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ABSTRACT 

 
It is now widely known that some nucleic acid molecules, either DNA or RNA, 

are capable of forming intricate three-dimensional structures and carrying out functions 

of molecular recognition and catalysis. Most of known functional nucleic acids are 

isolated from DNA or RNA pools with random sequences using the technique of in 

vitro selection. With intensive research for the past three decades, a variety of functional 

nucleic acids have been discovered and examined for potential applications. The general 

objective of this thesis is to expand the repertoire of functional nucleic acids via new in 

vitro selection experiments and pursue their biosensing applications. I started by asking 

the question of whether it is possible to develop a new kind of functional nucleic acids: 

chimeric RNA/DNA substrates that have high activity for ribonuclease H2 from the 

important bacterial pathogen Clostridium difficile but much reduced activity towards 

the same enzymes from other bacterial species. The key rationale behind pursuing these 

special functional nucleic acids is my hypothesis that these molecules can eventually be 

developed into useful biosensors for diagnosing Clostridium difficile infection. For this 

reason, in my first project, I applied the in vitro selection technique to a random-

sequence DNA pool, obtained several highly selective chimeric RNA/DNA substrates, 

and carried out in-depth analysis of their reactivities and their structural properties.  

During this study, I accidentally discovered a family of highly guanine-rich DNA 

molecules that are able to form an unusual guanine-quadruplex structure in 7 molar 

urea, a strong denaturing condition for nucleic acid structures. This discovery 

constitutes a novel observation and therefore, in my second project, I fully characterized 

the sequence and structural properties of these special DNA molecules and established 
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the conditions that allow these molecules to create stable structures in 7 molar urea. I 

then got interested in devising a unique application to take advantage of the urea-

resistant property exhibited by these molecules. Towards this end, in my third project, 

I used one such DNA molecule to set up a DNA detection method capable of detecting 

single nucleotide polymorphism in very long DNA sequences, a desired application that 

has never been demonstrated before. The findings made in these projects contribute to 

the ever-growing appreciation of functional capability and practical utility of nucleic 

acids.  
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Chapter 1 

A General Introduction on Discovery of Functional Nucleic 
Acids and Their Applications in Biosensing 

 

1.1 Author’s Preface 

 The following introductory sections are intended to provide an overall 

description of the discovery, development and applications of functional nucleic acids. 

Specifically, section 1.5 is a modified version of a section of a published paper, which 

I primarily wrote under the guidance from Dr. Yingfu Li (citation listed below).  

 

Zhang, W., Feng, Q., Chang, D., Tram, K. & Li, Y. (2016). In vitro selection of RNA-
cleaving DNAzymes for bacterial detection. Methods. 106, 66-75.  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1.2 History of Functional Nucleic Acids 

Nucleic acids have been commonly understood as the storage material for 

genetic information; however, their functions beyond that have also been increasingly 

recognized. Single-stranded RNA and DNA molecules can adopt intricate structures, 

allowing them to perform complex functions such as target recognition and enzymatic 

catalysis. Single-stranded nucleic acids that can bind to a specific target are called 

aptamers, and those with catalytic properties are called ribozymes (RNA) and 

DNAzymes (DNA). They are all defined as functional nucleic acids (FNAs). While 

some FNAs are found in nature, such as riboswitches and the self-splicing group I and 

Group II intron ribozymes (1,2), many artificial FNAs have been developed through a 

laboratory technique named systematic evolution of ligands by exponential enrichment 

(SELEX), also known as in vitro selection (3–5). Similar to Darwinian evolution’s 

principle of “selection for the fittest”, in vitro selection adopts the principle that the 

molecules with the specifically required function(s) are the most likely to “evolve” from 

a randomized pool. More specifically, a set of selection criteria, such as binding to a 

target, or catalyzing a reaction, are applied to a large pool of nucleic acid molecules 

with randomized sequences. Species in the pool that can perform the function of interest 

will be separated from the non-functional ones, and subsequently amplified. This 

amplified population then becomes the new generation of pooled sequences and will be 

subjected to the next round of selection. This process is often repeated for many rounds 

to allow the “fittest” species of interest to dominate the pool (Figure 1-1).  
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Figure 1-1. The General Schematics of in vitro Selection. They typically initiate with a pool of nucleic 
acid sequences with random sequences. By exerting a selective pressure on the population, and with an 
appropriate method of separation, species that do not meet the requirement of selective pressure will be 
eliminated, while the “fitted” or active sequences will be separated for amplification and the subsequent 
round of selection.  
 

Test tube evolution was first attempted as early as the 1960s. By liberating a 

library of RNA and RNA-dependent RNA polymerase from cells into a test tube, 

Spiegelman and co-workers imposed a single selective pressure, namely, time of 

reaction, on the population. This led to the observation that only short RNA molecules 

were duplicated when time was limited (6). Later, the discovery of natural ribozymes 

inspired tremendous interests in developing FNAs using in vitro selection experiments 

(3–5). To date, in vitro selection-generated ribozymes demonstrate a wider range of 

functions in comparison to those of naturally occurring ribozymes (7). Since in vitro 

selection can start with a pool containing as many as 1016 of random sequences, it boasts 

an immense diversity of structures that could encode a large variation of functions; it is 

Amplification

SeparationRepeat

Active species (with desired function)
Elimination
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assumed that, in this large pool, at least one variant can perform a desired function.  

Early research interests for FNAs largely focused on RNA, but not DNA. One reason 

is that the 2’-OH group on RNA was shown to be important for the naturally occurring 

ribozymes such as the RNase P (8), and the absence of it on deoxyribose was thought 

to render DNA incapable of forming flexible structures (9). Another reason is the fact 

that no DNAzymes have yet been discovered in nature. Following the development of 

the SELEX technique in 1990 for isolating RNA aptamers, however, similar techniques 

were developed in 1992 that enabled the isolation of DNA aptamers from random-

sequence DNA pools (10,11), Two years later, the Joyce group reported the first-ever 

DNAzyme. With an initial randomized DNA pool, they generated a Pb2+ dependent 

RNA-cleaving DNAzyme with only five rounds of selection (12,13). Shortly after, they 

derived a highly proficient RNA-cleaving DNAzyme, named 10-23, with a catalytic 

efficiency (kcat/KM) not inferior to their RNA or protein counterparts (14). These 

discoveries led to the boom of research interests in developing DNA aptamers and 

DNAzymes, not only because DNA is much more stable than RNA, but also because 

the in vitro selection process with DNA is much less laborious.  

To date, thousands of aptamers have been developed for a wide range of targets, 

including metal ions, small molecules, peptides, proteins, viruses, bacteria, and even 

whole cells (15,16), along with the development and optimization of various strategies 

of in vitro selection (17,18). Several databases have been established to keep track of 

the development of aptamers and their characteristics, as well as experimental 

conditions (19–21).  

Thus far, most DNAzymes developed through in vitro selection catalyze 

reactions that involve nucleic acids, such as cleavage and ligation of DNA or RNA 
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(Gysbers et al, 2015). DNAzymes that can catalyze RNA cleavage have been the most 

popular, and a large number of RNA-cleaving DNAzymes have been isolated 

(12,14,30–37,22–29). The best-known of them are 10-23, MgZ, and also 8-17. Other 

reactions for which a DNAzyme has been isolated include DNA hydrolysis (38–41), 

RNA ligation (42–44), RNA branching (45,46), RNA lariat formation (47), RNA 

phosphorylation (48), DNA adenylation (49), DNA ligation (50,51), oxidative DNA 

cleavage (13,52), DNA glycosylation (53), thymine dimer repair (54), phosphoramidate 

cleavage (55), porphyrin metallation (56), aldol reaction (57), depurination (58), ester 

and amide hydrolysis (59), and self-phosphorylation (60).  

1.3 Advantages of SELEX Derived Aptamers and Nucleic Enzymes in 
Applications 

Functional nucleic acids are highly suitable for both biotechnological and 

clinical applications, attributed to their chemical, functional, and structural properties 

(61,62). Many publications have discussed the application of aptamers in clinical 

diagnosis and therapy (63–69), bioassays (70–72), and food safety and environmental 

monitoring (73,74). Applications of DNAzymes have been recognized in the area of 

biosensors, site-specific RNA labeling (75,76), logic gates, computing circuits and 

switches (77–79), and biofuel cell catalysis (80). In addition, ongoing efforts are being 

put into in vivo mRNA degradation (14,26,28,81–87), to explore the potential of 

DNAzymes in clinical therapies. Due to functional similarities, aptamers are often 

compared to antibodies, while ribozymes and DNAzymes are compared to protein 

enzymes. 

 First of all, nucleic acids offer high stability, short production time, minimum 

batch variation, and cost-effectiveness. FNAs, especially DNA aptamers and 

DNAzymes, are highly stable, thus offering long shelf-life. They can also be denatured 
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by heat and renatured without losing their function, hence they can be reused if 

necessary. On the other hand, protein molecules require careful handling, proper 

storage, and most of them cannot be renatured after denaturation. FNAs can be 

chemically synthesized within a day at a low cost. Because they have defined sequences, 

there is very limited batch-to-batch variations. In comparison, antibodies are generated 

by introducing a target into an animal. The production is time-consuming, expensive, 

and one specific batch of antibodies cannot be highly accurately reproduced. In 

addition, nucleic acids are also compatible with many chemical modifications, which 

can be incorporated to enhance the performance of FNAs, such as enhancing their 

stability in biological systems, or to provide ways of signal transduction for 

bioanalytical applications. (88). All the above chemical properties, and the non-

immunogenic property of FNAs, have promoted the research of their applications as 

diagnostic or therapeutic agents (63–69).  

Secondly, the method of in vitro selection provides FNAs with unlimited 

possibilities of functions. From the perspective of molecular recognition, aptamers and 

nucleic acid enzymes can bind to or respond to a wide range of ligands, from ions to 

complex biological matrices. This is superior compare to antibodies, because immune 

systems cannot generate antibodies to some analytes, such as toxic ions and toxins. 

Aptamers can be evolved to have superb binding affinity and specificity. For example, 

the DNA aptamer against the B-chain of the platelet-derived growth factor (PDGF) 

shows ~370-fold higher binding affinity for the PDGF B chain homodimer than the 

PDGF A Chain homodimer (7). The aptamer for theophylline binds theophylline 

>10,000 times better than caffeine, which only differs by one methyl group (89). 

Alternatively, our group has demonstrated an example of the evolution of specific pH-

dependent DNAzymes through the manipulation of solution acidity (36).  Many 
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aptamers have dissociation constants (Kd) that range from pico- to nanomolar. 

Numerous aptamer-based sensors have been developed, with many of them showing 

excellent detection sensitivity (7,72,88,90–92).  

Similarly, catalytic nucleic acids are believed to offer certain advantage over 

their protein counterpart, as pointed out by Dr. Scott Silverman recently (62). The 

methodology of in vitro selection allows the selection of a particular catalytic DNA or 

RNA from a complete randomized pool, which originally has no observed catalytic 

activity. This provides much more room for acquiring activity, compared to protein 

activity which can only be optimized through directed evolution, the screening of 

variants generated from partial mutations (93,94). Although a protein enzyme can be 

computationally designed, it has to be embedded into a known protein structure and 

optimized through direct evolution (95). This has the potential to alter the reaction 

mechanism of the protein enzyme (96). Comparably, nucleic acid enzymes, for any 

specific requirement, can be straightforwardly generated through in vitro selection, and 

the design of nucleic acid constructs are easier and the change in catalytic activity is 

less likely. 

Last but not least, DNA and RNA secondary structures are much more stable 

and predictable compare to protein structures (97). Common protein structures such as 

alpha-helices and beta-sheets are unstable without being in the context of a tertiary 

structure. Therefore, covalent or noncovalent linkages are often required to be 

incorporated in order to stabilize small synthetic peptides (98). Although FNAs fold 

into intricate structures and bind to their targets through many kinds of chemical forces 

including van der Waals forces, hydrogen bonding, electrostatic interactions, stacking 

of aromatic moieties, and shape complementarity (70,99), a significant degree of 

structure prediction and manipulation can be achieved based on the Watson-Crick 



 8 

interactions between two complementary segments. This enables the rational design of 

many input-dependent biosensors and therapeutic agents (88). 

1.4 Applications of Nucleic Acids as Biosensor Components 

Extensive research effort has been put into building biosensors using FNAs. A 

biosensor can be defined as an analytical device that combines biological recognition 

with a signal transducer. Common examples of recognition elements include enzymes, 

antibodies, DNA, cells, and biomimetics (i.e. aptamers). Association with targets by the 

recognition element can be transduced through electrochemical, piezoelectric, 

calorimetric, or optical signals (100,101). Nucleic acids are highly versatile when used 

as biosensors, especially DNAs, for its better stability and cost-efficiency compared to 

RNAs. The following section will focus on DNA as building blocks for biosensors. As 

the recognition component, they can recognize analytes through Watson-Crick 

hybridization, aptamer-target complex formation, or the dependency on certain metal 

ions or solution conditions for DNAzymes. They can be used as signal transducers in 

many flexible and creative ways, owning to the catalytic ability of some DNAzymes, 

their compatibility with chemical modifications, and possibility of being rationally 

designed to generate conformational change with the addition of the analyte. Moreover, 

some aptazymes are capable of both recognition and catalysis. The following sections 

will provide examples of all above listed nucleic acid sensors according to the roles they 

play in biosensors. 

1.4.1 DNA Used as the Recognition Element in Biosensors 

DNA can be used to detect other nucleic acids directly; aptamers can recognize 

a wide range of non-nucleic acid analytes; and DNAzymes can be responsive towards 

specific metal ions or other changes in the environment.  
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Watson-Crick interactions refer to the hydrogen bond between two single-

stranded nucleic acids that are complementary to each other, and this working principle 

promoted ssDNA to be a recognition tool for the highly specific detection of human and 

pathogen genes. The event of hybridization to a target can be measured 

electrochemically if the sensing strand can be immobilized to a surface (88,102,103), 

or detected optically through fluorescence, surface plasmon resonance (SPR), 

chemiluminescence, colorimetry, interferometry, or surface-enhanced Raman 

scattering (SERS) spectroscopy (104). One simple way of visualizing DNA 

hybridization is through the use of two gold nanoparticles-labeled strands, which can 

be joined by the target strand. Gold nanoparticles are pulled closer together resulting in 

a color change (105) (Figure1-2).  

 

Figure 1-2. Gold Nanoparticle Labeled DNA Probes for ssDNA or RNA Detection. This detection 
systems uses two ssDNA probes, each with a gold nanoparticle attached to the 5’ end. The two probes 
are complimentary to the 5’ portion and the 3’ portion of the target, respectively. Upon addition of the 
target, two probes both anneal to the target, thus creating a close proximity of the two gold nanoparticles. 
This leads to the color change from red to purple. 
 

Besides the well-known Watson-Crick duplex structure, ssDNA and ssRNA 

based aptamers can also fold into 3D structures and recognize specific ligands. Many 

RNA aptamers are found in nature and they act as intracellular sensors that respond to 

environmental changes  (106,107), Starting around 2004, SELEX derived aptamers 

attracted lots of research interest as recognition elements in biosensors (72,90,91). Their 

Au

Au Au Au

3’

3’

Target

5’



 10 

targets have ranged from inorganic ions, small molecules, biomacromolecules, to whole 

organisms. Aptamer-based biosensing strategies have also expanded from the use of a 

few model targets, such as ATP (108) and thrombin (109), to practically significant 

ones such as toxins, drugs, antibiotics, insecticides, tumor markers, biomarkers, cells, 

and pathogenic bacteria (88) (7,72,88,90–92).  

If the target of interest is a specific ion, a DNAzyme might be a better candidate 

as the recognition element than an aptamer, because ions are difficult to be immobilized. 

DNAzymes often require divalent metal ions as their cofactors, and this allows them to 

act as sensors for such metal ions (110). Two classes of DNAzymes are most commonly 

considered as metal ion sensors, the RNA-cleaving DNAzymes and G-quadruplexes 

that demonstrate peroxidase activity (111–114). RNA-cleaving DNAzymes are often 

designed to cleave the phosphodiester bond of the (mostly single) RNA embedded 

within its substrate. However, their selectivity for metal ion cofactors vary. For instance, 

while the 8-17 RNA-cleaving DNAzyme can utilize a wide range of divalent metal ions 

such as Zn2+, Mn2+, Cd2+, and Co2+ as its cofactor, another RNA-cleaving DNAzyme 

named GR5 shows a great selectivity towards lead ion over other ions, hence making it 

a great sensor for lead ion (115). A number of metal ion sensors have been made with 

RNA-cleaving DNAzymes, including those responding to Pb2+(116), Mg2+(117), CA2+ 

(117), Zn2+(26) , UO22+ (118), Co2+(119), and Cu2+(120).  

Another class of DNAzyme, G-quadruplexes, can also be used for ion sensing. 

This class of DNA molecules represent an unconventional structural arrangement of 

nucleic acids. They feature G-quartets, stacks of four guanines in a plane that are held 

together by 8 hydrogen bonds (Figure 1-3a). Many naturally-occurring and man-made 

G-rich DNA and RNA sequences have been shown to form G-quadruplexes (121–124). 

Their structures require monovalent or divalent ions to form, therefore can be used as 
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sensors for ions. Examples of divalent metal ions detected using G-quadruplexes 

include Ca2+ (125), Sr2+ (126,127), Hg2+ (128) and Pb2+ (129,130).  

 

Figure 1-3. Chemical Structure of G Quartet. a) G-tetrad. Four guanin bases associate through 
Hoogsteen hydrogen bonding, which involves both the pyrimidine and the imidazole ring. A metal ion 
is often stabilized in the middle of the tetrad. b) Stacked G-tetrads 

 

1.4.2 DNA Used as the Signal Transducer in Biosensors 

One great advantage of using DNAzymes as metal ions sensors is that with their 

catalytic activity, a signal can be readily produced. RNA-cleaving DNAzymes and G-

quadruplexes also serve as signal transducers in many FNA-based sensors. The 

cleavage of RNA provides an opportunity to design fluorescence-based biosensors. This 

can be done conveniently through the use of a pair of fluorophore and quencher to be 

placed in close proximity. In the uncleaved state, efficient fluorescence quenching is 

achieved. Upon RNA cleavage, the fluorophore is separated from the quencher, 

resulting in strong fluorescence enhancement (131,132). There are several ways to place 

a fluorophore relative to its matching quencher, as illustrated in Figure 1-4. Most of the 

reported RNA-cleaving DNAzymes adopt a three-way junction based secondary 

structure.  

a. b.
G G

GG
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G G
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Figure 1-4. Various Placement of Fluorophore and Quencher Pairs on RNA-cleaving DNAzymes and 
Their Substrates.  
a, b, and c describe the placement of modifications on the ends of nucleic acid sequences. In contrast, d 
describes the RNA cleavage site that is sandwiched by nucleotides modified with fluorophore and 
quencher, respectively. 

