP specifically, as the addition of structural
derivatives thiamine monophosphate (TMP), thiamine, or oxythiamine generated low
fluorescent levels, which were comparable to the sample treated with BDNA13 only
(Figure 4-6A). Likewise, mutation of aptamer nucleotides that are known to be critical for
TPP recognition, also abolished target binding as low fluorescence was generated (Figure
4-6A and sequence found in Figure S4-2B). The detection limit was determined to be
0.01 uM, and the dynamic detection window was between 0.01 - 100 uM (Figure 4-6B).
The relative fluorescence observed at 1 hr versus TPP concentration is found in Figure 4-

6 (panels C and D).
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Figure 4-6. Sensing capability of the TPP reporter. A) Specificity test. FDNA-RNA
Aptamer-GO was incubated for 1 hr, then BDNA13 (400 nM) was added, and finally TPP
(100 puM), TMP (100 pM), thiamine (100 uM), oxythiamine (100 puM) or no addition
(BDNA only) was introduced. Mutant aptamer was tested with TPP. RF was plotted after
1 hr. B) Fluorescence spectra of FDNA-RNA Aptamer-GO (dotted line), and after the
addition of BDNA13 (400 nM) along with TPP (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and
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100 uM). C) Signal response of the reporter to TPP concentration. D) Signal response to
logarithm of TPP concentration. The data are an average of two independent experiments.

4.6 Conclusions

In summary, we have demonstrated a generalizable strategy to create fluorescent
sensors based on regulated GO adsorption that can accommodate RNA aptamers of
various lengths. The sensing strategy makes use of the fluorescence quenching property
of GO when it comes in contact with an FDNA-labelled RNA aptamer. The introduction
of a BDNA sequence that forms a duplex with the 3’ end of the aptamer provides a novel
way to weaken aptamer-GO interaction. In effect, the addition of BDNA and target
together can facilitate separation of the sensing system from GO and provide greater

signal enhancement, compared to the existing, classical method of GO adsorption.

Using this strategy, sensors were created for both the relatively shorter
theophylline aptamer, as well as the relatively longer TPP aptamer. Both reporters
retained binding specificity and sensitivity that are characteristic of the original

aptamers,**?% and these results are consistent with previous studies.>®!

For both reporters, BDNA incorporation substantially increased overall signal
enhancement compared to the addition of target alone. The theophylline reporter
produced an overall 14-fold signal enhancement, which is 9-fold greater enhancement
than the addition of theophylline alone (Figure 4-3A). Similarly, the TPP reporter

produced a 3-fold signal enhancement, which is 2x greater than the addition of TPP alone
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(Figure 4-5B). Notably, overall BDNA-mediated signal enhancement for the theophylline
reporter is higher than for the TPP reporter. We speculate that FDNA-RNA Aptamer
adsorption to GO is stronger for TPP aptamer than for the theophylline aptamer due to
longer sequence length.™! As a result, the overall signal enhancement for the TPP
reporter is reduced possibly because more copies of FDNA-RNA aptamer are unable to
switch off from GO, even after the addition of BDNA. To obtain higher signal
enhancement particularly when using longer aptamers, implementation of fluorescent
signal amplification strategies may be beneficial to generate higher fluorescence per
aptamer-target binding interaction, or to facilitate a greater overall number of aptamer-
target binding interactions. Several of these amplification strategies have already been
demonstrated for graphene-based sensing using relatively short, model DNA
aptamers.*>?Y] Future application of our generalizable strategy of regulated GO
adsorption may lead to further exploration of less characterized aptamers. Furthermore,
adaptation of this strategy towards previously reported studies using classic GO
adsorption, may enhance the generality of these methods, which have been implemented
for important applications such as the detection of multiple targets,**"*?! and live cell

analysis.!**!
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CHAPTER 5

SECONDARY APPLICATION #1: STABILIZING STRUCTURE-SWITCHING
SIGNALING RNA APTAMERS BY ENTRAPMENT IN SOL-GEL DERIVED

MATEIRALS FOR SOLID-PHASE ASSAYS

5.1 Author’s Preface

In the preceding chapters, we have already established general and versatile
structure-switching strategies that demonstrate the ability of RNA aptamers to function as
molecular recognition elements for sensor development. Our findings set up the basis for
further exploration of RNA aptamer-based detection. Collaborations with other research
groups have begun to explore secondary applications of structure-switching RNA

aptamers. The remaining chapters of this thesis discuss these projects.

In collaboration with Dr. John Brennan’s group, the first secondary application
demonstrates successful entrapped of structure-switching RNA aptamers in sol-gel
materials for solid-assay development. Importantly, this work demonstrates that sol-gel
entrapment provides a general method to protect RNA aptamers against nucleases, and

chemical instability.

This chapter has been published, and appears in its original format (see full
citation below). As a co-author of this publication, | provided my expertise on structure-
switching RNA aptamers by performing experiments to create the solution-based

reporters, interpreting data, and preparing the manuscript. Carmen Carrasquilla performed
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experiments pertaining to sol-gel entrapment, and took the principle role for project
design, and manuscript writing. Dr. John Brennan and Dr. Yingfu Li provided guidance
and helpful suggestions. Due to thesis space restrictions, full experimental details and

supplementary information can be found online.

Carrasquilla C, Lau PS, Li Y, Brennan JD (2012) Stabilizing structure-switching

signaling RNA aptamers by entrapment in sol—gel derived materials for solid-phase

assays. J Am Chem Soc 134: 10998-11005.

5.2 Abstract

Structure-switching, fluorescence-signaling DNA and RNA aptamers have been
reported as highly versatile molecular recognition elements for biosensor development.
While structure-switching DNA aptamers have been utilized for solid-phase sensing,
equivalent RNA aptamers have yet to be successfully utilized in solid-phase sensors due
to their lack of chemical stability and susceptibility to nuclease attack. In this study, we
examined entrapment into sol-gel derived organic-inorganic composite materials as a
platform for immobilization of structure-switching fluorescence-signaling RNA aptamer
reporters, using both the synthetic theophylline- and naturally occurring thiamine
pyrophosphate-binding RNA aptamers as test cases. Structure-switching versions of both
aptamers were entrapped into a series of sol-gel derived composites, ranging from highly
polar silica to hydrophobic methylsilsesquioxane-based materials, and the target-binding
and signaling capabilities of these immobilized aptamers were assessed relative to

solution. Both immobilized aptamers demonstrated sensitivity and selectivity similar to
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that of free aptamers when entrapped in a composite material derived from 40% (v/v)
methyltrimethoxysilane/tetramethoxysilane. This material also conferred protection from
nuclease degradation and imparted long-term chemical stability to the RNA reporter
systems. Given the versatility of sol-gel entrapment for development of biosensors,
microarrays, bioaffinity columns and other devices, this entrapment method should

provide a useful platform for numerous solid-phase RNA aptamer-based devices.

5.3 Introduction

Aptamers are single-stranded nucleic acids commonly generated through in vitro
selection that can function as receptors for small molecules, proteins or even cells, due to
their ability to fold into distinct three-dimensional structures™™ that possess specificity
and affinity for their target ligands comparable to, if not surpassing, that of antibodies.*
These features, combined with their chemical stability and ease of modification, have
seen DNA aptamers emerge as promising biological recognition elements in analytical
and diagnostic applications.>® However, the limited range of analytes for DNA aptamers
(with only 12 small-molecule and 9 protein targets as of 2009)*° and the lack of known
naturally-evolved DNA aptamers limit their potential for widespread use in sensing
applications.

RNA aptamers, by contrast, can fold into more complex structures in order to provide
a greater diversity of potential analytes as demonstrated by over 90 unique RNA aptamers

10-12

for various small-molecule and protein targets. Moreover, RNA aptamers have

recently been derived from natural sources (i.e. riboswitches).”*> However, reports on
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the use of RNA-based aptamers in solution or solid-phase biosensing applications are still

relatively limited, mostly due to their inherent chemical instability*®*®

and susceptibility
to nuclease attack,'® combined with their lack of intrinsic signal-development capabilities.
Several studies have focused on increasing the stability of functional RNA, usually by
substituting the highly reactive hydroxyl group at the 2'-position of nucleotides containing

2% However, chemical modification of

pyrimidines, to make them nuclease-resistant.
RNA aptamers may alter their selectivity and binding affinity® without a significant
increase in stability if the aptamer is purine rich. Studies involving in vitro selections

using a combinatorial library with modified bases® or Spiegelmers* %

(mirror-image
nucleotides) have generated families of aptamers with distinctly dissimilar minimal
sequences compared to conventional RNA aptamers, providing completely different

molecules and making these methods of limited use for unmodified RNA aptamers that

are naturally-occurring or have already been selected in the past twenty years.

Recently, the Li group addressed the signaling ability of RNA aptamers by
developing a structure-switching/fluorescence-signaling approach similar to that
described previously for DNA aptamers.*® The synthetic theophylline-binding aptamer
(33 nt, 100 nM Kg)** and the naturally-occurring thiamine pyrophosphate (TPP)-binding
aptamer (87 nt, 0.85 nM Kg)** were converted to reporter systems by designing
complementary fluorophore-labeled DNA (FDNA) and quencher-labeled DNA (QDNA)
strands to assemble a tripartite signalling duplex such that a conformational change from
a RNA/DNA duplex to a RNA/target complex was coupled to a fluorescence-

dequenching mechanism, generating a fluorescence signal upon target binding (secondary
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structures found in online Supporting Information, Figure S1). While the structure-
switching reporters retained the same specificity as the original aptamers, the affinities of
both aptamers were observed to be 10-fold poorer than the original K4 values (1 uM and
0.1 pM, respectively), with maximal signal enhancements of ~6—fold and 3.5—fold for the

theophylline-binding and TPP-binding aptamer, respectively.*

To extend the utility of signalling RNA aptamers for diagnostic applications, it is
generally necessary to immobilize these species onto or within a suitable surface while
maintaining chemical stability and structure-switching abilities.>* At this time, very few
studies have examined immobilized RNA aptamers for solid-phase biosensing devices,*”
* and none have examined the immobilization of structure-switching signaling RNA
aptamers. In this report, we investigate the use of a low temperature sol-gel process for
entrapment of structure-switching RNA aptamers into porous silica and organosilane
materials.***®  This simple immobilization process has been shown to be “biofriendly”

and applicable to the entrapment of a variety of viable biomolecules,***

including
structure-switching DNA aptamers™ and DNA enzymes,® suggesting that the method
should be useful for the development of solid-phase RNA aptamer biosensors. However,
the entrapment of functional RNA aptamers requires a material that can stabilize these
labile molecules against degradation by both intramolecular transesterification and
external nuclease attack. Therefore, structure-switching variants of both an in vitro
selected RNA aptamer and a naturally-occurring aptamer were entrapped in a variety of

sol-gel processed composite materials (polar, anioinic, cationic, hydrophobic) and the

leaching, stability, resistance to nuclease attack and signaling capabilities were evaluated
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relative to these species in solution. The data clearly show that the optimal materials for
entrapment of RNA aptamers are very different from those that stabilize proteins, and
demonstrate the versatility of the sol-gel immobilization method to expand solid-phase

sensing through the utilization of relatively unexplored RNA aptamer species.

5.4 Results and Discussion

5.4.1 Characterization of sol-gel derived materials. Sol-gel derived materials were
prepared from two previously reported biofriendly precursors (sodium silicate (SS) and
diglyceryl silane (DGS) with and without 3-aminopropyltriethoxysilane (APTES) (to
produce a cationic surface), along with tetramethylorthosilicate (TMOS) derived
composites containing up to 80% methyltrimethoxysilane (MTMS) to produce a gradient
of polarity, and methylsilsesquioxane (MSQ) materials derived from pure MTMS to
examine whether aptamers could be entrapped into highly hydrophobic materials. Prior
to performing studies focused on the leaching of tripartite RNA aptamers from the
various sol-gel materials, the polarity (as judged by contact angle) and morphology of all
materials were assessed. Table S1 (online Supporting Information) showed that all silica-
based materials, with or without added APTES, had contact angles in the range of 16-28
degrees, indicative of highly polar, hydrophilic materials. Addition of MTMS caused a
non-linear increase in contact angle, with only moderate increases in contact angle up to
40% MTMS (49 degrees), followed by a large increase in contact angle to 91 degrees at
60% MTMS and 120 degrees for MSQ, indicative of a highly hydrophobic material. The
morphology of the materials was also highly dependent on composition, with high surface

areas and namometer scale pores, indicative of mesoporous materials, being observed up
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to 60% MTMS, followed by a sudden change to low surface area macroporous materials
at 80% MTMS and above (see scanning electron microscopy images of all materials in
online Supporting Information, Table S2). These data show that the switchover from
predominantly silica to predominantly MSQ-based materials resulted in a loss of

mesopores and a tendency toward phase separation to generate macropores.*?

