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Abstract 

DNAzymes are catalytic DNA molecules that resemble ribozymes and, to a lesser extent, protein-

based enzymes. Many of the known DNAzymes have been selected in the presence of metal ions 

(M2+) that are present at non-physiological levels. As a result, there has been much less interest in 

developing a candidate DNAzyme for therapeutic use. M2+-independent DNAzymes are intriguing 

as they can function even under the low magnesium (Mg2+) concentrations usually found in an 

intracellular environment. Previous works in our lab relied on the use of DNAzymes containing 

three or two modified nucleosides such as an amine (lysine side chain), a guanidine (arginine side 

chain) and an imidazole (histidine side chain) with an emphasis on the imidazole group to select 

metal-independent DNAzymes resembling the RNase A mechanism. Using the functional group 

modifications they have been able to select several fast cleaving DNAzymes. However, to date 

there has not been a systematic study on the necessity of all three modifications (in particular the 

imidazole) as the value of each nucleoside have been contextualized at the beginning of the 

selection. I hypothesized that two of the positively charged dNTP analogs, excluding the 

imidazole, i.e. 5-aminoallyl-2'-deoxycytidine triphosphate (dCaaTP) and 5-guanidinoallyl-2'-

deoxyuridine triphosphate (dUgaTP), are sufficient to select in-vitro self-cleaving DNAzymes in 

the absence of Mg2+ ions in a pH-independent fashion. I was able to identify two DNAzyme 

candidates that performed the best (Dz11-23 and Dz11-33). The DNAzymes appeared to show a 

monophasic rate constant (~0.03 min-1) on-par with previous selections without the imidazole; 

when the DNAzyme species were inquired using a biphasic kinetics model two phases were 

identified with one of the phases showing a rate constant that was similar to the fast phase in the 

imidazole containing DNAzymes (kcat = 0.7-0.9 min-1). When studied over different pH values and 

Mg2+ concentration the DNAzymes also appeared to show a self-cleavage activity that was 
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independent of pH and Mg2+ with an optimal temperature around 25 °C and sufficiently high 

cleavage observed even at 37 °C. The results in the thesis support my hypothesis that the imidazole 

moiety may be redundant in selecting fast cleaving metal-independent DNAzymes. 
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Lay Summary 

 

In the last two years, the impact of COVID-19 has been severe with a global tally of 276 million 

confirmed cases and 5.37 million deaths according to the World Health Organization (WHO). The 

RNA-based vaccines developed by Pfizer-BioNTech and Moderna have been effective in 

preparing the immune system against the virus. Modifications on the RNA has helped it evade 

nucleic acid degradation by RNA-degrading enzymes (ribonucleases). RNA-cleaving DNAzymes 

are an effective next-generation therapeutic that can be used to cleave target sites on a viral RNA 

and can be extended towards other viral RNAs. Our lab has previously selected a DNAzyme 

candidate that can cleave with multiple turnovers at a fast rate constant under similar conditions 

that exist in a human body (0.5 mM Mg2+, pH 7.45). I show here that we can select a DNAzyme 

with a comparable rate constant without one of the functional groups that was initially perceived 

to be crucial. 
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Preface 
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originally developed by Dr. Curtis Lam. Antonio A.W.L Wong and Leo. T. Liu helped optimize 
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accepted for publication in ChemBioChem as “Selection of M2+-independent RNA-cleaving 
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performed by myself. Only the part of the experiments from the manuscript that have been done 

by me and those experiments from my research that have been successful have been elucidated in 

the thesis. 
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Chapter 1: Introduction 

1.1 Nucleic acids and in vitro Selection 

Nucleic acids are a cost-effective and an efficient therapeutic solution which has been gaining 

interest among the research community since the discovery of aptamers in the early 1990s, 

ribozymes in the late 1980s and antisense oligonucleotides in the early 1980s. The mRNA based 

vaccines recently approved for clinical use have assured the safety and efficacy of functional 

nucleic acids (viz., therapeutic mRNA) in a diverse population. This thesis focuses on the 

development of one type of functional nucleic acid (FNA) that is explored in the context of in-

vitro selection of a self-cleaving DNAzyme (introduced later in the text) that can cleave a single 

ribonucleotide using two modified nucleotides (explained further in the chapter). Chapter 1 

introduces the relevance of nucleic acids including their structures; it further illustrates the 

different modes of nucleic acid synthesis, and how they are used in an in-vitro selection 

experiment; and finally, the chapter also highlights the discovery of certain important modified 

nucleotides that have been used by various research groups. 

 

1.1.1 Relevance of nucleic acids 

There exist two major classifications of nucleic acids – deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA). Nucleic acids as one of the fundamental components in living cells are 

responsible for the expression of proteins, and the regulation of DNA and RNA. DNA which is 

the primary carrier of genetic information is localized within the nucleus as a condensed structure 

known as a chromosome, whereas a free form RNA is mostly localized in the cytosol. The primary 

structure of DNA comprises two polynucleotide chains intertwined in the form of a double helix, 

while RNA which is considered to be a linear structure may adopt diverse secondary structures 
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that are responsible for biological properties including ligand binding and even catalysis (vide 

infra). 

 

Figure 1.1 Nucleotide monomers of DNA and RNA polymers. 
The nitrogenous bases A, T, G and C (figure above) represent the base group on the deoxynucleoside 
monophosphate (I) whereas the bases A, U, G and C are part of the ribonucleoside monophosphate represented 
by figure (II). The atoms/groups marked in Red take part in Watson and Crick hydrogen bonding interactions 
with their complementary counterpart, and the opposite side of the nitrogenous base is the Hoogsteen face. 
Created with ChemDraw Prime 19.1 
 

The DNA strand is made of nucleotide building blocks (also known as oligonucleotide) that 

contain nitrogenous bases – adenine, thymine, guanine and cytosine – and sugar which is 

deoxyribose (Fig 1.1). Canonical base-pairing interactions between the two strands are 

conventionally between adenine and thymine (through two hydrogen bonds) and guanine and 

cytosine (through three hydrogen bonds). While the nitrogenous bases are involved in hydrogen 

bonding, the DNA backbone comprises successive sugar and phosphate groups linked together by 

3’-5’-phosphodiester bonds.1 In RNA, on the other hand, the nucleotides contain the nitrogenous 

bases – adenine, uracil, guanine and cytosine, whereas the sugar is ribose (Fig 1.1). Unlike DNA 

which is a double-stranded polymer, RNA is primarily single-stranded and can self-associate (also 
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referred to as hybridization)2. This gives RNA the flexibility to form various secondary structures 

(will be described further). 

 

The helical structure of a double-stranded DNA had been contemplated for a long time until the x-

ray diffraction results by Wilkins and Franklin made it possible for Crick and Watson to develop 

a stereochemically accurate model of the DNA3,4. The photographs also suggested that the 

structure of DNA was made of multiple polynucleotide chains (at least two). These strands are 

held together by weak hydrogen bonds, and the hybridization pattern demonstrated by the 

nitrogenous bases can be predicted by Chargaff’s rules5, which have also been enumerated in 

Watson and Crick’s publication on the DNA double helix. In a double-stranded DNA, for every 

adenine residue that is present on one strand, there is also a thymine residue on the second; 

similarly, guanine and cytosine are also equally distributed on either strands2. This signifies a 

complementary relationship between the two strands of double-stranded DNA. Therefore, if one 

of the polynucleotide strands is identified in the 5’ à 3’ direction the complementary strand is 

aligned in an antiparallel orientation (3’ ß 5’). 

 

The cognate hydrogen bonding interaction between the bases, that keeps the two antiparallel 

strands together, are not the only stabilizing interactions. The relatively water-insoluble 

nitrogenous bases that stack above each other also contribute toward stabilizing the double helix. 

The pi-conjugated system (refer to Fig 1.1 for structure) in the stacked bases interact with each 

other through Van der Waals interaction because of transient, induced dipoles that exist between 

the electron clouds2. These hydrophobic bases sequester themselves inside a co-axially stacked 
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and base-paired double-helix minimizing exposure to solvent (water) which can destabilize the 

structure. 

 

While DNA is a carrier of genetic information, proteins cannot be directly synthesized from DNA. 

Protein synthesis occurs in a separate compartment (cytoplasm) from the DNA (localized in the 

nucleus) which is separated by a nuclear membrane. Therefore, there must be another intermediate 

nucleic acid that carries the information from the gene (viz., DNA) to the site of protein synthesis. 

This carrier nucleic acid is RNA. One of the strands of the chromosomal DNA (localized in the 

nucleus) acts as a template for RNA synthesis that is used for protein production. 

 

 
Figure 1.2 Central Dogma of Molecular Biology (CDMB) flowchart. 
CDMB describes the flow of genetic information in a cell from the nucleus to the synthesis of a polypeptide in 
the cytosol. Created with BioRender.com 
 

This flow of information in a cell is governed by the Central Dogma of Molecular Biology 

(CDMB). A simplification of the CDMB (Fig 1.2) describes that DNA is transcribed into 

messenger RNA (mRNA) in the nucleus which is then translated into polypeptides within the 

cytoplasm. The DNA itself undergoes replication inside the nucleus during cell division to 

maintain the number of chromosomes between daughter cells. In rare instances like retroviruses 

(a class of viruses), the RNA can also be copied back into complementary DNA (cDNA) by reverse 
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transcription, however, RNA cannot be synthesized using the polypeptide as a template. The 

polypeptide chains further undergo post-translation modifications such as addition of sugars 

(glycosylation), ubiquitin (ubiquitylation), phosphate group (phosphorylation), nitrosyl group 

(nitrosylation), methyl group (methylation), acetyl group (acetylation), and lipid groups 

(lipidation) to form mature protein products. Some common uses of such proteins are as cell signal 

receptors, skeletal proteins (like microtubules) and other extracellular entities (such as hormones, 

enzymes and antibodies). 

 

 
Figure 1.3 Common Secondary Structures found in RNA and DNA. 
(A) illustrates bulge, hairpin, internal loop, junction and pseudoknot structures commonly found in an RNA 
whereas (B) shows various kinds of G quartets – unimolecular quartets found in artificially designed systems 
and bimolecular quartets in natural telomeric regions. Black dots in the G-quartet (or quadruplex) denote the 
guanine residues in the quartet. Created with BioRender.com 
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Apart from the conventional use of nucleic acids in the flow of genetic information, nucleic acids 

can also have several regulatory functions that are exerted by the strands as they fold into 

secondary structures. DNA is largely a rigid double-helical structure with less freedom of 

movement and as such there are limited structural forms that can exist. An important DNA 

regulatory element is a G-quadruplex (a set of 4 guanine residues lying in the same plane) that is 

usually found in the telomeric regions of chromosomes. The quartets (another term for G 

quadruplex) are structures that contain two tracts of guanine (G) residues separated by a region of 

thymine bases that is part of a hairpin loop6 (Fig 1.3). Such quadruplexes are usually further 

stabilized by monovalent ions (such as Na+ and K+)7,8. Single-stranded RNA on the other hand is 

flexible and irregular; it can form a much varied set of secondary structures as a result (Fig 1.3)2.  

 

When complementary regions of the RNA are adjacent or brought into proximity, they can 

hybridize with each other with the intervening regions looped outward. This form of structure is 

considered a stem loop. Regions within the stem-loop structure can also have bulges (a single 

base bulging out of the stem with the bases on either side having complementary partners), 

internal loops (when there is a short stretch of unpaired sequence on either side of the stem), and 

junctions (when there are forks in the structure). Distant regions of an RNA can interact with each 

other in the form of knotted constructs (such as pseudoknots). These pseudoknots were first 

identified in a tobacco mosaic virus (TMV), which is minimally two helical components of the 

RNA linked through a single-stranded region (Fig 1.2). Pseudoknots are also present in the 

catalytic regions of various types of ribozymes, self-splicing introns, and telomeric DNA9–12.  
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The hepatitis delta virus (HDV) ribozyme (a catalytic RNA), one of the fastest known ribozymes, 

with a catalytic rate greater than 1 s-1 folds into a double pseudoknot conformation10. RNA can 

also adopt a wealth of tertiary structures as it has enormous rotational freedom in the 

phosphodiester backbone of the non-base-paired (single-stranded) region. Complex tertiary 

structures that the RNA can fold into may involve unconventional base pairings, such as base 

triplet and base-backbone interactions (seen in tRNA). Such secondary and tertiary structures in 

the RNA provide active sites for catalysis as well as ligand binding to various proteins, as described 

subsequently. With the advent of chemical synthesis for the preparation of single-stranded DNA 

strands, it was appreciated that many of these RNA structural motifs can be replicated in DNA as 

well. 

 

 

Figure 1.4 Structures of the hammerhead ribozyme. 
(A) The global structure of the full-length ribozyme (B) active site of the ribozyme shown in sticks 
representation (C) comparison between the minimal ribozyme and the full-length ribozyme. Picture from Scott, 
W. (2007). 
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Interest in RNA exploded when ribozymes were discovered in the mid-1980s; this discovery 

provided a logical explanation to the origin of the present-day information-carrying system from 

a primordial soup. The ribosome is one of the most important ribozymes that was identified; 23S 

and the 70S ribosomes have now provided us with many structural insights13. The structure of the 

ribosomal RNA is stabilized by proteins that can recognize specific motifs. One of the unique RNA 

secondary structure motifs found in these ribosomes is the kink-turn (K-turn)14. The K-turns are 

kinks in the phosphodiester backbones that cause a sharp turn in the helix (binds to proteins that 

help maintain the structure). One of the most well-known ribozymes that are used as a benchmark 

for synthetic deoxyribozymes (DNAzymes) and ribozymes (RNAzymes) is the hammerhead 

ribozyme.  

 

For a long time, only a partial sequence of the enzyme was studied (minimal ribozyme) as in Fig 

1.4 (C). However, a full-length hammerhead ribozyme contains the nucleophilic site which is 

aligned perfectly with the scissile phosphodiester bond of its target; two invariant (essential to the 

activity) nucleotide residues G12 (guanine-12) and G8 (guanine-8) are positioned in the active site 

which participates in an acid-base catalysis (Fig 1.4)13. No divalent metals like Mg2+ and Mn2+ 

ions have been found to contribute to any bridges with the scissile phosphate and acid-base 

catalysis was found independent of metals. Therefore, this naturally occurring ribozyme has 

consistently been used as a gold standard for comparing the activities of many in vitro selected 

metal-independent RNA cleaving DNAzymes (vide infra). Other small self-cleaving ribozymes 

have also been discovered that can function in the absence of divalent metal ions. Such forms of 

catalytic ribozymes are the Group I family of introns, Diels-Alderase ribozyme, and a hairpin 

ribozyme.  
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Apart from RNA as catalysts, there are also RNA that present an affinity towards ligands such as 

proteins – Qß and other RNA binding proteins (such as structural proteins, translation elongation 

factors, poly-A binding protein, and transcription/translation initiation factors)15. Qß and MS2 are 

coat proteins of the RNA bacteriophages that recognize specific RNA motifs16. They bind distinct 

RNA stem-loops which provide a useful model of specific RNA-protein interaction. 