 

G-quadruplexes possess peroxidase properties that can generate colorimetric 

signals. One interesting G-rich sequence was selected as a porphyrin binding DNA 

aptamer and was found to form a G-quadruplex structure (133). Interestingly, upon 

binding hemin (one type of porphyrin), this DNA molecule was shown to exhibit 

peroxidase-like activity (134), meaning it can catalyze the oxidation reaction of 

colorimetric dyes by H2O2, such as 2,2′-azino-bis(3-ethylbenzthiazoline)-6-sulfonic 

acid (ABTS) and 3,3’,5,5’-Tetramethylbenzidine (TMB). Alternatively, G-

quadruplexes of different topologies may selectively bind different fluorescent dyes. 

For example, parallel G-quadruplexes can selectively bind protoporphyrin IX (PPIX) 

(135), and anti-parallel G-quadruplexes can be probed by crystal violet.  

r
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1.4.3 Combining Nucleic Acid-Based Recognition Elements and Signal Transducers 

The combination of a nucleic acid recognition element and a nucleic acid signal 

transducer provides ease of synthesis and simplicity in preparation. Owning to the 

predictability and flexibility of its structure, a nucleic acid sensor can be designed so 

that the event of target recognition is coupled with a conformational change, which will 

enable downstream signalling directly, through DNAzyme catalysis, or via additional 

signaling cascades. Many probes are designed such that two strands, with partial or full 

complementarity, hybridized to each other, and the target is added to displace one or 

more pre-hybridized strands. It is required that the probe has a single-stranded domain, 

known as the toehold (136). The released strand can act as a secondary input for 

downstream signaling or a cascade of signal amplification (137). In this section, nucleic 

acid-based signalling in biosensors will be introduced according to the complexity of 

the design.  

First, the event of recognition can be directly reported by chemical labelling. 

The aforementioned gold nanoparticle labeled ssDNA probes is one example that 

generates colorimetric signal directly. Alternatively, the invention of molecular beacon 

provides an immediate fluorescent signal upon recognition. As shown in Figure 1-5a, a 

molecular beacon forms a hairpin structure, with two ends labeled with a fluorophore 

and quencher, respectively.  It is used to detect ssRNA or ssDNA. Once the target is 

bound, the hairpin opens. As a result, the fluorophore and quencher separates to 

generate a fluorescent signal (138). The probe region of a beacon can be replaced with 

an aptamer, and with careful tuning of the hairpin stability (often via changing the stem 

length), the system can be modified into an effective “aptamer-beacon” (Figure 1-5b). 
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Figure 1-5. Molecular Beacon and Aptamer Beacon. a). a molecular beacon is a ssDNA with partial 
paring regions on its 3’ and 5’ ends, respectively, which are also labeled with fluorophores and quenchers. 
One strand in the paring region acts as the sensing strand, which is complementary with the nucleic acid 
target, as shown in a; or is the aptamer for a molecular target, as shown in b.  The other strand in the 
paring region is often referred to as the “locking” strand. The binding affinity between the sensing strand 
and the target is designed to be stronger than that of the paring region, so that upon the presence of the 
target, the paring region dissociates and lead to the release of fluorescence signal.  

 

Secondly, instead of labelling of chemical moiety, one end of the beacon can be 

modified into a DNAzyme, and they are sometimes referred to as “aptazymes”. For 

example, G-quadruplexes can be engineered to play as the signal transducer  (139,140). 

Willner and co-workers used a G-quadruplex named PW17 in the design of a number 

of DNAzyme-based sensors for various targets including ions, small molecules, DNA, 

and proteins (141–144). In one of these examples (Figure 1-6), PW17 G-quadruplex 

was engineered into a catalytic beacon, which forms a hairpin in the absence of target 

DNA. Added target DNA hybridizes to one strand of the hairpin stem thus unlocking 

F Q
F

Q
Target

F Q
F

Q

Target

a.

b.



 15 

the beacon, allowing the formation of PW17, which can then catalyze the oxidation of 

ABTS by H2O2, and lead to a downstream color change from colorless to blue (145).  

 

Figure 1-6. Catalytic Beacon Constructed using PW17 G-quadruplex. The brown region is the probing 
region and is complimentary to the target. The grey region is the “locking” region for a portion of the 
probing region. The black region is the PW17 region; and the yellow is a C-rich region that “locks” a 
portion of the PW17. Once the target sequence hybridizes to the probing region, it also releases the yellow 
locker off the PW17 region. Simultaneously, a G-quadruplex structure is formed by the PW17. It can 
then associate with hemin and catalyze the colorimetric change of ABTS. 

 

Alternatively, the beacon can be designed such that the non-probe strand is a 

substrate for an RNA-cleaving DNAzyme. Our lab has created an aptazyme biosensor 

for ATP detection by combining the RNA-cleaving DNAzyme MgZ, with the well-

known ATP binding DNA aptamer (146). As illustrated in Figure 1-7. The substrate for 

an RNA-cleaving DNAzyme is hybridized to a “lock”, and is therefore inaccessible to 

the DNAzyme, MgZ. The “lock” region is embedded within the sequence of an ATP 

aptamer, which undergoes conformational change upon addition of ATP. The substrate 

region is then released and the RNA-DNA linkage can be cleaved by MgZ. In this case, 

a fluorescent signal is carried out through a unique design of our group. As illustrated 

in Figure 1-4d, the substrate sequence is internally modified with a fluorophore and 
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quencher pair that directly sandwiches the single ribonucleotide (119), so that 

fluorescent enhancement is synchronized with the cleavage. This design is an 

advancement of several previously designed fluorescent RNA-cleaving reporter 

systems reported by other groups, which all placed fluorophore and quenchers on the 

ends of oligonucleotides (Figure 1-4). This unique design has demonstrated its 

versatility in many studies (36,119,154–157,146–153). We characterized fluorescence 

enhancement with respect to different fluorophore and quencher pairs, along with 

different distances relative to the ribonucleotide (148) 

 

Figure 1-7. Substrate of RNA-cleaving DNAzyme Incorporated into a Molecular Beacon. Black: 
fluorogenic substrate containing a single ribonucleotide adenosine, sandwiched by a fluorophore and 
quencher; its sequence is partially complimentary to the ATP binding aptamer, thus acting as a “lock” to 
the ATP binding aptamer. Blue: ATP binding aptamer; Red: MgZ RNA-cleaving DNAzyme with binding 
arms that are complimentary to the substrate. Once ATP is added, the ATP binding aptamer changes its 
conformation and associate with ATP, thereby “unlocking” the substrate, which becomes accessible to 
the MgZ Upon RNA cleavage, a simultaneous fluorescent signal is generated. 
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Furthermore, more complex designs of nucleic acid sensors generate amplified 

signals through either nucleic acid logic gates, or cascades of reactions utilizing protein 

enzymes (113). For example, our group has developed a system that takes advantage of 

an aptamer, a structure-switching design, and the enzyme activity of f29 DNA 

polymerase. As illustrated in Figure 1-8, the system uses a pre-primer, an aptamer, and 

a circular template, which are designed to form a DNA assembly in the absence of the 

aptamer’s cognate target. Once the target is added, the aptamer leaves the assembly to 

bind to the target. This event lead to the exposure of 3¢ end of the pre-primer that can 

be digested by f29DP nucleotide by nucleotide, until f29DP reaches the duplex region. 

At that point, f29DP starts copying the sequence of circular template (158). 

 

Figure 1-8. A Complex Biosensor Constructed with Nucleic Acids and Protein Enzyme. Black: pre-
primer; the 5’ half of it is complimentary to the circle template and the 3’ half is complimentary to the 5’ 
end of the aptamer of interest. Red: aptamer of interest; Brown: circle template. With the addition of the 
target of the aptamer, the aptamer leaves the original complex and bind with the target. Then the 3’ end 
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of the pre-primer becomes susceptible to the digestion of f29 DNA polymerase. Digestion continues until 
it reaches the region that is hybridized to the circle template, and it will reverse and start to elongate using 
the circle template as the template.  
 
Last but not least, an aptazyme biosensor can also be directly selected from a random-

sequence DNA pool. To push RNA-cleaving aptazymes a step closer to real world 

applications, our lab initiated several studies towards using this system for the detection 

of bacteria. Bacterial infection outbreaks are often sudden, and the emergence of new 

epidemic strains or antibiotic-resistant strains has always caught the world unprepared. 

Therefore, to control the spread of infection, there is a need to develop a time-efficient 

method to generate aptazymes that can provide both high sensitivity and specificity. To 

design an aptazyme for a bacterium, we would first choose a species-specific target, 

generate an aptamer for that using in vitro selection, then fuse it with a well-studied 

DNAzyme, followed by further optimization. Each step of this process can be time 

consuming and difficult. Therefore, innovatively, we designed a one-step method, 

which is to directly conduct in vitro selection using the crude extracellular mixture 

(CEM) of the bacterium of interest. The ideal outcome is to generate one or more 

aptazymes that can recognize one or more species-specific targets. Successfully, our lab 

has developed an aptazyme targeting CEM of Escherichia coli (150), and another 

targeting a specific pathogenic strain of Clostridium difficile (156). 

1.5 Considerations for In Vitro Selection Process 

Attributed to the technique of in vitro selection, it seems there is unlimited 

possibilities of functional nucleic acids that can be generated. However, the reality is 

proven otherwise. In vitro selection experiment can be laborious and difficult. Over the 

past few decades, lots of research efforts have been put into studying and optimizing in 

vitro selection. Our lab also looked into the progress of sequence evolution in terms of 
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sequence diversity, throughout the selection process (159). With better access to deep 

sequencing, we start to gain better ideas about population dynamics through the rounds 

of in vitro selection (155,157). Herein, I discuss some of the considerations worth taking 

when designing an in vitro selection experiment.  

1.5.1 Library Design 

Population diversity is the first parameter to consider when designing an in vitro 

selection. In vitro selection methods assume that among a large randomized population, 

at least one molecule carries the functional domain of interest. Given that each 

nucleotide in a sequence can be one of only four possibilities, the number of different 

sequences in the population can be simply estimated by the formula 4N, where N is the 

number of randomized nucleotides. Certainly, longer randomized library would dictate 

higher probability for finding the ideal sequence, however randomized regions ranging 

from 40 to 80 nucleotides are generally used.  

The first factor that limits the library length is sampling. DNAzymes and 

aptamers often perform well at low micromolar and nanomolar ranges, and generally, 

the initial round of in vitro selection would use no higher than 1016 molecule. When the 

length of randomized region passes 25, the actual pool used will undersample the 

diversity at such concentrations. On the other hand, it has been shown that a long library 

is required if one is seeking a complex structure or a structure that can perform a rare 

activity (160). As Wedel suggested in 1996, a 50-nt library was probably too short for 

the evolution of a self-acylating ribozyme, as the primer binding region was involved 

in the functional structure (161). In these cases, we would have to use a much larger 

number of molecules in the initial pool, which may lead to complications in the 

reactions. Fortunately, many aptamers and nucleic acid enzymes are no longer than 20-
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nt. The most studied thrombin-binding aptamer and ATP-binding aptamer are 15 and 

25 nucleotides long, respectively (10,108). Both existing RNA-cleaving ribozymes and 

DNAzymes are typically less than 20-nt in length. For instance, the most monopolized 

RNA-cleaving DNAzyme, 8-17, only requires a 14-nt long catalytic core, even though 

it was isolated from a pool with 50-nt randomized regions (14). Such short and simple 

motifs are also very likely to emerge from the pool, since they are likely to have higher 

copy numbers (162). Overall, information collected to date indicates that a library 

between 40 to 80 nucleotides is sufficient. 

1.5.2 Population Diversity 

Population diversity is a crucial consideration for in vitro selection processes. 

Besides the use of an appropriate library to create diversity, it is also important to 

carefully preserve it during experiments. This is especially important in the first few 

rounds of in vitro selection. During these rounds, active sequences may only constitute 

a very low percentage of the pool, and each sequence may have only a few copies. Two 

precautions can be taken to minimize the loss of these valuable sequences. First, we 

carefully maximize recovery from the step of separating active and inactive species. For 

example, when isolating RNA-cleaving DNAzymes, we often use denaturing 

polyacrylamide gel electrophoresis (dPAGE) to separate cleaved sequences from 

uncleaved ones on the basis size. We tend to excise a large enough gel piece in attempt 

to include all cleaved sequences in that area, and we elute these sequences under 

conditions that maximize the elution yield, including longer time of incubation, slightly 

elevated temperature, and gel crushed into fine pieces. Second, all eluted sample should 

be used as the template for following PCR amplification, and the number of PCR 

reactions and number of cycles are set to ensure that enough product is generated for 
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the next round of selection. This precaution can be less attended as the selection 

progresses, after the active species rise to occupy a high portion of the pool.  

1.5.3 Selective-Pressure Manipulation 

The manipulation of selective-pressures is the most important factor in an in 

vitro selection process. While substantial pressure may allow the survival of less active 

species, too stringent conditions may cause the loss of important species or generate 

non-specific species. In the in vitro selection process of generating a target-responsive 

FNA, generally, there are two parameters to control the amount of selective pressure, 

concentration of the target and time of reaction. In earlier rounds, typically only a light 

pressure is put on the population, such as high concentration of targets and a long 

reaction time. In later rounds, especially after the emergence of a clear active population, 

time of reaction can be shortened gradually, to select for the most efficient species. Also, 

the target concentration can be gradually decreased, to select for the most sensitive 

species. 

Conversely, stringent negative selection and counter selection are also necessary 

to ensure the specificity of evolved sequences. While negative selection is designed to 

eliminate species active towards the reaction buffer, counter-selection refers to the 

elimination of species that respond to molecules commonly found in the presence of, or 

highly similar to, the actual selection target. In our previous experience of generating 

aptazymes towards bacterial CEM, the library is typically first subjected to a reaction 

containing buffer only and/or a reaction with other bacterial CEM, so the molecules that 

are non-specific can be eliminated early enough. Specifically, when isolating the 

aptazyme specific for E. coli, the library was first subjected to reaction buffer and CEM 
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of Bacillus subtilis before exposure to E. coli CEM. Experiences in our lab show that 

non-specific populations are hard to eliminate once a non-specific signal appears.   

One of the distinctive advantages provided by in vitro selection is that sensitivity 

and specificity can be fine-tuned according to the goal of a particular study. For 

example, our lab has demonstrated this advantage by an in vitro selection study. A 

buffer at pH 4.0 was used for the first five rounds, then the pool was diverged to 

selection under pH 3.0, 4.0, 5.0, 6.0, 7.0, respectively. As a result, we generated several 

pH-specific DNAzymes (36). This method can be potentially generalized to any in vitro 

experiment to discriminate similar targets and optimize specificity. 

1.6 Thesis Objective and Outline 

With interests in both understanding the biochemical fundamentals of nucleic 

acids and propelling the biotechnological applications of functional nucleic acids, my 

PhD thesis has focused on advancing the in vitro selection method, exploring novel 

functions of nucleic acid structures, and engineering biosensors using nucleic acids. 

This thesis will focus on the following three projects, briefly stated in section 1.6.1-

1.6.3.  

1.6.1 Development of A Homologue-Specific Substrate for Bacterial RNase H2 

The utility of in vitro selection has gone beyond the field of functional nucleic 

acids. In many cases, it has improved our understanding about the functions of many 

biologically important substances, particularly of nucleic acid interacting proteins (163–

165).  For example, bacterial ribonuclease P was known to cleave several distinctive 

substrates that were discovered through the studies of model substrates (166). Through 

in vitro selection, novel substrates which were cleaved by RNase P as effectively as the 

intrinsic substrates were discovered (165).  



 23 

Ribonuclease H2 is a ubiquitous protein enzyme that intrinsically cleaves the 

RNA-DNA linkage in RNA/DNA hybrids, including RNA/DNA, RNA-DNA/DNA, 

and DNA-RNA1-few-DNA/DNA (167). RNase H2 is unique among all RNases H, 

because it can cleave the RNA-DNA linkage embedded in a dsDNA molecule. In 

comparison, RNase H1 requires four RNA nucleotides in a dsDNA. In this thesis, we 

propose to develop a novel nucleic acid substrate that: (1) can be more effectively 

cleaved than known substrates; (2) has specificity towards one homologue of RNase 

H2, specifically, RNase H2 from the bacterium Clostridium difficile. We would like to 

explore whether this approach can allow us to generate highly sensitive and specific 

biosensors using nucleic acids. This study aims to demonstrate the capability of in vitro 

selection to: (a) discover substrates for protein enzymes that are better fit than those 

discovered through rational tests of model substrates; (b) evolve substrates that can 

differentiate between homologue proteins. 

Gram-positive bacterium Clostridium difficile is the leading cause of nosocomial 

infections. It may reside in 5% of the population without causing any diseases. 

However, via its resistance to antibiotics, it thrives when a large portion of gut 

microbiota is killed by broad-scheme antibiotic treatment. C. difficile releases harmful 

toxins that disrupt the epithelial cells of the host intestinal tract, causing severe diarrhea 

that is often bloody, last for days, and can even be life-threatening. We chose C. difficile 

as the model organism because its detection is crucial for diagnosis, surveillance of the 

environment, and decision making in treatment. 

 1.6.2 The Accidental Discovery of a Highly Stable G-Quadruplex with Resistance to 
7M-Urea Gel Electrophoresis 

During the process of selecting RNA-cleaving DNA sequences from a random-

sequence DNA library, we enriched a group of guanine-rich sequences. Later, we found 
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these sequences to be unusual in that they remain folded in denaturing gel containing 7 

M urea, which is used widely to dissolve nucleic acid structures. Examination and 

analysis of this class (named UD) of sequences indicate that it forms a unique G-

quadruplex structure. We reported and characterized this structure, and propose that it 

will lead to unconventional applications. 