5.4.2 Leaching of aptamers from sol-gel derived materials. The extent of leaching of the
entrapped aptamer was evaluated for each material, as indicated in Figure 5-1. Leaching
ranged from a low of ~5% in SS materials to ~30% in materials containing up to 80%
MTMS, and then increased to 60-80% in pure MSQ materials, depending on the aptamer,
demonstrating the general trend of increased leaching with increased hydrophobicity and
increased pore size. Leaching was generally higher for the anti-TPP aptamer relative to
the anti-theophylline aptamer, and typically occurred predominantly during the first
washing step. The very large extent leaching in pure MSQ materials is likely reflective of
the lack of mesopores, which would be expected to retain the small aptamers while
macropores would not. The MSQ materials also are unlikely to be able to template
around the RNA aptamers to aid in retention, as has been reported for some proteins

entrapped in silica.”

The overall degree of leaching is relatively high compared proteins, but is similar to
that of DNA aptamers entrapped in polar silica monoliths.®® This previous study found
that the attachment of a bulky streptavidin protein to biotinylated DNA, used to enlarge
the molecular complex, did not improve leaching within error. Use of steptavidin would

also be incompatible with the use of hydrophobic composites, and thus this strategy was
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not examined in this study. Since fluorescence intensity measurements are used to
determine the amount of leaching, the FDNA cannot be distinguished from the FDNA-
aptamer complex. However, given that the FDNA is essential for signaling target binding
in the tripartite design, measuring leaching of these short 20-nt oligonucleotide

components is of equal importance for this reporter system.
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Figure 5-1. Leaching of the anti-theophylline and anti-TPP RNA aptamer reporter
constructs from various sol-gel derived materials.

5.4.3 Signal generation from entrapped RNA aptamer reporters. A key requirement for
entrapped structure-switching signaling aptamers is the ability to undergo conformational
changes upon binding of ligands and to subsequently release the QDNA strand to elicit a
fluorescence response. Experiments were performed to assess the degree of signal
enhancement upon target binding for each RNA aptamer entrapped in the full series of

sol-gel derived materials. All materials were first washed to remove leachable aptamers,
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followed by addition of either 1 mM theophylline or 100 uM TPP to the appropriate RNA
reporter system. Figure 5-2 shows relative fluorescence enhancement and rate of signal
development for each of the RNA aptamers when in solution and entrapped in the various
sol-gel derived materials.  Consistent with the previous findings,* full signal
development required a longer time for the anti-TPP aptamer relative to the anti-
theophylline aptamer, even in solution. When entrapped, both aptamer reporter systems
were able to structure-switch and produce a fluorescence signal in all materials, however,
the signal enhancements and rates of signal development were highly dependent on the

type of sol-gel derived material used for entrapment.
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Figure 5-2. Fluorescence signaling ability of RNA aptamer reporters in solution and in
various sol-gel derived materials. Target-induced response of the A) theophylline-binding
aptamer and B) TPP-binding aptamer upon exposure to 1 mM theophylline and 100 uM
TPP, respectively, after 10 min baseline incubation.

Composite materials derived from mixtures of MTMS and TMOS always produced
higher signal enhancements than polar silica materials (SS, DGS) or nonpolar MSQ

materials. Previous studies have shown that only a small fraction (~10%) of biomolecules
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5052 thus the loss of

entrapped in polar materials are inaccessible to external analytes,
signal in polar materials likely reflects electrostatic aptamer backbone silica interactions
that prevented structure switching of the aptamer. The high silica content of polar
materials may also be detrimental to the chemical stability of RNA by promoting
hydrolysis reactions, which cause cleavage of the phosphodiester linkages to degrade the
aptamer.’® DGS derived materials demonstrated the lowest enhancement for both
aptamers, which is not surprising since it has been suggested that glycerol modifies
electrostatic interactions between polynucleotides® and destabilizes double-stranded
DNA.>* Thus, this byproduct of DGS condensation, though proven as a stabilizer of
proteins, appears to destabilize the doublestranded structure required for the intact RNA
aptamer reporter complex, causing higher background fluorescence and a poorer signal
enhancement. Interestingly, both reporters showed decreased signal enhancements when
entrapped in SS+APTES (compared to SS materials) while the addition of APTES to
DGS improved the signal generation, particularly for the antitheophylline aptamer. The
inconsistent results related to the addition of APTES are not fully understood, but suggest
that this species may be located in different environments in SS relative to DGS derived
materials, or that the strength of its electrostatic effects differ in materials with varied
porosity and pore size, as suggested by previous studies entrapping DNA in cationic
hydrogels.>® The low signal enhancement and high variability in pure MSQ materials is
most likely due to the significant leaching of the reporters from this particular matrix. The
best overall performance for both aptamers (highest signal enhancement and fastest signal

development) was observed using an organic—inorganic hybrid material composed of
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40% MTMS and 60% TMOS (v/v), suggesting that this material had the best balance of
polarity and surface charge that minimized analyte- and/or RNA-surface interactions
while retaining enough conformational flexibility to allow for structure-switching and
signaling to occur. When compared to the signal enhancement obtained in solution, the
entrapped theophylline-binding RNA generated a greater enhancement, up to 10-fold as
compared to 6-fold in solution. The signal enhancement of the TPP-binding aptamer was
comparable to that of the solution, with almost a 4-fold enhancement. The high signal
enhancements observed for both aptamers using this material may also be due to
alterations in the local pH of the microenvironment around the aptamers (see below) or
restriction of RNA backbone mobility caused by entrapment in the pores of a partially

hydrophobic composite matrix.

The physical restriction of RNA mobility appears to stabilize the secondary structure
of the entrapped RNA aptamers, promoting FDNA/QDNA hybridization for a lower
background signal and preventing sampling of in-line geometries that induce
intramolecular cleavage.®® These effects would be more evident using the smaller
theophylline-binding aptamer, which has a larger amount of its sequence hybridized to
DNA and a shorter flexible single-stranded region that is less likely to sample
conformations susceptible to spontaneous cleavage, producing the significant

improvement in signaling that was observed for this particular aptamer.

5.4.4 Sensitivity and selectivity of entrapped RNA aptamer reporters. Figures 5-3A and
5-3B show the target concentration-dependent signal enhancements of the anti-

theophylline and anti-TPP aptamers, respectively, when entrapped in the 40% MTMS
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material and in solution. The anti-theophylline RNA reporter demonstrated a similar
detection limit and dynamic range to that reported in solution (1-1000 uM) while the anti-
TPP aptamer had a detection limit of 1 uM, which was 10-fold worse than the value in
solution, and an upper concentration range of 100 uM, which was similar to the value in
solution.®* The poorer detection limit may be due to the exclusion of the anionic TPP
from the hydrophobic matrix, which would require a higher external concentration to
reach a sufficient internal concentration to produce signalling. Interestingly, the use of
initial rate data provided a broader dynamic range for TPP sensing while maintaining the

detection limit of 1 pM (Figure 5-3B, inset).
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Figure 5-3. Sensitivity of the sol-gel entrapped RNA aptamer reporters. Response curve
of the A) theophylline-binding aptamer to increasing theophylline concentrations and B)
TPP-binding aptamer to increasing TPP concentrations, either entrapped in the 40%
MTMS material (o) or in solution (o). Inset B): Change in initial signaling rate of the
entrapped TPP-binding aptamer when exposed to increasing TPP concentrations.

The selectivity of entrapped RNA reporters was assessed using molecules that were

chemically similar to their targets. These included caffeine and theobromine for the

theophylline-binding aptamer and thiamine monophosphate (TMP), thiamine and
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oxythiamine for the TPP-binding aptamer. Mutant versions of each RNA aptamer were
also entrapped and subjected to either theophylline or TPP at concentrations of 1 mM and
100 pM, respectively. Selectivity was maintained for both entrapped aptamer reporters,
with little to no change in responses when using structural derivatives of targets or mutant

constructs (online Supporting Information, Figure S2).

5.4.5 RNA aptamer sensitivity to ribonucleases. Previous studies have shown that
entrapping DNA aptamers within a polyacrylamide hydrogel® or silica matrix> can
provide a steric barrier to digestive enzymes, such as DNase . To assess the protective
effects of entrapment in MTMS/TMOS composites on the RNA reporters, the stability of
free (solution) and entrapped aptamers toward digestion by two different ribonucleases
was compared. RNase A was chosen since it is abundant in biological fluids and is
pyrimidine-specific,”” while RNase H is known to degrade the RNA from RNA/DNA
hybrids® such as the tripartite reporter complex in this work. Degradation by either
ribonuclease can be monitored by an increase in fluorescence as the distance between the
fluorescein and dabcyl moieties increases due to release of the QDNA, FDNA or both
from the digested RNA aptamer strand. As shown in Figure 5-4, the addition of RNase A
or RNase H to either RNA aptamer reporter in solution resulted in an increase in
fluorescence of greater than 20-fold and 4-fold, respectively. In the case of the aptamers
entrapped in the 40% MTMS sol—gel derived material, less than 4-fold and 2-fold
fluorescence enhancements were observed upon addition of RNase A or RNase H,
respectively. These results indicate that both ribonucleases are unable to enter the

material and access the entrapped RNA aptamers, producing 80% less digestion with
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RNase A and 70% less digestion when using RNase H. The small amount of degradation
is likely due to the digestion of aptamer molecules that reside very close to the surface of
the small silica disks (less than 1 mm thickness). These thin monoliths have a much
higher surface area-to-volume ratio than typical large bulk monoliths, but are more
representative of a biosensor design that uses thin films to minimize target diffusion time.
Overall, these results indicate that the majority of the entrapped RNA was not accessible
to the RNase enzymes and thus was well-protected from digestion when entrapped in the

mesoporous matrix.

30 6 -

- A ; flg“lf:t:\onq'MS B I Solution

E 25 | -né 5 | 3 40% MTMS

a ©

c 20 1 8 4 1

o ©

£ £

w5 ek

@ ©

2 2

8 10 8 2]

o 4

o o

=} 4 4

] - i

: . [ ; . .

Anti-theophylline Anti-TPP Anti-theophylline Anti-TPP

Figure 5-4. Changes in emission intensity of RNA aptamer reporters upon exposure to
RNase A or RNase H. Fluorescence measurements 2 hrs after addition of 3 units of A)
RNase A or B) RNase H to the theophylline-binding and TPP-binding reporter constructs
in solution or entrapped within the sol-gel derived material.

5.4.6 Effects of long-term storage on RNA aptamer activity. The long-term stability of
the RNA reporters was examined when entrapped in the 40% MTMS material and

compared to RNA reporters in solution. Figure 5-5 demonstrates that when in solution,

the activity of the theophylline-binding aptamer after 1 week is similar to the level in a
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freshly prepared solution, while that of the 1 week old TPP-binding aptamer is almost
half the original activity. This is consistent with the hypothesis that the larger anti-TPP
aptamer undergoes greater intrinsic cleavage due to in-line nucleophilic attack. However,
after 1 month of storage in solution, both RNA aptamer reporters show relatively low
signal enhancements upon target addition with about 2-fold increase for the anti-
theophylline aptamer and 1.5-fold enhancement with the anti-TPP aptamer. This loss in
signal is due to higher fluorescence backgrounds as the RNA is degraded over time,
causing release of the fluorescent moiety from its close interaction with the quencher

prior to introduction of the target.
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Figure 5-5. Structure-switching and signaling ability of RNA aptamer reporters after
different storage time. Target-induced fluorescence signaling ability of solution-based or
entrapped RNA aptamer reporters after increasing storage time at 4 °C of the A)
theophylline-binding aptamer using 1mM theophylline and B) TPP-binding aptamer
using 100 uM TPP, after 10 min baseline incubation.

When the aptamers were entrapped in the 40% MTMS/60% TMOS derived
material and then stored up to 1 month, the signal enhancements were maintained above
8-fold and 2.5-fold for the theophylline-binding and TPP-binding aptamers, respectively.