 

Such secondary structures (as described above) in nucleic acids have formed the basis for 

researchers to develop synthetic nucleic acid catalysts (RNA/DNAzymes) and affinity ligands 

(aptamers) using single-stranded DNA, and RNA. In fact, synthetic aptamers isolated by in vitro 

selection (explained in Section 1.1.3) are based on naturally occurring riboswitches that regulate 

RNA expression through binding soluble metabolites. Such synthetic oligonucleotides can adopt 

several of the secondary structures in native nucleic acid structures that have been discussed above. 

 

1.1.2 Common Synthetic Routes of DNA Oligonucleotides 

Nucleic acids that are used in biological experiments, including the research contemplated in this 

thesis, can be synthesized using either enzymatic synthesis or by chemical synthesis on a solid 

phase using phosphoramidite monomers. The synthesis of oligonucleotides varies based on the 

application as either method have merits and demerits. Enzymatic synthesis due to its exponential 

nature usually leads to a large excess of the pure product (with minor truncates) as compared to 

solid-phase methods. However, enzymatic synthesis may be challenging when using modified 

nucleotides with side chains that present added xenobiotic and/or protein-inspired functional 

groups (based on the efficiency of the DNA polymerase used to incorporate them). In such cases, 

solid-phase organic chemistry (SPOC) can yield much better results. SPOC is always preferred 
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when synthesizing oligonucleotides in bulk as individual components of enzymatic synthesis can 

be expensive on a large scale (enzymes, and modified nucleotides). Therefore, during in vitro 

selection (explained in Section 1.1.3) experiments, the oligonucleotides are mostly synthesized by 

enzymatic methods but afterwards during large scale synthesis for characterization and 

distribution, researchers prefer making the oligonucleotides using SPOC. 

 

Enzymatic Synthesis of DNA Oligonucleotides 

The enzymatic synthesis of DNA is done using polymerase chain reaction (PCR). A standard PCR 

allows a single short region of a gene or a DNA strand to be copied multiple times by a DNA 

polymerase (Fig 1.3). A single copy of DNA can provide thousands of copies of the product using 

simple molecular biology reagents and cycling conditions (temperature and time). PCR comprises 

three major components – a target oligonucleotide to be amplified (template strand), forward and 

reverse primers (primer pair), and the polymerase (enzyme). In addition to the template DNA, the 

polymerase also requires free nucleotides, dNTPs, which implies a mixture of dATP, dTTP, dGTP 

and dCTP, usually in an equimolar ratio. A PCR is done using a ThermoCycler™ where the DNA 

is synthesized iteratively over cycling temperatures and each PCR cycle is divided into three 

stages: the double-stranded DNA (dsDNA) is first denatured at a high temperature, the primers 

anneal as the temperature cools down to an optimum temperature, and the enzyme then starts 

extending the primer by incorporating nucleotides (Fig 1.5). This repeats until the reaction ends 

owing to the depletion of either primers (usually) or dNTPs (sometimes) (viz., at least 25-30 cycles 

of amplification). One of the primers is identical to the 5’ à 3’ sense strand and the other identical 

to its antiparallel strand (in the 3’ ß 5’ direction). PCR typically results in two identical copies of 

double-stranded (dsDNA) after the first cycle, each acting as a template for the following round. 
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Apart from temperature and cycle optimization the addition of denaturing agents (such as betaines 

and dimethylsulfoxide) usually help to improve yields by minimizing artefact formation (such as 

primer-dimers and other PCR artefacts due to concentration of the polymerase and long incubation 

time). 

 

PCR effectively amplifies trace amounts (e.g. fmol) of a given target sequence to give nanomoles 

of the same. Modified nucleotides, however, are unusually incorporated into the growing strand 

using a single-sided extension of the primer instead of doing so by PCR. This uses fewer resources 

in terms of enzyme and modified nucleotide consumption. In brief, a single primer (instead of a 

primer pair) is annealed to the template strand and extended isothermally over a set time. A more 

detailed explanation of the procedure is covered in Chapter 2. 
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Figure 1.5 Enzymatic Synthesis of DNA oligonucleotides by PCR  
This is also known as semiconservative replication. Image created with BioRender.com 
 

Chemical Synthesis of Oligonucleotides 

A second way of synthesizing oligonucleotides utilizes solid-phase synthesis. Solid Phase Organic 

Chemistry (SPOC) has recently become popular in the realm of in vitro selection experiments to 

prepare degenerate libraries of oligonucleotides with combinatorial methods17–23. Modern nucleic 
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acid synthesizers employ stable phosphoramidite monomers to build the growing polynucleotide. 

Such robust reactions assist both chemists and molecular biologists in the generation of specific 

ribo- and deoxyribo- oligonucleotides with a variety of labels, modified linkages, and unnatural 

bases that are attached throughout the chain. A large number of degenerate sites can be 

incorporated into the chain extension while synthesizing oligonucleotides for in vitro selection 

experiments by pre-mixing nucleotide bases in specific ratios. The protected nucleosides that are 

used in the synthesis of these oligonucleotides are called phosphoramidites.  

 

In traditional protection schemes, the nucleophilic amino groups on the nitrogenous base were 

usually protected with N2-isobutyrylguanine, N6-benzoyladenine or N4-acetylcytosine groups. 

More recently, however, protection of the exocyclic nitrogens using a phenoxyacetyl group on 

adenosine, dimethylformadine on guanosine, and acyl group on cytosine have been widespread as 

they were more labile towards aminolysis and can be deprotected rapidly under relatively mild 

conditions at the end of the oligonucleotide synthesis18. The oligonucleotides can be very rapidly 

synthesized on the solid support; after each extension step, the excess reagents are washed off the 

column keeping the product attached to a support, which is comparatively of a much higher 

molecular weight. The synthesis can be staged into four steps – Detritylation, Coupling, Oxidation, 

and Capping18. These stages in the synthesis of the polymer are illustrated in Fig. 1.6.  
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Figure 1.6 Solid Phase Organic Coupling (SPOC) for the synthesis of DNA and RNA. 
Schematic has been adapted from Ellington & Pollard, (1998) and created with ChemDraw Prime 19.1. 
 

Unlike enzymatic synthesis, the synthesis on a solid support is done in a 3’ à 5’ direction. The 

first nucleoside is attached to the bead at the 3’ hydroxyl group while the 5’ primary alcohol of the 

amidite is protected by dimethoxytrityl (DMT). The first step in the synthesis, Detritylation, 

involves the removal of the acid-labile DMT ether from 5’-OH. This is achieved using 

dichloroacetic acid (DCA) in dichloromethane (DCM). In the subsequent steps, the only available 

reactive nucleophile is the deprotected 5’-OH. The step must be performed quickly to avoid acid-

catalyzed depurination of the nitrogenous base. The reagents are washed away before the next step 
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to prevent premature detritylation of the incoming nucleoside. The 5’-OH nucleophile can then be 

Coupled after Activation of the incoming phosphoramidite. The incoming phosphoramidite is 

delivered to the reaction system with a molar excess of the weakly acidic (pKa = 4.8) activator 

tetrazole. The molar excess of tetrazole ensures a complete activation of the phosphoramidite. The 

5’-OH (nucleophile) of the preceding nucleotide attacks the newly added phosphoramidite at the 

diisopropylamine-protected phosphorus that is activated with a tetrazole. The incoming 

phosphoramidite is added in molar excess to achieve efficient coupling. Despite the activated 

phosphoramidite being highly reactive, there is still a small percentage of oligonucleotides that 

may not be coupled. To avoid these from becoming deletion sequences (truncated library of 

sequences) such unextended support-bound oligonucleotides are Capped with an acetyl group that 

remains inert throughout the entire synthesis. Acetic anhydride and N-methylimidazole in pyridine 

and tetrahydrofuran (THF) usually act as the acylating agent. At the last stage of each coupling 

cycle, the unstable phosphite triester linkages are Oxidized to a more stable phosphotriester using 

0.02 M Iodine dissolved in water/pyridine/THF. Iodine forms an adduct with the pyridine at the 

phosphite triester which is subsequently displaced by water. Pyridine (alkaline in nature) also 

neutralizes the hydrogen iodide byproduct. Since the oxidization step includes water the reaction 

system must be rinsed with acetonitrile before the following step. The 5’ DMT from the newly 

added monomer is removed before and a new cycle of coupling is started. At the end of the entire 

synthesis, the last trityl group is removed with a final acid wash and the oligonucleotide is 

displaced from the support beads by ammonium hydroxide wash (ammonolysis). This treatment 

also removes protecting groups from the heterocyclic nitrogenous bases.  
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The synthesized DNA strands are purified to resolve strands of length N from those of length N-

1. Most modern oligonucleotide coupling reactions are ~ 99.5% efficient, however, depending on 

the requirement strands are purified from their truncated byproducts19. Polyacrylamide Gel 

Electrophoresis (PAGE) is by far the easiest option available to separate oligonucleotides of length 

N from N-1. However, this becomes increasingly much harder for oligonucleotides greater than 

30 bases. Increasing the coupling efficiency using a higher concentration of phosphoramidites or 

longer coupling times may be good options for longer oligonucleotides. However, a high degree 

of stringency in terms of purity is non-essential for the downstream requirement of 

oligonucleotides used in most biological applications. Single-residue resolution for 

oligonucleotides can also be resolved with high purity using High-Performance Liquid 

Chromatography (HPLC). An advantage of HPLC is speed – an oligonucleotide greater than 40 

bases using an optimized solvent system can be purified in under 30 minutes, as supposed to be 

120 minutes by PAGE. 

 

In recent times, after synthesis of the oligonucleotide strands, they can be subsequently capped 

with various functionalities such as 5’-triphosphates (Zlatev et. al., 2012) and 5’-O-triphosphates 

(Sarac et. al., 2016) for different applications22,23. The efficiency of oligonucleotide synthesis has 

been further improved using different protecting groups and coupling activators. Protecting groups 

of adenine and cytosine are largely the same as described previously, however guanine bases may 

also be used as N2-isopropylphenoxyacetyl protected guanine phosphoramidites. Coupling 

activators like 5-ethylthio-1H-tetrazole (ETT) or 5-benzylthio-1H-tetrazole (BTT) are alternatives 

that improve coupling time and efficiency. In the case of RNA, the 2’-OH is protected using tert-

butyldimethylsilyl chloride (TBDMS protection).   
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1.1.3 Introduction to in vitro Selection 

The last section talked about how oligonucleotide synthesis has become much simpler over the 

years. Researchers can now generate large pools of degenerate oligonucleotides with much better 

yields than what one was used to more than forty years back. However, the requirement of a 

selection experiment is not huge due to the nature of in vitro selection. 

 

Aptamers (RNA, DNA and modified nucleic acids) and RNA/DNAzymes are a promising class of 

therapeutics, based on single-stranded oligonucleotides, that are isolated using an in vitro selection 

and evolution process. Such an iterative process is known as Systematic Evolution of Ligands 

through EXponential enrichment (SELEX). Three decades of work has provided sufficient interest 

in this technique to produce FNAs containing modified nucleotides24. A flow chart of a generic 

selection toward an aptamer has been shown in Fig 1.7. SELEX experiments usually start from an 

initial library containing over ~1015 different sequences25. The number of possible sequences of a 

nucleic acid of length n is 4n. Therefore, a combinatorial library containing one copy each of a 

25mer library would contain about 1015 molecules. From the pool of oligonucleotides, molecules 

that conform to the desired phenotype accumulate over generations of “selection” and those that 

do not are eliminated from the population. The collected fraction is then amplified using PCR to 

scale up the size of the population to the original level which provides an exponential 

amplification25–27. The selection process is then repeated until the desired phenotype is retained at 

the same ratio and no improvement is achieved by further iterations. In conventional selection, 

usually more than one generation is required since there is a small, yet non-zero probability for 

inactive sequences to survive. Therefore, to eliminate most inactive sequences and have a 

population that can competently deliver the desired phenotype several rounds of selection are 
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conventionally preferred. As the selection proceeds the reaction parameters such as temperature, 

time, pH and metal concentration are made more stringent to favor the development of molecules 

that are adapted to the adjusted condition. The selected aptamers from the final conclusive 

generation are then sequenced. Best of the clones, after bioinformatics and preliminary 

characterization experiments, are then studied in depth through various assays by varying the 

temperature, time, pH, metal ion concentration, and substrate concentration to name a few. 

 

 

Figure 1.7 A general schema for in vitro selection 
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1.2 Aptamers and DNAzymes 

1.2.1 A brief introduction to aptamers 

Aptamers are single-stranded nucleic acids (DNA or RNA) that can bind to a range of molecular 

structures including – small molecules25, proteins, metal ions, viruses28, and whole cells by a 

process known as SELEX as discussed in the previous section. Table 1.1 presents a selected list 

of aptamers to showcase the range of targets and different types of aptamers that have been 

selected. 

Table 1.1 Aptamers that have been selected under the previously mentioned categories 

Aptamer Target Binding 

Constant 

Aptamer 

Type 

References 

 

Cibacron Blue 3G-A < 100 μM RNA [25] 

Tachykinin (Subst. P) 190 nM RNA [29] 

ATP 5 μM RNA [30] 

HIV-Tat 1 0.12 nM RNA [31] 

Immunoglobulin IgE 

(Human) 

30 nM DNA [32] 

Lead ions (Pb2+) 10 nM DNA [33] 

Ochratoxin A 50 nM DNA [34] 

Avian Flu (H5N1) particles 4.65 nM DNA [35] 

Acute Lymphoblastic 

Leukemia (CCRF-CEM) 

0.8 nM DNA [36] 
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1.2.2 Advantages and Limitations of Aptamers 

Aptamers have a combined advantage over small molecules and antibodies as they can be 

discovered and optimized relatively rapidly, and are also chemically synthesized with ease at a 

lower cost and often enable efficient and homogeneous conjugation at a given base or one of the 

termini. Further, they also have a much reduced risk of immunogenicity. Although aptamers 

designed using unmodified DNA and RNA are readily generated using SELEX, they are prone to 

nuclease mediated degradation and also to a lesser extent toward chemical degradation 

(particularly RNA-based aptamers)24. This may be addressed at least in part by using modified 

nucleotides. Aptamers that have been generated using such medicinal chemistry approaches may 

be far more stable, however, the modifications important for nuclease and chemical stability may 

also weaken desired interactions between the aptamer and the target. Therefore, more recently, 

functional nucleic acids have been selected with the desired modifications in place (termed 

modified nucleotide SELEX). Modified nucleotides are also able to produce high affinity and high 

specificity DNA and RNA aptamers toward a wide variety of targets37. 