1.6.3 Utilizing highly stable UD G-quadruplexes for DNA sensing and highly specific 
detection of single nucleotide polymorphism  

G-quadruplexes are widely incorporated into nucleic acid sensors as a signal 

transducer, attributed to its ability to produce colorimetric, fluorescent, and 

chemiluminescent signals. The above-mentioned UD G-quadruplex has several unique 

features, allowing us to engineer this G-quadruplex into a probe for ssDNA, with the 

ability of distinguishing a single mismatch of very long DNA sequences.   
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Chapter 2 

In vitro Selection of a Fluorogenic DNA/RNA molecule as 
the Substrate for Ribonuclease H2 from Clostridium difficile 
 

2.1 Author’s Preface 

This chapter describes an in vitro selection that was in fact the second attempt 

with the same target, RNase H2 from C. difficile. During my first attempt, as a junior 

graduate student, I initiated the selection in the conventional manner. Although it 

generated promising results after a steep learning curve, I came to realize that I could 

have designed the in vitro selection experiments more suitable for the goal being 

pursued. Therefore, I took the courage to restart the selection with critical modifications 

to the protocol. The results of the recent in vitro selection were not only promising, but 

also demonstrated the ability of FNA sensors to distinguish similar target, empowered 

by in vitro selection.  
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2.1 Introduction 

Biosensors often include a recognition element that binds to a target of interest, 

and a signal transducer so that the recognition event can be observed. Sensitivity and 

specificity are the two key parameters used to evaluate biosensing methods (1,2). To 

enhance the sensitivity, many methods take the advantage of amplification strategies to 

either amplify the target or the signal. For example, many nucleic acid amplification-

based tests, such as polymerase chain reaction (PCR) and loop-mediated isothermal 

amplification (LAMP) (3), detect targets by producing many amplicons from the 

original sequence. In contrast, protein targets cannot be readily amplified, therefore 

antibody-based protein detection methods often use a coupled enzyme to amplify the 

recognition signal. For example, the popular enzyme-linked immunosorbent assay 

(ELISA) utilizes an enzyme linked to the secondary antibody to generate an amplified 

signal upon target binding by the primary antibody (3).  

 Functional nucleic acids, particularly DNA aptamers and DNAzymes, have 

attracted a great deal of attention for biosensor research as they can be used as the key 

building blocks to set up biosensors (2,4–22). A variety of DNA aptamers have been 

produced by in vitro selection for recognizing a wide range of targets, ranging from 

metal ions to whole cells, with impressive sensitivity and specificity 

(4,7,8,10,14,18,19,22–30). In addition, many DNAzymes generated by in vitro 

selection have been employed to design biosensors, either as the sensing or the 

signalling component (11,12,16,21,31–40).  

 Our group has a long-standing interest in developing DNA aptamer and 

DNAzyme based biosensors (11,41–49). For example, we have developed a number of 

RNA-cleaving DNAzymes that are capable of detecting metal ions, pH change and 

bacterial pathogens (31,36,53–56,41,43–45,49–52). These systems are designed to 
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function using the signaling mechanism illustrated in Figure 2-1. Specifically, when the 

target of interest binds the DNAzyme, the cleavage occurs at the RNA location of a 

fluorogenic DNA/RNA (FDR) chimeric substrate. Because the cleavage site is 

surrounded by a pair of nucleotides modified with a fluorophore and a matching 

quencher, the cleavage leads to the generation of a real-time fluorescent signal (57). The 

successful design of these DNAzyme systems offer multiple turnovers and are thus able 

to provide signal amplification. The fluorogenic RNA-cleaving DNAzymes are 

typically derived from a random-sequence DNA pool by in vitro selection in which the 

DNA pool is subjected to a selection process that favor the enrichment of DNAzymes 

over non-catalytic DNA sequences round by round until the most active DNAzymes 

dominate the DNA pool (58,59). 

 

Figure 2-1. RNA cleavage by a target-induced RNA-cleaving DNAzyme. The RNA-cleaving reaction is 
coupled with fluorescent signal generation. The introduction of the target activates the DNAzyme, 
leading to the cleavage of the phosphodiester bond between RNA and DNA. The cleavage event causes 
the separation between fluorophore and quencher, resulting in increase in fluorescence. 
 

Another conceivable way of developing fluorogenic RNA-cleaving biosensors 

with potentially great sensitivity is to develop effective FDR molecules for specific 

ribonucleases (RNases), as we will demonstrate using RNase H2 from Clostridium 

difficile (C. difficile) in this chapter. RNase H2 is an ubiquitously expressed enzyme 

that can cleave an RNA linkage in a hetero RNA/DNA duplex (60). Because they are 

highly efficient enzymes with great turnovers, RNase H2-FDR system can function as 
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highly effective sensors that take advantage of the turnover capability of the RNase H2. 

Earlier studies have shown that in vitro selection can be used to identify novel nucleic 

acid sequences or structures of nucleic acid-binding proteins (61–64). Therefore, it is 

feasible to engineer the proposed RNase H2/FDR systems.  

The key objective of this work is to use in vitro selection to identify FDR 

molecules that can be efficiently cleaved by CDH2, RNase H2 from C. difficile (Figure 

2-2). C. difficile is a rod-shaped, gram-positive bacterium that is resistant to many 

broad-scheme antibiotics. It is the leading cause of nosocomial infections. C difficile 

infection (CDI) is estimated to affect more than 300,000 hospitalized patients annually 

in the United States (65). C. difficile causes infection when the gut flora is largely 

affected by broad scheme antibiotic treatment. C. difficile infection is characterized by 

constant and bloody diarrhea, fever, and pseudomembrane formation in the colon. It 

leads to death in severe cases (66–70). Data collected showed that it caused 14,000 

deaths in the US in 2007 (71). CDI costs U.S. acute care facilities in excess of $4.8 

billion annually (72–74). As suggested in the latest report by Canadian Nosocomial 

Infection Surveillance Program, a rise in CDI cases has been seen, and likely attributed 

to community-acquired and recurrent cases (65). Therefore, the surveillance of C. 

difficile is important for diagnosis and the control of its infection. As a long-term goal 

of our group, we wish to develop a highly selective fluorogenic substrate for CDH2 and 

use it to detect a biosensor to detect C. difficile. 
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Figure 2-2. Fluorogenic DNA/RNA (FDR) Substrate for C. difficile RNase H2 (CDH2). CDH2 cleaves 
the RNA-DNA junction within the substrate, leads to fluorescence signal, and then cleaves more 
substrates due to enzymatic turnover. 

 

For the motivation stated above, we want to determine if we can derive FDR 

molecules with significant selectivity for CDH2 over RNase H2 from other bacterium 

using an in vitro selection method that incorporates a counter-selection step prior to a 

positive selection step. For this purpose, we choose to use RNase H2 from Escherichia 

coli (ECH2) and Salmonella typhimurium (STH2) as the counter-selection targets.  

E. coli and S. typhimurium are gram-negative bacteria, which are very different 

from gram-positive C. difficile. However, the sequence alignment of RNase H2 protein 

from these three organisms shows >50% similarity (Figure 2-3). They all include highly 

conserved catalytic domains and substrate binding sites. These shared properties present 

a great challenge to select for highly specific FDR molecules. We would rely on non-

conserved domains to provide unique binding between the FDR and RNase H2 from C. 

difficile. This may be feasible, given that several published in vitro selection studies 

have successfully used the combination of counter-selection and positive-selection to 

drive for the recognition specificity (75–78).  
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Figure 2-3. Sequence Alignment of RNase H2 of E. coli (EC), S. typhimurium (ST), and C. difficile 
(CD), and conserved binding sites and catalytic sites. *Completely conserved amino acids; :/. Non-
conserved amino acids. 

 

2.2 Results and Discussion 

2.2.1 In vitro Selection 

The selection scheme is illustrated in Figure 2-4A. The DNA library used for 

the selection, DL1, contains a 40-nt (nucleotide) random-sequence domain flanked by 

a 15-nt fixed-sequence on each side (Figure 2-4B). The library is ligated to the 3¢ end 

of 30-nt FDR1 in the presence of LT1, the ligation template (Step 1). The ligated 

construct was purified in Step 2 using denaturing (7 M urea) polyacrylamide gel 

electrophoresis (dPAGE), followed by incubation with ECH2 and STH2 in Step 3. The 

uncleaved fraction of the DNA pool in this counter-selection (CS) step was purified 

using dPAGE (Step 4), and then reacted with CDH2 (Step 5). The DNA molecules 

cleaved in this positive selection (PS) step were isolated by dPAGE (Step 6), and then 
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subjected to two consecutive polymerase chain reactions (PCRs) in Steps 7 and 8. The 

first PCR used the standard DNA primers FP1 and RP1, but the second PCR used FP1 

and a modified reverse primer, RP2, that contained the A20  at the 5¢-end and a non-

amplifiable Spacer 9 carbon linker (L), and therefore, the antisense DNA strand of the 

PCR product in this step is 20-nt longer than the sense DNA strand. Following the 

second PCR step, the sense DNA strand was separated from the antisense strand by 

dPAGE (Step 9). The purified sense strand was ligated to FDR1 and used for the next 

round of selection (repeating Steps 2-10). A total of 10 rounds of selection were carried 

out using these procedures. Table 2-1 provides the concentrations of DNA pool, CDH2, 

ECH2 and STH2 as well as the reaction time used for both CS and PS steps in each 

round of selection, along with the observed percent cleavage in both CS and PS.  
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Figure 2-4. In vitro Selection. (A) Steps in the in vitro selection strategy. (B) Sequences of DNA 
molecules used in panel A. L: Spacer 9 carbon linker. 
 
 

Selection 
Round 

[ECH2] 
for CS 
(nM) 

[STH2] 
for CS 
(nM) 

[DNA] 
for CS 
(nM) 

NS 
reaction 

time 
(min) 

% Clv [CDH2] 
for PS 
(nM) 

[DNA] for 
PS (nM) 

PS reaction 
time (min) 

% 
Clv 

1 5 5 1000 180 3.4 20 100 180 1.2 
2 5 5 100 O/N 9.1 10 100 150 3.5 
3 5 5 100 O/N 38 5 100 30 5.3 
4 5 5 100 O/N 42.5 1 100 15 1.9 
5 5 5 100 O/N 17 1 100 15 2.1 
6 5 5 100 O/N 70 1 100 5 3.5 
7 10 10 100 O/N 79 1 100 1 1 
8 10 10 100 O/N 71.6 1 100 1 2.3 
9 10 10 100 O/N 76 1 100 1 2.6 
10 10 10 100 O/N 65 1 100 1 3.4 

Table 2-1. In vitro selection conditions and outcomes. CS: Counter selection; PS: Positive selection; 
O/N: overnight (16-20 h). 
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It should be noted that the first round of selection used ~1 nmole of the ligated 

FDR1-DL1 construct, corresponding to ~1015 individual molecules. Several strategies 

were implemented to drive the selection of FDR molecules that have high activity for 

CDH2 and high selectivity over ECH2 and STH2. First, the concentration of CDH2 was 

progressively reduced: from 20 nM in round 1, to 10 nM in round 2, 5 nM in round 3 

and 1 nM in rounds 4 and after. Second, the reaction time in the PS step was 

progressively reduced, from 180 min in round 1 to 150 min in round 2, to 30 min in 

round 3, to 5 min in rounds 4 and 5, and to 1 min rounds 6-10. Third, the concentrations 

of EC2 and STH2 was increased from 5 nM each in rounds 1-6 to 10 nM each in rounds 

7-10. Fourth, the reaction time used for the CS step was increased from 180 min in 

round 1 to overnight incubation (16-20 h) in rounds 2-10.  

Because the changes in reaction conditions from round to round, we decided to 

use a fluorogenic chimeric DNA/RNA duplex molecule, named FDR1D (Figure 2-5A), 

as the reference substrate to judge the progress of in vitro selection. FDR1D consisted 

of FDR1 and its full complementary sequence, which was designed to mimic the 

intrinsic substrate for RNase H2. We determined the comparative cleavage activity 

(CCA) for each round of selection, which was calculated as the ratio of the percent 

cleavage of the pool by CDH2 by the percent cleavage of FDR1D by CDH2 at the same 

concentration. As shown in Figure 2-5B, the CCA increased significantly with the 

progress of the selection: at round 2, the relative activity was merely 0.2; by round 10, 

it increased to 8.6.  
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Figure 2-5. Monitoring selection progress. (A) FDR1D, a reference duplex to measure the progress of 
selection. (B) Selection progress measured by comparative cleavage activity (CCA) defined as the ratio 
of percent cleavage of each pool by CDH2 divided by percent cleavage of FDR1D by CDH2 at the same 
concentration.  

 

2.2.2 Activity Assessment of Enriched Sequences 

We carried out next-generation sequencing to obtain enriched sequences in G10, 

the selected pool in round 10. The top 10 sequences are provided in Table 2-2. These 

sequences account for 31% of the total sequence reads, with 11% for the most abundant 

sequence, which is named FDRC1. 

 
Class Copy No. % in 

G10 N40 Random-Sequence Domain* 

FDRC1 42507 10.6 
CCTAA CATGT GACGT AGTGT GCGGT TGAGG TTCGT 
ACGTG 

FDRC2 18554 4.6 
GCAAA AGGAA GATGT GTGCG GTTGA GGTTA TAGTA 
CGTGG 

FDRC3 14529 3.6 
CATGC CGGAA CTTAC CTATG TGACG GAGAG GTTAT 
TCGGG 

FDRC4 13030 3.2 
CAAGC AGAAA GGACA GTGTG TGCGG TATGG GTTGT 
ATGGG 

FDRC5 8756 2.2 
CATGG ACTCA GGTAG TGTGA GGTTG AGTGT TCGTA 
TTGGG 

FDRC6 7422 1.8 
CAACA GCAAG CACAG TGTGT TGGAG GGAGG TTATA 
ACGTG 

FDRC7 5075 1.3 
CACCG GGCAA ACAGT GTGTG TCGGT TGAGG TTGTA 
TGGGG 
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FDRC8 4825 1.2 
CCAGG ACGGA CGGTG GTGAG AGGTT GAGGG TTGTA 
TTGGG 

FDRC9 4253 1.1 
CAAAT CAGGG CAGTG TGGTG CAGAG TGGGT TATAA 
CGCCG 

FDRC10 4105 1.0 
CAAGG ATAAG GACGT AGTGT GAGGG GTAGG TTGTA 
CGTCG 

Table 2-2. Top 10 sequences in G10 pool  
*The full library sequence is 5¢- CATCA GACTC CGT(F)rAT(Dab) AACCT CACTA CCAAG 
CTCTA CTGAC AAGAC-N40-TCTCG TATAT GCTCG-3¢ 
 

 Next, we measured the activity of all top 10 sequences in the presence of CDH2, 

ECH2 or STH2 (all of which was used at 1 nM), with an incubation time of 15 min. To 

simplify the comparison, we calculated the relative activity (RA) using the following 

normalization:  

RA = (Percent Cleavage of a FDRC by an RNase H2) / (percent cleavage of FDRC1 by CDH2)  ´ 

100. 

The data is plotted as Figure 2-6A. Without exception, all top 10 sequences exhibited 

the highest activity with CDH2 (green bar in each set) and significant reduced activities 

with ECH2 (red bar) and STH2 (blue bar).  The most dominant class, FDRC1, 

demonstrates the highest activity towards CDH2 (RA of 100), followed by FDRC8 (RA 

of 91), and followed by FDRC6 (70), FDRC4 (67) and FDRC5 (60).  

 

Figure 2-6. (A) Relative activity and (B) selectivity of top 10 sequences. The top 10 sequences were 
ligated to FDR1 and purified using dPAGE. Purified sequences were diluted using 1x SB to the 
concentration of 100 nM. RNase H2 of C. difficile, E. coli, or S. typhimurium was added to a final 
concentration of 1 nM. The relative activity was obtained by taking the cleavage activity of FDRC1 by 
CDH2 as 100. The selectivity was derived the ratio of the cleavage activity of an FDRC by CDH2 over 
the cleavage activity of the same FDRC by ECH2 or STH2.    
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 We also calculated selectivity activity (SA) using the following normalization:  

SA = (% Cleavage of a FDRC by CDH2) / (% cleavage of the same FDRC by ECH2 or STH2) 

The data is plotted as Figure 2-6B. Interestingly, FDRC6 showed the best selectivity – 

it registered an SA of 54 and 37 against STH2 and ECH2, respectively. FDRC1 also 

exhibited high levels of selectivity, scored an SA of ~20 against both STH2 and ECH2. 

FDR2-5 also demonstrated excellent levels of selectivity, with SA values varying 

between 8 and 16. FDR7-FDR10, however, produced reduced levels of selectivity, with 

SA values ranging from 3-7.  

 The data presented above clearly indicate that our selection strategy has led to 

the isolation of FDR molecules with the desired properties: high activity for CDH2 and 

high selectivity for CDH2 over ECH2 and STH2.   

2.2.3 Secondary Structure Prediction 

A structural model predicted for the top rank sequence FDRC1 using Mfold is 

shown in Figure 7A. The structure contains 7 short Watson-Crick base-pairing regions 

(named P1-P7), 6 internal bulges (named B1-B6) and one loop (named L1). 

Interestingly, the structural model predicted for FDRC6 using mfold (Figure 7B) shares 

considerable similarity to the structural model of FDRC1. Specifically, the structural 

model of FDRC6 also contains 7 pairing regions (P1-P7), 6 internal bulges (named B1-

B6) and one loop (named L1).  
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Figure 2-7. Structural models predicted with m-fold for (A) FDRC1, and (B) FDRC6. Letter P in the 
figure represent paring regions; and letter B represent bulges.  
 
 FDRC1 and FDRC6 share great similarity at the bottom half of their secondary 

structures (Figure 2-8). Both of them contain the identical GAGGTT sequence 

(sequence highlighted in red in Figure 2-8) that forms part of P3. This may explain the 

high activity of both molecules towards CDH2 and high selectivity against ECH2 and 

STH2 (Figure 2-6).  There are noticeable differences in the pairing arrangement 

concerning F, R and R in the structural context of P2, B2 and bottom part of P3. This 

may also explain that the higher activity of FDRC1 but better selectivity of FDRC6.   
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Figure 2-8. Comparing the similarity of the bottom half of the secondary structures predicted for FDRC1 
and FDRC6. They both appear to have three paring regions and two bulges at similar regions. In 
particular, both of them have a bulge near the cleavage site (rA ribonucleotide). 
 