The observed loss of activity (~20-30%) likely reflects continued evolution of the
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sol—gel matrix, which could lead to pore shrinkage and subsequent restriction of dynamic
motion or restriction of access of anlaytes to the entrapped RNA***° (currently under
investigation). Initial fluorescence levels of all aged materials (1 week to 1 month) were
slightly lower than those of newly prepared composites, indicating that the entrapped
aptamers were not being degraded upon storage, although further leaching of surface-
proximal RNA during the longer storage periods may have contributed to the observed
loss in activity (fluorescence intensity values provided in Table S3 of Online Supporting
Information). The ability to remove leached FDNA or degraded aptamer as a means of
lowering background signals highlights another benefit of entrapment over solutionbased
studies. In general, although the signal enhancements of both aptamers are slightly
reduced over the first 1-2 weeks, the signaling ability is maintained over an extended
storage time, highlighting the ability of the matrix to protect the RNA aptamers from both
intrinsic chemical instability and external enzymatic degradation, and leading to a more
robust solidphase sensor.

The origin of the enhanced chemical stability is not fully understood at this time.
However, it is well-known that under neutral or alkaline pH conditions (in the presence of
alkali metals and alkali-earth metals), the dominant pathway for RNA chemical
degradation is the internal phosphoester transfer reaction via an SN2 mechanism wherein
the 2'-oxygen attacks the adjacent phosphorus center.’® The protonation state of the 2'-
oxygen largely dictates this rate of transesterification, which is enhanced by specific base
catalysis through deprotonation of the 2'-hydroxyl group to the more nucleophilic 2'-

oxyanion group.'” Thus, in solution, exposure to hydroxide ions increases the fraction of
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these reactive 2'-oxyanion groups to promote RNA cleavage. However, when entrapped
in a relatively hydrophobic sol—gel derived matrix, the RNA species interacts with only a
few hydroxide ions present in the thin solution layer between the biomolecule and the
material surface,” effectively decreasing the hydroxide-dependent degradation rate.
Moreover, previous studies®® have shown that the apparent pKa of pH sensitive dyes
increases when entrapped in organic—inorganic composites, demonstrating that the
effective pH within the composites is less basic that in the surrounding solution (i.e., a
probe with a pKa of 6.0 in solution has an apparent pKa of 8.3 in materials composed of
MTES/TEQOS). Additional studies are currently underway to further examine the specific

effects of entrapment in inorganic materials that chemically stabilize RNA.

5.5 Conclusions

A simple and general approach for improving the stability of RNA aptamers is
demonstrated based on their entrapment in a sol—gel derived composite material. Two
different RNA aptamer reporters retained maximum sensitivity and selectivity when
entrapped in an organic—inorganic composite material prepared by cohydrolysis and
condensation of 40% MTMS and 60% TMOS (v/v). Since the RNA reporter system was
entrapped in the pores of the sol—gel derived matrix, it was relatively well protected from
nuclease degradation and, perhaps more importantly, the composite material also reduced
the extent of in-line chemical degradation, providing the longterm stability required of a

robust biosensor. As such, this immobilization scheme expands the use of functional
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nucleic acids from the limited number of DNA aptamers to the much broader range of

relatively unexplored RNA aptamer species.

Importantly, sol—gel derived materials possess significant versatility in that they are
amenable to many configurations, including microarrays, bioaffinity columns or thin-film
coatings for interfacing to various analytical devices.”*®? Although the current study
focuses on fluorescence signaling in monolithic materials, the use of the sol—gel method
for biomolecular entrapment has been utilized in both colorimetric and electrochemical
sensors® and thus presents a broadly applicable platform for preparing solid-phase RNA
aptamer sensors. Such biosensors may find wide appeal in environmental and clinical
analysis, particularly for the detection of small metabolites, an area where elicitation of

monoclonal antibodies is difficult.
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CHAPTER 6

SECONDARY APPLICATION #2: SYNTHESIS AND EVALUATION OF
GLUCOSAMINE-6-PHOSPHATE ANALOGUES AS ACTIVATORS OF GLMS

RIBOSWITCH

6.1 Author’s Preface

In collaboration with Dr. Xin-Shan Ye’s group, the glmS ribozyme, a natural
structure-switching RNA aptamer found in numerous Gram-positive bacteria has been
further explored as a potential drug target for antibiotic development. Chemical synthesis
of different metabolite analogues has resulted in one particular analogue that may be a

potential lead for drug design.

This chapter has been published, and appears in its original format (see full
citation below). As a co-author of this publication, | provided my expertise on structure-
switching RNA aptamers by performing experiments to test the effect of the synthetic
analogues on gImS ribozyme, interpreting data, and preparing the manuscript. Guan-Nan
Wang performed experiments to organically synthesize the analogues, and took the
principle role for project design, and manuscript writing. Dr. Xin-Shan Ye and Dr. Yingfu
Li provided guidance and helpful suggestions. Due to thesis space restrictions, full

experimental details and supplementary information can be found online.

Wang GN, Lau PS, Li Y, Ye XS (2012) Synthesis of evaluation of glucosamine-6-

phosphate analogues as activators of gImS riboswitch. Tetrahedron 68: 9405-9412.
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6.2 Abstract:

The gImS riboswitch is a ribozyme found in numerous Gram-positive bacteria and
responds to the cellular concentrations of glucosamine 6-phosphate (GICN6P). Given the
importance of GICNG6P for cell wall biosynthesis, the glmS riboswitch has become a new
drug target for the development of antibiotics. Herein, we describe the efficient synthesis
of three GICN6P analogues and their evaluation on inducing self-cleavage of the gimS
riboswitch from B. subtilis. Our results provide valuable information for further
elucidation of the structure-activity relationships and drug design for glmS riboswitch

antibiotics.
6.3 Introduction

Riboswitches are structural mMRNA domains that regulate gene expression in
response to the intracellular concentration of specific metabolites. They control essential
genes in many pathogenic bacteria, thus representing an intriguing class of RNA target
for the development of antibiotics and chemical-biological tools.* Notably, the gImS
riboswitch, which is located upstream of the gene encoding glucosamine-6-phosphate
synthase (GImS) in numerous Gram-positive bacteria, is unique in that it is the first
example of a natural ribozyme that is also a riboswitch.* As part of gene regulation, it
binds to its small molecule metabolite, glucosamine-6-phosphate (GICN6P), which
triggers self-cleavage targeting its own mRNA.>® Functionally, the gImS ribozyme
controls the amount of GImS to regulate cellular production of GIcN6P,*’ which is an

essential metabolite for the biosynthesis of bacterial cell walls and fungal cell wall
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chitin.®** Given the importance of GIcN6P, inhibition of the metabolite is lethal to
microorganisms. Consequently, the gImsS riboswitch is emerging as a new drug target, and
small molecules that mimic GICN6P to trigger riboswitch activity have the potential to
become antibiotics.

Although substantial structural and mechanistic information of the glmS
riboswitch have been disclosed over recent years,>®*?*® few small molecule agonists and
antagonists have been developed.'®*” Activators that have comparable or superior activity
than natural GICNGP are in great demand for a better understanding of the riboswitch and
pave the way to the discovery of effective antibiotics. In this research, three GICN6P
analogues have been designed and synthesized (Figure 6-1). Carba-sugar 1 was designed
to address the role of the oxygen atom in pyranose ring for riboswitch activation.
Compounds 2 and 3 were designed to add an extra hydroxyl group at the C-6 position
with the consideration of providing extra binding sites around the pocket. Instead of 6-
phosphate, the 6-phosphonate was introduced to the 6-position. It is known that the P—C

1819 and has conformational

bond makes compounds resistant to enzymatic hydrolysis
preferences different from those in phosphates.”> These analogues were subsequently

investigated for their ability to induce self-cleavage of the glmS riboswitch from B.

subtilis.
O || _OH IIOH
OP(OH), HO,P~0OH P0OH
H
s, &, m
H,N OH

1

Figure 6-1. The structures of three GICN6P analogues
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6.4 Results and Discussion

The synthesis of carba-sugar 1 is shown in Scheme 6-1. Carbocyclic compound 5
was prepared from methyl glucopyranoside 4 according to the procedures described by

Barton et al.?*

Compound 5 was treated with dibenzyl N,N-diisopropylphosphoramidite,
followed by oxidation with meta-chloroperoxybenzoic acid (m-CPBA) to give the fully
protected phosphate 6 in 86% isolated yield. The chemical shift of compound 6 in *'P
NMR spectroscopy is at & 3.14, indicating the formation of phosphate.?? Subsequently,
basic opening of the oxazolidinone in 6 also resulted in the removal of one of the benzyl

groups on phosphate, yielding compound 7. Catalytic hydrogenolysis of 7 provided the

phosphated carba-sugar 1 smoothly.

0
|
OH HH OP(OBn),
BnO i. IPr,NP(OBn),,1-H-tetrazole
HQ, 0 ref 21 %”Oé % ii. m-CPBA ~ Brdo 2.5 N NaOH, EtOH
RN Bn 86% N O relux, 92%
OCH3 \lf Bn~ \f
2 S
0
1l_OBn .
~O'Na*
Bno Pd/C, H, OF(OH}
Bno % HOG
NHOH
Bn’ H,N OH
7 1

Scheme 6-1. Synthesis of carba-sugar 1

The synthesis of compounds 2 and 3 started from glucosamine 8. As shown in
Scheme 6-2, perbenzylation of 8 provided compound 9, and selective acetolysis of 9

afforded the 6-acetylated compound 10 in good yield. It was reported that the anomeric
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position is usually acetylated prior to the 6-position in substrates such as perbenzylated
glucose, galactose and mannose.”* However, in the case of compound 9, the
dibenzylated amino group protected the anomeric position from acetolysis. Removal of
the acetyl group in 10 led to compound 11, which was oxidized by Dess-Martin

periodinane followed by the Pudovik reaction®?

with dibenzyl phosphonate and
triethylamine to yield the o-hydroxyphosphonate 12 in 93% isolated yield as an
inseparable mixture of diastereoisomers (3:1). The separation of two diastereoisomers
was achieved after benzoylation of the nascent hydroxyl groups. Deprotection of the
benzoyl groups with methylamine solution, which was followed by deprotection of the
benzyl groups using catalytic hydrogenolysis, afforded the target compounds 2 and 3 in
good yields, respectively.

The absolute configurations of diasterecisomers 12a and 12b were assigned by the
Mosher method (also known as Mosher ester analysis).?”?° As displayed in Scheme 6-3,
each of the diastereomeric S- and R- MTPA esters of major diastereomer 12a was
prepared from (R)-MTPA-CI and (S)-MTPA-CI, respectively (S- Mosher acid chloride
gives rise to the R- Mosher ester due to relative priority: CF3 is lower than COCI but
higher than COOR). The H-5 proton signal of each diastereomeric Mosher ester was
assigned by *H-'H COSY experiments. The chemical shift of H-5 in S-MTPA ester is Js
= 3.925, while the chemical shift of H-5 in R-MTPA ester is 5 = 3.851. That is, the A5*®
= 0s - or = 3.925-3.851 = 0.074 was positive. According to the Mosher empirical rule, the

absolute configuration of the 6-position in compound 12a was S-. This could be explained

by the MTPA plane figures (Figure 6-2).
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OH OBn OAc
0 BnBr, NaH 0 H,S0,, Ac,0, AcOH o}
HQMOH ey B%%mosn - Bno” o8
DMF, 89% 9 L
NH3 _N_ 95% \
Bn™ "Bn Bn” “Bn
8 9 10
OH w _OBn
Ho. P=oBn
NaOCH,/CH;0H 0 i. Dess-Martin periodinane o BzCl, Et;N
—_———— B0 OBn = BnO "
quant. BnO y ii. HP(O)(OBn),, Et;N, 93% BnO OBn o
Bn/ \Bn Bn/ ‘Bn
11 12
0
BnO\'g/OBn _-0OBn u OH
BzO P<08n HO P‘OH
BnO 0] CH3NH,, EtOH 5 O Pd/C, H;,
- =
~ BnO 0B gpm t —o%  fo
Nan " \
major Bn Bn
13a 12a 2
3 o
(0]
BnO\B,OBn P<%BB" il OH
BzO., 5 HO,,, a HO, P‘OH
BnO CH3NH,, EtOH 0 Pd/C, H Q
- " BnO OBn ————— BRO OBn: o2 o HOZ &
NBn, 88% N 91% Yy
minor Bn~ "Bn 2
13b 12b 3