 

1.2.3 Historic and current advancements in the therapeutic potential of aptamers 

Qß and MS2 viral coat proteins have been historically some of the earliest targets recognized by 

RNA hairpin structures that researchers have identified as RNA recognition motifs16,38. In vitro 

evolution has been extensively studied in the Qß bacteriophage system39. The RNA-directed RNA 

polymerase of Qß was one of the earliest evolutionary systems studied and there were seven key 

papers published by Spiegelman et al. that highlight the originating idea of Darwinian selection of 

RNA motifs that could recognize Qß40–46. They performed RNA replication experiments in vitro 

using a purified replicase from the Qß phage. The purified Qß replicase yielded small RNA 
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products that could accurately and rapidly undergo replication. For instance, one of the mutant 

RNA variants that they isolated (V-2) replicated faster (when initiated with a 3000 times lesser 

amount of material) than their previously identified variant (V-1) in a 15-minute experiment. They 

altered the conditions (selective conditions) of the environment to isolate “good” RNA species. In 

one of their experiments, they started with a small RNA of 218 nucleotides and those that 

outperformed the “wild-type” species, in replicative ability, when the selection condition (addition 

of 15 μM ethidium bromide) was altered were selected as the mutant population46. Spiegelman’s 

early experiments focused on the binding and the catalytic potential of the purified replicase. They 

established that Qß replicase was essential for replicating both the mutant and the normal RNA 

while RNA was the actual instructive agent. Since the RNA polymers satisfied the definition of a 

self-duplicating entity they served as a precursor to experiments involving Darwinian evolution.  

In 1990 Tuerk and Gold used this idea for their selection but separated the binding reaction from 

the extension39. They used the binding as the selective pressure and substituted the extension 

reaction of the Qß replicase with the combined reaction of reverse transcriptase, Taq DNA 

polymerase and T7 RNA polymerase to generate efficient RNA aptamers to bacteriophage T4 

DNA polymerase39. This was a watershed event as this work demonstrated one of the earliest 

examples of selecting an aptamer toward a protein target. Along the same time, Szostak and 

Ellington also selected RNA molecules (aptamers) that bind to a variety of organic dyes (small 

molecule ligands) from a random pool of sequences (RNA library)26.  

 

Subsequent to these seminal works, a fairly large amount of early DNA and RNA aptamer 

selections were directed toward the protein thrombin. Thrombin binding has been one of the most 

commonly used systems to demonstrate a proof-of-concept for aptamer assays. One of the first 
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aptamers to thrombin was a 15-mer DNA aptamer that can form a stable intramolecular G-

quadruplex structure, which has a chair-like conformation in an antiparallel orientation47. Several 

of the clones from the selection had a dissociation constant (KD) ≈ 200 nM while the original 

sequence had little affinity toward thrombin. There was another 29-mer thrombin binding aptamer 

to the heparin-binding exosite of thrombin, which also had a G-quadruplex structure, that had a 

higher affinity ((KD) ≈ 0.5 nM)48. There have also been two thrombin-specific DNA aptamers 

(NU172 and ARC183) that have been studied in clinical trials but to little progress toward a market 

approval49. There have been numerous aptamers selected for various targets, yet few are of 

therapeutic importance, some of which have been highlighted in Table 1.1. Currently, however, 

the only FDA approved, and commercially available aptamer is Macugen™ which was developed 

by OSI Pharmaceuticals, USA towards Age-Related Macular Degenerative disorder (ARMD). 

However, other aptamers are currently in clinical trials like ZimuraⓇ and FovistaⓇ for dry 

ARMD. Nox-A12 for Colorectal and Pancreatic cancer and AS1411 for Acute Myeloid 

Lymphoma have also been in clinical trials for a while. Table 1.2 presents several of these aptamers 

that are currently in the process of clinical trials.  
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Table 1.2 Aptamers currently in Clinical Trial and their targets 

Aptamer  Target Applications Status 

Avacincaptad pegol 

(Zimura®) 

 

Complement 

protein C5 

Geographic Atrophy 

Macular Degeneration 

Clinical Trial Phase 2 

Pegpleranib (Fovista®) Platelet-derived 

Growth Factor B 

Wet ARMD Clinical Trial Phase 3 

(Terminated) 

Olaptesed pegol (Nox-A12) CXCL 12 Metastatic Colorectal 

Cancer 

Clinical Trial Phase 1 

Olaptesed pegol (Nox-A12) 

Combination Therapy 

CXCL 12 Metastatic Pancreatic 

Cancer 

Clinical Trial Phase 2 

AS-1411 Nucleolin Metastatic Renal Cell 

Carcinoma 

Clinical Trial Phase 2 

The current status of the drugs have been updated according to the US National Library of Medicine Clinical Trials record 
 

1.2.4 Historic development of DNAzymes 

Many of the nucleic acid enzymes that have been studied are primarily RNA based due to the 

precedence of naturally occurring ribozymes and the general belief that the hydroxyl group at the 

2’ position makes them a superior catalyst. According to Cech50,51 and Rich52, it is believed that 

the 2’-hydroxyl group as a hydrogen bond donor and acceptor gives the RNA more versatility in 

forming secondary and tertiary structures. But, in reality, it has been confirmed that catalytic rate 

enhancement with DNAzymes lies within the same order of magnitude of ribozymes, which has 

been summarized in separate reviews on ribozymes53 and DNAzymes54 by Silverman.  
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DNA catalysis was first demonstrated by Breaker and Joyce in 1994; their assumption being DNA 

can have catalytic activity comparable to that of ribozymes considering it generally has the same 

functional groups as RNA except for the 2’-hydroxyl group. Their work featured the discovery of 

the first Pb2+-dependent DNAzyme that was selected to catalytically cleave a ribophosphodiester 

bond55. Since this discovery, there have been several more DNAzymes isolated that catalyze as 

wide a spectrum of targets as their ribozyme counterparts. Aside from RNA cleavage56,57 and 

ligation reactions58, which are well within the scope of DNAzyme catalysis, there were several 

DNAzymes selected that include: (i) DNA cleavage reactions by an oxidation mechanism using 

Cu2+ as a cofactor59,60 and alternative hydrolysis mechanisms using Zn2+ or Mn2+ as cofactors61,62, 

(ii) porphyrin metalation63,64 by introducing Cu2+ and Zn2+, and (iii) phosphorylation of the 

tyrosine residue of peptides using an ATP bound aptamer65 (iv) DNA-catalyzed DNA cleavage62,66 

among many more67–69. The focus of the thesis is the development of divalent metal ion 

independent RNA-cleaving DNAzymes with amino acid side chain modifications that are 

undertaken largely due to a promising application potential in targeted RNA therapy. 

 

1.3 Modified Nucleotides 

1.3.1 History of Modified Nucleotides 

Modifications introduced in nucleotides during the 1980s were usually made on the phosphate 

backbone or sugar moiety and rarely on the nitrogenous base. The early applications for such 

modified nucleotides were mostly in designing affinity probes for photo-crosslinking agents, and 

fluorescent probes70–75. Recalling that researchers often used modified nucleotides to impart 

chemical and physical stability to nucleic acids, such introductions often weakened the desired 

interactions between the aptamers and their targets (Section 1.2.2). This can be evident from the 
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early development of synthetic ribozymes which were mostly backbone modified (amino, fluoro, 

or an O-methyl group at the 2’ position of the ribose sugar) to reduce nuclease mediated 

degradation (see Fig. 1.8). A significant advantage of DNAzymes over ribozymes is that DNA 

lacks the 2’-hydroxyl group found in RNA, and consequently is largely inert to cleavage through 

hydrolysis or transesterification by small-molecule catalysts, with a few notable exceptions76–80. 

More recently functional nucleic acids have been selected with the desired modifications in place 

(termed modified nucleotide SELEX). Ever since modified nucleotides can produce high affinity 

and high specificity DNA and RNA aptamers toward a wide variety of targets37.  

 

 

Figure 1.8 Some early sugar modified nucleotides with variations in the ribose sugar. 
The 2’-ammonium, 2’-fluoro and the 2’-O-methyl nucleotides (in the top row) have been used in RNA 
polymerization, whereas the nucleotides in the bottom row are available for DNA and RNA based nucleic acid 
catalysts.  
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Figure 1.9 Early modified nucleotides on the nitrogenous base.  
From left to right, pentynyl dUTP was the first modified nucleotide used in an aptamer developed by Latham 
et. al., (1998), amino-allyl dUTP (dUaaTP) and the nucleotide analogs using it as a starting material were early 
base modified nucleotides that were developed by Sakthivel and Barbas, containing different positive and 
negatively charged functional groups. 
 

One of the earliest uses of a modified nucleotide in DNA aptamers was pentynyl-dUTP in the 

selection of a thrombin binding aptamer81. Subsequently, Sakthivel and Barbas III developed a 

variety of dUTP derivatives with primary amines, imidazole and amide functional groups on the 

nitrogenous base, intended for developing nucleic acids with a wide array of binding and catalytic 

opportunities (Fig 1.9)82. A key paper for designing high-affinity DNA aptamers was published by 

Larry Gold’s SomaLogic in 2010. There have been several high-affinity RNA and DNA aptamers 

selected towards various human proteins (as discussed previously). There are also several 

examples of difficult to select targets. Gold et al. (2010) pioneered a new class of aptamers called 

Slow Off-rate Modified Aptamer (SOMAmer) which could be used to select aptamers against such 

difficult to identify targets that have even found clinical application83,84. This was based on the idea 

that aptamers could be endowed with protein-like functionalities. 
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Gawande et al. contributed to the development of SOMAmers (aptamers that rely on modified 

nucleosides) while working at SomaLogic, a company founded by Larry Gold to support research 

and development of aptamers. Gawande et al. further developed several aptamers with two 

modified bases where they showed large hydrophobic functional groups have been effective 

against a wide range of protein targets especially among SOMAmers85–87. Paralleling this work, 

Gierlich et al., (2007) designed modified nucleotides with an alkyne functional group which finds 

potential application in “click” chemistry88. Günther Mayer et al. (2018) developed the alkyne 

modified nucleotides into a well-established technology that relied on commercially available 

building blocks to introduce a wide array of modifications including large hydrophobic 

modifications developed for SOMAmers. This makes Click-SELEX available to laboratories even 

without access to in-house synthesis89–91. With these early research initiatives in modified 

nucleotides, it opens up possibilities to incorporate many more, novel functionalities that could 

potentially be useful in the in vitro selection of nucleic acid binding and catalysis. 

 

 

Figure 1.10 Modified nucleotides for Click chemistry and those discovered by SomaLogic.  
Crosslinking nucleotides (A) can be attached to novel functional groups through Click Chemistry. Some 
modified nucleotides developed by SomaLogic (B) to produce high-affinity aptamers (In a clockwise direction, 
the molecules are benzyl-dU, naphthyl-dU, and tryptamino-dU).    
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1.3.2 Modified Nucleotides in DNAzymes 

The in vitro selection of RNA-cleaving DNAzymes was first demonstrated by Breaker and Joyce 

using natural nucleotides in the presence of metal ions, which has then been widely used by several 

groups55,92. Wiegand et al. first selected an RNA-catalyzed DNAzyme with an imidazolyl linked 

to the 5’ terminus to catalyze an RNA amide synthesis, where Cu2+ ions caused a change in the 

affinity of the RNA to the substrate rather than being directly involved in the amide-bond 

formation93. Herein the imidazole group proved to be crucial for its catalytic activity but divalent 

metal ions like Cu2+, Mg2+, Ca2+ and Zn2+ were essential for its function. In the absence of metal 

dependence, an alternative approach was conceptualized that involves co-factor recruitment in the 

presence of high levels of histamine which served as a cofactor for M2+-free cleavage57.  

 

An alternative might be that the functionalities can be introduced on the monomer dNTPs during 

the combinatorial selections, however, two conditions must be satisfied: i) they must be substrates 

for various polymerases and ii) the modified strands must serve as templates that can be accurately 

recopied. Most DNAzymes that have been selected, however, require Mg2+ as it is critical to their 

structure and/or catalytic activity in contrast to ribozymes94–96. Many DNAzymes unfortunately 

require at least ~ 10 mM Mg2+ for their optimal activity97. Few DNAzymes function well using ~ 

0.1 mM Ca2+/Zn2+ as well. However, intracellular requirement for Mg2+ concentration is low (< 

0.5 mM, read cytosolic)98–100. Therefore, M2+-independent DNAzyme is likely to provide a more 

efficient route to in vivo gene regulation through catalytic RNA cleavage. 
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Independent efforts by Faulhammer and Famulok101, Sen and Geyer102, as well as Benner et al. 103 

were successful in selecting metal independent DNAzymes, however, all of which had meagre 

self-cleavage constant between 10-4 to 10-3 min-1. The catalytic rate of two of the DNAzymes was 

similar to the hammerhead ribozyme in the absence of any M2+ ions except for Benner’s DNAzyme 

which had a very slow turnover (~ 0.02 h-1). Such early findings demonstrate the challenges in the 

in-vitro selection of metal-independent DNAzyme cleavage and therefore even among the limited 

number of metal-independent DNAzymes there are only a few enzymes that have shown a rate 

constant faster than 10-3 min-1. The three independent labs deliberately tried to tackle this 

challenging problem to select self-cleaving DNAzymes under M2+-free conditions. Furthermore, 

they were only fully operative at high concentrations of monovalent cations (0.25-1 M Li+ or Na+). 

Not long after, Torabi et al. reported a DNAzyme that exhibits surprisingly high activity for intra- 

and intermolecular ribophosphodiester bond cleavage in the presence of Na+ alone104. In 2001, 

Perrin et al., developed a metal independent RNAse A mimicking DNAzyme, Dz925-11, which 

contained two modified nucleotides – a histaminyl-modified dATP along with amino allyl 

dUTP105. It was observed that using the modified nucleotides it was possible to achieve kcat values 

25-100-fold over the unmodified selections. After the selection attempt of their metal independent 

DNAzyme, the Perrin group has selected DNAzymes Dz9-86 and Dz10-66, which are both 

modified with three unnatural nucleotides106,107. Apart from the histaminyl-dATP and aminoallyl-

dCTP it also contained a guanidinium-dUTP (Chapter 2). Using the third modified nucleotide they 

were able to select a DNAzyme with one of the highest M2+ independent self-cleavage which was 

also able to function under low concentrations of monovalent ions that is usually found in highly 

efficient protein enzymes like RNase A. With the selection of these fast self-cleaving enzymes the 

group selected for RNA cleaving DNAzyme which acts as a mercury (Hg2+) sensor108. Mercuric 
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cation (Hg2+) is known to stabilize a DNA duplex by intercalating between two thymine 

nucleotides, as thymine-Hg2+-thymine, leading to an erroneous DNA replication. This is a property 

that has allowed a lot of researchers to develop nucleic acid-based sensors for mercury. Further, 

Perrin et al. have also identified a fast biphasic (one phase that has a superior catalytic rate over a 

population of inactive misfolded species) DNAzyme using the triple modified system that can 

cleave with multiple turnover109,110. The group has also worked with other modified nucleotides 

for selecting aptamers for whole cells like phenol dUTP111.  