 Secondary structures for the other top 10 classes were also predicted with 

Mfold, which are provided in Figure 2-9. The common features observed with these 

structures are that all of them contain multiple pairing regions and bulges, features 

shared by FDRC1 and FDRC6. However, few bulges are found at the bottom half of 

the secondary structures predicted for lowly ranked top 10 sequences. For example, 

FDRC7 contains 0 bulge in that area; both FDRC8 and FDRC10 contain a single 

bulge therein. These observations seem to suggest the bulge elements in the top rank 

sequences might be responsible for the observed high activity and selectivity.    
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Figure 2-9. Structural models predicted with Mfold for the remaining 8 top 10 sequences 

 

2.2.4 Secondary Structure Characterization of FDRC1 

As shown in Figure 2-7A, FDRC1 is predicted to have multiple duplex regions 

sandwiched between several loops and bulges.  We investigated the significance of 

these sequence and structural elements to obtain better understanding of the sequence 

requirement by CDH2. It is worth noting that in this experiment, FDRC1 was tested in 

trans, using a series of constructs shown in Figure 2-10. This is because constructing 

FDR molecules in trans is less laborious and resulted in better activities. Shortening L1 

from 11-nt loop to 5-nt loop (FDRC1-1), removing P7 and L1 (FDRC1-2) and removing 

L1, P7, and B6 altogether (FDRC1-3) did not impose a detrimental effect on both the 

activity towards CDH2 and the specificity over ECH2 and STH2. In fact, the truncated 

construct FDRC1-3 exhibited enhanced activity (35% higher than FDRC1). However, 

further truncation by removing B5 and P6 (FDRC1-4) resulted in the complete loss of 

activity.  
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Figure 2-10. Assessing the significance of pairing regions (P6 and P7), loop (L1), and bulges (B5 and 
B6). Each test used 100 nM of FDRC1 or one of its variants, 100 nM of FDR1, and 1 nM of CDH2, 
ECH2, or STH2. The reaction time was 15 minutes. The resultant reaction mixture was loaded onto 
dPAGE for analysis. The cleavage activity of FDRC1 by CDH2 was taken as 100. 
 
 We also made an attempt to truncate nucleotides from the 3¢-end of FDRC1-3. 

The removal of 6 (FDRC1-3A) and 12 (FDRC1-3B) nucleotides from the 3¢-end led to 

shortened sequences with slightly enhanced activity. However, further truncation by 

removing the next 5 (FDRC1-3C) and 9 (FDRC1-3D) resulted in the complete loss of 

activity (Figure 2-11). These observations suggest that P1, B1 and P2 elements play 

highly important functional role for FDRC1. 

 We next investigated the functional significance of bulges within FDRC1-3A. 

Five new constructs were tested that is based on the secondary structure of FDRC1-3A 

and each construct was designed to eliminate each of the five bulges, B1-B5, by creating 

a pairing element. Eliminating B1, B3, B4 and B5 led to significant reduction in 

reactivity towards CDH2. For example, the construct FDRC1-3A-B4 in which the bulge 

B4 was converted into a perfectly pairing region, only exhibited 45% activity of 
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FDRC1-3A. Interestingly, the elimination of B2 resulted in a construct (FDRC1-3A-

B2) that had similar CDH2 reactivity to FDRC1-3A, much increased reactivity to the 

other two RNases, especially to ECH2. This observation seems to suggest that the B2 

element plays a very important role in selectivity.  

 

Figure 2-11. FDRC1-3 Constructs with Nucleotides Truncated from the 3¢-End of the Sequence. Each 
test used 100 nM of FDRC1 or one of its variants, and 1 nM of CDH2, ECH2, or STH2. The reaction 
time was 15 minutes. The resultant reaction mixture was loaded onto dPAGE for analysis. The cleavage 
activity of FDRC1 by CDH2 was taken as 100. 
 
 The observation that certain bulges are required to achieve the selectivity for 

CDH2 over ECH2 and STH2 is a very interesting discovery. Prior to our work, all 

RNase H2 enzymes are known to cleave fully complementary hetero RNA/DNA 

duplexes. Our work shows that RNase H2 enzymes are also capable of cleaving duplex-

like molecules that contain unpaired nucleotides. More importantly, there are bulge-

containing heteroduplex structures that can be selectively cleaved by a specific RNase 

H2 but exhibit significantly reduced activity towards other RNase H2 homologues. This 

demonstrates the advantages of in vitro selection in the search of unique structures that 

can serve as binding partners or substrates for nucleic acid processing enzymes, as 

rational designs are hard to be applied in such cases.  
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Figure 2-12. Assessment of the Significance of Bulges within FDRC1-3A. 100 nM of each FDRC1 
variant was reacted towards 1 nM of CDH2, ECH2, and STH2, respectively, and incubated for 15 
minutes. The resultant reaction mixture was loaded onto dPAGE for analysis. 

 

2.2.5 Requirement of F and Q 

Our in vitro selection experiment used a fluorogenic chimeric DNA/RNA 

substrate that contains a single ribonucleotide as the cleavage site, which are surrounded 

by a pair of nucleotides modified with fluorescein (F) and DABCYL (Q). To assess the 

essentiality of the F and Q moieties, we assessed the activity of DRC1-3B, the version 

of FDRC1-3B with the removal of the F and Q (Figure 2-13). For this experiment, the 

substrate strand was labeled with a 5¢-32P. DRC1-3B was a better substrate than FDRC1-

3B towards CDH2 (400% more active). At the same time, it maintained a high level of 

selectivity over ECH2 and STH2. Based on this observation, it appears that F and Q do 

not contribute to the selectivity. 
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Figure 2-13. Removing Fluorescein and Dabcyl from FDR1. FDR1 was labeled with 32P at its 5’ end. 
DR1D and DRC1-3B had the same sequences as FDR1D and FDRC1-3B complexes, respectively, except 
for the absence of fluorescein and dabcyl modifications. 100 nM of DR1D or DRC1-3B were tested 
towards 1 nM of CDH2, ECH2, and STH2, respectively, and incubated for 15 minutes. The resultant 
reaction mixture was loaded onto dPAGE for analysis.  

 

2.2.6 Monitoring cleavage reaction by real-time fluorescence 

Up to this point, all the cleavage reactions were studied via dPGAE method to 

analyze the cleavage product. The advantage of using a fluorogenic substrate is the 

ability to monitor the cleavage reaction by real-time fluorescence. We assessed the 

fluorescence generation capability of FDRC1-3B by following its cleavage reaction in 

the presence of varying amounts of CDH2 and the data is presented in Figure 2-14. For 

this experiment, FDR1 and FDRC1-3B were used at 100 nM and 2500 nM, respectively, 

while CDH2 was tested at the following concentrations: 10, 50, 100, 250 and 500 and 

1000 pM. By plotting the fluorescence response versus the concentrations of CDH2, the 

limit of detection was estimated to be 39 pM (Figure 2-14C). 
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Figure 2-14. Assessing the Sensitivity of FDRC1-3B Using Fluorescence Spectrometer. A). RNase H2 
of C. difficile at the concentration of as low as 50 pM (electric blue) can be detected using fluorescence 
spectrometer by the FDRC1-3B complex after 50 minutes. The fluorescence reading was started ~10 
minutes after the addition of RNase H2 at various concentrations to the mixture of 100 nM of FDRC1-
3B. B). The fluorescence at 50 minutes versus the concentration of c. difficile RNase H2. C). The LOD 
was determined using formula LOD = 3*(SD of y-intercept)/Slope 

2.3 Concluding Remarks and Future Directions 

We have shown for the first time that in vitro selection can be used to derive 

chimeric DNA/RNA molecules, from a random-sequence pool, with two intriguing 

properties: high activity for a targeted RNase H2 and significantly reduced activity 

towards non-targeted RNase H2. This finding was made using three RNase H2 

A B

C
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homologues: CDH2 as the intended enzyme, and a combination of ECH2 and STH2 as 

the unintended enzymes. We have isolated many sequences and assessed the activity 

the top 10 sequences towards these RNases. Without exception, all the top 10 sequences 

exhibit strong cleavage activity towards CDH2 and much reduced activity towards the 

two control enzymes. It is clear that the successful isolation of these sequences benefits 

from the incorporation of a counter selection step with ECH2/STH2 and a positive 

selection step with CDH2. Our work clearly demonstrates that it is feasible to isolate 

chimeric DNA/RNA molecules that are highly selective for a particular RNase H2 

homologue within the large RNase H2 family. 

An interesting observation is that all selected DNA molecules exhibit a duplex-

like secondary structure with multiple bulges, unpaired regions flanked by short duplex 

elements. This observation can be explained from two aspects. First, all RNase H2 

enzymes recognize hetero DNA/RNA duplexes as their native substrates (79), which 

may be the key reason for the duplex-like structure seen with all the selected chimeric 

FDR molecules as the key determinant for the affinity by RNase H2 enzymes towards 

DNA is the duplex recognition. Second, the design of the selection method pushed for 

the selection of FDR molecules from the random-sequence DNA pool that can be 

recognized and cleaved by CDH2 but not by ECH2 and STH2. Because all three 

enzymes belong to same family and exhibit similar biochemical capability, they are 

largely similar in their active sites for their substrate binding and cleavage. However, 

there are notable differences in the sequences of the three RNase H2 enzymes, and 

expectedly, significant differences in the active site. The counter-selection and positive-

selection strategy we employed has helped to promote the selection of DNA molecules 

capable of recognizing the differences. In particular, we suspect that some unpaired 

nucleotides within the duplex-like structures play critical roles in recognizing the 
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differences. For example, the B2 bulge in FDRC1 seems to play an important role in 

defining its high selectivity for CDH2 over ECH2 and STH2.  

Our work points to the possibility of expanding the same approach to search for 

unique DNA or RNA sequences as highly specific substrates for a specific homologue 

of the other RNase enzyme families or and even DNase enzyme families.  

A key question remains to be answered is whether the selected FRD molecules, 

such as FDR1, can be used to develop effective biosensors for the selective detection of 

C. difficile in the complex biological samples such as human stools and use it to 

diagnose C. difficile infections. This constitutes an important future direction of this 

project. FDR1 is set up well for a fluorescence-based bioassay as it is capable of 

generating a robust fluorescence signal upon RNA-cleavage upon RNA cleavage. It 

should also be compatible with other signaling mechanisms that have been 

demonstrated for aptamers and DNAzymes, such as colorimetric and electrochemical 

detection of analytes (8,14,18,22,29). 
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2.4 Materials and Methods 

2.4.1 Enzymes, chemicals, and other materials.  

T4 polynucleotide kinase (PNK) and T4 DNA ligase were purchased from 

Thermo Scientific (Ottawa, ON, Canada). [g-32P]-ATP was obtained from Perkin Elmer 

(Woodbridge, ON, Canada). Urea (ultrapure) and 40% polyacrylamide solution (29:1) 

were acquired from BioShop Canada (Burlington, ON, Canada). The water used was 

purified via Milli-Q Synthesis A10 water purifier. All other chemicals were purchased 

from Sigma-Aldrich (Oakville, ON, Canada). 10´ TBE (Tris-borate EDTA) (1 L) was 

made of 108 g Tris-base (0.89 M), 55 g boric acid (0.89 M), 20 mL of 0.5 M 

ethylenediaminetetraacetic acid (EDTA; pH 8.0; 10 mM). 2´ native gel-loading buffer 

(per 100 mL) was made with 20 g sucrose, 10 mL of 10´ TBE, 1 mL of 10% (w/v) SDS 

(sodium dodecyl sulphate), 25 mg bromophenol blue, and 25 mg xylene cyanol FF. 2´ 

denaturing gel-loading buffer was made with the same recipe, with the addition of 84.1 

g urea (14 M). Note that the concentration of Tris-boric acid in the 2´ gel-loading buffer 

was 89 mM. 10% denaturing polyacrylamide gel stock was made of 250 mL of 40% 

polyacrylamide solution (29:1), 100 mL of 10´ TBE, and 425 g urea.   

2.4.2 Synthesis and purification of oligonucleotides.  

DNA oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA, USA), prepared using automated DNA synthesis using standard 

phosphoramidite chemistry. All oligonucleotides were purified using 10% dPAGE.  

2.4.3 Molecular Cloning and Expression of RNase H2.  

Candidate genes encoding various RNase H2 (rnhb of C. difficile, E. coli, S. 

typhimurium) were cloned into pET-15b vector (Novagen) with His-tag incorporated. 



 57 

NdeI and XhoI restriction sites were used for C. difficile rnhb gene; and NdeI and 

BamHI were used for rnhb of E. coli and S. typhimurium. PCR of each candidate gene 

was performed with genomic DNA extracted from C. difficile BI/027-H strain, E. coli 

K12 strain, S. typhimurium, respectively. High fidelity polymerase was used to amplify 

target genes. Amplified PCR product was purified using the Qiagen PCR purification 

kit. Purified PCR product and vector were digested with restriction enzymes (NEB) and 

gel-extracted using the Qiagen QIAquick Gel Extraction kit. Ligation reaction (20 µL) 

was performed overnight at room temperature, using 70 ng of digested PCR product 

and 70 ng of digested plasmid, in 1´ T4 DNA ligase buffer, and 2.5 units of T4 DNA 

ligase. Ligated DNA was transformed into E. coli competent cells by electroporation. 

Cells were then plated onto agar plates containing 25 g/L LB media, 20 g/L agar, and 

100 µg/mL ampicillin, and incubated over night at 37 °C. Positive clones were picked 

and grown in LB media, and plasmids were extracted using PureYieldTM Plasmid 

Miniprep System. Purified vectors were verified by PCR and sequencing (MOBIX Lab, 

McMaster University), and then transformed into expression cell lines. 

 C. difficile RNase H2 was expressed in the E. coli BL21 (DE3)-pRARE cell 

line, and RNase H2 of E. coli, and S. typhimurium were expressed in the E. coli BL21 

(DE3) cell line. E. coli cells with desired construct were grown at 37°C for overnight in 

LB with 100 µg/mL ampicillin. The next morning, a 1:50 dilution of the overnight 

culture into fresh liquid media was performed. Cells were grown at 37°C until an OD600 

reached 0.6-0.7, and isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a 

final concentration of 1 mM to induce overexpression. RNase H2 of C. difficile, E. coli, 

and S. typhimurium expressed well under the condition of 37 °C for 3 hours. Cells were 

centrifuged and stored at -80 °C.  
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2.4.4 Protein Purification.  

Purification of RNase H2 of C. difficile was performed using fast protein liquid 

chromatography (FPLC) (Amersham Biosciences AKTA). Cells re-suspended from a 1 

L culture was lysed with sonication, following the addition of mini EDTA-free protease 

inhibitor tablet (Roche). The crude cell lysate was loaded onto a 5 mL General Electric 

(GE) Healthcare Ni2+ column. A stepwise gradient of imidazole was used to elute the 

protein. Fractions containing the target protein was pooled, and loaded onto an ion 

exchange column, Mono Q (GE Healthcare) that was equilibrated with 20 mM Tris pH 

8, 5 mM DTT, 5% glycerol, 0.05 M NaCl. A NaCl gradient from 0.05 M to 0.5 M was 

used to elute the protein of interest. Purified protein was stored in 14 mM Tris pH8, 3.5 

mM DTT, 150 mM NaCl, 30% glyceral at -80 °C. The His-tag of C. difficile RNase H2 

was removed using 0.25 U (Sigma-Aldrich) of thrombin at room temperature for 1 h 

prior to Mono Q purification. Sodium dodecyl sulfate polyacrylamide (SDS) gel 

electrophoresis was used for the assessment of protein expression and purification in 

above described experiments. RNase H2 of E. coli and S. typhimurium were purified 

using Qiagen QIAexpress Ni-NTA Fast Start Kit, following the protocol provided with 

the kit. Purified proteins were stored in 70% elution buffer, 30% glycerol, at -80 °C. 

2.4.5 In vitro selection.  

First round of selection was initiated by ligating the random sequence DNA 

library DL1 to FDR1. 2000 pmol of DL1 was first phosphorylated with 1 mM of ATP 

at the 5¢-end in the presence of 10 units of T4 PNK, and 1´ T4 PNK buffer A for 45 

min at 37°C in a reaction volume of 100 µL. The reaction was stopped by heating at 

90°C for 5 min. After cooling to room temperature, 2200 pmol of FDR1 and 2200 pmol 
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of LT1 were added. The reaction mixture was then heated to 90°C for 1 min and cooled 

to RT. 10 units of T4 DNA ligase and 25 µL of 10´ T4 DNA ligase buffer were added 

to the reaction mixture (total reaction volume: 250 µL). The ligation reaction was 

carried out at room temperature for 2 h. The DNA in the mixture was precipitated by 

ethanol and the ligated product was purified by 10% dPAGE. 

 The purified FDR1-DL1 was quantified using NanoVue and resuspended in 1´ 

selection buffer (1´ SB; 45 mM HEPES pH 7.5, 300 mM NaCl, and 10 mM MgCl2) to 

a final concentration of 100 nM. The pool was heated to 90°C for 1 min and cooled to 

RT, then ECH2 and STH2 were added to a final concentration of 5 nM each. The 

reaction mixture was left at RT for 3 h, and terminated by the addition of EDTA to a 

final concentration of 100 mM. The mixture was precipitated by adding 1/10 volume of 

3 M NaOAc pH 5.2, and 2.5´ 100% ethanol. The precipitated DNA was purified using 

dPAGE. The uncleaved sequences were excised from dPAGE, and eluted in 1´ elution 

buffer (200 mM NaCl, 10 mM Tris pH 7.5, and 1 mM EDTA) at room temperature by 

vigorous shaking on vortex.  

 Eluted DNA was precipitated, and resuspended to a final concentration of 100 

nM, and heated to 90°C for 1 min and cooled to RT. Then CDH2 was added to a final 

concentration of 20 nM, and reacted for 3 h. The reaction mixture was subjected to 

dPAGE using the protocol similar to the one used for the counter-selection, except that 

cleaved DNA band was excised, and elution was performed at RT overnight. 

The isolated DNA above was amplified by polymerase chain reaction (PCR) in 50 µL 

of 1´ PCR buffer (diluted from 10´ PCR buffer supplied by the vendor), 0.2 mM of 

each standard dNTPs, 1.25 U of Taq DNA polymerase, 0.5 µM of FP1 (forward primer), 

and 0.5 µM RP1 (reverse primer) were added. 12 cycles of PCR were performed with 
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the following parameters: 94°C, 30 s (2 min for the first cycle); 52°C, 40 s; 72°C, 45 s. 

A 1/100-fold dilution of the first PCR product was used for the second PCR using the 

same condition described above with the exception that RP2 was used instead of RP1. 

Also, a minimum of 8 reactions were performed to ensure that enough DNA was 

generated for the next round of selection. This was especially important for this 

selection because each round of selection involved both counter-selection and positive-

selection steps. The desired DNA molecules were purified by 10% dPAGE.  