Scheme 6-2. Synthesis of GICN6P analogues 2 and 3

The H-5 of R-MTPA ester, in which H-5 and phenyl group reside are on the same side of

the MTPA plane, is relatively more shielded (upfield in its spectrum) than H-5 in the S-

MTPA ester due to the magnetic shielding effect of phenyl group. Correspondingly, the

minor diastereomer was assigned as R-configuration. To further confirm the assignment

of the absolute configurations of 12a and 12b, the S-MTPA esters (14a and 14b)

generated from both diastereoisomers 12a and 12b were compared (Figure 6-3).2"*° The

'H NMR analysis of both products showed that the H-5 proton of the major diastereomer
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14a was downfield (6 = 3.93 ppm) relative to that of the minor diastereomer 14b (0 =3.56
ppm). These confirmed the configuration of major product 12a is S and the configuration

of minor product 12b is R.

o] 0 0
(S)-MTPAO F<08n HaCO, CFs Ho F<o8n H,CO_ OFs  (RFMTPAO P20
Bno OBt (BFMIPAO] Bro OBn  (s)}MTPACI Bno OBn
B~ Bn EtsN, Bn” “Bn EtsN, DMAP Mg,
14a (S)-MTPA ester DMA 12a 15a (R)-MTPA ester

p

Scheme 6-3. Synthesis of R- and S- Mosher esters from compound 12a

Figure 6-2. The MTPA plane of S- and R-MTPA esters

The Pudovik reaction, one of the most versatile methods for construction of C-P
bonds, involves the addition of organophosphorus compounds to unsaturated bonds. With
the potential to synthesize biologically important a-hydroxyphosphonic acids

derivatives, 33

this reaction has received more and more attention to make the process
highly enantioselective.®*** The examples presented herein showed the versatility of the

Mosher method as a convenient and alternative approach to the assignment of
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stereochemistry of Pudovik products especially when the crystallization of products is

impossible. It is applicable to either a single enantiomer or a pair of enantiomers.

Figure 6-3. The MTPA plane of S-MTPA esters 14a and 14b made from 12a and 12b

The synthetic compounds 1, 2, and 3 were subsequently investigated for their
ability to induce self-cleavage of 5°-*2P-labeled gImS riboswitch from B. subtilis. As
shown in Table 6-1 and Figure 6-4, carba-sugar 1 showed moderate activation of self-
cleavage of gImsS riboswitch from B. subtilis. The percentage of riboswitch self-cleavage
induced by compound 1 is around half to that by natural metabolite GICN6P. At the same
time during the preparation of this manuscript, Wittmann and Mayer et al. reported their
research of caba-sugar 1 on glmS riboswitch of vancomycin-resistant Staphylococcus
aureus.* In their study, it was found that the potency of compound 1 for glmS riboswitch
of S. aureus is similar to that of GICNG6P. They also mentioned the activation by
compound 1 in the gImS riboswitch of B. subtilis. The activation achieved by compound 1
in our experiments compared favourably with the data reported by them. It seems that
different sources of glmS ribozyme might have different sensitivities to GICNG6P
analogues. On the other hand, the 6-phosphonate derivatives 2 and 3 did not exhibit

activity under the tested assay conditions.
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Table 6-1. Effect of synthetic compounds on glmS riboswitch

Sample % Cleavage
1 min 2 min
No reaction (NR) - B
No magnesium (-Mg?*) )
GIcN6P 67.50 65.12
1 2008  38.68
2 0 0.37
3 0 0.29
a) b)
Controls
Controls
R ) () () Test
066 @ . Test ) 0 M
& & Compounds S
s E2T3 L. 22 L.
800 nt
800 nt 600 nt
600 nt 400 nt
400 nt 300 nt h u
300 nt -
) <—precursor 200 nt - . ”” g
200 nt glmS RNA
100 nt
100 nt
cleavage PR
fragment

< precursor
glmS RNA

<« cleavage
fragment

Figure 6-4. Cleavage of glmS RNA with and without compounds. a) Cleavage of gImS
RNA after 1 min reaction time; b) Cleavage of glmS RNA after 2 min reaction time. A
200 UM concentration of GIcN6P or a test compound was added to 0.5 pmol of 5'-*2P
labelled gImS RNA. Samples were incubated in 50 mM of HEPES (pH 7.5), 10 mM of
MgCl,, 200 mM of KCI at room temperature for a duration of 1 or 2 min. Negative
control samples included: i) addition of double-distilled water instead of compound, or ii)
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addition of GICN6P, without Mg?* in the reaction buffer. RNA products were separated
by 10% denaturing polyacrylamide gel electrophoresis (PAGE).

It was determined that the oxygen ring and phosphate group are required for
stabilization of the interaction of the riboswitch with GICNGP rather than being involved
in the catalytic reaction.*”*® The results herein show that the destabilization of the
interaction can tolerate carba-sugar to some extent, whereas the 6-phosphate group is
critical for interaction.'®® The phosphate moiety form the fixed network of Mg?-
coordinated interactions with the various functional groups of the ligand binding pocket.*®
The electrical properties of a-hydroxyl-phosphonate are slightly different from 6-
phosphate. The change in electrical properties of 6-phosphonate might change the
coordination with cations and further change the interaction with the binding pocket.*?
The other factor may rely on the unfilled space within the ligand binding pocket in the
absence of the bridging oxygen.

6.5 Conclusions

Three GIcN6P analogues have been prepared to investigate their effect on the
glmS riboswitch. The Pudovik reaction was applied to synthesize the «-
hydroxyphosphonate substrates and the configurations of two diastereomeric products
were assigned by the Mosher method. Among the three analogues, carba-sugar 1 induced
moderate self-cleavage of the glmS riboswitch from B. subtilis. The displacement of
phosphate in GICN6P by a-hydroxyphosphonate led to massive loss of activation. These
results highlight the role of the phosphate moiety in contributing to the binding of the

glmS riboswitch. These insights are useful in further development of chemical agonists or
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antagonists for the gImS riboswitch. It seems that gImS riboswitch exhibits high level of

discrimination against many closely related GICNG6P analogues. Our results provide a

deeper understanding of the glmS riboswitch and further elucidation on the structure-

activity relationships of metabolite derivatives.
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CHAPTER 7

DISCUSSION AND FUTURE DIRECTIONS

In summary, the work embodied in this thesis demonstrates the potential of RNA
aptamers for sensor development, an area that is still relatively underexplored. Using the
design principle of structure-switching, this thesis establishes the advantages of RNA-
aptamer based detection, and provides methods to overcome some of the limitations. In
the first project, a fluorescent sensing strategy was created that demonstrated to be
generally applicable to various RNA aptamers. This work sets the foundation for all
subsequent work in this thesis. In the second project, the RNA aptamer-based sensing
strategy was adapted to include an internal control that could effectively monitor the
quality control of detection. This strategy enabled the distinction of a true-positive signal
from a false-positive one, which ultimately provided assurance of high quality detection
from RNA aptamers. Remedy methods to correct detection errors were also
demonstrated. In the third project, the RNA aptamer-based sensing strategy was adapted
for application on graphene material, which further showcases the versatility of the
structure-switching design. Furthermore, this novel strategy considerably enhanced the

signaling capability of the RNA aptamers tested.

Structure-switching RNA aptamers were also expanded into secondary
applications involving collaborations with other research groups. In collaboration with the
Brennan group, the fluorescent sensing strategy was directly entrapped in sol-gel derived

materials for solid-assay development. Importantly, sol-gel entrapment also demonstrated
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to confer protection of RNA aptamers against nucleases, as well as enhance the chemical
stability of the aptamers. Additionally, in collaboration with the Ye group, the gimS
ribozyme, a natural structure-switching RNA aptamer found in numerous Gram-positive
bacteria was further explored as a potential drug target for antibiotic development. One
particular GIcN6P analogue was able to induce self-cleavage of the ribozyme, and may be

a potential lead for drug design.

While this thesis has made considerable progress to demonstrate the potential of
RNA aptamers for sensing purposes, further investigation is important in several areas for
the application of RNA aptamers for real-life detection. The remainder of this chapter

discusses some of the possibilities for future studies.

As discussed in the earlier introductory chapter, structure-switching reporters
using DNA aptamers [22] have already garnered substantial success, including expansion
to detect a range of targets [27, 29-38], application in a variety of secondary applications
[42, 46, 47, 247-249], and adaptation for use in different signal transduction methods [40,
66, 250-253]. In consideration of the future possibilities of structure-switching RNA
aptamers, it is conceivable that a similar trajectory of development may follow. To
facilitate this progression, it is necessary to understand the fundamental differences in
structure-switching between RNA and DNA aptamers, which much is unknown. For
instance, differences in design elements were found to be required for effective structure-
switching (discussed in Chapter 2). Compared to the previously reported DNA aptamer
reporters, the RNA aptamer reporters required longer FDNA, central extension domain,

and QDNA sequences, in order to obtain the optimal balance of low background, and
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high signal enhancement. One possible reason why longer design elements are required
for RNA aptamer reporters may reflect a weaker stability of the RNA-DNA duplex
relative to the DNA-DNA duplex for the sequences specifically used in these designs.
These results are compatible with previous studies, which have measured the
thermodynamic parameters of RNA-RNA, DNA-DNA and hybrid duplexes to
demonstrate that duplex stability is highly sequence dependent [254, 255]. Another
possible reason for the differences found in design element requirements, may stem from
natural behavioral differences between DNA and RNA sequences. Normally, DNA
sequences readily adopt a double-helical structure. In contrast, RNA is naturally found as
a single-stranded sequence with the tendency to fold up upon itself to form intricate
structures [256]. These structures are stabilized by various intramolecular interactions
including standard base-pairing of complementary segments found within the sequence,
non-Watson-Crick base-pairing such as the G-U mismatch, and additional hydrogen
bonding from the 2’-OH group of ribose sugar that is unique to RNA [256-262]. To
overcome the intramolecular folding of RNA, longer design elements may be required to
compete favorably to form the FDNA-aptamer-QDNA duplex system. To definitively test
the two possibilities mentioned above, a comparison study between RNA and DNA
aptamer reporters would be valuable. The FDNA and associated hybridization site on the
extended aptamer are ideal testing sites since these elements can be altered, unlike the
well-conserved aptamer domain. Furthermore, any effects produced by alterations of
these elements can be assessed by directly measuring target-induced structure-switching

ability. Different FDNAs that vary in length and sequence can be designed to form an
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FDNA-aptamer-QDNA duplex requiring standard and non-standard base-pairing.
Assessment of background signal, and signal enhancement for each of these systems
could provide insight about optimal sequence composition required for effective sensor
engineering. The applicability of these findings may extend beyond solely structure-
switching-based designs, and also include any sensing platforms that require RNA-DNA

and DNA-DNA duplex formation.

Understanding the fundamental differences in structure-switching between RNA
and DNA aptamers is also important for further development of solid-phase assays.
Previous studies have shown that while polar materials (SS, DGS) are suitable for
entrapment of DNA aptamer reporters [47], more hydrophobic materials (40% (v/v)
MTMS/TMOS) are best for entrapment of RNA aptamers (discussed in Chapter 5). To
better understand these differences, we are currently collaborating with Christy Hui from
the Brennan group to analyze how structural differences between RNA and DNA
aptamers affect interaction with sol-gel. We have chosen to focus our investigation on the
ATP-binding RNA [263] and DNA [23] aptamers as they are model systems. To enable
this comparison, | have successfully created and optimized the ATP-binding RNA
aptamer reporter using the generalizable structure-switching design. Christy has
determined the optimal sol-gel conditions to entrap both the RNA aptamer reporter, as
well as the previously demonstrated DNA aptamer reporter. Future comparative studies
between RNA and DNA aptamer reporters will involve determination of detection limit
and specificity, as well as characterization of protective properties of sol-gel against

nuclease degradation, chemical instability, and structural denaturation. These findings
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may provide the general criteria required for effective entrapment of RNA and DNA
aptamers in sol-gel, and may accelerate solid-assay development, particularly for the

more recently developed RNA reporters.