 

However, this thesis aims to use two of the modified nucleotides (5-(3-guanidinoallyl)-2’-dUTP 

(dUgaTP) and 5-aminoallyl-2'-dCTP (dCaaTP), excluding an imidazole) for selecting both aptamers 

and catalysts. The first objective of my thesis, identifying a metal-independent RNA cleaving 

DNAzyme using the modified nucleotides agrees with our hypothesis (as will be elucidated in 

Chapter 2). Further, an allosteric DNAzyme (also known as a self-cleaving DNAzyme in the 

presence of a binding substrate) and an aptamer were attempted, however, leading to no successful 

results. A concluding chapter discussing future directions and a brief explanation of the failure of 

the selection will be attempted in Chapter 4. 
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1.4 Specific Objectives 

1. Develop a self-cleaving DNAzyme with two modified nucleotides (dUgaTP and dCaaTP). 

(Chapter 2) 

2. Characterization of the DNAzyme based on temperature, pH profile, substrate specificity 

and buffer conditions. (Chapter 2) 

3. Concluding chapter discusses future directions from this work and possible reasons why 

my aptamer selections (not included in the thesis) may not have worked (Chapter 4)  
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Chapter 2: A self-cleaving DNAzyme with two modified nucleotides 

This chapter describes my effort in an early attempt to select an M2+-independent self-cleaving 

DNAzyme that is modified with cationic amines and guanidines but lacks an imidazole 

functionality. Sequence-specific cleavage of RNA by nucleic acid catalysts in the absence of a 

divalent metal cation (M2+) has been elusive for a long time. Due to the lack of functional group 

diversity in catalytic RNA and DNA, modified nucleotides with amino acid-like side chains have 

been used to enhance self-cleavage rates at a single embedded ribonucleotide site. Previous efforts 

have relied on up to three modified nucleotides including an amine, a guanidine and an imidazole 

functional group. However, there has not been any systematic study on the necessity of all three 

modifications, as the value of each modified nucleotide is contextualized at the initiation of the 

selection. 

 

In this thesis, I report the use of two modified dNTPs, excluding the imidazole, i.e. 5-(3-

guanidinoallyl)-2'-dUTP (dUgaTP) and 5-aminoallyl-2'-dCTP (dCaaTP), to select in-vitro self-

cleaving DNAzymes that cleave in the absence of M2+ in a pH-independent fashion while 

exhibiting biphasic kinetics for self-cleavage with rate constants that are significantly higher than 

in unmodified DNAzymes and also compared favorably to certain examples involving an 

imidazole. 

 

2.1  Introduction 

In the last chapter, I overviewed the vast landscape of modified nucleotides available to researchers 

working on different facets of nucleic acid chemistry (aptamers and DNAzymes). This chapter, 

however, is exclusively focused on DNAzymes. Before delving into the DNAzymes developed by 
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our laboratory, the following serves as a primer to discuss selected DNAzymes of exceptional 

chemical importance to date. The focus on RNA cleaving DNAzymes is not a new trend in the 

field of catalytic nucleic acids research as it has been elucidated in Chapter 1 of the thesis. Besides 

an enduring interest in DNAzymes, the question of M2+-independence in catalytic DNA species 

was first addressed with the initial discovery of the 33-nucleotide catalytic DNAzyme (PS5.ST1) 

in 1997 in the Sen lab at Simon Fraser University112. As the field of DNAzymes grew, the catalytic 

repertoire of DNAzymes has been expanded into various reaction manifolds to include Diels-Alder 

reactions50,113, amide bond formation93, Click chemistry89,114–116, phosphatase117, phospho-serine 

hydrolase118, tyrosine kinase phosphorylation119 and aldol condensation reactions120. 

 

In contrast to the commercial and medical applications of aptamers selected against biological 

targets121,122, the selection of DNAzymes has not received as much attention beyond the academic 

community. One may speculate the reason behind this to be: the high concentration of metal 

cations used during in-vitro selections of DNAzymes inevitably leads to DNAzymes with metal 

cation dependencies. DNAzymes have featured prominently as metal sensors for use in 

environmentally-focused applications. Development of DNAzymes as catalytic beacons, for 

activity-based sensing of heavy metal cations such as – Hg2+, Pb2+, Co2+ Cu2+, and lanthanides, 

was quite a feat at the time of its first discovery, leading to many follow-up works123,124. In 2007, 

researchers in the Liu lab further designed a catalytic sensor for uranyl ions (UO22+) with an ultra-

high sensitivity in the order of parts per trillion and high selectivity for uranium125. Hg2+ was 

another important heavy metal cation for which researchers have developed sensors, and is 

important in explaining the thesis due to our lab’s prior work on a Hg2+ sensing DNAzyme with 

imidazole as one of the functional groups. The Hg2+ ions bind to thymine nucleobases by 
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intercalating between two DNA strands, which was an early inspiration for scientists to design 

metal-dependent sensors as a concept126,127.  

 

While metal cation sensing has been an important endeavor with DNAzymes, the physiological 

concentration of Mg2+ is 0.49 ± 0.03 mM in the cytosol, which begs the question as to the utility 

of metal-cation dependent DNAzymes in cells. Of particular concern is the question of creating 

therapeutic DNAzymes for cleaving pathogenic mRNA targets e.g. viral genomes. It is thus an 

important consideration when selecting DNAzymes under low divalent metal ion concentrations98–

100. Several RNA cleaving DNAzymes have been identified at high Mg2+ concentrations larger 

than 5-10 mM92,128–133; when they were interrogated under Mg2+ free conditions, the catalytic rate 

constants lie in the range 10-3 to 10-2 min-1 134. However, there does exist a counterexample: a 

DNAzyme that was selected under low Mg2+ concentration which nonetheless requires a high 

concentration of monovalent cations i.e. 0.25-1 M Li+ or Na+104.  

 

Ideal modifications for discovering such M2+-independent RNA cleaving DNAzymes would 

comprise functionalities that are normally found in the active sites of ribonucleases and 

phosphodiesterases135,136. These include amine, guanidine, and imidazole functional groups that 

can deliver their activity through acid-base catalysis and electrostatic complementarity. Chemical 

synthesis of modified nucleotides with guanidinium, primary ammonium, and imidazole groups 

have therefore been crucial to developing catalysts that work under low divalent metal cation 

concentrations. An early approach in that regard has been cofactor recruitment where high levels 

of histamine (toxic to cells) have been used to deliver M2+-free cleavage (presumably through a 

well-positioned imidazole)137,138. Important parameters to consider an RNA cleaving DNAzyme 
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as an ideal therapeutic candidate are based on the fulfilment of the following criteria: (i) must be 

functional under low Mg2+ concentration within a physiological pH range, (ii) it can cleave an all 

RNA target in a base-specific manner, and (iii) must have a high catalytic turnover rate.  

 

 

Figure 2.1 Modified nucleosides in previously reported M2+-free DNAzyme for self-cleavage.  
They have been used for cleavage at an internal ribose. Compound 1 is 8-histaminyl-deoxyadenosine, 
compound 2 is 5-aminoallyl-2'-deoxyuridine a precursor of compound 4, compound 3 is 5-aminoallyl-2'-
deoxycytidine, compound 4 is 5-guanidinoallyl-2'-deoxyuridine, compound 5 is phenol-deoxyuridine (dUy), 
compound 6 is 8-imidazolyl-methyleneamino deoxyadenosine and compound 7 is a C5-imidazole functionalized 
dUTP analogue. 
 

The first set of successful approaches disclosed M2+-free RNA cleaving DNAzymes containing 

imidazole and an amine, introduced in the form of 8-histaminyl-deoxyadenosine (dAhis, 1) and 5-

aminoallyl-2'-deoxycytidine (dCaa, 3) (Figure 2.1), and combination with a guanidine as 8-

histaminyl-deoxyadenosine (dAhis, 1), 5-aminoallyl-2'-deoxycytidine (dCaa, 3), and 5-

guanidinoallyl-2'-deoxyuridine (dUga, 4) (Figure 2.1) in our lab and other competing labs. The 
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focus of our lab ever since has been around the development of nucleic acid enzymes containing 

such nucleotides that have amino acid-like functional groups. One of the earliest cases of M2+-

independent, modified RNA-cleaving DNAzymes (Dz925-11) by Perrin et al.,  resulted in a kcat of 

0.044 min-1 at 37 ºC that had been selected using dAhis (1) and 5-aminoallyl-2'-deoxyuridine (dUaa, 

2)105. Respectively, these represent mimics for histidine and lysine amino acid residues found 

within the active site of RNase A. Subsequently, Lermer et al., reported the trans cleaving potential 

of a minimal motif of Dz925-11 demonstrating a diminished 𝑘!"# of 0.015 min-1 compared to its 

intramolecular counterpart139. Nevertheless, their experiment showed a high substrate specificity 

when cleaving an identical template (substrate) that is degenerate for ribose which also cleaves 

with multiple turnovers.  

 

In 2008, Hollenstein et al. identified an M2+-free (without Mg2+) DNAzyme where one of the 

modified nucleotides was dAhis (1), which could self-cleave an internal ribonucleotide site in the 

presence of Hg2+ ions with an equilibrium binding constant 𝐾$ ≈ 1 µM for Hg2+. Lam et al., further 

discovered an M2+-dependent DNAzyme using dUy (5)140. The different strategies attempted were 

aimed at unearthing nucleic acid enzymes that provide low cost of development with high catalytic 

activity. In addition, electrostatic interactions can provide a stabilizing effect through a highly 

basic alkyl guanidium group as found in the dUga (4).  

 

The modified nucleosides, dAhis (1), dUaa (2), and dCaa (3) have been incorporated in different 

combinations along with dUga (4) in DNAzymes with two or three modifications; these have led 

to catalysts with multiple catalytic turnovers and also as metal ion sensors.105,107,108,139,141 Catalytic 

nucleic acids such as Dz9-86, Dz12-91, Dz11-17PheO, and Dz7-38-32 have been discovered with 
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decent kcat values; the nucleoside dUga (4) in addition to dAhis (1) and dCaa (3) have dramatically 

increased the rate constant to > 0.6 min-1 at 37-39 ºC 140–142. Further, Dz7-38-32, which uses dAhis 

(1), dCaa (3), and dUga (4) demonstrate a biphasic kinetic rate plot for self-cleavage which implies 

a two-phase model involving two conformations. One fraction of the DNAzyme undergoes rapid 

catalysis while the other lags behind due to what is most likely an inactive conformation. The fast 

phase in the above-mentioned case could self-cleave an internal ribose site at a kcat of 4.9 min-1 

and when the multiple turnover cleavage in-trans was interrogated it could cleave a therapeutic 

all-RNA target with multiple turnovers that were over 1 min-1 at 25 ºC 141.  

 

Previous studies in our lab have shown that the imidazole group in dAhis (1) likely plays the role 

of acid-base catalysis implicated by a characteristic bell-shaped curve around the pKa of the 

imidazole. When the modified nucleotide was removed, the DNAzyme cleaved poorly. Yet such 

evidence can only be validated contextually since there could be several other mechanisms like 

secondary and tertiary folding conformations, long-range H-bond networks, and pKa perturbation 

that is difficult to distinguish from acid-base catalysis.  

 

In summary, the DNAzymes selected previously have generally followed the important parameters 

of a DNAzyme as discussed earlier. They however either use all the three modified substituents– 

or two of them – imidazolyl and aminoallyl. While the dAhis (1) involves a challenging chemical 

synthesis including protection and deprotection of nucleophilic groups on the nitrogenous base 

and the sugar, modified analogs of dUTP and dCTP can be used in a plug-and-play approach while 

installing amino acid like side-chain modifications.  
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Our study is a preliminary investigation to determine whether modified DNAzymes with two 

nucleosides dCaa (3) and dUga (4) (Figure 2.1) can produce comparable cleavage to analogous 

DNAzymes with two/three modifications (inclusive of an imidazole). This project aims to show 

that the two modified nucleotides could also provide quite active catalysts with kcat values 

comparable to those of the previously selected DNAzymes in our lab. The project also cites the 

importance of selecting catalysts for targeting viral RNAs which is of great significance given the 

imminent danger posed by the SARS-CoV-2 RNA virus around the world. 

 

2.2 Optimizing Primer Extension for full-length synthesis 

Unlike in-vitro selection procedures employing canonical nucleotides, modified nucleotides must 

be incorporated by one-sided primer extension reactions due to the limited availability of the 

nucleotide and the desire to limit bias that can be exacerbated by standard PCRs. A standard PCR 

can exponentially amplify any bias that the polymerase might exert against the incorporation of 

the modified substrates or while reading through the resulting modified DNA. The modified 

substrate dUgaTP (4) is not commercially available and must be synthesized in the laboratory, 

which involves an expensive precursor and a low final yield. The complete DNAzyme product 

synthesized by primer extension is not always incorporated perfectly in the case of many modified 

nucleotides due to such nucleotides being poor substrates for many of the polymerases. This has 

been addressed in our previous works143. As studied by Dr Curtis Lam, a former member of the 

Perrin lab, dUgaTP (4) can be incorporated by Sequenase V2.0, Vent (exo-), Pfu (exo-), and 

Klenow (exo-) including Taq Polymerase however the latter also yields several shorter truncates. 

Their study demonstrated a clean full-length extension of dUgaTP (4) however with some gel 

smearing contributed in part by dAhisTP (1) as it is a poor substrate for many polymerases. Our 
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selection and the preceding primer extension, however, does not include the nucleoside dAhisTP 

(1). Therefore, we wanted to address that the incorporation of the nucleotides during primer 

extension was complete (e.g. with fewer truncated artifacts observed).  

 

The concentration of Klenow polymerase was not determined as it had not been extensively used 

in prior selections. Further, earlier works in our lab used 1 μL polymerase in a 20 μL incorporation 

reaction and no scale-up concentration had been determined for larger-scale primer extensions. 

We found a concentration of 0.25 U/μL of Klenow Polymerase was sufficient for the complete 

utilization of the primer while we found that a concentration of 0.8 U/μL of Klenow Polymerase 

was the maximum acceptable amount before yields diminished. A concentration of enzyme higher 

than that led to erroneous incorporation possibly due to non-specific extension. The nucleotide 

concentration was also adjusted as a parameter for primer extension to maximize the incorporation 

of starting material while minimizing truncated artefacts. From previous published (and 

unpublished data in our lab), a nucleoside triphosphate concentration of 50 μM was shown to be 

an effective concentration of dUgaTP (4) and dCaaTP (3) for oligonucleotide incorporations up to 

99 bases (data in Appendix, Fig B.1). From our optimization studies, we determined that a 

concentration of at least 30 μM of the unmodified nucleotides was also needed to enable a full-

length product (during Klenow primer extension) even for DNA templates of 80 bases in length. 