 A total of 10 rounds of selection were conducted. Table 2-1 provides all the 

reaction conditions for each round of selection. The cleavage product from round 10 

was amplified, cloned and sequenced using a protocol we published previously (11).  

2.4.6 Assessment of the activity of top 10 classes.  

Each of the top 10 classes (500 pmol) was first phosphorylated with 1 mM ATP 

at the 5¢-end in the presence of 5 units of T4 PNK, and 1´ T4 PNK buffer A for 45 min 

at 37 °C in a reaction volume of 50 µL. The reaction was stopped by heating at 90°C 

for 5 min. After cooling to room temperature, 550 pmol of FDR1 and 550 pmol of LT1 

were added. The reaction mixture was then heated to 90°C for 1 min and cooled to RT. 

5 units of T4 DNA ligase and 10 µL of 10´ T4 DNA ligase buffer were added to the 

reaction mixture (total reaction volume: 100 µL). The ligation reaction was carried out 

at room temperature for 2 h. The DNA in the mixture was precipitated and purified by 

10% dPAGE. The purified construct was quantified using NanoVue and resuspended 

in 1´ selection buffer to a final concentration of approximately 110 nM. 9 µL of each 

class was heated to 90°C for 1 min and cooled to RT, and 1 µL of CDH2, ECH2 or 

STH2 diluted to 10 nM in 1´ selection buffer was added to corresponding reactions. 
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The reaction was stopped after 15 min by addition of equal volume of 2´ denaturing gel 

loading dye. 8 µL of each reaction was analyzed using dPAGE. 

2.4.7 Assessment of Activity of FDRC1 and its variants.  

These experiments were performed using FDR1 and a relevant DNA molecule 

at the ratio of 1:50 (to ensure all FDR1 molecules were hybridized to R10C1 variants). 

4.5 µL of 220 nM FDR1 (in 1´ SB) was mixed with 4.5 µL of 11 µM candidate DNA 

(also in 1´ SB). The mixture was heated to 90°C for 1 min and cooled to RT, and 

subsequent reaction with CDH2, ECH2 or STH2 was carried out in the same way as 

described in 2.4.6. 

2.4.8. Activity Assessment of DRC1-3B. 

DR1 was used in this experiment to replace FDR1 – DR1 is identical to FDR1 

except for the removal of F and Q. 10 pmol DR1 was labeled with 1 µL of [g-32P]ATP 

(10 µCi) in 20 μL of 1´ PNK buffer A containing 2.5 units of PNK. After incubation at 

37°C for 45 min, PNK was inactivated by heating at 90°C for 5 min. The phosphorylated 

DNA was purified by 10% dPAGE. The purified DR1 was mixed with 100 pmol of 

unlabeled DR1 and used for activity assessment of DRC1-3B using the same protocol 

described in 2.4.6.  
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Chapter 3 

Serendipitous Discovery of a Guanine-rich DNA Molecule 
with a Highly Stable Structure in Urea 

 

3.1 Author’s Preface 

This study reports the serendipitous discovery of an ultra-stable G-rich structure, 

which resists the denaturation by denaturing polyacrylamide gel containing 7 M urea, a 

widely used denaturant for DNA and RNA structures. This finding suggests that our 

knowledge about the structural and functional boundaries of nucleic acids may be still 

limited. We are excited about this discovery and looking forward to future 

unconventional discoveries of functional nucleic acids. We expect such eye-widening 

discoveries will not only expand our knowledge, but also lead to many superlative 

applications of nucleic acids. 

 This work has been published and is presented in the published format (full 

citation listed below). I am the first author of this publication. I took the leading role in 

project design, experimentation and data analysis. Dr. Meng Liu has provided 

significant insights and suggestions during the process of this work. I conducted all the 

experiments and summarized all the results. The manuscript was written with assistance 

from Dr. Yingfu Li and other co-authors. Its supplementary information is included in 

Appendix 1.  

 
Zhang, W., Liu, M., Lee, C., Salena, B. J. & Li, Y. (2018). Serendipitous Discovery of 
a Guanine-rich DNA Molecule with Highly Stable Structure in Urea. Scientific 
Report. 8(1):1935. DOI:10.1038/s41598-018-20248-w  
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3.2 Abstract 

We have made an accidental discovery of an unusual, single-stranded, 

guanine-rich DNA molecule that is capable of adopting a folded structure in 7 M urea 

(7MU) known to denature nucleic acid structures. The folding of this molecule 

requires Na+ and Mg2+and the folded structure remains stable when subjected to 

denaturing (7MU) polyacrylamide gel electrophoresis. Results from sequence 

mutagenesis, DNA methylation, and circular dichroism spectroscopy studies suggest 

that this molecule adopts an intramolecular guanine-quadruplex structure with 5 

layers of guanine tetrads. Our finding indicates that DNA has the ability to create 

extremely stable structural folds despite its limited chemical repertoire, making it 

possible to develop DNA-based systems for unconventional applications. 

  

3.3 Introduction 

DNA is a rather simple polymer from the chemical functionality perspective, 

especially when compared to proteins. This is because DNA is built with four 

chemically similar nucleobases distributed over a backbone of sugar-phosphodiesters. 

And yet, many man-made DNA molecules have been produced, through the 

technique of in vitro selection (1, 2), to recognize a broad range of molecular targets 

or catalyze various chemical transformations (3-12). However, the majority of 

functional DNA molecules have been derived to perform tasks under conditions 

conducive to nucleic acid structure folding, such as neutral pH and amiable 

temperature. Previous examples of functional DNA molecules that are active under 

challenging reaction conditions include RNA-cleaving DNAzymes working at high 

acidity (21-24)  or high temperature (25), although these DNAzymes exhibit much 
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reduced catalytic efficiency than their counterparts derived to work at neutral pH and 

normal temperature (25). Nevertheless, it is largely unknown if single-stranded DNA 

can create intricate structures under structure-disrupting conditions. 

Urea at high concentrations represents a disruptive condition for nucleic acid 

structures (26, 17). Because urea can act as hydrogen-bond donor and acceptor, it can 

easily denature structures of nucleic acids. In fact, 6–8 M urea is the key component 

for denaturing polyacrylamide gel electrophoresis (dPAGE) widely used to separate 

DNA oligonucleotides by size (28, 29). In this technique, DNA molecules are 

completely denatured and migrate as unfolded linear polymers through the 

polyacrylamide gel matrix. To our great surprise, we came across a DNA molecule 

that can form a folded structure in 7 M urea (7MU), which remains stable during the 

process of 7MU-dPAGE. 

3.4 Results and Discussion 

The original goal of this study was to use in vitro selection technique to isolate 

RNA-cleaving DNAzymes to function under the condition of 20 mM Tris-HCl, pH 

8.5, 50 mM NaCl, and 10 mM MgCl2 (denoted 1× Selection Buffer, or 1× SB), from 

a random-sequence synthetic DNA pool. The DNA pool was made of ~1014 98-nt 

DNA molecules (nt: nucleotide) with 43-nt constant sequence at the 5′-end, followed 

by 40-nt random sequence and 15-nt constant sequence (Fig. 3-1a). Note that the 5′-

sequence contains an adenosine ribonucleotide at 14th position (R in Fig. 3-1a) as the 

cleavage site, which is surrounded by a pair of thymine deoxyribonucleotides 

modified with a fluorescein (F) and the dabcyl quencher (Q)—a design intended for 

making DNAzymes for biosensing application (30, 31). The selection strategy, 

depicted in Fig. S1, is straightforward: RNA-cleaving DNA sequences produce two 
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products, 14-nt P1 and 84-nt P2, which is the desired product because it contains the 

catalytic DNA sequence. Because of large differences in size, P2 can easily be 

separated from both P1 and the uncleaved molecules using 7MU-dPAGE. Purified 

P2 is first multiplied via DNA amplification and then subjected to the next cycle of 

cleavage, product separation and DNA amplification. This procedure is repeated until 

a strong cleavage activity is observed. 

The described selection strategy has been successfully used to derive RNA-

cleaving DNAzymes in our previous studies (21, 30-33). As expected, a strong P2 

DNA band on 7MU-dPAGE gel was observed after 16 cycles of selection. The DNA 

pool was then subjected to cloning and sequencing. 33 sequences were obtained, 

which can be grouped into 3 sequence classes (Table S1). A representative sequence 

from each class was chosen for further characterization (Fig. 3-1b). These sequences 

are named UD1, UD2, and UD3. 

The first evidence suggesting that these DNA molecules were not RNA-

cleaving DNAzymes came from the experiment depicted in Fig. 3-1c. For this 

experiment, each UD was made to have a 32P-labeled phosphodiester linkage 

between the 28th and 29thnucleotides in addition to the fluorescein label at the 

13th position. Therefore, the RNA cleavage reaction should produce a fluorescent P1 

and a radioactive P2, as illustrated in the inserted reaction scheme in Fig. 3-1c. The 

uncleaved UD should be detectable by both fluorimaging (gel image on the left) and 

radioimaging (image on the right), while P1 and P2 should be detectable only by 

fluorimaging and radioimaging, respectively. However, P1 was not detected at all 

whereas P2-like DNA bands appeared in both images. These observations strongly 

suggest that we obtained novel DNA sequences that are able to fold into stable 

structures in 7MU. The folded DNA molecules are more compact than unfolded DNA 
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sequences, and thus migrate faster on 7MU-dPAGE. These molecules were selected 

simply because the folded structure (albeit 98-nt in length) has a gel mobility that is 

similar to the linear 84-nt DNA molecule used as the gel excision marker. 

 
Figure 3-1. Discovery of DNA sequences with urea-resistant structures. (a) The sequence of the DNA 
library used for in vitro selection. R: adenosine ribonucleotide; F: fluorescein-labeled dT; Q: dabcyl-
labeled dT; N: mixture of ACGT (25% each). (b) The random-sequence regions of UD1, UD2 and UD3. 
(c) Fluorimage and phosphorimage of a 7MU-dPAGE gel conducted to analyze the cleavage reaction of 
UD1–3. Insert: The cleavage reaction with 14-nt P1 and 84-nt P2 as the cleavage product. L: DNA ladder 
lane. (d) 7MU-dPAGE analysis of U1T, U2T and U3T (truncated UD1, UD2 and UD3 with the removal 
of the first 28 nucleotides). (e) 7MU-dPAGE analysis of the boxed DNA bands from panel d. + M and -
M: with and without 50 mM NaCl and 5 mM MgCl2, respectively. Experimental details: Panel c: 150 
pmol of synthetic oligonucleotides, UD1, UD2 and UD3 were phosphorylated with 10 μCi of [γ-32P]ATP 
by PNK. The reactions were incubated at 37°C for 15 min, followed by adding 100 nmol of 
nonradioactive ATP and another 20 min of incubation. They were then ligated to 150 pmol S1 in the 
presence of 150 pmol T1 and 5 units of T4 ligase. Ligated products were then purified by dPAGE. 5 pmol 
of full-length UD1, UD2 and UD3 for were used for the experiment. For each DNA, 5 pmol in 5 μL were 
mixed with 5 μL of 2 ́ SB, and then incubated at RT for 15 min. 10 μL of 2 ́ dGLB were then introduced. 
The resultant mixture was heated to 90°C and cooled at RT for 15 min. 10 μL (out of 20 μL) were taken 
for dPAGE analysis. Panel d: 5 pmol of U1T, U2T and U3T in 5 μL were mixed with 5 μL of 2 ́ SB, and 
then incubated at RT for 15 min. 10 μL of 2 ́ dGLB were then introduced. The resultant mixture was 
heated to 90°C and cooled at RT for 15 min. 10 μL (out of 20 μL) were taken for dPAGE analysis. Panel 
e: the boxed DNA bands from panel c were excised and the DNA eluted. The DNA was dissolved in 10 
μL of water. 5 μL was subjected to the same procedure as described for panel d. +M: the reaction mixture 
contained NaCl and MgCl2; -M: the two salts were omitted.  
 

To provide additional evidence, we performed an experiment using altered 

UD1–3 (named U1T, U2T and U3T; Fig. 3-1d) where the first 28 nucleotides 

(including the RNA cleavage site) were removed. A faster migrating DNA band 

appeared for each shortened DNA, particularly for U2T and U3T. 
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The folded DNA band from U2T and U3T, labeled B1 and B2, were excised 

from the gel, eluded, denatured by heat, and refolded under the in vitro selection 

condition. When they were subjected to dPAGE analysis, two DNA bands were 

observed again. This experiment further verified that UD1, UD2 and UD3 are not 

RNA-cleaving DNAzymes. More importantly, the appearance of the fast-migrating 

DNA band was dependent on the presence of 50 mM NaCl and 5 mM MgCl2 (“+M” 

lanes, Fig. 3-1e). 

We realized by this time that the experimental procedure used for in 

vitro selection in this study had two key deviations from the protocol previously used 

by us for isolating RNA-cleaving DNAzymes. Our standard practice has a step of 

quenching the cleavage reaction by adding sufficient amount of EDTA to chelate 

divalent metal ions, followed by DNA recovery using ethanol precipitation. The 

DNA is then dissolved in 1× dPAGE gel loading buffer containing 7MU (1× dGLB), 

heated at 90 °C for 5 min and cooled at room temperature for 15 min. The mixture is 

then subjected to 7MU-dPAGE to purify the cleavage product. However, in the 

current study, the cleavage reaction mixture was directly combined with 2× dGLB, 

followed by heating, cooling and 7MU-dPAGE purification as usual. In other words, 

the altered protocol omitted EDTA-chelation and ethanol-precipitation steps. These 

omissions resulted in a DNA mixture containing 50 mM NaCl and 5 mM MgCl2 in 

addition to 7MU prior to gel loading. We believe that the presence of metal ions in 

the loading mixture provided a chance for UD sequences to fold into a tight structure 

in the presence of 7MU and get selected via isolation on 7MU-dPAGE. 

To probe into this hypothesis, we carried out an experiment to examine the 

concentration effect of Na+ and Mg2+ on the folding of U2T. Sodium itself at high 

concentrations (375 mM or above; Fig. 3-2a,d) can induce a high level (~85%) of 
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structural formation of U2T. Magnesium was less effective: only ~20% U2T were 

folded when 100 mM MgCl2 was provided (Fig. 3-2b,d). However, a synergistic effect 

was seen when Na+ and Mg2+ were used simultaneously: in the presence of 5 MgCl2, 

~85% U2T adopted folded structure when the sodium concentration reached 150 mM. 

K+, Li+ and NH4+ were also found to support the structural formation (Fig. S2), and the 

effectiveness of the tested monovalent cations follows the order of 

Na+ > K+ > NH4+ > Li+. 

 

Figure 3-2. Metal ion requirements for the folding of U2T. (a) Effect by Na+ (in the absence of Mg2+). 
(b) Effect by Mg2+ (in the absence of Na+). (c) Effect by Mg2+ and Na+. Each reaction mixture 
contained 44.5 mM Tris-borate, 10 mM HEPES, 7 M urea, and the specified metal ions. (d) % Folded 
structure vs. NaCl concentration. The mixture was heated at 90 °C for 5 min and left standing at room 
temperature for 15 min before loading. Experimental details: 5 pmol of U2T in 5 μL were mixed with 5 
μL of various 4 ́ folding buffers containing 40 mM HEPES (pH 7.5), and 4 ́ concentrations of metal ions 
listed for each lane. Then 10 μL of 2 ́ dGLB were introduced and the resultant mixture was heated to 
90°C and cooled at RT for 15 min. 10 μL (out of 20 μL) were taken for dPAGE analysis.  
 
 

We next investigated the time for folding. U2T samples containing 150 mM 

NaCl, 5 mM MgCl2, and 7MU were heated at 90 °C for 5 min and then incubated at 

room temperature for times specified in Fig. 3-3a prior to dPAGE analysis. Note that 

each folding reaction was started at a different starting time so that all the reactions 

reached the same endpoint for gel loading. The graph presented in Fig. 3-3b indicates 
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that ~40% U2T adopted the folded structure in 5 min, 70% in 60 min, and additional 

10% molecules were able to fold in the next 3 h. The last lane was a control where a 

sample was loaded immediately following the heating step, and the lack of fast-

migrating DNA band in this lane indicates that U2T was unable to fold within the 

gel, most probably due to the absence of metal ions in the gel. The folded structure, 

however, remained stable within the gel. 

 
Figure 3-3. Time for U2T folding. (a) 7MU-dPAGE analysis. (b) % Folded structure vs. folding time. 
U2T was heated at 90 °C for 5 min and then incubated at room temperature for the specified time before 
7MU-dPAGE analysis. Ctr: the reaction mixture was immediately loaded following heat denaturation. 
All the reaction mixtures contained 7MU, 5 mM MgCl2, and 150 NaCl. Experimental details: 5 pmol of 
U2T in 5 μL were mixed with 5 μL of 4 ́ FB, and 10 μL of 2 ́ dGLB, then heated at 90°C for 5 min and 
cooled at RT for the specified time before dPAGE analysis. The Ctr lane was an exception where the 
reaction mixture was immediately loaded following the heat denaturation step. Each reaction was started 
at different time points so that all the reactions ended at the same time. For example, the 4 h reaction was 
started one hour after the start of 5 h reaction. 5 μL of each reaction mixture were used for the dPAGE 
analysis.  
 

Sequence truncation experiment provided in Fig. S3indicates that nucleotides 

outside of the random region can be completely removed. The 40-nt UD2 is named 

U2R. It is highly rich in guanine (G; 65%) and such sequences tend to form G-

quadruplex structures comprising stacks of G-quartets, planar arrangement of four 

guanines bonded with 8 hydrogen bonds (34-40).  

Footprinting experiment with dimethyl sulfate (DMS) was then performed 

with U2T and the data is provided in Fig. S4. This technique can detect the sensitivity 

of N7 atoms of guanines in G-quartets to methylation (so called “methylation 

interference”). It was found that 20 of 26 guanines exhibited significant methylation 

interference (green G residues in Fig. 3-4a), indicating that these guanine bases play 
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important roles in UD2’s structural folding. Interestingly, these guanines are 

conserved in U1R and U3R (Fig. 3-4a) and distributed into six G-stretches in the 

following arrangement: G5N1–2G2N1G3N10–11G3N1G2N2G5 (N stands for A, C or T). 

This finding suggests that these 3 selected DNA molecules are sequence relatives. 

The folding property of several U2R mutants (Fig. 3-4b) were examined next. 

Removing 3 internal, non-conserved guanine nucleotides (U2R1) had no effect on 

folding. However, deleting (U2R2) or mutating (U2R3) conserved guanine 

nucleotides was totally disruptive. As expected, the 5′ C and 3′ T (U2R4) nucleotides 

had no effect. 