RNA structure-switching reporters may also play a significant role for in vitro
applications relating to diagnostics, environmental testing, and food safety. However, to
further advance RNA aptamer reporters, key limitations first need to be addressed. As
discussed in Chapter 2, the detection limit of RNA aptamer reporters was found to be 10
times higher than the Ky of the original aptamers as a result of target competition with
QDNA for binding to the aptamer, as well as the inherent background fluorescence. To
improve detection limit, signal amplification methods may provide solutions by tagging
each aptamer with multiple copies of fluorophore to generate an amplified fluorescent
signal for every aptamer-target interaction. Silica nanoparticles (FNPs) and quantum dots
(QDs) for instance, can carry many fluorophores for aptamer labelling and have already
demonstrated to improve the detection limit for DNA aptamer reporters [39, 40].
Additionally, application of RNA aptamer reporters towards other signal transduction
methods that can provide lower background signal, may also improve the detection limit.
Electrochemical-based detection for example [264, 265], has already demonstrated to

lower the detection limit for DNA aptamer reporters [56, 252].

Furthermore, for more effective application of RNA structure-switching reporters
towards other signal transduction methods, integration of a QC element, or internal
control that can distinguish between true-positive and false-positive signals would be

important to ensure high quality detection. While work in this thesis has already
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successfully tested fluorescent RNA aptamer reporters in human serum (discussed in
Chapter 3), further testing using a range of real-life samples (eg. urine, saliva, food,
water), and implementing a variety of different RNA and DNA aptamers will demonstrate
broader applicability. Expectedly, the complexity of real-life samples can interfere with
the detection strategies used (eg. fluorescence quenching), rendering our sensor
ineffective. However, we have discovered that remedy methods such as sample filtration,
and the use of nuclease inhibitors are effective in removing nucleases, and signal
interfering agents for our fluorescence-based design. These solutions may be useful for

other signal transduction methods as well.

RNA structure-switching reporters may also be expanded for in vivo applications,
particularly for therapeutics. One possibility is to implement the RNA aptamer sensors
based on regulated GO adsorption, which have already been demonstrated for in vitro
sensing in this thesis (discussed in Chapter 4). These systems may be suitable for
intracellular sensing for a number of reasons. Firstly, graphene is an appropriate material
for the transport of RNA aptamer reporters into relevant cells, as the biocompatibility of
graphene has already been well established in a range of mammalian cell types [266-270],
as well as a mouse model for cancer [271]. Additionally, previous studies have also
demonstrated that graphene enables high transfection efficiency of therapeutic agents into
cells [272, 273], and also confers protection of aptamers against nuclease degradation
[269, 270]. Similarly, aptamers have also been well-tested for in vivo applications.
Pegaptanib sodium (commercially known as Macugen) is the most marketable aptamer

that is clinically used to treat macular degeneration, a common cause of vision loss in
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elderly people [202, 274]. When injected into the eyes, the therapeutic DNA aptamer
specifically binds to vascular endothelial growth factor (VEGF) to inhibit blood vessel
formation in the retina, where leakage of fluid causes cloudiness in the eye. Moreover,
many DNA and RNA aptamers are currently in advanced stages of clinical studies and
may become the next examples of commercialized aptamers [275]. Among these
aptamers, several are therapeutic candidates, and others have been successful for targeted
drug delivery. A notable example of the latter, is an RNA aptamer that recognizes
prostate-specific membrane antigen (PSMA) [151], a biomarker found on prostate
tumors. While conjugated to a cancer fighting drug, the aptamer binds PSMA to trigger
cell internalization through endocytosis [276-278]. This results in site-specific delivery of
the drug, which can potentially reduce many side-effects that are characteristic of
traditional cancer treatments. Together, the useful properties of graphene and diverse

range of aptamers may prove to be an effective combination for intracellular detection.

Our work exploring the glmsS ribozyme as a potential drug target for antibiotic
development may also benefit from future in vivo application. Our study resulted in the
synthesis of one particular GICN6P analogue, carba-sugar 1, which was able to induce
self-cleavage of the ribozyme, and may be a potential lead for drug design. As discussed
in Chapter 6, carba-sugar 1 produces different activation levels of glmS self-cleavage
depending on which bacterium the ribozyme is derived from. Consequently, testing the
effects of carba-sugar 1 on glms ribozyme sequences from a wider range of bacteria,
particularly from pathogens such as Bacillus anthracis would be important to determine

the extent of drug applicability. Particularly, determination of drug potency (ECso, half
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maximal effective concentration), target specificity and cleave rate constant (Kops) will
help characterize drug effect on each glmS sequence. The glmS sequences that
demonstrate the best drug response can be further tested in vivo to verify drug lethality on

the target bacterium.

In conclusion, this thesis provides generalizable structure-switching strategies to
make use of the abundance of RNA aptamers, monitor the quality of detection and correct
detection error, enhance aptamer sensing capability, as wells as protect aptamers against
nucleases and chemical instability. Additionally, work in this thesis further validates the
use of riboswitches/ribozymes as potential targets for drug discovery. Future studies that
lead to a better understanding of the fundamentals of structure-switching, and further
efforts to overcome limitations required for effective in vitro, as well as in vivo

applications, will enable the continued success of RNA structure-switching reporters.
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APPENDIX 1

CHAPTER 2. SUPPLEMENTARY INFORMATION

Theophylline aptamer TPP aptamer
Original Modified Original Modified
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GG . . .o . .o and QDNAS
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Facilitating RNA Spacer betweon FDNA1 GAG GAG
transcription and ODNA2

Figure S2-1. Secondary structures of the theophylline aptamer and the TPP aptamer. The
secondary structure of the original theophylline aptamer is adopted from Ref 1, and that
of the original TPP aptamer is adopted from Ref. 2. The sequence of each aptamer is
modified in this study to contain additional sequence elements for the indicated purposes.

See the main text for details.
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A FDNAa: 5'F-TCGGAGCGTGGCAGG3' (15 nt)
QODNAal: 3'QGTGACCCGCS5' (9 nt)
QODNAa2: 3'QGTGACCCGCTATS' (12 nt)
QODNAa3: 3'QGTGACCCGCTATGGTS' (15 nt)
QDNAa4d: 3'QGTGACCCGCTATGGTCGGS' (18 nt)
QODNAa5: 3'QGTGACCCGCTATGGTCGGCTTS' (21 nt)
TRAa: 5'GGCCUGCCACGCUCCGAUCACUGGGCGAUACCA

GCCGAAAGGCCCUUGGCAGCGUCcaacacaucg

W
o
(9]

3 -

—+— QDNAa3
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Figure S2-2. The initially designed structure-switching reporter from the theophylline
RNA aptamer. A) The sequences of FDNA, QDNAs and TRAa (extended theophylline
aptamer version a). B) Thermal denaturation profiles of the duplexes made from TRAa,
FDNAa along with QDNAa1 (light blue), QDNAa2 (black), QDNAa3 (green), QDNAa4
(red) and QDNAa5 (purple). C) Theophylline-induced fluorescence response of two
reporters made from QDNAa3 (green) and QDNAa4 (red) in the duplex with FDNAa and
TRAa. Each duplex was incubated at 37°C for 5 min followed by the addition of 1 mM
theophylline. Brief discussion: The initial design of the theophylline reporter followed
the identical strategy that was used to produce structure-switching reporters from DNA
aptamers. However, we discovered that QDNA sequences less than 13 nt (QDNAal and
QDNAa2) could not effectively anneal with the extended theophylline aptamer because
both systems exhibited near-flat thermal denaturation profiles. QDNAa3 (15 nt) exhibited
a nice thermal denaturation profile (green curve in panel B) and some structure-switching
activity upon the addition of 1 mM theophylline at 37°C but the switching activity was
fairly weak, needing more than 2 hours to reach ~2-fold fluorescence increase (green data
set in panel C). Longer QDNAs (such as QDNAa4) appeared to bind the aptamer very
strongly (red curve in panel B) and did not produce significant fluorescence increase upon
target addition (red data set in panel C). Based on this observation, we abandoned this
system.
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Figure S2-3. Detection sensitivity of the theophylline reporter made of FDNA1, QDNA2
and TRA1l. A) Relative fluorescence vs. theophylline concentration. B) Relative
fluorescence vs. theophylline concentration in logarithmic scale. Relative fluorescence of
each sample was taken at the 20th minute incubation. The theophylline concentration was
varied between 0.1-2000 pM. The detection limit was found to be 1 uM (which produced
a signal that is above 3x standard deviation of the fluorescence in the absence of the
target.

TPPRA:

5'GGCCU GCCAC GCUCC GACGC UAUCA CUCUA UGCCA CUAGG GGUGC UUGUU
GUGCU GAGAG AGGAA UAAUC CUUAA CCCUU AUAAC ACCUG AUCUA GGUAA
UACUA GCGAA GGGAA GUGG3'

TPPRA mutant:

5'GGCCU GCCAC GCUCC GACGC UAUCA CUCUA UGCCA CUAGG GcUGC UUGUU
GUGCU cAuuG AGGAA UAAUC CUUAA CCCUU AUAAC ACCUG AUCUA GGUAA
UACUA GCuAA GGGAA GUGG3'

Figure S2-4. Nucleotide sequences of TPP aptamer (TPPRA) and a mutant aptamer. The
nucleotides indicated in red and lower-case letters are altered nucleotides in relation to the
wildtype sequence. Mutation was introduced at four critical nucleotides required for
TPP-binding (see Ref 2 and 3).
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CHAPTER 3. SUPPLEMENTARY INFORMATION

A ) Thrombin Reporter B) Theophylline Reporter
Q,DNA13: 5' CGGACTTCGAGTG-Q, 3' Q,DNA13: 5' CGCCCTTCGAGTG-Q, 3'
Q.DNA14: 5' CCGGACTTCGAGTG-Q, 3' Q.DNA14: 5' TCGCCCTTCGAGTG-Q, 3'
Q,DNA15: 5' TCCGGACTTCGAGTG-Q, 3' Q.DNA15: 5' ATCGCCCTTCGAGTG-Q, 3'
Q.,DNA16: 5' ATCCGGACTTCGAGTG-Q, 3' Q.DNA16: 5' TATCGCCCTTCGAGTG-Q, 3'
6
-=-Q2DNA13 5 -=-Q2DNA13
-4 Q2DNA14 -+ Q2DNA14
4 -#-Q2DNA15 T 4 -#-Q2DNA15
-+-Q2DNA16 -+-Q2DNA16
3 & 3
2 2
1 1
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Figure S3-1. Thermal denaturation profiles of duplexes made from Q,DNA13-16 with
MfRNA, F;DNAF, and Q;DNA for A) thrombin and B) theophylline reporters. F,-
fluorescence associated with the aptamer domain (red emission) is depicted.
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A) thrombin mfRNA: 5' GGGAGACACGUCGUGCGUACUCCUGC
CACGCUCCGACGCUAGCUGAUCACUCGAAGUCCGGAUCGAA
GUUAGUAGGCGGA 3'

Mut1: 5'GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCG
ACGCUAGCUGAUCACUCGAAGUCCGGAgCGAAGUUCGUCGGC
GGA 3'
Mut2: 5' GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCG
ACGCUAGCUGAUCACUCGAAGUCCGGAUCUAAGUUAUUALGC
GGA 3'

B) theophylline mfRNA: 5'GGGAGACACGUCGUGCGUACUCC
UGCCACGCUCCGACGCUAGCUGAUCACUCGAAGGGCGAUAC
CAGCCGAAAGGCCCUUGGCAGCGUCCAACACAUCG 3'

Mut1: 5’GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCG
ACGCUAGCUGAUCACUCGAAGGGCGAUACaAGCCGAAAGGCC
CUUGGCuGCGUCCAACACAUCG 3'
Mut2: 5'GGGAGACACGUCGUGCGUACUCCUGCCACGCUCCG
ACGCUAGCUGAUCACUCGAAGGGCGAUAgaAGCCGAAAGGCC
CUUGGCAGCGUCCAACACAUCG 3!

Figure S3-2. Wildtype multifunctional RNA aptamer sequences (MfRNA) and their
mutated aptamer sequences (Mutl, Mut2) for both A) thrombin and B) theophylline
reporters. Aptamer domains are underlined.!y Mutated nucleotides are shown in gray,
lowercase.
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Figure S3-3. Detection sensitivity of structure-switching RNA aptamer reporters made up
of corresponding mfRNA, Q:DNA, FiDNAF;, and Q,DNA13. Relative fluorescence
(RF) vs. target concentration presented in logarithmic scale. RF of each sample was taken
at the 15" minute of incubation. RF from F, (sensor module) and F; (quality control
module) presented on the left and right, respectively. Results are representative of two
independent experiments. A) Thrombin reporter. The thrombin concentration was varied
between 0.01-3 uM. The detection limit was determined to be 0.01 uM (signal produced
that is 3x the standard deviation of fluorescence in the absence of target). B) Theophylline
reporter. The theophylline concentration was varied between 0.1-1000 puM. The detection
limit was found to be 1 uM.
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Figure S3-4. Error detection and correction using thrombin structure-switching reporter
with a quality control element. Relative fluorescence (RF for F,; RF (QC) for F1) was
measured as the signalling duplex was incubated at 37°C for 5 min, before the addition of
serum (square data set). The addition of RiboLock RNase inhibitor (RI) largely
inactivates nucleases and facilitates the target detection (triangle data set). Negative
control (NC, circle): no thrombin. The experiment was performed in duplicate.