If a full-length product is not observed, sequences may be lost as artefacts which could act as false-

positive results during selection. 
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2.3 In-vitro selection of DNAzymes 

2.3.1 Design of selection scheme 

 

Figure 2.2 In-vitro selection of RNA cleaving DNAzyme at an internal ribophosphodiester.  
In-vitro selection channels a population of a degenerate library (depicted in different colors) to a narrow 
population of active sequence (depicted here in red and blue) post elution. In the incubation (step 7) to the 
elution (step 8) step, only a single species of catalyst has been shown for demonstration. The cleaved product 
after incubation is collected and purified by PAGE. The internal ribonucleotide cleavage site in the DNA strand 
is ribocytidine (rC) which is part of the extending primer. Created with BioRender.com 
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The general scheme of my DNAzyme selection is described in Fig 2.2 that starts from a degenerate 

library. The template sequence for primer extension (to generate the DNAzyme) is prepared from 

an initial 80-base degenerate library that is amplified over a set of nested PCRs (first amplification 

and second amplification). In the first amplification, a phosphorylated 19-base primer and a 

standard 17-base primer are used to amplify the initial degenerate library (~80 bases). After a 

biphasic extraction(phenol/chloroform/isoamyl alcohol) to remove impurities like salts, residual 

nucleotides and enzymes, the double-stranded DNA (dsDNA) is subjected to exonuclease 

digestion to isolate a single strand. Lambda Exonuclease catalyzes the digestion of the strand 

bearing a 5'-phosphate of a dsDNA (into its monomers) thus freeing the non-phosphorylated 

strand. The preferred substrate for Lambda Exonuclease is a 5'-phosphorylated dsDNA although 

it can degrade a single-stranded DNA (ssDNA) albeit at a much-reduced rate144. The exonuclease 

digested product is purified by denaturing polyacrylamide gel electrophoresis (D-PAGE). 
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Figure 2.3 Schematic of single-stranded generation of the DNAzyme and incubation. 
Single-strand generation (step 6) from Fig 2.2 has been elaborated in this schematic. Image created with 
BioRender.com 
 

The resulting 80-base library is subjected to a second amplification to generate a 96bp dsDNA 

(Refer to Table 3.1 Chapter 3 for primers and library) which is further extracted, digested, and then 
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purified by D-PAGE. The purified DNA strand (template) is extended using a primer containing a 

5'-Biotin and an internal ribocytidine to generate the DNAzyme strand that is initially isolated as 

a heteroduplex containing its corresponding template. The polymerization is quenched and the 

resulting dsDNA is immobilized on streptavidin magnetic beads (Fig 2.3). After magnetization of 

the beads, the supernatant is removed. Washes are then performed to remove residual impurities 

and generate the single-stranded DNAzyme (details in Section 2.3.2 and Chapter 3). This is 

followed by incubating the isolated DNAzyme in a selection buffer for a stipulated time (discussed 

in Table 2.1). The cleaved strands are collected and purified by D-PAGE (Fig 2.2). The cleaved 

and isolated product is again amplified over a set of nested PCR reactions and a new library is 

prepared for the next generation. After a discernible and fairly sustained enrichment, the selected 

library is processed and quantified for Next-Generation Sequencing. 

 

For a sufficient sequence diversity, libraries of different lengths (Nn) that range between 20 to 100 

bases (n = 20-100) can be considered. A typical selection library usually consists of a degenerate 

region comprising 40 random nucleotides flanked by two defined sequences that serve as primer 

binding regions for amplifying the partitioned sequences. The number of nucleotides can provide 

a theoretical estimate of the number of different sequences that exist in a library pool. As there are 

four different bases, the existence of an N40 library theoretically suggests that there exist 440 

different combinations of bases (equivalent to 1024 sequences). Due to constraints that will be 

discussed later, the number of oligonucleotides that are used in a typical modified nucleotide 

selection is in the order of 1011 – 1012 sequences.  
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The composition of the degenerate region is another aspect that must be considered. The 

degenerate library can either be synthesized by absolute randomization of the bases or alternatively 

generate a library in which each base has an equal probability of occurrence. Both approaches have 

merits, but in most cases and our instance, a completely randomized degenerate region is used. 

Having an equal probability of each base could allow for the presence of all possible sequences in 

the library, which is not required in most cases. As my selection involves modified nucleotide 

DNAzymes, the modifications should increase chemical diversity even if there may be limitations 

on sequence diversity. 

 

2.3.2 Preparation of library and in-vitro selection 

The procedure for my selection has been adapted from Hollenstein et al. The selection library was 

prepared in a buffer of physiological pH to later account for catalysts that could be tested in-vivo. 

The library is a DNAzyme strand that contains a single ribocytidine (rC), which is incorporated 

using a 3'-terminal extension of a primer that contains the embedded ribonucleotide. In my initial 

primer extension reactions, I utilized an equimolar concentration of primer and template which I 

later adjusted to a ratio of 0.5-0.8:1 (primer:template) to ensure complete primer consumption 

(optimization data in Appendix). The amount of template and primer used was typically less than 

20 pmol, which provides about 1012 sequences out of a total possible 1024 sequences. The primer 

extension was initially achieved with the polymerase Sequenase v2.0 for the first few generations 

while in subsequent generations, primer extensions were performed using Klenow (exo-) 

polymerase, which is sufficient for the modified nucleotides that were used in our current selection.  
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As described in the schematic (Fig 2.3), the primer consists of a 20 nucleotide thymidine chain 

(T20) at the 5'-end that is capped with biotin. The extended region provides a suitable mass 

difference to distinguish the uncleaved nucleic acid from the cleaved product (post cleavage) 

which can be separated and purified by PAGE. Post primer extension, the resulting dsDNA is 

immobilized on streptavidin magnetic beads and washed with Tris/NaCl/EDTA (TEN) buffer to 

remove remnants (primers, unincorporated monomers, and the polymerase) of the primer 

extension (details in Chapter 3). Before washing the beads, a small amount of sample is collected 

as an uncleaved control. The bead-bound oligonucleotides are then quickly washed with an NaOH-

EDTA solution to separate the template strand from the catalyst and then immediately neutralized 

with a pH 6.0 cacodylate buffer. The washes are done in quick succession to ensure minimum loss 

of catalyst due to base mediated cleavage at rC. The oligonucleotide strands are then incubated in 

a selection buffer (composition elucidated in Chapter 3) for a pre-determined time frame.  

 

The cleaved product was collected in solution after magnetizing the beads. The desired product 

was then precipitated (LiClO4 in acetone) and washed (with ethanol) to remove excess salt. The 

precipitated DNA was resolved by 8% D-PAGE. After eluting the cleaved product from the beads, 

I treated the residual beads with NaOH-EDTA at 95 ºC for 5 minutes (cleaved control). The 

cleaved band was extracted from the gel with reference to the uncleaved (initial sample collected 

in TEN buffer) and the cleaved controls. The PAGE purified cleaved strand (79 bases) was then 

amplified using a set of nested polymerase chain reactions (nested PCRs). The first amplification 

selectively amplifies the cleaved region to increase the population of the selected species to 

detectable levels (by UV spectrometry) and the second amplification prepares the full-length 

template for the next primer extension. The dsDNA resulting from the first amplification is 
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exonuclease digested to isolate a single strand (the phosphorylated strand is digested into its 

monomers) that is then purified by 10% D-PAGE (Section 2.3.1) alongside a molecular weight 

marker which is a DNA of known molecular weight. PAGE is used as a check to avoid any 

truncates from propagating to the subsequent steps. The band identified as the product of interest 

is extracted from the gel using LiClO4 in water and then precipitated in ethanol. The second 

amplification product was again exonuclease digested to isolate the non-phosphorylated strand and 

then purified by 10% 8 M mini-D-PAGE. The final PAGE purified DNA (after second 

amplification) was then used as a template for primer extension  

 

For initial generations, the first amplification product was barely visible by UV shadowing hence 

these PCR mixtures were doped with radioactivity to track the presence of the oligonucleotide. 

However, in those after the 4th generation, the first amplification was done without radiolabeling 

as the amount of oligonucleotides was sufficient to detect by UV shadowing the polyacrylamide 

gel. 
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Table 2.1 Progress of Selection showing stringency in terms of time and Mg2+ concentration 

Generation Time (min) Mg2+ concentration (mM) % Cleavage 

1 60 2.5 0.0 

2 60 2.5 0.0 

3 60 2.5 0.1 

4 60 2.5 0.9 

5 60 2.5 13.9 

6 60 2.5 14.2 

7 60 0.5 9.0 

8 60 0.5 11.5 

9 60 0.5 18.0 

10 5 0.5 2.1 

11 5 0.5 4.2 

12 5 0.5 3.0 

13 5 0.5 1.4 
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Figure 2.4 Progress of DNAzyme self-cleavage over generation 1 to 13 (G1 – G13). 

 

The Mg2+ concentration in the selection buffer was varied across generations (Table 2.1) – starting 

from a high concentration and then progressively reduced. Initially, the DNAzyme was incubated 

for 1 hr up to generation 6. The cleavage was nearly unobservable (by dosimetry and 

autoradiography) until the 4th generation thereafter sharply rising between generations 5 and 6. 

The self-cleavage was allowed for 1 hr until generation 9 and then reduced to five minutes (to 

increase stringency) between generations 10-13 as shown in Table 2.1 and as graphically 

represented in Fig 2.4. 

 

 

Time (min)
[Mg2+] (mM)

60 60 60 60 60 60 60 60 60 5 5 5 5

2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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A 

 

B 

 

C 

 

 

 

Figure 2.5 Representative gel images showing the results of G6 (A), G7 (B) and G8 (C). 
The figure shows the autoradiogram of gels that were run to isolate the cleaved band from any uncleaved 
material that may have been collected while eluting the DNAzyme (post self-cleavage). All samples were loaded 
post LiClO4 precipitation and ethanol wash. U stands for the uncleaved control collected in TEN buffer and C 
stands for the NaOH cleaved control. 
 

The DNAzymes were initially selected under low stringency (Fig 2.4) to allow them to cleave. The 

stringency was increased (Table 2.1) when the cleavage yield (% cleavage) was above baseline 

(Fig 2.4) and a relatively strong signal was visible (by autoradiography). This increase in 

stringency was done to favor fast-cleaving DNAzymes. The enrichment was evident from the 
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growing intensity of the cleaved band, as seen from the autoradiograms (Fig 2.5). The progress 

was monitored and a total of 11 generations were done before concluding the selection. 

 

2.4 Cloning the sequences and further characterization 

2.4.1 Determining Suitability for Cloning 

To determine whether the selected nucleic acids catalysts showed metal independence, generation 

9 was repeated but the samples were divided into two treatment groups – one of which was 

incubated in a selection buffer containing 0.5 mM Mg2+ whereas the other of which was allowed 

to self-cleave in the absence of Mg2+. This was compared to generation 11 that was done in parallel 

using an identical condition. Each of the treatment groups (from either generation) was assessed 

using a time-course assay (t = 1, 3, 10, 32, 60, 100, 120 min). A small amount of sample was taken 

out at each interval and quenched into dye (Formamide/EDTA) which was then resolved by 10% 

D-PAGE and imaged by autoradiography. This experiment hypothesized that the generation 11 

candidates being more superior catalysts (% cleavage yield) would cleave the ribophosphodiester 

linkage faster than the more inferior generation 9 that was selected under a less stringent regime. 

The results of the experiment show that the catalysis accelerates to a much greater extent for 

generation 11 (Fig 2.7). It also attains a higher cleavage maximum (the maximum amount of 

possible cleavage) as compared to generation 9. This assured a successful selection and determined 

suitability for library cloning (and identifying active sequences) which is further discussed in the 

following section. 
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Figure 2.6 Preliminary time course experiment. 
This autoradiogram depicts a comparison of DNAzyme activity between generations 9 and 11. 

 

Figure 2.7 Graph depicting the time course profile for G9 and G11. 
 

2.4.2 Next-Generation Sequencing and Structure Prediction 

The cleaved sequences from generation 11 were amplified with the sequencing primers – ON5 

(Forward Sequencing Primers) and ON6 (Reverse Sequencing Primers) see Table 3.1, Chapter 3. 

The PCR amplified product was isolated using an agarose gel and purified by an ion-exchange 

Uncleaved

Cleaved

Generation 9 Generation 11Generation 9

Time (min) 1 3 10 32 60 100 120 1 3 10 32 60 100 120 1 3 10 32 60 100120 1 3 10 32 60 100 120

Mg2+
NaOH

-
+

- - - - - - + + + + + + + - - - - - - - + + + + + + +



 

 

52 

chromatography column (QIAquick Gel Extraction Kit). The sequencing primers include the 

corresponding primer binding sites of the library, along with a barcode region to identify either 

strand and a fragment of the Illumina primer binding region on the 5' ends of each primer. Illumina 

NGS Sequencing (Amplicon-EZ, Genewiz, LLC) produces more than 200 reads. However, only 

30 reads were obtained after cleaning and trimming out the low-quality reads (using tools on 

Galaxy server v20.09). These 30 reads were analyzed by Multiple Sequence Alignment to group 

the clones based on similar families. The sequences were grouped based on percentage similarity 

on a phylogenetic tree (distance between the branches of the tree). A phylogenetic tree clusters 

sequences together based on the degree of similarity between the composition of nucleotides. For 

the initial analysis, clones from individual families were selected keeping diversity in mind. Each 

of these identified clones was then studied using a preliminary time-course assay to determine the 

clone with the best kcat. Two candidates were identified for further characterization that 

outperformed the rest in terms of the preliminary kinetics – Dz11-23 and Dz11-33 (Table 2.2). 

 

Table 2.2 Best candidates identified for further characterization. 

Clone 

ID 
Sequence %CU 

11-23 
TTTTTTTTTTTTTTTTTTTTGCGTGCCrCGTCTGTTGGGCCCTACCAACAG 

CAUUUGAAAUAGCUGAUGUGAUAGAACUGAUAUGUCUGUCGCACGCCCCGCGAGCTC 
45 

11-33 
TTTTTTTTTTTTTTTTTTTTGCGTGCCrCGTCTGTTGGGCCCTACCAACAG 

CAUUUGAAAUAGCUGAUGUGAUAGAAACGAUAUGUCUGUCGCACGCCCCGCGAGCTC 
43 

Bold nucleotides are those that have been selected in the degenerate region. U and C represent the modified 
nucleotides. %CU refers to pyrimidine content in the degenerate region of the library. 
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The sequences were also studied for preliminary secondary structure analysis (using mFold) 

wherein we identified two hairpin loops that fold the DNAzyme, positioning the catalytic motif 

towards the ribonucleotide substrate with the guide arms interspersed on either side (Fig 2.8). The 

mFold calculations also suggested other possible structures that could be thermodynamically more 

favorable but most likely these folds were not kinetically active because the substrate site was 

located very distally from a hypothetical active site (Fig 2.8). Nevertheless, an mFold analysis 

does not attribute various charge-charge interactions that are possible. Therefore, it cannot 

completely predict the exact structure of the nucleic acid catalysts particularly with modified 

nucleosides dUga (4) and dCaa (3) (Figure 2.1) presenting positive charges.  