 
Figure 3-4. Testing variant sequences of U2R. (a) Sequence alignment of U2R, U1R and U3R. Guanines 
with significant methylation interference are shown in green. Only altered nucleotides are shown. -
:nucleotide deleted; red T: guanine mutated to thymine. (b) Analysis of folding property of U2R mutants 
in 7MU with (+) and without (−) of 5 mM MgCl2, and 150 NaCl. Two different gels, separated by the 
black dividing line, were grouped. Experimental details: 5 pmol of each of listed U2R mutants in 5 μL 
were mixed with 5 μL of 4 ́ FB and 10 μL of 2 ́ dGLB, and heated at 90°C for 5 min, and cooled at RT 
for 15 min. 5 μL were taken for dPAGE analysis.  
 

The conserved sequence motif has two G5 elements and two G2+G3 elements 

each with a pyrimidine nucleotide insertion (pink C and T, Fig. 3-5a). This 

observation prompted us to examine whether these two nucleotides are essential to 
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the structural folding, particularly considering their removal would produce two 

additional G5 elements to allow the DNA sequence to form a quadruplex structure 

with 5 layers of G-tetrads. Surprisingly, these two nucleotides are indispensable to 

the structural folding (U2R5, Fig. 3-5a)—this point will be further discussed below. 

Circular dichroism spectroscopy (CD) has been widely used to examine 

guanine quadruplex structures, particularly for identifying different G-quadruplex 

folds (36, 41-45). The CD spectrum of U2R1 in the presence of urea (unfilled circles, 

Fig. 3-5b) contains a positive peak at 260 nm and a negative peak at 240 nm, both of 

which were not seen in the spectrum of U2R5 (unfilled triangles). The CD spectrum 

of U2R1 is indicative of a parallel G-quadruplex fold extensively reported in the 

literature for other G-quadruplex forming DNA and RNA sequences, strongly 

suggesting that U2R1 has G-quadruplex made of exclusively parallel DNA strands 

(46-48). The parallel chain directionality of U2R1 was further tested with 

protoporphyrin (PPIX), which has been shown to selectively bind to parallel G-

quadruplexes and produce fluorescence enhancement (49). Indeed, strong 

fluorescence increases were observed when PPIX was incubated with U2R1 both in 

the absence and presence of 7MU (Fig. S5a). 

Based on the above information, we propose a structural model, which is 

depicted in Fig. 3-5c. The proposed structure consists of two continuous stacks of 

tetrads (top and bottom two-tiers) sandwiching a middle stack with two backbone 

openings. The model not only places all 20 conserved guanines into 5-layer G-

quartets, but the nature of all parallel strands is also consistent with the CD data 

(Fig. 3-5b) and the results from the PPIX binding experiment (Fig. S5a). 

Furthermore, the model explains the indispensability of the aforementioned 

pyrimidine nucleotides because they are needed for creating all-parallel strand 
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orientations. The structure also has a long linking loop (10 nt) connecting two distal 

guanines located on the top and bottom tetrads, respectively. We found that 

nucleotide identities are not important as they can be changed to thymidines (U2R7, 

Fig. 3-5d). However, the number of nucleotides in this loop has pronounced impact 

on formation of the urea-resistant structure: while 8 and more nucleotides (U2R6, 11 

thymidines; U2R7, 7 thymidines) support the structure formation, shortened loops 

(5 nt in U2R8 and 2 nt in U2R9) are completely ineffective. These findings are 

consistent with the proposed structural model. 

 
Figure 3-5. A structure model for U2R1. (a) Analysis of folding property of U2R1 and its mutant U2R5 
in the presence of 7MU. (b) Circular dichroism spectra obtained with U2R1 and U2R5 in 7MU, 150 mM 
NaCl and 5 mM MgCl2. (c) Proposed structure model. (d) Analysis of folding property of U2R1 mutants 
altered at the long linking loop. +M and −M in panels (a,d): with and without 150 mM NaCl and 5 mM 
MgCl2. Experimental details: Panel b: 5 pmol of U2R1 or U2R5 in 5 μL were mixed with 5 μL of 4 ́ FB 
and 10 μL of 2 ́ dGLB, heated at 90°C for 5 min, and cooled at RT for 15 min. 5 μL were taken for 
dPAGE analysis. Panel c: the same procedure for panel b was used, however, the dPAGE was substituted 
with native PAGE. Panel d: All samples (500 μL each) contained 4 μM U2R1 or U2R5, 20 mM HEPES, 
pH 7.5, 150 mM NaCl, 5 mM MgCl2, and 7 M urea. Each sample was heated to 90°C for 5 min and 
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incubated at RT for 20 h. 350 μL was placed in a 0.1 cm quartz cuvette. CD studies were carried out 
using an AVIV model 410 CD spectrometer (Lakewood, NJ, USA) as per the manufacturer’s instructions. 
The samples were scanned from 320 to 220 nm. All shown spectra are the average of 2 individual scans. 
 

We examined the thermal stability of U2R1 by measuring their melting points 

(Tm values) in the absence and presence of 7MU and the data are shown in Fig. S5b. 

U2R1 has a melting point of 68 °C and 59 °C in the absence and presence of 7MU, 

and more importantly, its Tm decreases only by 9 °C in the presence of 7MU. These 

results are consistent with a highly stable structure associated with U2R1 even in the 

presence of 7MU. 

Finally, we tested whether the RNA version of U2R1 (named RNA-U2R1) 

could fold into a similar urea-resistant structure. Interestingly, RNA-U2R1 behaved 

very differently from U2R1 as it did not produce a defined fast-migrating band on 

the 7MU-dPAGE (Fig. S5c). This particular observation suggests that the stable 

structure adopted in 7MU by U2R1 does not straightforwardly translate into a similar 

stable structure by the RNA with the same sequence. However, we believe RNA 

molecules with similar properties do exist and can be isolated from random-sequence 

RNA pools. 

3.5 Conclusion 

In summary, we have accidently discovered a remarkable DNA molecule that 

can adopt a folded structure in the presence of 7 M urea, which is known to be a 

strong denaturant for nucleic acid structures. This DNA molecule is highly rich in 

guanine and several lines of evidence suggest that this molecule forms an intricate 5-

tiered guanine-quadruplex with all-parallel strand orientations. To our knowledge, 

such a structural arrangement has never been described before. The formation of the 

structure is contingent on the presence of metal ions. Overall, our work demonstrates 
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that DNA, despite its chemically simplicity, is able to create highly stable structural 

folds in a structurally disruptive environment. This finding opens up the possibility 

of developing DNA-based systems for unconventional applications. For example, it 

is conceivable that DNA aptamers or ligand-responsive DNAzymes for biosensing 

applications can be isolated to function under denaturing conditions designed to 

overcome issues such as non-specific binding or degradation by nucleases in 

biological samples. Our finding may also have implications for origin of life. It has 

been hypothesized that life on Earth may have emerged from an “RNA world” where 

RNA played the dual roles of being the hereditary material and carrying enzymatic 

reactions (50-53). It is possible that the early RNA catalysts may have to deal with 

structure-disrupting conditions imposed by urea-like denaturants. Furthermore, these 

unsupportive conditions might also facilitate the replication of nucleic acid enzymes 

as they can help denature the replicated duplexes at elevated temperature and allow 

the regeneration of functional enzymes under denaturing conditions. 

 

3.6. Methods 

3.6.1 Enzymes, chemicals, and other materials 

T4 DNA ligase and T4 polynucleotide kinase (PNK) were purchased from 

Thermo Scientific (Ottawa, ON, Canada). [γ-32P]dATP was obtained from Perkin 

Elmer (Woodbridge, ON, Canada). Urea (ultrapure) and 40% polyacrylamide 

solution (29:1) were acquired from BioShop Canada (Burlington, ON, Canada). The 

water used was purified via Milli-Q Synthesis A10 water purifier. All other chemicals 

were purchased from Sigma-Aldrich (Oakville, ON, Canada). 10× TBE (Tris-borate 

EDTA) (1 L) was made of 108 g Tris-base (0.89 M), 55 g boric acid (0.89 M), 20 mL 

of 0.5 M ethylenediaminetetraacetic acid (EDTA; pH 8.0; 10 mM). 2× native gel-
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loading buffer (per 100 mL) was made with 20 g sucrose, 10 mL of 10× TBE, 1 mL 

of 10% (w/v) SDS (sodium dodecyl sulphate), 25 mg bromophenol blue, and 25 mg 

xylene cyanol FF. 2× denaturing gel-loading buffer was made with the same recipe, 

with the addition of 84.1 g urea (14 M). Note that the concentration of Tris-boric acid 

in the 2× gel-loading buffer was 89 mM. 10% denaturing polyacrylamide gel stock 

was made of 250 mL of 40% polyacrylamide solution (29:1), 100 mL of 10× TBE, 

and 425 g urea. 

3.6.2 Synthesis and purification of oligonucleotides 

DNA and RNA oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, IA, USA), prepared using automated synthesis using 

standard phosphoramidite chemistry. Each oligonucleotide was purified using 10% 

denaturing polyacrylamide gel electrophoresis (dPAGE) containing 7 M urea. Note 

that for the purification of urea-resistant DNA molecules featured in this study, DNA 

samples in 1× denaturing gel loading buffer at 90 °C for 5 min and then immediately 

loaded onto dPAGE gel. This procedure was adopted to minimize the structure 

formation. 

3.6.3 32P-labelling of oligonucleotides 

1 μL of [γ-32P]ATP (10 μCi) was used to label ~150 pmol of DNA or RNA in 

50 μL of 1× PNK buffer A containing 5 units of PNK. After incubation at 37 °C for 

30 min, PNK was inactivated by heating at 90 °C for 5 min. The phosphorylated DNA 

was first concentrated by ethanol precipitation and then purified by 10% dPAGE 

purification.  
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3.6.4 In vitro selection procedures 

In vitro selection was conducted using a similar protocol that we previously 

described (54). The in vitro selection schematic and all the DNA sequences are 

provided in Fig. S1. 1000 pmol of DL1 were used as the initial library. The DNA 

molecules in this pool were first labeled with 32P at the 5′-end in the presence of 10 

units (U) of T4 PNK, 10 µCi of [γ-32P]ATP, and 1× T4 PNK buffer A (using the 10× 

buffer supplied by the vendor) for 20 min at 37 °C in a reaction volume of 100 µL. 

This was followed by the addition of non-radioactive ATP to a final concentration of 

1 mM and further incubation at 37 °C to ensure complete phosphorylation. The 

reaction was stopped by heating at 90 °C for 5 min. Upon cooling to room 

temperature (~23 °C), 1000 pmol of S1 and 1000 pmol of T1 were added. The 

reaction mixture was then heated to 90 °C for 1 min and cooled to RT. 10 units of T4 

DNA ligase and 25 µL of 10× T4 DNA ligase buffer (supplied by the vendor) were 

added to the reaction mixture (total reaction volume: 250 µL). The ligation reaction 

was carried out at room temperature for 2 h. The DNA in the mixture was precipitated 

by ethanol and the ligated product was purified by 10% dPAGE (54). 

The purified DNA above was suspended in 25 µL of H2O, heated to 90 °C for 

30 s and cooled to room temperature over 15 min. The cleavage reaction was initiated 

by the addition of 25 µL of 2× selection buffer (40 mM Tris-HCl, pH 8.5, 100 mM 

NaCl, and 20 mM MgCl2), and the reaction mixture was incubated at room 

temperature for 1 h. The reaction solution was then mixed with 50 µL of 2× 

denaturing gel loading buffer, which was heated at 90 °C for 5 min and cooled to RT 

for 15 min (54). Note that the metal ion concentrations were: [Na+] = 25 mM and 

[Mg2+] = 5 mM; the buffering agent Tris concentration were 32.2 mM [(40 mM from 

2× SB + 89 mM from 2× dGLB)/4]. This mixture was then subjected for 10% dPAGE 
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purification. A DNA marker that has the identical size to the cleavage product was 

used to guide the excision of the desired DNA band. 

The isolated DNA above was amplified by polymerase chain reaction (PCR) 

in a volume of 50 µL containing 1× PCR buffer (supplied by the vendor as the 10× 

buffer), 0.2 mM each of the standard dNTPs, 1.25 U of Tth DNA polymerase, 0.5 µM 

FP1 (forward primer) and 0.5 µM RP1 (reverse primer). Twelve thermocycles were 

carried out with the following parameters: 94 °C, 30 s (2 min for the first cycle); 

52 °C, 40 s; 72 °C, 45 s. A 1/100-fold dilution of the first PCR product was used for 

the second PCR using the same condition described above with the exception that 

RP2 was used instead of RP1. Another PCR2 was performed for internal labeling 

with 32P. This was achieved by following the PCR2 protocol except that 10 µCi of 

[α-32P]dGTP and 0.02 mM non-radioactive dGTP were used to substitute 0.2 mM 

dGTP. The non-radiolabeled and 32P-labeled PCR solutions were combined and the 

DNA in the mixture was precipitated by ethanol. The desired DNA molecules were 

purified by 10% dPAGE (54). 

The purified DNA was used to carry out the second selection using the same 

procedure. 16 selection rounds were conducted. The cleavage product from round 16 

was amplified, cloned and sequenced using a protocol we published previously (54, 

55). 33 DNA sequences were revealed, which are provided in Table S1. 

3.6.5 General procedure for dPAGE-based folding analysis of urea-resistant DNA 
molecules 

The folding buffer (4× FB) contained 40 mM HEPES, pH 7.5, 600 mM NaCl, 

and 20 mM MgCl2. The general procedure was as follows: a DNA sequence of 

interest (radioactively labeled; 5 pmol in 5 µL) was first mixed with 5 µL of 4× FB, 

and then combined with 10 µL of 2× dGLB. The final concentration for each 
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component in the mixture was: [DNA] = 12.5 nM, [Na+] = 150 mM, [Mg+] = 5 mM, 

[HEPES] = 10 mM, [Tris-boric acid] = 44.5 mM and [urea] = 7 M. The final volume 

was 20 µL and the final pH was 8.4 (directly measured). This mixture was heated to 

90 °C for 5 min, incubated at room temperature (RT) for 15 min, and then loaded 

onto a 10% dPAGE gel, which contained 10% polyacrylamide, 7 M urea, 89 mM 

Tris-boric acid and 1 mM EDTA. The unfolded and folded DNA bands separated by 

dPAGE gel was imaged with a Typhoon Trio + Imager (GE Healthcare) and the 

radioactivity of each DNA band was quantified with ImageQuant software 

(Molecular Dynamics). The percentage of folded structure was then calculated using 

Microsoft Excel (54). 
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3.8 Supplementary Tables and Figures 

Table S1. DNA sequences isolated after 16 rounds of in vitro selection. 
Sequence ID Nucleotides in random-sequence regiona Sequence class 

SQ01  
SQ02 
SQ03  
SQ04 
SQ05  
SQ06 
SQ07  
SQ08 
SQ09  
SQ10 
SQ11  
SQ12 
SQ13  
SQ14 
SQ15  
SQ16 
SQ17  
SQ18 
SQ19  
SQ20 
SQ21  
SQ22 
SQ23  

GGAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
AGAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GGAGGTGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GGAGGTGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGCTGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGCTGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTCGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTCGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTCGTATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGCATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTGTACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTATGCTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTATACTCGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTATACTTGGGCGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGG 
GTAGGTGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTCGTATACTTGGGTGGTTGGGGGGT 
GTAGGGGGTGGTGGGTTGCATACTTGGGTGGTTGGGGGGT 
GGAGGGGGTGGTGGGTTGTATACTTGGGTGGTTGGGGGTC 

UD1 

SQ24 
SQ25  
SQ26 
SQ27  
SQ28 
SQ29 

CGGGGGGTGGCGGGGAAAGAGAGATGGGTGGTCGGGGGGT 
CGGGGGGTGGTGGGGGAAGAGAGATGGGTGGTCGGGGGGT 
CGGGGGGTGGCGGGTGAAGAGAGATGGGTGGTCGGGGGGT 
CGGGGGGTGGCGGGAGAAGAGAGATGGGTGGTCGGGGGGT 
CGGGGGGTGGCGGGAGAAGAGAGATGGGTGGTCGGGGGGT 
CGGGGGGTGGTGGGAGAAGAGAGATGGGTGGTCGGGGGGT 

UD2 

SQ30 
SQ31  
SQ32 
SQ33 

GGGGGGATGGTGGGGTGGGAGAAGTGGGTGGCCGGGGGGT 
GGGGGGATGGTGGGGTGGGAGAAGTGGGTGGCCGGGGGGT 
GTGGGGATGGTGGGGTGGGAGAAGTGGGTGGCCGGGGGGT 
GGGGGGATGGTGGGGTGGGAGAAGTGGGTGGCCGGGGGTC 

UD3 

 

a: Nucleotide highlighted in yellow denotes a mutation in comparison to the first sequence listed in each 
class at the same position.    
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Figure S3-1. In vitro selection. (a) The sequences of the DNA molecules used for the study. DNA 
molecules are color-coded to assist the understanding of panel b. (b) In vitro selection scheme with the 
following 8 steps. (1) Ligation of phosphorylated DL1 (DNA library) to S1 (fluorogenic substrate) 
templated by T1. (2) Purification of ligated S1-DL1 by dPAGE. (3) incubation of S1-DL1 in the selection 
buffer (40 mM HEPES, pH 7.5, 100 mM NaCl, and 10 mM MgCl2). (4) Purification of cleaved products 
by dPAGE. (5) PCR using FP1 and RP1 as primers. (6) PCR with FP1 and RP2 as primers. Note: RP2 
contains a triethylene glycol spacer (L, panel a) and A20 tail at the 5' end; the spacer prevents the poly-
A tail from being amplified, making the non-DNAzyme-coding strand 20 nucleotides longer than the 
coding strand. (7) Purification of DL1 strand by dPAGE. (8) Phosphorylating DL1 and ligating it to S1. 
The cycle of steps 2-10 was repeated for 16 times in this study. The experimental details are described in 
Section A above under “In vitro selection procedures”.  
 