References for Chapter 3 Supplementary Information
[1] a) M. F. Kubik, A. W. Stephens, D. Schneider, R. A. Marlar, D. Tasset, Nucleic

Acids Res. 1994, 22, 2619-2626; b) R. D. Jenison, S. C. Gill, A. Pardi, B. Polisky,
Science 1994, 263, 1425-1429.
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CHAPTER 4. SUPPLEMENTARY INFORMATION

General procedure. Unless stated otherwise, the following conditions were used for
Figure S4-1. For FDNA-RNA aptamer duplex assembly, a mixture of FDNA (200 nM)
and RNA aptamer (200 nM) in a reaction buffer (50 pL total volume) of Tris-HCI (25
mM, pH 7.5) and MgCl, (10 mM) was first heated at 65°C for 2 min, then cooled at room
temperature for 10 min, and finally cooled at 4°C for 10 min. GO (20 puL from 100 pg/mL
stock) was then mixed into the FDNA-RNA aptamer mixture, and an aliquot (50 pL) was
taken for analysis. All fluorescence readings were measured at 37°C on Cary Eclipse

(Varian) with an Aex/Aem OF 490/520 nm.
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Figure S4-1. Optimization of conditions for RNA aptamer sensor using classic GO
adsorption method. A) Testing divalent metal ion concentration. FDNA-RNA aptamer-
GO assembly was tested in Tris-HCI (25 mM, pH 7.5) with different concentrations of
MgCl;, (5-15 uM). B) Testing FDNA concentration (100-300 nM). [For A) and B), after
incubation of FDNA-RNA aptamer-GO for 30 min to reach stable background,
theophylline (800 uM) was then added, and RF was recorded 1 hr after]. C) Testing GO
concentration for fluorescence quenching. FDNA-RNA aptamer duplex was treated with
different GO concentrations (0, 20, 30, 40, 50, 60, 70, 80, 90, 100 pug/mL). Fluorescence
spectra were measured after 30 min. D) Testing effect of temperature on fluorescence
quenching (25-45°C). FDNA-RNA aptamer duplex was incubated for 5 min, before the
addition of GO. E) Testing effect of temperature on fluorescence recovery (25-45°C).
FDNA-RNA aptamer-GO assembly was treated with theophylline (800 uM), and RF was
recorded 1 hr later. [Higher temperatures produced lower background (shown in D), and
the highest signal enhancement was produced at 37°C (shown in E); 37°C provided the
optimal balance of low background and high signal enhancement, so was chosen for
subsequent analysis]. All experiments were performed in duplicate.

A) Theophylline mutant aptamer:
57 - GGCCUGCCACGCUCCGACGCUAUGGCGAU
AGAAGCCGAAAGGCCCUUGGCAGCGUC - 3

B) TPP mutant aptamer:

5" - GGCCUGCCACGCUCCGACGCUAUCCACUA
GGGCUGCUUGUUGUGCUCAUUGAGGAAU
AAUCCUUAACCCUUAUAACACCUGAUCUA
GGUAAUACUAGCUAAGGGAAGUGG -3’

Figure S4-2. Sequences of A) theophylline, and B) TPP mutant aptamers. Nucleotide
substitutions are shown in red.
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APPENDIX 2

DEVELOPMENT OF TANDEM DNA APTAMERS FOR THE DETECTION OF

L. MONOCYTOGENES

Author’s Preface

The work presented here is still in progress. Dr. Yingfu Li and | conceived the
project idea together. 1 was principally responsible for designing and performing
experiments, as well as interpreting data. Uyen T. Nguyen taught me how to grow L.
monocytogenes biofilm and she also conducted the biofilm SEM imaging. Dr. Yingfu Li,

Dr. Brian K. Coombes and Dr. Lori L. Burrows provided helpful advice and suggestions.

Lau PS, Nguyen UT, Burrows LL, Coombes BK, Li Y. Development of tandem DNA

aptamers for the detection of L. monocytogenes.
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Abstract

Foodborne pathogens cause illness in millions of people around the world,
everyday. Due to the limitations of current pathogen detection methods, there is a need
for alternative biosensing strategies for better food safety. Aptamers are single-stranded
DNA or RNA molecules that can fold into a defined tertiary structure to bind a designated
target. These unique molecular probes have been widely implemented for biosensor
development due to their inherent sensing capabilities. Our goal is to develop “tandem
DNA aptamers” to detect L. monocytogenes, an emerging foodborne pathogen. These
tandem aptamers are molecular probes made up of two or three aptamer units linked
together consecutively within a sequence and may bind to multiple sites on the pathogen
for enhanced overall binding affinity and selectivity. Herein, we present a SELEX-based
approach to create tandem aptamers, and discuss directions for further development in

future studies.

Introduction

Foodborne acquired illnesses affect millions of people everyday worldwide. If not
safeguarded against microbial and chemical contamination, food products can transmit
more than 250 known diseases, resulting in numerous hospitalizations and deaths
annually [1]. In the United States alone, 76 million cases of foodborne illnesses, 32 500
cases of hospitalization, and 5000 deaths are reported every year. Globally, foodborne
diseases are estimated to cost healthcare approximately $5-6 billion annually [1]. In

recent years, outbreaks caused by L. monocytogenes have been on the rise [2-4]. As an
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opportunistic pathogen, L. monocytogenes frequently affects immune-compromised
patients and infection carries a notably high mortality rate [5, 6]. The difficulty in
combating L. monocytogenes, is further aggravated by the ability of these cells to form
biofilm (protective bacterial communities), which allows the pathogen to persist in
different environmental conditions, and provides increased tolerance to antibiotics and
attack from the host immune system [7-9]. Consequently, having effective methods of
pathogen detection is critical in controlling and possibly preventing widespread infection.
Cell culturing, PCR and antibody-based methods are currently used and are well-
established strategies. However, several limitations still exist including long analysis
time, intensive labour, expensive reagents, extensive sample purification steps, and
limited accuracy [10-12]. There is a need for an alternative method of detection that can

address these limitations for better food safety.

Aptamers are single-stranded DNA or RNA molecules that fold into a defined
tertiary structure to bind a designated target [13, 14]. These unique molecular probes have
been widely implemented for biosensor development due to their useful properties such
as the chemical stability of DNA, intricate folding capability of RNA and DNA, high
binding affinity and specificity, ease of immobilization, and amenability to various
chemical modifications [15, 16]. Furthermore, the versatility of SELEX (Systematic
Evolution of Ligands by EXponential enrichment) enables the development of aptamers
that can bind to a desired target for customized applications [13, 14]. In recent years,
several research groups have enhanced the affinity and specificity of aptamers through

polyvalent binding, whereby a linker is used to join together two different aptamers,
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which recognize distinct epitopes of a target molecule [17-19]. However, the focus of
these studies has mainly relied upon the use of model aptamers for proof-of-concept
purposes, as well as some degree of rational design for sensor development. Development
of polyvalent aptamers directly through SELEX has yet to be demonstrated, and may
provide enhanced sensing, which is crucial for more real-life applications such as

detection of foodborne pathogens.

To address some of the current limitations in food monitoring, our goal is to
develop an alternative sensing method based on polyvalent aptamers to detect L.
monocytogenes. Specifically, our purpose is to develop “tandem aptamers”, which are
DNA probes made up of two or three aptamer units linked together consecutively within a
sequence (Figure 1). Advantageously, a single tandem probe may recognize multiple
binding sites on the pathogen target. Hence, the overall binding affinity and selectivity of
the tandem probe can be significantly enhanced (compared to an aptamer monomer) [17-
19]. Our goal is broken down into three aims. The first aim is to create randomized,
tandem DNA libraries using a procedure based on rolling circle amplification (Figure
1A). Sequences composed of two tandem aptamer repeats make up the dimeric DNA
library, while sequences composed of three tandem aptamer repeats make up the trimeric
DNA library. The second aim is to use these tandem DNA libraries in SELEX to develop
tandem aptamers to detect L. monocytogenes (Figure 1B). In this procedure of in vitro
evolution [13, 14], a selective pressure is exerted on the tandem DNA libraries to isolate
only the sequences that recognize the pathogen. The strongest tandem aptamer candidates

are subsequently amplified by PCR after each round of selection. Through multiple
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rounds of isolation and amplification, nucleic acid sequences are allowed to evolve and
compete with each other so that only the most capable tandem aptamer candidates are
selected and copied. Development of these tandem aptamer candidates then leads to the
third aim, which is to couple these sequences with a signal transduction method such as

fluorescence for biosensor development (Figure 1C).

Aim 1: Creation of B) Aim 2: Tandem Aptamer C) Aim 3: Exploration of
Randomized, Tandem DNA Development Detection Strategies
Libraries (dimers and trimers)
/\J%W pathogen binding
randomized DNA repeats PavaTaby > e
2 2 JaYaVa A AvAry :
random DNA library l
. - " Fluorescent Detection
Dimeric DNA Library o
R
poteqtial of interaction ‘E’ 60 j
multimeric with pathogen € 40 ~target presence
binding g ~target absence
A g 2+
o =} | PORRT SR
o A~ 2 o
tandem DNA aptamer 0 10 20 30
Time (min)

Figure 1. Overview of objectives to develop tandem DNA aptamers for detection of L.
monocytogenes. (For simplicity, only dimeric DNA is presented here)

Materials and Methods

Materials. All DNA oligonucleotides were synthesized by using automated DNA
synthesis (W. M. Keck Oligonucleotide Synthesis Facility, Yale University, New Haven,
CT, USA) and were purified by 10% denaturing PAGE before use. All radioisotopes were
purchased from PerkinElmer (Woodbridge, ON, Canada). Unless otherwise noted, all
reaction enzymes were purchased from Thermo Scientific (Ottawa, ON, Canada) and all

other materials were purchased from Sigma-Aldrich and used without further purification.

145



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

Growth of bacterial strains. L. monocytogenes 568 (serotype 1/2a) was a gift from
Lisbeth Truelstrup-Hansen (Dalhousie University, Halifax, NS, Canada). L. innocua, B.
subtilis 168, E. coli K12 (MG1655) were gifts from Gerry Wright (McMaster University,
Hamilton, ON, Canada). The glycerol stocks were streaked onto Difco tryptic soy agar
(BD Biosciences) and incubated overnight at 37°C. After plating, a single colony from
each respective bacterial strain was used to inoculate 5 ml of tryptic soy broth (TSB; BD
Biosciences) at 37°C with agitation overnight. The overnight cultures were 200X-diluted
in TSB and further incubated with agitation until an optical density at 600 nm (OD600) of
0.5 (VersaMax microplate reader, Molecular Devices, Sunnyvale, CA, USA) was

obtained.

Growth of L. monocytogenes biofilm. The procedure to grow L. monocytogenes biofilm
was adapted from a previously reported study [20]. In brief, a single colony from a plated
culture was used to inoculate 10 ml of TSB at 37°C with agitation overnight and
standardized to an OD600 0f ~0.03 in TSB (Thermo Scientific BioMate3, Canada). The
wells of a 96-well plate, were filled with the bacterial culture (150 pL) and wells along
the periphery of the plate were filled with ddH20 (150uL) to prevent edge effects due to
dehydration. Biofilm was grown on polystyrene pegs by placing a 96-peg lid (Nunc,
VWR, Mississauga, ON, Canada) on the 96-well plate, sealing with parafilm to prevent
evaporation and then incubating for 24 hrs at 37°C, 200 rpm. After 24 hrs of incubation,
the planktonic growth in the 96-well plate was measured at OD600, and the peg lid was
transferred to a new 96-well plate with fresh TSB (150 puL) and water (150 pL) in the

peripheral wells. The plate was resealed with parafilm and incubated at 37°C, with
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shaking at 200 rpm, for 24 hrs. This step was repeated again for a total incubation time of
72 hrs (three passages in total, once every 24 hrs). To quantify the amount of biofilm
formed, any loosely adhered bacterial cells on the pegs were first washed off by
transferring the peg lid to a new 96-well plate containing 1X phosphate-buffered saline
(PBS, 200 pL) per well for 10 min. The peg lid was then transferred to a 96-well plate
filled with crystal violet (CV, 0.1%][wt/vol], 200 pL) for 15 min. To wash off excess CV,
the lid was transferred to a single well tray of ddH20 (70 mL), for 10 min. This wash step
was repeated four times. For CV elution off of the pegs, the peg lid was then transferred
to a 96-well plate containing 95% ethanol (200 pL) per well for 15 min and the CV
absorbance was measured at 600 nm (BioTek ELx800, Winooski, VT, USA) to quantify

biofilm growth on each peg.