 

This could, however, serve as a preliminary study towards understanding the secondary structures 

of the catalysts that would be obtained in future studies. I did not pursue this question here as the 

positively charged nucleotides could influence various footprinting assays while other analyses 

(like crystallography, NMR or cryo-EM) could provide a better understanding. Further, secondary 

structures, using mFold, were determined only for the clones that were identified as the best 

catalytic molecules (Dz11-23 and Dz11-33) in our preliminary assay. I found two predicted 

conformations for each candidate (Dz11-23 and Dz11-33), by mFold, corroborating our assertion 

that there is a fast cleaving conformation that outperforms the misfolded conformation despite it 

being thermodynamically more favorable (resulting in biphasic kinetics). I consider one of the 

sequences as a misfolded conformation since the ribophosphodiester linkage in the sequence is 

part of a double-helix and therefore less likely to be accessible for cleavage. 
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dG = -11.69 kcal/mol (Dz11-23) 

 

dG = -14.27 kcal/mol (Dz11-23) 

 

dG = -11.69 kcal/mol (Dz11-33)  

dG = -14.27 kcal/mol (Dz11-33) 

Figure 2.8 Potential mFold structural representation of 11-23 and 11-33 DNAzymes. 
The thermodynamically stable sequences with dG = -14.27 kcal/mol are depicted as misfolded conformations. 
(T is used in the mFold instead of dUga 2). rC represents the cleavable ribonucleotide and the bold nucleotides 
are those that have been selected in the degenerate region. 
 

2.4.3 Preliminary Time Course Kinetics Assay 

From the 30 identified sequencing reads, 12 clones were ordered from IDT – Dz11-4, Dz11-5, 

Dz11-6, Dz11-7, Dz11-10, Dz11-12, Dz11-15, Dz11-23, Dz11-30, Dz11-33, Dz11-39, Dz11-40 – 
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as their corresponding complementary strands. For an initial time-course assessment, the 

DNAzymes were prepared by primer extension reaction, as described in Chapter 3 (Section 3.8.2). 

 

The DNAzymes were incubated in a selection buffer for 60 minutes with ionic concentration 

resembling that used in generation 11. Time-dependent self-cleavage was observed by 

autoradiography only for Dz11-10, Dz11-15, Dz11-23 and Dz11-33. 

 

2.4.4 Kinetics (cis) of intramolecular cleavage 

From the four initial candidates, the most active sequences were identified as Dz11-23 and Dz11-

33 after a full time course assessment (Dz11-10 and Dz11-15 data in Appendix). The catalysts 

Dz11-23 and Dz11-33 were characterized more comprehensively under pseudo-physiological 

ionic conditions (25 mM cacodylate buffer pH 7.5, 0.5 mM MgCl2, and 200 mM NaCl, 25 ± 1 ºC) 

and visualized by autoradiography (Fig 2.10). The enzymes were characterized at time points 0.5, 

0.67, 1, 2, 3, 5, 10, 15, 30, 60, 90, and 1080 minutes. Samples were taken out at individual time 

points and quenched in a stop solution containing Formamide/EDTA/Biotin (refer to Chapter 3) 

before running them on an 8% D-PAGE which was imaged by autoradiography. The samples 

primarily contain two bands a cleaved product that increases in intensity over the time points, and 

an uncleaved starting material that subsequently decreases in band intensity. The assay, however, 

shows a maximum cleavage of 60-70% which was slightly lower than some of the imidazole 

modified DNAzymes (maximum cleavage about 80-85%) that have previously been selected in 

our lab. As no further cleavage (t > 1200 min) was observed, this was taken as the maximum 

amount of observable cleavage.  
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The two best candidates, Dz11-23 and Dz11-33 were subjected to further characterization. The 

data was initially fit on a standard first-order rate equation (equation 1). 

𝑃# =	𝑃%(1 − 𝑒&'!"##) (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	1) 

 

Pt represents the fraction cleaved at time t, whereas PE denotes the percentage cleaved at the 

assay’s endpoint. The rate constant of the reaction is given as kcat. 

 

  

Figure 2.9 Plots for catalytic cis-cleavage of Dz11-23 and Dz11-33. 
The above plots representing the curve fit for time-dependent self-cleavage was obtained from the band 
intensity data in Fig 2.10 and then computed using the double-exponential equation (Equation 2) while the red 
curve (fast phase) and the blue curve (slow phase) were computed using the single-exponential equation 
(Equation 1) with the amplitude and rate data obtained from the double-exponential equation. The rate 
constants kfast and kslow represent the constants for their respective phases (fast and slow). The left and the right 
panels are the plots for catalytic self-cleavage of Dz11-23 (R2 = 0.95, n = 3 with two sets of separate experimental 
replicates) and Dz11-33 (R2 = 0.97, n = 3 with two sets of separate experimental replicates) respectively. 
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Figure 2.10 Autoradiography of time-dependent self-cleavage of Dz11-23 and Dz11-33. 
Time course of self-cleavage of Dz11-23 and Dz11-33 visualized by autoradiography from 0.5 to 1080 min. The 
time points are – 0.5, 0.67, 1, 2, 3, 5, 10, 15, 30, 60, 90, 1080 minutes performed at 25 ± 1 ºC (n = 5). 
 

The data from this experiment was used to determine the rate constant. As previously mentioned, 

Equation 1 was initially used to determine the first-order kinetics. Although a simple monophasic 

self-cleavage rate constant of approximately 0.03 min-1 is readily calculated, the self-cleavage data 

was distinctly biphasic and curve fitting to a biphasic equation (Equation 2) provided a more 

coherent fit (Fig 2.10).  

𝑃# =	𝑃(")#,+",41 − 𝑒&'$"%##5 + 𝑃)-./,+",(1 − 𝑒&'%&'(#) (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2) 

 

For the biphasic model, the maximum amplitude of the slow phase was calculated to be 

approximately 77% with the apparent rate constant (kslow,app) of 0.02 min-1 whereas that of the fast 

phase was about 23% with an apparent rate constant (kfast,app) of 0.73 min-1 in case of Dz11-23. For 

Dz11-33, the biphasic kinetics resulted in a maximum amplitude of the slow phase at 79% with a 

similar rate constant (kslow,app) of 0.02 min-1 and the maximum amplitude of the fast phase was 21% 

with a slightly higher apparent rate constant (kfast,app) of 0.94 min-1. Though the Dz11-33 had 

    

Uncleaved

Cleaved

Dz11-23 Dz11-33Control

Time (min) 0.5 1080 0.5 1080

1 2 3 4 5 6 7 8 9 10 1112 13 14 151617 1819202122 2324 25



 

 

58 

slightly fewer modified nucleosides, the rate constant for the slow phase was much lower than 

those previously selected by the Perrin group using the modified nucleosides dAhis (1), dCaa (3) 

and dUga (4) (Figure 2.1) however the rate constant of the fast phase was comparable. Biphasic 

kinetics for self-cleavage have been previously observed in DNAzymes containing all three 

modifications109,145: dAhis (1), dCaa (3) and dUga (4) (Figure 2.1), and even in DNAzymes 

containing no xenobiotic functionality146,147. 

 

To further address the lower-than-normal cleavage yield, a refolding analysis was performed using 

Dz11-23 by heat-denaturing the uncleaved DNAzyme. The heated tube was placed over ice (snap 

cooled) and then left at room temperature for an additional 24 hours (this helps denature and refold 

the misfolded conformation). This procedure increased the cleavage yield to approximately 80% 

(Fig 2.11), which suggests that some of the DNAzymes were likely folded in an inactive structure 

(see discussion). 

 

 

Figure 2.11 Refolding Analysis at 25 ºC to elucidate additional conformations (Dz11-23). 
Dz11-23 was sampled at the 24 hr time point and then subject to thermal denaturation at 95 ºC followed by 
snap cooling on ice. It was then refolded for a further 24 hours, which is depicted as the 48 hr time point. The 
analysis was replicated twice, presented as an average ±standard deviation.  
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2.4.5 Essentiality of the modified nucleotide 

 

Figure 2.12 Autoradiography of an 8% D-PAGE depicting the importance of the modified nucleotides. 
Experiments illustrate dUgaTP (4, guanidium), dCaaTP (3, amino-allyl), and dNTP canonical in each lane done 
in duplicate for both Dz11-23 and Dz11-33. The rest of the nucleotides are canonical bases. The reactions were 
incubated for 30 minutes.  
 

To demonstrate that the modified nucleotides are crucial to the activity of the catalysts, both the 

clones were enzymatically resynthesized while varying the composition of each modified 

nucleotide in the cocktail. Self-cleaving DNAzymes that had either one or both modified 

nucleotides removed and replaced with an unmodified congener showed a significant loss in 

activity over 1080 minutes (less than 10% cleavage, Figure 2.12). When the dUgaTP (4) was 

replaced with the commercially available precursor dUaaTP (2) (Figure 2.1) it resulted in several 

truncation artifacts (see Appendix) though the full-length modified DNAzyme seemed to show no 

observable activity (Figure 2.12). 
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2.4.6 Effect of temperature and pH on the enzyme catalysis 

Further, the DNAzymes were characterized for their activity over different temperatures and pH 

profiles. While self-cleavage activity was very limited at 5 ̊ C and 55 ̊ C, I also noted that the extent 

of fast and slow phases varied with temperature in addition to the rate constants for self-cleavage. 

However, it should be considered that due to two separate phases existing, the rate constants 

extracted from each individual phase might not be perfectly reproducible as the clones can vary in 

terms of their relative fraction with temperature and pH. 

 

 

Figure 2.13 Temperature profile for Dz11-33 between 5 ºC and 55 ºC (n = 3). 
 

A preliminary analysis of the rate constants was studied using the fast phase of the biphasic model. 

The rate constants as observed of the slower phase were distinctly separate from the faster phase 

(Fig 2.14). At 5 ºC and 55 ºC, however, the rate constants of the faster and the slower phase were 

nearly identical with almost no activity observed in each of those temperatures. As the selection 

had been performed at 25 ºC with an error margin of 2 ºC, the temperature optimum of catalysis 
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was determined to be around 25 ºC with a good amount of cleavage yield still observable at 37 ºC 

(Fig 2.13) which is comparable to the previously selected DNAzymes containing imidazole-

linked-dATP (1). 

  

Figure 2.14 Representative pH-rate profiles (Dz11-23 and Dz11-33). 
The experiments were investigated in various pH buffers at 25 ± 2 ºC. Errors were computed using standard 
deviation between the dataset collected from two independent experiments, each with n = 3, pooled. Buffers 
used in the experiment were sodium phosphate buffer (25 mM) adjusted to pH 6, 6.5, 7, 8, sodium cacodylate 
buffer at pH 7.5, and Tris (25 mM) at pH 8.5 and 9 in 0.5 mM Mg2+. 
 

Unexpectedly, the pH rate profile did not show a distinctive bell-shaped curve (Fig 2.14) that is 

otherwise characteristic of many ribozymes, and for both M2+-free and M2+-dependent DNAzymes 

that have been selected in the past106,142,148,149. Though most ribozymes that have been identified 

seem to distinctly exhibit a bell-shaped pH rate profile, there have been instances such as with 

variants of hairpin ribozymes that function with only a shallow dependence on pH150,151. The 

absence of a bell-shaped curve concomitant with the absence of the imidazole group may reflect 

rate-limiting conformational changes or a possible inverse relationship between Brønsted base 

catalysis favored at higher pH values. Electrostatic or H-bond stabilization of a pentacoordinate 

phosphorane intermediate may also be disfavored at higher pH in cases where an ammonium 

cation loses its proton. I admit that the biphasic kinetics of the enzyme may significantly 
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complicate the ability to address the true temperature and pH-rate profile as the relative amplitude 

of each phase can be influenced by both temperature and pH. Yet, further studies are needed to 

determine the possible mechanism by which the DNAzyme cleavage might be occurring in this 

case. 

 

2.4.7 Effect of monovalent K+ ion on the cleavage rate 

 

Figure 2.15 Qualitative plot of the effect on [K+] on the activity (Dz11-23 and Dz11-33). 
Percentage cleavage was found to be only marginally affected across a wide range of K+ concentrations (3-300 
mM) for either of the DNAzymes. The DNAzymes were incubated for 30 minutes in sodium cacodylate buffer 
(25 mM) at pH 7.5 containing three different levels of K+ - 3 mM, 30 mM, and 300 mM. There is no significant 
trend observed in the percentage cleavage across the different concentrations of the monovalent ion. 
 

I further evaluated the cleavage rate of the DNAzyme as a function of potassium ion concentration. 

G-quartet sequences are particularly formed with the help of monovalent ions like Na+, K+ and 

Rb+. They are observable in highly structured DNA molecules consisting of a stretch of 3-4 

guanosine residues in a square planar structure. The size of the central cavity determines which 

ion can bind tightly in the centre152. Potassium ions are an important co-factor that helps in 

stabilizing such structures though Na+ and Rb+ could have some effect153,154. Despite an obvious 
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lack of any G quartet forming sequences, I tested the effect of K+-concentration, on the rate, over 

a long-range (3-300 mM). I wanted to test if K+ ions themselves had any effect on the cleavage, at 

the ribophosphodiester linkage, on a qualitative scale, at three different levels (as previously 

mentioned). There was only a little difference in activity in the tested range (Fig 2.15). 

 

2.4.8 Effect of magnesium ions on the activity of Dz11-23 and Dz11-33 

 

Figure 2.16 Percentage cleavage plotted as a function of Mg2+ concentration (0 – 100 mM). 
The DNAzymes were incubated for 30 minutes in different pH 7.5 sodium cacodylate (25 mM) buffers 
containing varying concentrations of Mg2+ - 0 mM, 0.5 mM, 5 mM, 10 mM, 15 mM and 100 mM (n = 3).  
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Figure 2.17 Autoradiogram of the magnesium cleavage profile. 
Concentration of Mg2+ between 0 – 100 mM for the catalysts Dz11-23 and Dz11-33 (n = 3) 
 

I further assessed the role of Mg2+ concentration on the rate of self-cleavage. The primary 

hypothesis of my work is that modified DNAzymes in the absence of an imidazole functionality 

(dAhis (1), Fig 2.1) would have a self-cleavage rate similar to the imidazole containing DNAzymes 

using dCaa (3) and dUga (4) (Fig 2.1), particularly if one or more Mg2+ cations could be recruited 

to support catalysis. Initially, the DNAzymes were selected at 2 mM Mg2+ but the stringency was 

increased by dropping Mg2+ concentration to 0.5 mM (Table 2.1). Interestingly, both of the 

identified clones, Dz11-23 and Dz11-33 were observed to have the highest activity under the Mg2+-

free condition (Figure 2.16) as is also evidenced by autoradiography (Fig 2.17). This is in 

accordance with my hypothesis that the DNAzymes selected without the imidazole functionality 

could still lead to promising catalysts with self-cleavage rates that are significantly higher than 

unmodified M2+-free DNAzymes. 