 
 
     

 
 
 
  

 



 89 

 
 
 

 
 
 
 
 
 
 
 
 
 
Figure S3-2. Effect of varying concentrations of K+, Li+ and NH4+ on the folding of U2T. Each reaction 
mixture contained 10 mM HEPES (pH 7.5), 7 M urea, and specified concentrations of KCl (a), LiCl (b) 
or NH4Cl (c). (d) % Folded structure vs. cation concentration. The mixture was heated at 90°C for 5 min 
and left standing at room temperature for 15 min prior to dPAGE analysis.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3-3. Examination of sequence truncation on the structure folding of UD2. (a) Four progressively 
shortened UD2 sequences tested for this study. U2T3 is subsequently named U2R as it contains only 40 
nucleotides located in the randon-sequence region. (b) dPAGE analysis of each truncated sequence in the 
presence of 1´ FB1 (10 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM MgCl2 (+M) or 10 mM HEPES 
only (-M). 
 
 
  

 

 

GCTGACTGCCAAGACCGGGGGGTGGCGGGGAAAGAGAGATGGGTGGTCGGGGGGTTCTGGTATGTGCTCA
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Figure S3-4. Methylation interference of guanine nucleotides in U2T. C: Control where every G residue 
can be freely methylated by DMS (dimethyl sulphate). T: Interference Test where the G residues that are 
important to the folding would show significantly reduced methylation. The guanine residues with 
significantly reduced band intensity in the T lane in comparison to the same DNA band in the C lane are 
indicated in green. Experimental details: 200 picomoles of U2T in 200 μL of water were heated to 90°C 
for 5 min, and divided into two 100 μL control (the “C” sample), and test (the “T” sample). 100 μL of 
water was added to the control sample and 100 μL of 4xFB was added to the test sample. Both samples 
were cooled to room temperature for 35 min. Then 200 μL of 0.4% Dimethyl sulfate was added to both, 
followed by 35-min incubation. (This procedure allows the U2T to be methylated while folded). The 
DNA was recovered by ethanol precipitation. Each sample was labeled using 20 μCi of [g-32P]ATP 
following the previously described procedure, and precipitated with ethanol, and re- suspended in 5 μL 
water. The test sample was first mixed with 5 μL of 4 ́ FB, and then with 10 μL of 2 ́ dGLB, while the 
control sample was mixed with 5 μL of water, and then with 10 μL of 2 ́ dGLB. The resultant mixture 
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was heated to 90°C and cooled at RT for 15 min. The test sample was subjected to dPAGE, to exclude 
any unfolded molecules in the test sample. The control sample was also purified by dPAGE. The DNA 
recovered from the gel were then treated with 100 μL of 10% piperidine at 90°C for 30 min, dried by a 
vacuum concentrator. Each sample was then dissolved in 10 μL of 1 ́ dPAGE loading buffer, heated at 
90°C for 5 min, and immediately loaded onto a dPAGE gel.  
 
 
 

 
Figure S3-5. (a) Testing the presence of parallel G-quadruplex in the structure of U2R1 with 
protoporphyrin IX (PPIX). PPIX is known to produce enhanced fluorescence upon binding to parallel G-
quadruplex. Three conditions were tested: PPIX alone (data in black), PPIX with U2R1 (data in red) and 
PPIX with U2R1 in the presence of 7M urea. (b) UV- melting points of U2R1 obtained under native and 
urea-containing conditions. (c) dPAGE analysis of RNA-U2R1 in the presence of 10 mM HEPES, pH 
7.5, 150 mM NaCl and 5 mM MgCl2 (+M) or 10 mM HEPES only (-M). Experimental details: (a) 
Samples with volumes of 60 μL contained 1 μM U2R1, 10 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM 
MgCl2, in the presence of absence of 7 M urea. Corresponding negative control mixtures (with no DNA) 
were also made. The mixtures were heated to 90°C for 5 min and cooled to RT. 1.2 μL of 100 μM 
Protoporphyrin IX (PPIX) was added to each sample. After 10 minutes of incubation, samples were 
scanned with CARY Eclipse Fluorescence Spectrophotometer, with the excitation wavelength of 410 nm, 
and emission between 550 nm – 750 nm was recorded. (b) The UV measurements were run using Cary 
300UV/Vis spectrophotometer. Samples with volumes of 400 μL were prepared to contain 5 μM U2R1, 
10 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl2, in the presence of absence of 7 M urea, along 
with corresponding blank mixtures (with no DNA). Each sample and blank was heated at 90°C for 5 min 
and cool to RT, then loaded into quartz cuvettes. The cuvettes were then loaded into the 
spectrophotometer. The block temperature was set to 23°C and the samples were incubated for 15 min 
before the melting experiment was initiated. Absorbance at 295 nm was measured between 23°C to 95°C. 
The ramp was set at 1°C/min. Melting points were calculated using the derivative of absorbance vs. 
temperature graphs. (c) 5 pmol of U2R1 or RNA-U2R1 in 5 μL were mixed with 5 μL of 4 ́ FB and 10 
μL of 2 ́ dGLB, heated at 90°C for 5 min, and cooled at RT for 15 min. 5 μL was taken for dPAGE 
analysis. +M: the reaction mixture contained NaCl and MgCl2; -M: the two salts were omitted. NC: 2 ́ 
dGLB was mixed with 10 μL of RNA-U2R1 dissolved in water.  
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Chapter 4 

A DNA Switch for Detecting Single Nucleotide 
Polymorphism within a Long DNA Sequence Under 

Denaturing Conditions 
 

4.1 Author’s Preface 

This study describes the potential application in biosensing of the 

aforementioned urea-resistant G-quadruplex.  Using this structure, we have designed a 

catalytic beacon can detect single nucleotide mutation within a long target sequence. 

We demonstrate that it can discriminate a mutation-bearing target from one with 

98.9% similarity.  

This work is presented in the manuscript format, which has been submitted to 

Chemistry, A European Journal and has been accepted. I am the first author of this 

publication. I took the leading role in project design, experimentation and data 

analysis. Dr. Jiuxing Li has provided significant insights and suggestions during the 

process of this work. I conducted all the experiments and summarized all the results. 

The manuscript was written with assistance from Dr. Yingfu Li and other co-authors. 
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4.2 Manuscript: A DNA Switch for Detecting Single Nucleotide Polymorphism 
within a Long DNA Sequence Under Denaturing Conditions 

Wenqing Zhang, Jiuxing Li, Bruno Salena and Yingfu Li* 
Abstract: DNA detection is usually conducted under 
nondenaturing conditions to favor the formation of 
Watson-Crick base-paring interactions. However, 
although such a setting is excellent for distinguishing a 
single-nucleotide polymorphism (SNP) within short DNA 
sequences (15-25 nucleotides), it does not offer a good 
solution to SNP detection within much longer sequences.  
Here we report on a new detection method capable of 
detecting SNP in a DNA sequence containing 35-90 
nucleotides. This is achieved through incorporating into 
the recognition DNA sequence a previously discovered 
DNA molecule that forms a stable G-quadruplex in the 
presence of 7 molar urea, a known condition for 
denaturing DNA structures. The systems are configured 
to produce both colorimetric and fluorescent signals 
upon target binding. 

Using synthetic oligonucleotides as recognition 
elements to achieve detection of a specific DNA and 
RNA sequence is a widely accepted conception and 
practice in molecular biology and medical diagnostics. 
Commonly used technologies include FISH 
(fluorescence in situ hybridization), molecular beacon 
and microarray.[1-3] A key goal of these DNA detection 
technologies is to achieve specific detection of DNA 
sequences that may only differ by a single nucleotide 
polymorphism (SNP) because SNP represents 
important determinants in many genetic diseases.[4-

13] Although techniques such as FISH and molecular 
beacon can detect SNP within a short DNA sequence 
(25-nt or shorter; nt: nucleotide), they are unable to 
detect SNP in much longer DNA sequences. Certain 
DNA detection technologies, particularly microarray, 
use very long DNA recognition sequences (60-80 nt 
in length) as recognition probes because these long 

DNA probes are able to achieve excellent detection 
sensitivity.[14,15] However, such long DNA sequences 
as the detection probe are unable to distinguish DNA 
sequences differing by 30% nucleotide identity,[15-17], 
let alone detect a SNP. Performing detection at an 
elevated temperature under precise temperature 
control can improve detection specificity, but such a 
measure is still unable to achieve SNP detection.[6,14] 
More recently, it has been shown that the method of 
strand displacement is capable of achieving SNP 
detection in long DNA sequences,[16] but such a 
method typically uses fluorescence to report target 
recognition, limiting their range of applications. In this 
work, we report a simple, “mix-and-read” approach 
capable of achieving both fluorescent and 
colorimetric detection of a SNP within DNA 
sequences containing as many as 90 nt.  

The key component of our system is a guanine-rich 
(G-rich) DNA molecule that can form a stable G-
quadruplex structure (G4 structure) in the presence 
of 7 molar urea (7MU). Another important component 
is a hairpin design that acts as a toehold for strand 
displacement.[18] As we will explain in greater detail 
below, the combined system places the G-rich 
element “locked” in a long hairpin structure and 
unable to form the G4 structure under 7MU, unless 
the sequence to be detected (the target sequence) is 
present in the solution. 

We have recently discovered a family of G-rich 
DNA sequences, that are capable of folding into 
highly stable anti-parallel G4 structures even in the 
presence of 7MU.[19] The folding requires the 
assistance of Na+ and Mg2+ ions. In addition to the G-
rich feature, this sequence family has a central loop 
region that needs to be longer than 7 nt but does not 
require a specific sequence (Figure 1A).[19]  In this 

work, we rename this family of sequences as ULX in 
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Figure 4-1. Reporting systems constructed with ULX. (A) Anti-
parallel G-quadruplex (G4) structure of ULX in 7 M urea (7MU) 
containing Na+ and Mg2+. (B) Oxidation of ABTS in the presence of 
a ULX, hemin and H2O2. (C) Fluorescence enhancement of 
protoporphyrin IX (PPIX) upon its binding to the G4 structure of a 
ULX. 
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which X stands for the number of nucleotides in the 
loop (L). 

Anti-parallel G4 structures are known to be 
excellent signal transductors and are capable of 

producing both fluorescence and colorimetric 
signals.[20-23] They can catalyze the oxidation of dyes 
such as 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) in the 
presence of hemin and 
hydrogen peroxide, which 
produces a color change 
(Figure 1B). This activity is 
known as peroxidase activity, 
and therefore, these types of 
DNA molecules are also called 
peroxidase DNAzymes.[24-26] 
They can also bind to certain 
fluorogenic molecules, such as 
protoporphyrin IX (PPIX), to 
produce a strong fluorescence 
signal (Figure 1C).[27-29] 
Therefore, ULX can function as 
an excellent colorimetric or 
fluorescent signaling module to 
build a biosensing system to 
achieve target detection in 
7MU. 

We tested 4 ULX molecules with a loop length of 5, 
10, 15, and 20 nt (Figure 2A) to determine their 
folding patterns and the ability to produce either 
colorimetric signal with ABTS/hemin/H2O2 or 
fluorescence with PPIX. Radioactively labeled (32P) 

UL10, UL15 and UL20 were found to produce a fast-
moving band when they were subjected to 10% 
denaturing (7MU) polyacrylamide gel electrophoresis 
(Figure 2B). In contrast, this band was absent with 

UL5. These observations 
are consistent with our 
previous finding that the 
minimal length is 7 nt.[19] 
We tested UL5, UL10, 
UL15 and UL20 for 
peroxidase activity. 
UL10, UL15 and UL20 
were capable of 
oxidizing ABTS in the 
presence of hemin and 
H2O2 to produce the blue 
color both in 0MU (i.e. 
the reaction solution 
containing no urea) and 
7MU; in contrast, UL5 
did not induce the color 
change (Figure 2C). 
These results are 
consistent with the 
structural folding data in 
Figure 2B. Color 
intensity analysis shows 
that UL10 produced a 
stronger color change in 
7MU than UL15 and 

UL20 (Figure 2D); however, we decided to choose 
UL20 for further biosensor work because of the need 
of a stronger “lock”, a requirement for the sensor 

design to be discussed below. For this reason, we 
also examined the ability of UL20 to enhance the 
fluorescence of PPIX. Interestingly, the fluorescence 
intensity of UL20 in 7MU was twice as high as in 0MU 
(Figure 2E). These findings suggest that UL20 can be 

 
Figure 4-2. G4 structure formation by ULX. (A) The sequences of DNA molecules tested. U2R1 is the 
reference sequence previously reported. (B) Detection of G4 structures of ULX by 7MU-dPAGE. -
M/+M: in the absence and presence of Na+ and Mg2+. For each 32P-labeled DNA molecule, the 
appearance of the fast-moving DNA band (the bottom band) in the +M lane indicates the successful 
G4 structure formation. (C) The peroxidase activity of the four ULX constructs in 0MU and 7MU. (D) 
Absorbance readings at 418 nm of the reactions in C.  -Ctrl: no DNA. (E) Emission spectra of UL20-
PPIX mixture in 0 MU (left) and 7MU (right). -Ctrl: no DNA. 

 

U2R1: 5’CGGGGGTGGCGGG-----AAAGAGAGAT-----GGGTGGTCGGGGGT3‘
UL20: 5’-GGGGGTGGCGGGTACGCAGCCACTTCGAGTACGGGTGGTCGGGGG-3‘
UL15: 5’-GGGGGTGGCGGG--CGCAGCCACTTCGAG---GGGTGGTCGGGGG-3‘
UL10: 5’-GGGGGTGGCGGG----CAGCCACTTC------GGGTGGTCGGGGG-3‘
UL5:  5’-GGGGGTGGCGGG-------CCACT--------GGGTGGTCGGGGG-3‘
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Figure 4-3. Design of a harpin structure with a G-blocker element. (A) The sequences of UL20 
and UL20GB. (B) Alternative structures of UL20GB. The G-blocker creates a hairpin structure 
as shown. (C) Fluorescence readings of the mixtures of UL20 and UL20GB with PPIX in 0MU 
and 7MU. (D) Relative fluorescence of the reaction solutions containing UL20BG and 0-7MU.    

UL20:   5’GGGGGTGGCGGGTACGCAGCCACTTCGAGTACGGGTGGTCGGGGG3’
UL20GB: 5’GGGGGTGGCGGGTACGCAGCCACTTCGAGTACGGGTGGTCGGGGGCACCC3’
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used both as colorimetric and fluorescence reporter 
for a biosensor to function in 7MU. 

To design a biosensor, we need to establish a 
strategy that can keep UL20 from forming the G4 
structure before target binding 
but permit the G4 structure 
formation upon target binding. 
We achieved this by 
incorporating into UL20 two 
additional sequence elements: 
a target-binding DNA sequence 
(named “probe”) and a G4 
structure blocking sequence 
(named “G-blocker”). Together, 
these two sequence elements 
create a target-responsive 
system that is capable of 
distinguishing DNA targets 
differing by a SNP, as we will 
progressively demonstrate 
below. 

  We first appended the 3¢-
end of UL20 with CACCC (blue 
nucleotides in Figure 3A). The 
new sequence is named 
UL20GB because the CACCC 
motif functions as a “G-blocker”: 
this motif is designed to pair with the GGGTG 
element (underlined in Figure 3A) to create a hairpin 
structure to compete with the G4 structure, as 
illustrated in Figure 3B.  

We compared the fluorescence intensity of UL20 
and UL20GB when they were combined with PPIX in 
0MU and 7MU (Figure 3C). For UL20, high levels of 
fluorescence were observed in both 0MU and 7MU; 
however, UL20GB produced much stronger 
fluorescence in 7MU than 0MU. The fluorescence 
intensity of the UL20GB-PPIX mixture was also found 
to increase with the increasing urea concentrations 
(Figure 3D). These results support the following 
statements: (1) UL20 adopts the G4 structure in both 
0MU and 7MU; (2) the hairpin structure of UL20GB is 
much more stable than its G4 structure in 0MU, but 
the stability reverses in 7MU. Consequently, if the 
hairpin is the starting structure, it will give rise to the 
G4 structure in solution containing 7MU. This 
transition is denoted “H2G transition”.   

Another sequence element appended to UL20 is 
the probe sequence, the green nucleotides added 
right after the G-blocker (Figure 4A). We chose a 50-
nt probe sequence (P50) as the first model probe and 
the resultant sensor DNA construct is thus named 
UL20GBP50.  P50 was designed to achieve two 
functions. The first 20 nucleotides were designed to 
be a “lock” sequence, with the purpose of forming 
base pairs with the orange nucleotides in UL20GB, 
the long connecting loop in the G4 structure. This 
portion of the probe and the G-blocker work together 

to create a very strong stem to inhibit the H2G 
transition even in 7MU. The remaining 30-nt 
sequence in P50, which is in the single-stranded form 
(labeled “tail” in Figure 4A), was designed to function 

as a toehold to initiate the binding to a 50-nt target 
sequence that is fully complementary to P50. By this 
design, the toehold-initiated probe-target binding 
event is expected to produce a relatively weak hairpin 
containing only the 5-base pair stem (the G-blocker 
stem), which should undergo the H2G transition for 
signal generation (Figure 4B). 

The ability of the aforementioned sensing system 
in distinguishing a SNP was tested with two DNA 
targets named R50A and R50C, respectively (their 
sequences are provided in Figure 4A). R50A is the 
intended target, which represents a sequence 
segment of the human rhodopsin gene that carries 
the crucial C-to-A point mutation responsible for the 
genetic eye disease retinitis pigmentosa,[30] and 
R50C (representing the wildtype sequence) is the 
SNP control. Note that: (1) the tail and the lock 
portions of UL20GBP50 are designed to be perfectly 
complementary to R50A; (2) the point mutation was 
placed at the 8th position of the probe sequence (the 
corresponding nucleotides in R50A and R50C (which 
are labeled pink in Figure 4A), which was chosen for 
the consideration that it was located near the center 
of the lock and thus should favor the H2G transition 
by the match SNP but not by the mismatch target.  

 
Figure 4-4. SNP detection using a hairpin/G4 structure switch. (A) The sequences of 
UL20GBP50 (sensor), R50A (DNA target) and R50C (SNP control). (B) Graphic illustration of the 
H2G transition of the sensor target binding.  (C) Peroxidase reactions before and after target 
binding in 0MU and 7MU.  

A. UL20GBP50: 5’GGGGGTGGCGGGTGGTACGCAGCCACTTCGAGGGGTGGTCGGGGGCACCC
     CTCGAAGTGGCTGCGTACCACACCCGTCGCATTGGAGAAGGGCACGTAGA3’
R50A:      5’TCTACGTGCCCTTCTCCAATGCGACGGGTGTGGTACGCAGCCACTTCGAG3’
R50C:      5’TCTACGTGCCCTTCTCCAATGCGACGGGTGTGGTACGCAGCCCCTTCGAG3’
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The lock and the G-blocker create a very strong 
stem with the G4 loop, which was found to prevent 

the G4 structure formation in 7MU, based on the lack 
of peroxidase activity (the tube labeled “Ctrl” in Figure 
4C). When R50A was added to the same solution 
(the test with the matching DNA target), a blue color 
was produced, signifying that the formation of the G4 
structure. However, no color change was detected 
when R50C was added (the SNP control). 
Furthermore, no color change was seen in all three 
reactions in 0MU.   