Preparation of dimeric/trimeric DNA libraries. The synthetic DNA template for the
dimeric and trimeric DNA libraries began as a sequence of 5-TGGTCC-N50-
GTGTCGATC-3" (N50 = equimolar randomized region of 50 nucleotides; italicized
represents site of Taql restriction digestion). The 5'-terminus of the template (2400 pmol)
was phosphorylated using the standard T4 polynucleotide kinase reaction (T4 PNK) in
PNK buffer A (240 pL, 50 mM Tris-HCI [pH7.6] 10 mM MgCl,, 5 mM DTT, 0.1 mM
spermidine), ATP (10 mM), T4 PNK (0.5 units/uL). The reaction mixture was incubated
at 37°C for 30 min, then heated at 90°C for 5 min, and finally cooled at room temperature
for 10 min. The phosphorylated DNA template (800 pmol) was circularized using the
DNA ligation procedure in DNA ligase buffer (400 pL, 40 mM Tris-HCI, 10 mM MgCl,,

10 mM DTT, 0.5 mM ATP [pH 7.8], using ligation template (1000 pmol, 5" GGACC
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AGATC GACAC 3'; Taqgl restriction digestion site is italicized), and T4 DNA ligase (0.1
units/pL). The reaction mixture was incubated at room temperature for 4 hrs, then heated
at 90°C for 10 min, and finally cooled at room temperature for 5 min. The circularized
DNA mixture was concentrated through ethanol precipitation and purified by 10%
denaturing PAGE. Rolling circle amplification (RCA) was performed according to
manufacturer’s protocol. In brief, a mixture of circular DNA template (150 pmol), and
RCA primer (150 pmol, 5" GGACC AGATC GACAC 3’; Taql restriction digestion site is
italicized) in 300 pL of ddH,O was heated at 90°C for 1 min and then cooled at room
temperature for 20 min. The following were introduced to the mixture: dNTPs (0.5 mM
of each), phi29 DNA polymerase (0.4 units/pL) in a final reaction buffer of Tris-acetate
(360 pL, 33 mM, [pH 7.9]), Mg-acetate (10 mM), K-acetate (66 mM), Tween 20 [0.1%
(viv)], DTT (1 mM). The reaction was incubated at 30°C for 3 hrs and the RCA products
were then concentrated through ethanol precipitation. To generate dimeric and trimeric
DNA sequences, the RCA products were restriction digested according to manufacturer’s
protocol (New England BioLabs, Ipswich, MA, USA) using Taq | (3 x 10° units/pL) in a
reaction buffer (150 pL) of K-acetate (50 mM), Tris-acetate (20 mM, pH 7.9), Mg-acetate
(10 mM), BSA (100 pg/ml). In brief, reaction mixtures were incubated at 65°C for 1 hr
and stopped by the addition of EDTA (20 mM, pH8). Samples were then concentrated
through ethanol precipitation and purified by 10% denaturing PAGE to isolate dimeric
and trimeric DNA sequences. Due to the tandem nature of the dimeric/trimeric DNA
sequences, unique forward and reverse primer segments needed to be ligated to the ends

of each sequence group to prepare for subsequent PCR steps. The sequences of the oligos
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involved in ligation appear as follows: forward primer segment (5' GCACA TTACG GTT
3", reverse primer segment (5" GCTGA CTATG GC 3'), forward primer ligation template
(5" GTGTC GAACC GTAAT GTGC 3') and reverse primer ligation template (5 GCCAT
AGTCA GCATC 3'). Through the standard T4 PNK reaction (Thermo Scientific,
Canada), dimeric/trimeric DNA sequences were radioactively phosphorylated at the 5'-
termini using [a-32P]JATP, while the reverse primer segment was non-radioactively
phosphorylated. For T4 DNA ligation reaction, a mixture of radioactively labeled
dimeric/trimeric DNA (14 pmol), forward primer segment (14 pmol), forward primer
ligation template (16 pmol), reverse primer segment (14 pmol), and reverse primer
ligation template (16 pmol) was heated at 90°C, for 1 min, and then cooled at room
temperature for 10 min. T4 DNA ligase (0.1 units/pL) was then added to the mixture in a
final reaction buffer (100 pL, 40 mM Tris-HCI, 10 mM MgCl,, 10 mM DTT, 0.5 mM
ATP [pH 7.8]. After incubation at room temperature for 3 hrs, the reaction was stopped
by EDTA addition (20 mM). Dimeric/trimeric DNA sequences (now ligated with specific

primers) were purified using 10% denaturing PAGE.

Polymerase Chain Reaction (PCR). After design and preparation, the DNA library
sequences appear as follows: dimeric library (5' GCACA TTACG GTTCG ACAC — N50
— GGACC AGATC GACAC — N50 - GGACC AGATG CTGAC TATGG C 3"), trimeric
library (5" GCACA TTACG GTTCG ACAC — N50 - GGACC AGATC GACAC — N50 —
GGACC AGATC GACAC — N50 - GGACC AGATG CTGAC TATGG C 3'). For PCR1
(enrichment of target-binding sequences), the template was amplified using forward

primer 5" GCACA TTACG GTTCG 3’ and reverse primer 5' GCCAT AGTCA GCATC
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3'. For PCR2 (isolation of target-binding, sense DNA strand), the template was amplified
using forward primer 5 GCACA TTACG GTTCG 3’ and reverse primer 5 AAAAA
AAAAA AAAAA AAAAA spacer GCCAT AGTCA GCATC 3’ (spacer = 9-O-
Dimethoxytrityl-triethylene  glycol,  1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphor-
amidite). PCR1 was conducted in Tris-HCI (pH 9.0, 75 mM), MgCl, (2 mM), KCI (50
mM), (NH4)2SO4 (20 mM), primers (0.5 uM of each), DNA template (~3 nM), dNTPs
(0.2 mM of each) and Tag DNA polymerase (five units, Biotools, Madrid, Spain). PCR2
followed the same conditions except the following were added: [a-32P]dGTP (0.5 pL of
3000 Ci/mmol) and dNTPs (0.2 mM of dCTP, dATP and dTTP, 0.02 mM dGTP).
Thermal cycling conditions varied depending on target type (biofilm/planktonic cells) and
elution method (NaOH/EDTA) used. Generally, thermal cycling steps for the dimeric
DNA were as follows: PCR1 (94°C for 1 min, 5-18 cycles of 94-49/52-72°C [30 s for
each temperature], and finally 72°C for 8 min), PCR2 (same steps, except only 10 cycles
were needed). Thermal cycling steps for the trimeric DNA were as follows: PCR1 (94°C
for 1 min, 5-18 cycles of 94-43-72°C [30 s for each temperature], and finally 72°C for 8

min), PCR2 (same steps, except only 13 cycles were needed).

Biofilm SELEX procedure. For the first 7 rounds, L. monocytogenes biofilm was used as
the target. After 72 hrs of growth, the biofilm peg lid was first transferred to a 96-well
plate of 1X PBS (200 pL) for 20 min to remove loosely adhered cells. The peg-lid was
then transferred to a new 96-well plate to interact with radioactively labeled DNA
libraries (200 pmol, 2 wells contained the dimeric and trimeric DNA libraries

respectively, and the remaining wells not involved in target-binding step contained 1X
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PBS only). DNA libraries were allowed to interact with biofilm for 40 min. The peg lid
was transferred to a new 96-well plate filled with 1X PBS (200 uL per well) for 10 min to
wash away DNA sequences that non-specifically bound to biofilm target. This step was
repeated three times. To elute DNA sequences from the target, peg lid was then placed in
a 96-well plate filled with NaOH (0.2 M, 200 pL) for 15 min. Eluted dimeric and trimeric
DNA were concentrated through ethanol precipitation for subsequent PCR steps and the
next round of SELEX. Biofilm growth on pegs that interacted with DNA libraries were
quantified as discussed above. Percent of target binding for each round was calculated
using the following: % binding = (target/target+background) x 100% whereby “target” is
radioactivity measured from DNA sequences eluted from the target, and “background” is
radioactivity measured from DNA sequences obtained from all wash steps. Radioactivity
was measured using a liquid scintillation counter (Beckman Coulter, LS6000,

Mississauga, ON, Canada).

Cell SELEX procedure. For rounds 8-17, planktonic cells of L. monocytogenes were used
as the target. L. monocytogenes subculture (200 pL, OD600 = 0.5, ~1 x 10° CFU/mL)
was first washed three times by spinning down the cells (5000 g, 2 min), removing the
supernatant and resuspending in binding buffer (200 pL, 1X PBS, 20 mM MgCl,).
Washed cells were then incubated with radioactively labeled dimeric or trimeric DNA
libraries (200 pmol) in binding buffer (200 pL) for 10 min. Non-specific binding DNA
sequences were washed with wash buffer (200 uL, 1X PBS, 20 mM MgCl,, Tween 20
[0.01% (v/Vv)]) three times. Specific binding DNA sequences were eluted from the cells

by incubating in elution buffer (200 pL, 10 mM EDTA) for 30 min. Eluted DNA was
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then concentrated through ethanol precipitation for subsequent PCR steps and the next
round of SELEX. Percent of target binding for each round was calculated using the same
equation noted for biofilm-SELEX, and radioactivity was measured using a geiger
counter (GSM-500, WB Johnson Instruments, Idaho Falls, ID, USA). As an internal
control and assessment of target-binding specificity, for rounds 8-11 of SELEX, L.
innocua (200 pL, OD600 = 0.5, ~1 x 10° CFU/mL) was also tested for binding with the
dimeric/trimeric DNA libraries and was subjected to pre-wash, target-binding, wash, and
DNA elution steps alongside the samples treated with L. monocytogenes target. For
rounds 9-17, a mixture of E. coli and B. subtilis (200 uL of each, OD600 = 0.5, ~1 x 10°
CFU/mL) were used as the internal control to assess binding specificity. Counter-SELEX
was carried out for rounds 13 and 17, whereby a mixture of E. coli and B. subtilis
subculture (200 pL of each, OD600 = 0.5, ~1 x 10° CFU/mL) was incubated with the
dimeric/trimeric DNA libraries respectively for 10 min, before spinning down and
collecting unbound DNA sequences. Unbound DNA sequences were then incubated with
L. monocytogenes and the usual SELEX steps followed afterwards. Additional
modifications were made along the way to enhance binding specificity including:
changing the DNA elution method from NaOH (0.2 M) to the more effective EDTA (10
mM, implemented from round 9 and onwards), spiking the DNA libraries with the
original library (to accommodate for any loss sequences from previous rounds of NaOH
elution (200 pmol, implemented at round 10), reducing concentration of target cells (~5 x
10® CFU/mL, implemented round 12 and onwards), as well as DNA pool (100 pmol,

implemented round 15 and onwards). After 17 rounds, dimeric and trimeric DNA pools

152



Ph.D. Thesis — Pui Sai Lau
McMaster University, Biochemistry and Biomedical Sciences

were cloned (InsTAclone PCR Cloning Kit, Thermo Scientific, Canada) and sequenced

(Functional Biosciences Inc., Madison, WI, USA).