 

Uncleaved

Cleaved

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20 21 22 23 2425 26 27 28 29 30 31 32 33 34 35 36

Dz11-23 Dz11-33

   [Mg2+]
mM

0 0.5 5 10 15 100 0 0.5 5 10 15 100



 

 

65 

2.4.9 Effect of transition metal ions on the activity of Dz11-33 

 

Figure 2.18 Percentage cleavage in the presence of transition metal M2+ cations. 
The samples were collected over time points - 1, 30, 1080 min. 

 

 

Figure 2.19 Representative autoradiogram of the effect of various transition metals 
The effect of various transition metals (500 µM Zn2+, Fe2+, Cu2+, Ca2+, Mn2+, Co2+, 50 µM Hg2+) on the cleavage 
rate of Dz11-33. 
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I next examined the cleavage activity of Dz11-33 using different divalent transition metal cations 

to confirm that the enzyme was metal independent each at 0.5 mM with the exception of Hg2+ 

which was set at 50 μM (Figure 2.18 and Figure 2.19). Hollenstein et. al. (2008) published an 

allosteric DNAzyme (Dz10-13) that could self-cleave with an apparent dissociation constant 

(KD,app) of 110 nM in the presence of Hg2+ (10 μM) showing significant cleavage108. While 

aminophilic metal ions like Zn2+ and Cu2+ may have been expected to be inhibitory, none of the 

metal ions seemed to have any significant effect on the self-cleavage of our candidates (Dz11-23 

and Dz11-33). This alludes to the fact that the Mg2+ independence nature of these catalysts may 

extend to other transition metal cations as well. 

 

2.4.10 Target specificity of DNAzyme Dz11-33 

 

Figure 2.20 Graphical representation of the cleavage kinetics for substrates rC (R2 = 0.91). 
The substrate rU shows a weak time-dependent cleavage trend by the naked eye however to statistical analysis 
software (Fiji and Prism), the regression of first-order kinetic plots did not converge, with the cleavage yield 
maximizing at less than 40%. All other ribonucleotide substrates showed unascertainable cleavage. 
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Figure 2.21 Representative autoradiogram obtained for the substrate specificity assay. 
Shows substrate specificity of different ribonucleotides (rA, rU, rC, rG) cleavage conditions at 25 °C (t = 5 – 
1260 min) in buffer pH 7.5 at 0.5 mM Mg2+. A lower running band was observed in samples prepared with rU 
and rG, which is attributed to secondary structure in the hairpin loop connecting the guide arms to the target. 
Lanes 30-35 were edited from the original autoradiogram of the gel to correct for spacing (complete 
autoradiogram in Appendix). 
 

Finally, I assessed the specificity of Dz11-33 for recognizing a labile ribonucleoside. This serves 

as a preliminary assessment for future experiments on the ability to engineer this species into a 

trans-acting DNAzyme for a specific RNA target. For this, 4 separate primers were ordered each 

containing either an rA, rU, rG or rC; each of them were used to direct an enzymatic resynthesis 

of the Dz11-33 DNAzyme using primer extension. The cleavage experiment was observed in an 

intra-molecular environment for this work. Qualitatively it was assessed that the self-cleavage 

which was selected towards a ribocytidine (rC) substrate was more favorable to that substrate 

comparable to other ribonucleotide counterparts; minimal self-cleavage was observed for the target 

rA (lanes 2-11, Fig 2.21) and rU (lanes 12-21, Fig 2.21), and no time-dependent cleavage observed 

for rG. The fast phase of the observed apparent rate constant towards the rC substrate was 0.28 

min-1 with maximum amplitude at 24.1%. There was no biphasic kinetics decipherable on using 

Equation 2 (in Prism) for the ribouridine substrate though it showed a minimally observable 
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cleavage. This could signify a certain preference for pyrimidine nucleotide targets though with a 

significant specificity towards ribocytidine. 

 

2.5 Discussion 

Modified dNTPs mostly, but not always enhance the rate of RNA cleaving DNAzymes. These are 

predominant in RNA-cleaving DNAzymes with multiple turnovers as they can compensate for the 

use of high divalent metal cation concentrations which exceed typical intracellular ionic 

concentrations (Section 2.1). The imidazole functionality (dAhis (1), Fig 2.1) was previously 

identified as a crucial functionality in previous selections of M2+-independent RNA-cleaving 

DNAzymes, as RNase A mimics (histidine is an important amino acid in the active site of RNase 

A), through its acid-base catalytic mechanism. The importance of an imidazole has been 

highlighted earlier in the thesis in the context of post-selection modification and re-engineering, 

and also as a co-factor in RNA cleavage. In our lab, the use of the modified nucleotide dAhisTP 

(1) has resulted in not just DNAzymes with high kcat values but also in multiple turnover 

DNAzymes and an allosteric DNAzyme toward Hg2+ 108,141.  

 

However, dAhisTP (1) has proven to be a substrate that is difficult to incorporate by many 

polymerases and the resulting modified DNA is poorly amplified. Nevertheless, selected strands 

with multiple dAhis’s engendered a substantial gain of function, and limitations caused by poor 

sequence space coverage were evidently compensated by an increase in “chemical space” 

contributed by the imidazole group. Nevertheless, in one case the imidazole had not performed as 

expected; the self-cleaving activity of the DNAzyme was highly dependent on an imidazole 

functionality (8-imidazolyl-methyleneamino deoxyadenosine, 6) (along with dCaaTP (3) and 
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dUgaTP (4)) but its catalytic rate was more characteristic of unmodified M2+-free DNAzymes (k < 

10-3 min-1).  

 

This was attributed to the observation that 6 is a much poor substrate of many polymerases as 

compared to dAhisTP (1). In another case, a DNAzyme which had been selected in the presence 

of a modified nucleotide, optimized for an excellent sequence space coverage, yet was not entirely 

dependent on the incorporation of the modification155. Imidazoles may have a superior role to play 

in DNAzyme self-cleavage, however not all of these DNAzymes exhibited RNaseA-like activity 

without a second modified nucleotide that presented a cationic amine156,157. Non-metal cations 

such as ammonium and guanidium groups have a possible role in the Coulombic stabilization of 

the pentacoordinate phosphorane intermediate158–163. In addition, covalently attached cations, such 

as guanidium groups, can demonstrate significant thermostability which can provide extensive 

support towards target recognition and secondary structure formation that would otherwise be 

impaired at a low ionic concentration in general164. Hence, I hypothesized that the cation-modified 

nucleotides, without the imidazole, could lead to the discovery of efficient M2+-free DNAzymes. 

 

As a result, this thesis focuses on developing DNAzymes using modified deoxynucleoside 

triphosphates containing cationic amino acid side chain functional groups (dCaaTP (3) and 

dUgaTP (4)) which were previously used in DNAzymes along with the dAhisTP (1). We initially 

observed a cleavage rate of about 0.03 min-1 with the two modified nucleosides. However, as 

described in Section 2.4.4 the DNAzymes were identified to be biphasic; also from mFold 

predictions (Section 2.4.2), I identified multiple conformational forms. When the catalyst was 

heat-denatured to dissociate the thermodynamically favorable slow cleaving conformations and 
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then refolded they reached a slightly higher cleavage threshold about 80%, from the initial 70% 

maximum cleavage. Further, relative self-cleavage rates showed almost no cleavage at 5 ºC and 

55 ºC with a maximum observable cleavage at 25 ºC. There was also no significant effect observed 

under increased monovalent ions, notably K+ ions in the range of 3-300 mM. Based on my 

hypothesis I also found the Dz11-33 was the most catalytically active in the absence of any M2+ 

ions. When tested over an increasing Mg2+ concentration the cleavage activity decreased to 10% 

in 30 minutes for 100 mM Mg2+. This was contrary to other catalysts which require high Mg2+ 

concentration to function92,129–131,133,134,165. In terms of sequence specificity, there was 5-fold 

higher target specificity towards its target rC compared to its base-paired partner rG; with only 

minuscule activity towards rA and no discernible activity to rU.  

 

Ahead of the selections, I assumed that in lieu of the imidazole, Mg2+ would be essential to i) 

afford the activation of the 2'-OH for an attack at the phosphorus, and ii) potentially promote 

Lewis-acid catalysis to collapse the phosphorane intermediate. Though Mg2+ was present 

throughout the selection, the most active sequences that were selected were found to function in 

the absence of any Mg2+ ion suggesting M2+-independence. Assuming monophasic cleavage, a rate 

constant of 0.03 min-1 could be estimated. Disregarding that complex biphasic kinetics was 

observed, a rate constant of 0.03 min-1 is within an order of magnitude of other hyper-modified 

M2+-independent DNAzymes that have been selected using dAhisTP (1), and on par with those 

selected using dAhisTP (1) and dUaa (2). 

 

The selected sequences appeared to be biphasic predominated by a slow phase with an apparent 

rate constant of 0.02 min-1 and a fast phase that was between 0.7-0.9 min-1. Such kinetic 
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mechanisms usually have two different folds where one is slow-to-cleave due to a 

thermodynamically stable inactive conformer in comparison to a smaller population of the active 

conformation. This potentially inactive structure (as explained by the alternative mFold) may also 

be a plausible explanation of lower than normal cleavage yields.  

 

Interestingly, the cleavage rate appears to be independent of pH. The absence of a pH-rate profile 

that is bell-shaped (which is suggestive of acid-base catalysis) is consistent with the lack of an 

imidazole group which is normally known to show such a mode of catalysis in the pH range (6-9). 

The presence of cationic amines and guanidines, which are otherwise not suitable as bases in the 

pH range due to their normally higher pKa values (cationic amines at 9 and guanidine at 13), could 

be expected to exhibit pKa perturbation of the unmodified guanine or uridine nucleobases to 

support acid-base catalysis; also possible are alternative rate-limiting conformations or some form 

of Brønsted-base catalytic mechanism influenced by a guanidium group. The guanidinium cation, 

which has a pKa around 13 remains mostly protonated in the pH range 6-9 (as a result arginine 

side chains in proteins are always predominantly and even remain so at physiological conditions 

of near neutral pH)166. The primary amines (pKa = 9.5), however, can have pH values that are 

perturbed167,168 as a result of charge-charge repulsion from the neighboring positively charged 

guanidium groups. These repulsive forces can drive the amine groups into pockets of 

hydrophobicity that could keep such amine groups deprotonated which may have roles to play in 

the catalytic nucleophilicity at the ribophosphodiester. 

 

The modified nucleotides were also shown to be essential for self-cleavage. In contrast to 

Sidorov’s DNAzyme that demonstrated notable cleavage even when the imidazole modified 
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nucleotide (6) was resynthesized with an unmodified dC, our DNAzyme showed a significantly 

reduced activity when one of the modified nucleotides was removed; the modified nucleotides 

were thus indelible to our catalysts155. When one of the two modified nucleotides or both were 

replaced with an unmodified congener to prepare DNAzymes Dz11-23 and Dz11-33, there was no 

activity. Interestingly, when the guanidium group was replaced with the modified nucleotide 

precursor dUaaTP (2) that presents a cationic amine, no activity was observed but also a lot of 

truncation appeared. It is quite possible, as I earlier stated, that the guanidium groups were essential 

in maintaining the structure. Thus, we can confidently assume that the modified nucleotide side 

chains are vital in either maintaining the structure, catalysis or both.  

 

This work was undertaken to evaluate the efficacy of selecting RNA cleaving DNAzymes using 

two different nucleosides each modified with a cationic amine in the absence of imidazole. 

Surprisingly, M2+-independent cleavage was selected despite the addition of Mg2+ at the outset of 

the selection. While rate constants were modest and could be improved, it is surprising that the 

selection did not make use of available Mg2+ and instead made use of motifs that were entirely 

self-sufficient in the absence of Mg2+.  
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Chapter 3: Materials and Methods 

3.1 Materials 

Canonical nucleotides (dATP, dGTP, dCTP, and dUTP) were purchased from Invitrogen™, a 

Thermofisher Scientific entity. The modified nucleotides dUaaTP (precursor for dUgaTP) and 

dCaaTP were obtained from TriLink BioTechnologies. The nucleotide dUgaTP was synthesized in-

house after reaction solvent optimization for increased yield (work included in the associated 

publication and carried out by Antonio A.W.L Wong) as compared to a previously established 

procedure. All oligonucleotides were synthesized by Integrated DNA Technologies which were 

purified on a 10-20% PAGE in-house. Vent polymerase, Klenow (exo-) polymerase, yeast 

inorganic pyrophosphatase (YIPP) and lambda exonuclease were all purchased from New England 

Biolabs (NEB). Sequenase v2.0 polymerase used in the initial generations was purchased from 

Applied Biosystems™ also a Thermofisher Scientific entity. Streptavidin Magnetic Beads were 

sourced from the NEB Biofreezer at UBC. The radioactive nucleotide dGTP ⍺-[32P] was sourced 

from Perkin Elmer. For some of the characterizations and primer extension reactions, dATP α-

[32P] was used instead of dGTP α-[32P] which was also purchased from Perkin Elmer. N,N’-di-

Boc-N’’-trifluoromethanesulfonylguanidine was purchased from Chem-Impex International. 

Precoated glass-backed plates containing Silica Gel 60 F254 used in the purification of dgaUTP 

was purchased from EMD Chemicals. HPLC-grade acetonitrile was purchased from Sigma 

Aldrich. The 40% Acrylamide/Bis Solution (29:1) and 10x Tris/Boric Acid/EDTA buffer (TBE) 

were purchased from Bio-Rad. The agarose for visualizing the PCR amplified products was 

Agarose B, Low EEO which was obtained from Bio Basic. The Quick-Load Purple Low Molecular 

Weight DNA Ladder was obtained from New England Biolabs. QIAEX II Gel Extraction Kit and 
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Quant-iT PicoGreen, for NGS sample preparation, were purchased from Qiagen and Invitrogen 

respectively. All buffer and metal salts were purchased from Sigma Aldrich. 

 

Oligonucleotide sequences 

Table 3.1 Table of Oligonucleotide sequences used 

Oligonucleotides Sequences 

Library 

(ON5) 

 

GAGCTCGCGGGGCGTGC(N40)CTGTTGGTAGGGCCCAACAGACG 

ON1 Biotin-TTTTTTTTTTTTTTTTTTTTGCGTGCCrCGTCTGTTGGGCCC 
 

ON2 Phosphate-CGTCTGTTGGGCCCTACCA 
 

ON3 GAGCTCGCGGGGCGTGC 
 

ON4 Phosphate-ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCA 
 

ON6 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGCTCGCGGGGCGTGC 
 

ON7 GACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGACACAGAGCGTGCCCGT

CTGTTGGGCCCTACCA 
 

ON8 Biotin-TTTTTTTTTTTTTTTTTTTTGCGTGCCrGGTCTGTTGGGCCC 
 

ON9 Biotin-TTTTTTTTTTTTTTTTTTTTGCGTGCCrUGTCTGTTGGGCCC 
 

ON10 Biotin-TTTTTTTTTTTTTTTTTTTTGCGTGCCrAGTCTGTTGGGCCC 
 

All sequences are in the 5’ à 3’ direction. The rC, rG, rU, and rA in bold typeface represents the internal 
scissile ribonucleotide.  
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3.2 Preparation of buffers and solutions 

3.2.1 Common buffers and solutions 

DEPC treated water (nuclease free water) 

For every 1 L of double-distilled water (ddH2O), 0.902 mL of diethylpyrocarbonate (DEPC) is 

added. The solution is then incubated in a 37 °C incubator overnight to destroy any contaminating 

nucleases and then autoclaved. If preferred can be further filter-sterilized using a 0.22 µm filter. 