We also tested the target-promoted structure 
transition using PPIX (Figure S1) and the results 
were consistent with the colorimetric test: high level 
of fluorescence signal was only seen with R50A in the 
presence of 7MU but not in the two controls.  

We also tested four additional constructs with a 
probe sequence of 35, 60, 70 and 90 nt in length 
(Figure 5A). All these sequences were designed to 
be fully complementary to the human rhodopsin gene 
that carries the same C-to-A point mutation but vary 
in the number of nucleotides in the 5¢-end (Figure 5A).  
All these probes were found to be able to distinguish 
the mutant gene from the wildtype in the colorimetric 
peroxidase assay. The fact that the sensing system 
can identify a SNP within a 90-nt sequence indicates 
that it is capable of differentiating non-specific targets 
with 98.9% identity to the true target (89/90).  

The G-blocker element is crucial for SNP detection 
capability, as the data in Figure S2 shows. In this 
experiment, the probe length was chosen to be 35 nt. 
With the removal of the G-blocker (the sensor DNA is 
now named UL20P35 instead of UL20GBP35), the 
system was incapable of distinguishing R35C from 

R35A, as the peroxidase activity was observed for 
both targets. 

To show that the detection 
method is capable of detecting 
SNP in different sequence 
context, we designed two 
additional UL20GBP50 
systems, targeting a SNP within 
a human mitochondria DNA 
fragment[16a] and a SNP within 
an E. coli. rpo gene fragment 
carrying mutations responsible 
for antibiotic resistance[16b], 
respectively. Each system was 
capable of producing a color in 
the peroxidase assay in the 
presence of the intended target 
but not in the SNP control 
(Figure S3). Note that the two 
new targets were purposely 
designed to contain G-rich and 
GC-rich sequence elements to 
assess whether such elements 
might disrupt the correct folding 
of the G4 structure. The ability 

to detect these targets indicates that the biosensor 
design is broadly applicable to diverse DNA 
sequences.  

In summary, although hybridization of DNA in the 
presence of denaturing agents, such as urea and 
formamide, has been investigated before,[31] the use 
of very high concentrations of urea as the key 
solution component to enable a DNA switch to 
achieve SNP detection has not been attempted until 
the current study. Carrying out DNA detection under 
7 M urea comes with a significant advantage in SNP 
detection: the capability to detect a SNP in very long 
DNA sequences. Towards this end, we have shown 
that our method is capable of detecting a SNP in a 
ssDNA sequence containing as many as 90 
nucleotides.  

The successful implementation of SNP detection in 
a long DNA sequence in a solution containing 7 M 
urea is attributed to the discovery of a family of G-rich 
DNA sequences that have two distinct properties. 
The first property is their capability to form a stable 
G-quadruplex structure in 7 M urea. The second 
property is that the G-quadruplex structure of this 
family has a loop sequence that can be changed to 
any sequence as long as this sequence is longer than 
7 nucleotides. In this work, we have chosen the 
length of the loop to be 20 nucleotides and the 
sequence of the loop to be complementary to a 
chosen 20-nt sequence segment of three different 
DNA targets. For the detection of a specific DNA 
sequence, one simply needs to change the loop 
sequence to be the sequence complementary to the 
DNA target of interest. We envision that the strategy 

 
 
Figure 4-5. Four additional sensors with lengthened probe sequences. (A) The sequences of 
additional sensors and targets. The four new sensors were named UL20GBP35, 60, 70 and 
90. Their perfectly matched DNA targets were named R35A, R60A, R70A, and R90A, 
respectively. The corresponding SNP controls were named R35C, R60C, R70C, and R90C (their 
sequences are not shown, as the only difference for each SNP control is the replacement of 
the pink A with C. (B) Peroxidase reactions of the four sensors before and after target binding 
in 0MU and 7MU.  

A.

UL20GBP35: 5’CTCGAAGTGGCTGCGTACCACACCCGTCGCATTGG
UL20GBP60: 5’CTCGAAGTGGCTGCGTACCACACCCGTCGCATTGGAGAAGGGCACGTAGAAGTTAGGGCC
UL20GBP70: 5’CTCGAAGTGGCTGCGTACCACACCCGTCGCATTGGAGAAGGGCACGTAGAAGTTAGGGCC
     TTCTGTGCCA
UL20GBP90: 5’CTCGAAGTGGCTGCGTACCACACCCGTCGCATTGGAGAAGGGCACGTAGAAGTTAGGGCC
     TTCTGTGCCATTCATGGCTGTGGCCCTTGT
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R35A:3’GAGCTTCACCGACGCATGGTGTGGGCAGCGTAACC
R60A:3’GAGCTTCACCGACGCATGGTGTGGGCAGCGTAACCTCTTCCCGTGCATCTTCAATCCCGG
R70A:3’GAGCTTCACCGACGCATGGTGTGGGCAGCGTAACCTCTTCCCGTGCATCTTCAATCCCGGAAGACACGGT
R90A:3’GAGCTTCACCGACGCATGGTGTGGGCAGCGTAACCTCTTCCCGTGCATCTTCAATCCCGGAAGACACGGT
       AAGTACCGACACCGGGAACA
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demonstrated by this work can be exploited for the 
design of biosensors to detect many other SNPs in 
long DNA sequences. 
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4.3 Supplementary Information: A DNA Switch for Detecting Single Nucleotide 
Polymorphism within a Long DNA Sequence Under Denaturing Conditions  

Wenqing Zhang, Jiuxing Li, Bruno Salena and Yingfu Li* 

 

MATERIALS AND METHODS  

Enzymes, chemicals, and other materials. [g-32P]ATP was obtained from Perkin 

Elmer (Woodbridge, ON, Canada). Urea (ultrapure) and 40% polyacrylamide solution 

(29:1) were purchased from BioShop Canada (Burlington, ON, Canada). Water was 

purified via Milli-Q Synthesis A10 water purifier. All other chemicals were purchased from 

Sigma-Aldrich (Oakville, ON, Canada).  

Synthesis and purification of oligonucleotides. DNA oligonucleotides were 

purchased from Integrated DNA Technologies (Coralville, IA, USA), and synthesized 

using automated DNA synthesis using standard phosphoramidite chemistry. All 

oligonucleotides were purified using 10% denaturing polyacrylamide gel electrophoresis 

(dPAGE) containing 7 M urea. Note that for the purification of urea-resistant DNA 

molecules featured in this study, DNA samples were resuspended in 1.5´ denaturing gel 

loading buffer (dGLB), heated at 90°C for 5 min and then immediately loaded onto dPAGE 

gel. This procedure was effective in minimizing the structure retention on urea dPAGE.  
32P-labelling of oligonucleotides. 1 µL of [g-32P]ATP (10 µCi) was used to label 

~150 pmol of DNA in 50 μL of 1´ PNK buffer A containing 5 units of PNK. After 

incubation at 37°C for 30 min, PNK was inactivated by heating at 90°C for 5 min. The 

phosphorylated DNA was first concentrated by ethanol precipitation and then purified by 

10% dPAGE purification. Similarly, this purification step requires the DNA to be 

resuspended in 1.5´ dGLB, heated at 90°C for 5 min and then immediately loaded onto 

dPAGE gel. 
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Denaturing-Polyacrylamide Gel Electrophoresis (dPAGE)-based folding analysis of 

urea-resistant DNA molecules. The folding buffer (4´ FB) contained 40 mM HEPES, pH 

7.5, 600 mM NaCl, and 20 mM MgCl2. 10´ TBE (Tris-borate EDTA) (1 L) was made of 

108 g Tris-base (0.89 M), 55 g boric acid (0.89 M), 20 mL of 0.5 M 

ethylenediaminetetraacetic acid (EDTA; pH 8.0; 10 mM). 2´ dGLB (per 100 mL) was 

made with 20 g sucrose, 10 mL of 10´ TBE, 1 mL of 10% (w/v) SDS (sodium dodecyl 

sulphate), 25 mg bromophenol blue, and 25 mg xylene cyanol FF, and 84.1 g urea (14 M). 

Firstly, 32P-labled U2R1 and ULX sequences (5 pmol in 5 µL) was each mixed with 5 µL 

of 4´ FB, and then combined with 10 µL of 2´ dGLB.  This mixture was heated to 90°C 

for 5 min, incubated at room temperature (RT) for 15 min, and then loaded onto a 10% 

dPAGE gel, which contained 10% polyacrylamide, 7 M urea, 89 mM Tris-boric acid and 1 

mM EDTA; The gel electrophoresis was run in the presence of 1´ TBE The unfolded and 

folded DNA bands separated by dPAGE gel was imaged with a Typhoon Trio+ Imager (GE 

Healthcare).   

Colorimetric Experiments. The peroxidase activity of ULX sequences (UL5, 

UL10, UL15, and UL20) and UL20GB, and UL20GBPX (UL20GBP50, UL20GBP35, 

UL20GBP60, UL20GBP70, and UL20GBP90) were tested under both native (0MU) and 

denaturing conditions (7MU). A folding buffer A (4´ FBa) contained 160 mM Tris pH 8.5, 

600 mM NaCl, and 20 mM MgCl2 was used. Specifically, a final volume of 46 µL was 

made to contain 1.08 µM of DNA sequence of interest, 4.35 µM of hemin, 1.08´ FBa for 

a 0MU test; and additional 7.6 M urea for a 7MU test. This mixture was heated to 90 °C 

for 3 min and cooled to RT for 15 min. 3 µL of 50 mM ABTS and 1 µL of 50´ diluted 
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H2O2 were added. The reaction had a final concentration of 1 µM ULX, 4 µM hemin, 1´ 

FBa, 3 mM of ABTS, and 4 µM of H2O2. Pictures were taken approximately 1 min right 

after.  

For colorimetric tests involving UL20GBPX and RXA or RXC (X = 35, 50, 60, 70, 

or 90), reactions were conducted similarly, with the addition of equimolar of RXA or RXC 

before heating.  

Probing G-quadruplex Formation and DNA Detection with Protoporphryrin 

(PPIX). To test formation of G-quadruplex formation by ULX variants, a mixture of 57 µL 

was made to have 1.05 µM ULX and 1.05´ FBa for a native test, and an additional of 7.37 

M of urea for a test under 7MU condition. The mixture was heated to 90 °C for 3 min and 

cooled to RT. PPIX was added so that the mixture has 1 µM ULX, 1´ FBa, and 2 µM PPIX, 

and an additional 7 M urea if the test is under denaturing condition. The mixture was 

incubated for approximately one hour, before analyzed by CARY Eclipse Fluorescence 

Spectrophotometer, with the excitation wavelength of 410 nm, and the emission spectrum 

between 550 nm - 750 nm was recorded. Alternatively, the emission of 631 nm was 

recorded using Teacan M1000, and the emissions were corrected against fluorescence 

generated by buffer alone. For experiments involving RXA or RXC detection, DNA targets 

at various concentrations were added together with UL20GB probes prior to heating.  

For Figure 3, relative fluorescence was calculated assuming that UL20 at 7MU 

produces 100% fluorescence, using the following equation: 

Relative Fluorescence = (Sample Fluorescence/UL20 Fluorescence at 

7MU)*100% 
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Figure 4-S1. Discrimination of R50A and R50C using UL20GBP50, under 0MU or 7MU. 1 µM UL20GBP50 
and equimolar R50A or R50C, in combination of 2 µM PPIX were heated at 90 °C for 3 minutes, and 
incubated at RT for one hour, followed by the measurement of fluorescence at 631 nm. The concentartions 
are final concentration in 50 µL reaction solution. 
 

 
Figure 4-S2. Testing the importance of the G-blocker. 1 µM UL20P35, equimolar R50A or R50C, and 4 µM 
hemin were heated at 90 °C for 3 minutes, and the mixture was incubated at RT for 15 min, followed by the 
addition of ABTS and H2O2 to a final concentration of 3 mM and 4 µM respectively. The concentartions are 
final concentration in 50 µL reaction solution. The picture was taken approximately 1 min after the addition 
of H2O2. 
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Figure 4-S3. Testing the UL20GB probe using other DNA targets. 1 µM UL20GBP50HRV or 
UL20GBP50rpo, equimolar their perfect match or mismatch targets (HRV-mt, HRV-wt, rpo-mt, and rpo-wt, 
respectively), and 4 µM hemin were heated at 90 °C for 3 minutes, and the mixture was incubated at RT for 
15 min, followed by the addition of ABTS and H2O2 to a final concentration of 3 mM and 4 µM respectively. 
The concentartions are final concentration in 50 µL reaction solution. The picture was taken approximately 
1 min after the addition of H2O2. 

 

 
Figure 4-S4. Testing the specificity of UL20GBP90 in the presence of excess mis-matched targets. 500 nM 
of UL20GBP90, DNA targets (concentrations as indicated) and 4 µM hemin were heated at 90 °C for 3 
minutes, and the mixture was incubated at RT for 15 min, followed by the addition of ABTS and H2O2 to a 
final concentration of 3 mM and 4 µM respectively. The concentartions are final concentration in 50 µL 
reaction solution. The picture was taken approximately 1 min after the addition of H2O2. 
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Chapter 5 

Conclusion and Outlooks 
 

 In this thesis, I have had the opportunity to apply the in vitro selection technique to 

search from random-sequence DNA libraries for some very unique single-stranded DNA 

molecules with interesting functions. I started my project with a goal of developing nucleic 

acid-based sensors that can facilitate the detection of clostridium difficile, a bacterial 

pathogen that causes wide-spread infections in hospitals in North America and Europe. 

Along the way, I have developed a deep appreciation of functional capability of single-

stranded DNA molecules as well as the power of in vitro selection in identifying such 

sequences from DNA pools containing as many as 1015 different sequences. 

 The goal of the work presented in Chapter 2 is to determine whether it is possible 

to use the strategy of combining a positive-selection step and a counter-selection step to 

achieve the isolation of chimeric RNA/DNA molecules that can be selectively cleaved by 

the RNase H2 from C. difficile while exhibiting significantly reduced activities towards 

analogous RNase H2 enzymes from two control bacteria, E. coli and Salmonella. The idea 

was proven working as I was able to isolate several chimeric RNA/DNA molecules with 

high selectivity for the RNase H2 from C. difficile. This study has strengthened my 

appreciation of the power of the in vitro selection technique, as it can deliver an outcome 

that rational designs are unable to do. Two important implications come out of my findings. 

The first implication is that the high selectivity of the selected chimeric nucleic acid 

molecules towards the RNase H2 from C. difficile can be further utilized for the 

development of selective biosensors for this important bacterial pathogen. Given the 
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isolated nucleic acids are programmed to produce a strong fluorescence signal upon RNase 

H2 mediated cleavage, they can be used immediately as a fluorescence biosensor. 

Alternatively, they can also be designed into colorimetric biosensors using several 

strategies discussed in Chapter 1 of this thesis that have been successfully implemented for 

nucleic acid cleavage based systems (such as DNAzymes). However, given the fact that 

there are many different bacteria in any given biological sample, as a future direction, these 

nucleic acid molecules need to be further examined for cleavage activity by RNase H2 

enzymes from more control bacteria. This will further evaluate their usefulness as 

biosensing systems for the detection of C. difficile.  The second implication, also an 

important future research direction, is that the same approach can be adopted for isolating 

nucleic acid substrates highly selective for another nuclease (an endonuclease and another 

RNase) from C. difficile and minimally cross-reactive for the same type of nucleases from 

control bacteria. With the choice of a proper nuclease as the targeted enzyme and the choice 

of the same enzyme from control bacteria, it should be possible to obtain a set of nucleic 

acid molecules that together can provide the needed specificity for the detection of C. 

difficile.         

Chapter 3 describes the unexpected discovery of a unique G-rich sequence that still 

is able to fold into a parallel G-quadruplex structure in the presence of 7 M urea, a condition 

known to denature nucleic acid structures. It is an accidental discovery due to the alteration 

of a common experimental procedure in selecting chimeric RNA/DNA molecules with 

cleavage activities. In a standard procedure, after the cleavage reaction is done, EDTA is 

added to chelate divalent metal ions and ethanol precipitation is performed to concentrate 

both the cleavage products and uncleaved starting material. The concentrated DNA is 
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dissolved in 7 M urea and subjected to denaturing (7 M urea) polyacrylamide gel 

electrophoresis so that the cleaved products (which are shorter) can be purified from the 

uncleaved starting material. I skipped the EDTA and ethanol precipitation steps; instead 

the reaction mixture was directly made into a solution containing 7 M urea. This alteration 

allowed for the emergence of several G-rich sequences that took advantage of the presence 

of Mg2+ and Na+ in the urea containing solution to create a folded structure that has the 

same gel mobility exhibited by the cleaved products in 7 M polyacrylamide gel. In other 

words, these uncleaved starting chimeric RNA/DNA sequences use structural folding to 

create a structured DNA with a gel mobility equivalent to that of the cleaved products and 

get themselves selected.  I was quite amazing at what some single-stranded DNA molecules 

are capable of doing. One would not be able to rationally predict the existence of such 

miraculous DNA species, but again “irrational” in vitro selection did the trick. As a future 

research idea, I am profoundly interested in learning whether it is possible to isolate DNA 

molecules with well-folded structures under other challenging conditions, such as high 

acidity, high basicity, high temperature, solutions containing high content of organic 

solvents, to list a few.            

 New basic scientific discovery often leads to new applications. Chapter 4 provides 

an example of how the urea-resistant G-quadruplex structures can be utilized as a highly 

unique nucleic acid detection tool. Specifically, we have re-engineered the G-quadruplex 

into a molecular switch that is able to detect a single nucleotide polymorphism (SNP) in a 

targeted DNA sequence containing as many as 90 nucleotides in the presence of 7 M urea. 

In addition, this sensing method can provide both measurable fluorescent signal and color 
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change that is visible to the naked eye. With further optimization, we hope this unique 

molecular switch can find useful application in genetic disease diagnosis.  

 In conclusion, my thesis work continues to showcase the power of in vitro selection 

technique. In the process, we have discovered two very interesting classes of functional 

nucleic acid molecules that hold some promise for the development of unique biosensors 

for unique applications.  