Results and Discussion

Creation of dimeric and trimeric DNA libraries

Homo-tandem DNA libraries were generated through rolling circle amplification
(RCA) (Figure 2) [21, 22]. A circular, single-stranded (ss) DNA template encoding the
Taql restriction digestion site (5" TCGA 3') was created by: i) phosphorylating the 5’
terminus of monomeric DNA with a randomized region of 50 nucleotides (N50) through
a T4 polynucleotide kinase (PNK)-mediated reaction, and then ii) self-circularizing these
DNA sequences by carrying out a T4 ligase-mediated reaction. An appropriately designed
DNA primer was then annealed to the circular template, and phi29 DNA polymerase
extended this primer by incorporating incoming dNTPs, while displacing the newly
synthesized, complementary strand [21, 22]. A polymeric sequence composed of
thousands of randomized DNA repeats along with Taql restriction digest sites was
generated through this process (Figure 3A). To create dimeric and trimeric sequences,
Taql restriction digestion for 30 and 60 min resulted in digested fragments [23]. Dimeric
and trimeric DNA repeats were isolated from 10% denaturing PAGE for further analysis
(Figure 3A). Afterwards, we ligated unique primer binding sequences to both 5" and 3’
termini of the dimeric and trimeric libraries to facilitate subsequent PCR amplification

(Figure 3B). The tandem DNA libraries were ready for SELEX.
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Figure 2. Scheme of creating the homo-tandem DNA library. Randomized DNA
sequences that include a restriction enzyme site were ligated to form circular templates.
Through rolling circle amplification (RCA), tandem repeats of the DNA library were
generated. Restriction digestion was used to limit the number of repeats to form only
dimeric and trimeric DNA libraries. Ligation of master primers prepared these random,
tandem sequences for subsequent PCR amplification and SELEX.
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Figure 3. Creation of the homo-tandem DNA library (10% urea PAGE, [a-32P]dGTP-
labeled DNA). A) The RCA product generated was subjected to Tagl digestion at
different time points to create the indicated monomeric, dimeric and trimeric DNA
repeats. B) Tandem DNA repeats were subsequently ligated with unique primer binding
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sequences to prepare for PCR amplification. Bands of interest are boxed (top band
signifies ligated product, bottom band indicates unligated DNA).

Optimization of biofilm growth of L. monocytogenes

Biofilm was grown on polystyrene pegs. By measuring the OD600 every 24 hrs,
our results show that the most biofilm formed after 3 days (Figure 4A). A longer
incubation time could possibly generate more biofilm. However, this may also lead to
greater variability in growth as a mature biofilm is more prone to cell shedding. To

confirm biofilm growth, an SEM image of 3-day old biofilm was taken (Figure 4B).
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Figure 4. Biofilm growth of L. monocytogenes 568. A) Optimization of biofilm growth
(TSB = tryptic soy broth; average of 48 replicates for biofilm samples, average of 12
replicates for TSB control). B) Scanning electron micrograph of L. monocytogenes
biofilm. Image was taken by Uyen Nguyen from the Burrows’ lab at McMaster
University (magnification at 5 000x, bar represents 10 pm).
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Progress of SELEX

For the first 7 rounds of SELEX, L. monocytogenes biofilm was used as the target.
The experimental setup for biofilm-SELEX appears in Figure 5. For convenience and
ease in handling, many steps involved in this process were carried out on 96-well plates.
In brief, sample pegs with three-day old biofilm growth were first washed in a plate of 1X
phosphate buffered saline (PBS) to remove any loosely associated planktonic cells. The
sample pegs were then transferred to a new plate for incubation with the radiolabelled
tandem DNA libraries. This biofilm-DNA binding step took place in a reaction buffer of
20 mM MgCl,, 1X PBS. The addition of MgCl, was necessary since previous studies
have shown that divalent metal ions facilitate nucleic acid folding for target binding [24,
25]. Our experimental data also show that there is no detrimental effect to biofilm
integrity at this metal ion concentration in a two hour incubation period (Figure 6A). Any
sequences that bound non-specifically were then removed from the biofilm by washing
the sample pegs in 20 mM MgCl,, 0.01% Tween20, 1X PBS. Our results show that this
low percentage of detergent does not disrupt the biofilm in a test period of two hours
(Figure 6B). Any DNA sequences that remained specifically bound to the biofilm were
then eluted in NaOH solution. Our results show that at concentrations of 0.2-1 M NaOH,
all biofilm was disrupted after two hours of incubation (Figure 6C). For the purpose of
simply removing any biofilm-binding sequences, the lowest test concentration was
chosen for use at a shorter incubation time. Eluted DNA was then subjected to PCR

amplification to enrich the target-binding sequences and regenerate the DNA library for
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the next round of SELEX. Percent binding to target was measured for each round (see

experimental section for full details).

2 3 4
- T : & =« & 1 — o i /l —t
biofilm (grown on pegs) e — | —t—— — | =—f— — | =} — |
[ I = == | == ] I
PBS wash radiolabeled PBS wash x3+ NaOH elution
DNA library

=

<>

6 PCR (enrich binding
DNA sequences)

N

5 collection of biofilm-binding
DNA sequences

Figure 5. Overview of biofilm-SELEX.
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Figure 6. Finding optimal conditions for biofilm-SELEX. Effect of varying chemical
concentrations on the integrity of biofilm required for A) binding, B) wash and C) elution
steps of SELEX. All test concentrations were allowed to incubate with the biofilm for two
hours at room temperature. Data is shown in triplicate.
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At round 7, a small, but notable increase in percent binding to biofilm was
observed for the dimeric DNA pool (~0.5%). In further testing of binding of dimeric and
trimeric DNA pools to L. monocytogenes in planktonic and biofilm states, we discovered
that the enriched DNA sequences were binding distinctly to the exposed free cells of the
pathogen, as opposed to the matrix components of the biofilm (Figure 7A). To streamline
the procedure and further develop these DNA sequences for L. monocytogenes detection,

we decided to continue SELEX using free cells of the pathogen as the target (Figure 8).
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Figure 7. Progress of SELEX using tandem dimeric and trimeric DNA pools. A) The first
7 rounds were performed using L. monocytogenes biofilm as the target. Radioactively
labeled DNA sequences were measured using liquid scintillation counting and % binding
was calculated using target binding DNA and background (BG) DNA obtained from wash
steps. Cell binding test (CBT) showed strong binding of DNA pools to free cells, as
opposed to the biofilm matrix. Results pertaining to B) Dimeric DNA and C) Trimeric
DNA pools: Planktonic cells of L. monocytogenes were used as the target for subsequent
rounds and DNA sequences were measured with a geiger counter. In rounds 8-11, a
separate L. innocua sample was implemented as an internal target to compare binding to
that of the desired target and gage target specificity. In rounds 12-17, E. coli and B.
subtilis were used as the internal targets for binding comparison, which also served as
counter-SELEX targets for rounds 13 and 17 (no corresponding data for these rounds).
See main text for full details.
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Figure 8. Overview of cell-SELEX.

From round 8 and onwards, we also tested binding of the tandem DNA libraries to
an internal control target in parallel to L. monocytogenes to assess the level of target-
binding specificity. For rounds 8-11, we implemented L. innocua, a closely related strain
to L. monocytogenes as the internal control. No significant differences were found in
binding to L. monocytogenes and L. innocua for either the dimeric (Figure 7B) or trimeric
DNA pools (Figure 7C), which signifies that the tandem libraries cannot discriminate
between closely related Listeria strains at this point in development. In effect, for
subsequent rounds, we chose to use a mixture of B. subtilis, a Gram positive bacterium,
and E. coli, a Gram negative bacterium as an internal control that is less closely related to
L. monocytogenes. However, we also found that no significant differences were found in
binding to L. monocytogenes and the internal control for either the dimeric (Figure 7B) or
trimeric DNA pools (Figure 7C). To enhance binding specificity of the tandem DNA
pools, we conducted negative selection for rounds 13 and 17, whereby a mixture of E.
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coli and B. subtilis subculture was incubated with the dimeric/trimeric DNA libraries
respectively to remove any sequences that recognize these counter targets (Figure 8).
DNA sequences that did not bind the counter targets were then collected and incubated
with L. monocytogenes. The usual SELEX steps followed afterwards for further
enrichment of these sequences. Additional modifications were made along the way to
enhance binding specificity including: changing the DNA elution method from NaOH to
the more effective EDTA (increased DNA elution by up to 65%, data not shown;
implemented from round 9 and onwards), spiking the DNA libraries with the original
library to accommodate for any loss sequences from previous rounds of NaOH elution
(implemented at round 10), reducing concentration of target cells (round 12 and

onwards), as well as DNA pool (round 15 and onwards).

Analysis of dimeric and trimeric sequence data

After completion of 17 rounds of SELEX, we suspect that we have developed
DNA sequences that bind strongly to L. monocytogenes cells, but not specifically to this
pathogen (Figure 7). To verify these results, we have cloned and sequenced our DNA
pools from round 17. For the dimeric DNA pool, a distinct class of 8 sequences has
emerged (Figure 9). Interestingly for this class of sequences, the central DNA spacer
region, which was initially a fixed sequence, has been completely altered. Instead, the
fixed spacer sequence (5° GGACC AGATG ACAC 3') has emerged in both of the
designated binding domains. Quite possibly, this new sequence arrangement may have
evolved out of binding necessity. Depending on the parameters of the cell surface

molecule(s) these sequences bind to, the central region may have evolved to become the
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new binding domain for the target, whereas the randomized regions evolved to become
the new spacer regions that are inert of binding ability. Notably, the designated binding
domains for all sequences have remained virtually identical. Differences between the two
domains range from 0 to 6 point mutations. This finding is surprising given that PCR
mutations were expected to accumulate after so many rounds of SELEX. Furthermore,
many sequences contain repetitive regions of 5 to 7 nucleotides in length. Perhaps, the
maintenance of homo-tandemness is required for target-binding. Similar observations
were also found for the trimeric DNA pool (data not presented). There was only a minor
loss of homo-tandemness among binding domains, and many sequences possess repetitive

regions. However, no distinct class was found.

AATAARATAAAA
CCCTATAACATA
2 -1

\AGAGTAC. G
AAAGCTTATCAA

Figure 9. Sequencing results of the dimer DNA pool after 17 round of SELEX. N50
denotes each designated binding domain. Boxed areas signify conserved regions that have
emerged. BioEdit software was used for sequence alignment.
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Future Directions

Subsequent work should focus on the distinct class that has emerged from the
dimeric pool. The immediate next step would be to verify the target-binding ability of
sequences from this class (ie. radioactive binding assays). It would also be important to
compare the binding ability of the monomer, and central spacer regions to the full-length
dimeric sequences to determine which elements are responsible for pathogen recognition.
Additionally, conducting assays such as DNase footprinting would also help identify the
precise binding site to further characterize these tandem aptamer candidates. To
determine the binding specificity and affinity of these sequences, assays such as
radioactive titration experiments using different bacterial strains as targets for binding can
be performed. If the tandem aptamer candidates demonstrate non-specific binding to L.
monocytogenes, then perhaps incorporation of rational design may enhance specificity.
For instance, linking together monomer regions from different sequences in the dimeric
class through PNK-mediated ligation may create customized, hetero-tandem aptamers
that possess greater overall binding specificity to L. monocytogenes. Furthermore,
optimizing the central linker length may also enhance the binding affinity, as many other

studies have previously demonstrated [17-19].

If efforts through rational design do not enhance the binding ability of these
tandem aptamer candidates, then redesign of the tandem DNA libraries and/or the SELEX
strategy may be required. One possibility may be to use a simpler target such as a surface
or regulatory protein of L. monocytogenes (ie. internalins A & B, positive regulatory

factor A) that still serves as a biomarker for detection. These smaller, well-studied targets
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have defined dimensions to accommodate optimal and more rational tandem library
design. Another possibility may be to design a SELEX procedure that requires tandem
binding to the target before sequence enrichment at the end of each round. For example in
the case of dimeric DNA sequences, the requirement of two separate target-binding
events during the functional step of SELEX would ensure the isolation of only the desired
sequences to be carried on to subsequent rounds. Weaker sequences (ie. sequences that

bind to only one target site) would be eliminated during the earlier stages of SELEX.

While further steps are required to characterize and optimize these tandem
aptamer candidates, we can envision integration of these sequences for biosensor
development in future studies (Figure 1C). For instance, tandem aptamers can be
incorporated into a fluorescent structure-switching design, which we have already
demonstrated is compatible with multiple fluorophore and quencher pairs [26]. We can
adopt this design to include our dimeric aptamers, whereby aptamer-target binding results
in two structure-switching events and enhanced signal generation. Regardless of the
signal transduction method implemented, the polyvalent nature of tandem aptamers, may
provide higher affinity and selective target recognition, as well as signal amplification,

which may be beneficial for food detection.
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