All buffers are prepared using the DEPC treated water. 

Gel Eluting Solution 

1% LiClO4 is dissolved in a 10 mM Tris-HCl (pH 8.0) in sterile nuclease-free water. The solution 

is then filter sterilized (0.22 μm) to remove any bioburden that may have been introduced by the 

Lithium Perchlorate salt. 

Gel Loading Solution 

A 30 mL solution of the Gel Loading Dye contains 90% v/v of Formamide with 10% EDTAaq (0.5 

M) and trace amounts of Bromophenol Blue (0.05%). 

Ammonium Persulfate Solution 

10 mg of Ammonium Persulfate is weighed and added to the 10 mL of nuclease-free water. 

Solutions of this must be prepared fresh for perfect gel casts. If it must be stored, it is aliquoted 

and preserved at 4 °C (for the short term) or -20 °C (for the long term). Solutions of APS in water 

is not very stable at room temperature even if it is protected from light or air (MSDS Sigma 

Aldrich).  

Urea Diluent (for Polyacrylamide Gels) 

To prepare a 7 M urea diluent stock, urea is dissolved at a final concentration of 60.9% w/v with 

1X TBE at 14.5% v/v. Urea is used as the denaturant for the polyacrylamide gels while TBE is an 
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electrolyte. If a desired volume of 1L is prepared, the total solvent volume used must be 690 mL, 

which is 100 mL of 10 X TBE and 590 mL of water. Must be stored at 2-8 °C. 

20% Acrylamide/Bis-acrylamide (29:1) (monomer mixture for Polyacrylamide Gels) 

To prepare a 1L solution of Acrylamide/Bis solution (20% dilution), urea is dissolved to a final 

concentration of 60.9% w/v with 1X TBE 14.5% v/v, and 40% Acrylamide/Bis stock solution 

which is 1:1 diluted in the final solution. If a desired volume of 1L is prepared the urea is dissolved 

in a total solvent volume of 690 mL (100 mL of 10 X TBE, 500 mL of Acrylamide/Bis and 90 mL 

water). Must be stored at 2-8 °C. 

Tris/EDTA/NaCl Buffer (TEN Buffer) 

Used as a Washing Buffer for streptavidin magnetic beads. Contains 50 mM Tris-HCl (pH 7.5), 

200 mM NaCl and 1 mM EDTA.  

 

3.3 Denaturing PAGE (D-PAGE) gels 

3.3.1 Preparation of the gels 

The standard volume of gel required for a large PAGE (42 x 33 x 0.04 cm, L x W x D) is 60 mL 

and for a mini PAGE (17 x 16.5 x 0.1 cm, L x W x D) at least 30 mL. To prepare a 10% gel for a 

large PAGE, a 1:1 solution of the 20% monomer mixture is prepared using the Urea Diluent at a 

final volume of 60 mL. The ratio can be adjusted for other percentages according to standard buffer 

dilution. For a gel volume of 60 mL, the amount of TEMED used is 60 μL and the amount of APS 

(10%) is 600 μL. Large gels must be allowed to polymerize for at least 3 hours (preferentially 

overnight) and small gels must be allowed to set for at least 1.5 hours.  
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3.3.2 Running a gel sample and image analysis 

Before starting a gel run, the gels must be pre-equilibrated with Running Buffer (1X TBE). This 

allows the gel to warm up uniformly, and wash the urea away from the wells. Samples are prepared 

in Gel Loading Solution, with 0.5 M NaOH (NaOH is, however, not used in oligonucleotides with 

an internal ribonucleotide) and then heated to 95 °C. The sample is then snap cooled at 4 °C on an 

ice bath, and loaded into wells that have been pre-washed with running buffer. The large gels are 

run for at least 2 hours on 10% D-PAGE and 3 hours on 20% D-PAGE (the bromophenol blue 

layer must have run 90-100% of the length of the gel depending on the resolution required). 20% 

D-PAGE in our experiments have only been used for purification of primers or modified 

nucleotide incorporation assays. It is sufficient to run 45 minutes for a small gel (usually 8-10% 

D-PAGE). The oligonucleotides are visualized by either UV shadowing, or by autoradiography 

depending on the application. The data can be obtained either by directly scanning the gel (in the 

case of fluorescent oligonucleotides) or by exposing a phosphorescent screen. The gel is usually 

frozen during exposure and the screen is normally exposed overnight. Data from the 

phosphorescent screen is obtained using a Typhoon Scanner Model 9200. The image is then further 

processed using Fiji. 

 

3.4 Gel elution protocol 

Subsequently, after visualization, the bands are cut out using a sterile surgical blade that can be 

detected either by UV shadowing or by cross-referencing with a standard oligonucleotide 

(uncleaved/cleaved DNAzyme or an oligonucleotide of known molecular weight) in case of 

radioactivity. In either case, the gel fragments are collected in a 1.5 mL tared Eppendorf tube and 

the tube is then weighed on an analytical balance to determine the gel mass. A 1.5 mL flame sealed 
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pipette tip is used to mash the gel shard until a fine consistency is obtained. About 3-4 volumes (in 

μL) of Gel Eluting Solution is added for every 1 mg of gel mass. It is further agitated on a vortexer 

and the finely distributed suspension is then frozen at -78 °C (dry ice). The frozen solution is 

immediately thawed over 95 °C for 5 minutes (the rapid freeze-thaw serves to break up the gel and 

release the DNA) and spun down at 13krpm. The supernatant is carefully decanted into a fresh 

Eppendorf tube without disturbing the gel sediment. This is then repeated three more times but it 

is incubated at 65 °C (the freeze-thaw step is only done during the first iteration). The collected 

fraction (combined supernatant) is evaporated in-vacuo and then precipitated using 5 volumes of 

absolute ethanol (or >95%). The supernatant is discarded and the pellet is dissolved in nuclease-

free water or Tris buffer depending on the future application. It was then quantified on a 

SpectraMax QuickDrop Micro-Volume Spectrophotometer. 
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3.5 Amplification protocol 

Table 3.2 PCR amplification protocol for SELEX 
 

Reaction Volume 

Components Initial Stock Final Concentration Volume (μL) 

Thermopol Buffer 10X 1X 10 

dNTP 20 mM 300 μM 1.5 

MgSO4 100 mM 1 mM 1.0 

A. ON2 Stock Solution 
B. ON3 Stock Solution 

175 µM 7 μM 4.0 

A. ON3 Stock Solution 
B. ON4 Stock Solution 

51 µM 7 μM 13.8 

Template DNA  3.0 

Vent DNA Polymerase 2 U/µL 0.08 U/μL 4.0 

Nuclease Free Water  61.7 
 

Final Volume (μL) 100 

(A) refers to the primer stocks included in the first amplification mixture whereas (B) refers to the second 
amplification cocktail. 
 

3.5.1 Optimized PCR conditions for thermal cycling 

General PCR amplification procedure is as follows: – 95 °C for 3 minutes (Initial Denaturation); 

95 °C for 15 seconds (Denaturation), 68.8 °C for 10 seconds (Annealing), 72 °C for 20 seconds 

(Extension); and 72 °C for 5 minutes (Final Extension). A total of 25 cycles were performed for 

the first amplification and 35 cycles for the second amplification. 
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3.5.2 Amplification cocktail for sequencing (5X stock) 

Amplification cocktail for sequencing was prepared as a 5X solution containing Thermopol Buffer 

(5X), dNTP mixture (1.5 mM each nucleotide) and DMSO solution (25%) that was divided into 

aliquots of 10 μL each. The amplification was done in a final volume of 50 μL. 

3.5.3 Primer cocktail for sequencing the selected library 

A primer stock (ON6 and ON7) was prepared at a concentration of 25 μM of each primer in 

nuclease-free water and then divided into aliquots of 1 μL. 

 

3.6 DNA purification 

3.6.1 Extraction of the enzyme-treated DNA 

After each amplification (1st and 2nd) and their corresponding exonuclease digestion (procedure in 

Section 3.7), the DNA is extracted from the reaction impurities (monomers, enzyme, and/or 

primers) by a biphasic separation. The enzyme-treated DNA that is in an aqueous medium is mixed 

with equal parts of phenol:chloroform:isoamyl alcohol (25:24:1, v/v) and vortexed well. The layers 

are then separated by spinning them in a mini centrifuge for 5 minutes. The aqueous layer is 

collected and precipitated with absolute ethanol (to remove residual salts) followed by 

centrifugation at 13 krpm for 5 minutes. The supernatant is discarded and the pellet is dried in-

vacuo.  

3.6.2 Extraction of oligonucleotides received from the vendor 

The DNA is first extracted from any non-polar impurities (that might have passed on from the 

solid-phase synthesis) by phenol/chloroform extraction as described previously. It is further 

precipitated with 9 parts of 3% LiClO4 in acetone by vortexing and then spun down at 13 krpm for 

5 minutes. The supernatant is discarded and the pellet is further precipitated using absolute ethanol 
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which is then dried down in-vacuo. The purified oligonucleotides are stored in 10 mM Tris pH 

8.1. 

 

3.7 Lambda exonuclease digestion 

The PCR amplified template after clean-up (by phenol/chloroform extraction) is resuspended in 

1X Lambda Exonuclease Buffer, 5 units of lambda exonuclease and then brought to 50 μL with 

nuclease-free water. The reaction is then incubated at 37 °C for 3 hours. 

 

3.8 Materials and methods for selection of DNAzymes 

3.8.1 Buffers and solutions 

Buffer 1 (Cleavage buffer 1): 25 mM sodium cacodylate (pH 7.5), 2 mM MgCl2 and 200 mM 

NaCl in DEPC treated H2O (nuclease free water). 

Buffer 2 (Cleavage buffer 2): 25 mM sodium cacodylate (pH 7.5), 0.5 mM MgCl2 and 200 mM 

NaCl in nuclease free H2O. 

Buffer 3 (Cleavage buffer 3): 25 mM sodium cacodylate (pH 7.5), and 200 mM NaCl in nuclease 

free H2O. 

Buffer 4 (Neutralization buffer): 25 mM sodium cacodylate buffer in nuclease-free H2O, pH 6. 

 

pH characterization buffers: 

Buffer 5: 25 mM phosphate buffer at pH 6; Buffer 6: 25 mM phosphate buffer at pH 6.5; Buffer 

7: 25 mM phosphate buffer at pH 7; Buffer 8: 25 mM phosphate buffer at pH 8; Buffer 9: 25 mM 

Tris buffer at pH 8.5; Buffer 10: 25 mM Tris buffer at pH 9. 
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Metal solutions in buffer (metal ions): 

Buffer 6 (Transition metal Solutions): Zn2+, Fe2+, Cu2+, Ca2+, Mn2+, Co2+ at 0.5 mM, and Hg2+ 

50 µM in Buffer 3 

 

Buffer 7 (Monovalent metal solution): K+ prepared at 3, 30, and 300 mM in Cleavage buffer 3. 

Buffer 8 (Mg2+ solutions): Mg2+ solution prepared at a final concentration of 0.5, 5, 10, 15, 100 

mM in Buffer 3. 

 

Nucleotide Cocktail A: 50 μM of each dCaaTP, dUgaTP 

Nucleotide Cocktail B: 30 μM of dRTP; dRTP comprise of dATP and dGTP.  

(All reported concentrations of the buffers and solutions are reported as final cleavage mixture 

concentration.) 

 

3.8.2 Primer extension reaction 

3.8.2.1 Library preparation for SELEX 

20 pmol of PAGE-purified template and 20 pmol of primer (ON1) (template and primer final 

concentrations at 1 μM) are heat denatured at 95 °C for 5 minutes and then cooled to 37 °C over 

30 minutes in a water bath (however during the characterization assays this was done in a 

ThermoCycler as described later). This allows enough time for annealing the primer to the 

template. The tube is then treated with 1-2 μL of dGTP or dATP ⍺-[32P] (interchangeable based 

on availability), dithiothreitol (DTT), yeast pyrophosphatase inorganic yeast (YIPP), Klenow 

(exo-) DNA polymerase, nucleotide cocktail A and nucleotide cocktail B. The reaction is then 

allowed to extend at 37 °C for 2 hr 15 min. The concentration of the components in the final primer 
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extension reaction mixture is 5 mM DTT, 5 U/mL YIPP, 0.75 U/μL Klenow Fragment, 30 μM 

dATP and dGTP each, 50 μM of modified nucleotides 3 and 4 each (Chapter 2, Fig 2.1), 5-10 μCi 

of α-[32P]-dGTP in 1X NEBuffer 2. To stop the reaction it is quenched with EDTA (25 mM) and 

then immobilized on 40 μL of streptavidin magnetic beads which is prewashed with TEN buffer. 

For every 20 pmol of primer (in the primer extension reaction) 40 μL of beads are used and can be 

scaled accordingly.  

3.8.2.2 Library preparation for time course assays 

The annealing mixture for the characterization experiments is identically prepared but using 15 

pmol of the primer (ON1) and 20 pmol of PAGE-purified template (primer to template ratio at 

0.75-0.8:1). The reaction mixture can be scaled according to the requirement as long as the 

primer:template ratio is maintained. Primer annealing is done in a ThermoCycler preset at 95 °C 

for 5 minutes followed by a step-wise decrement in temperature from 95-37 °C at a rate of -2 

°C/min for 30 mins. The radioactive dGTP⍺-[32P] or dATP⍺-[32P], DTT, YIPP, NEBuffer 2, and 

Nucleotide Cocktails A and B are added identically as above. After the reaction is complete it is 

quenched with EDTA (25 mM) and then immobilized on prewashed streptavidin magnetic beads. 

The volume of beads is according to the scale of production (as mentioned above).  

 

3.8.3 Preparation of streptavidin magnetic beads 

During in-vitro selection, about 40 μL of streptavidin magnetic beads are used for a final selection 

volume of 100 μL. The beads are washed three times with TEN Buffer before they are ready for 

immobilizing the nucleic acids. The beads must not be left dry for long periods.  

 



 

 

84 

3.8.4 Single-strand DNA generation 

The quenched reaction was immobilized on the washed streptavidin magnetic beads for 30 minutes 

to allow maximum binding to occur. The immobilized oligonucleotides were separated from other 

reaction components (residue from primer extension) by decanting and then washed twice with 

100 μL TEN buffer. The TEN wash further removes any remaining impurities. It is followed by 

five rapid washes with 100 μL NaOH-EDTA (0.1M NaOH, 1 mM EDTA) to denature the dsDNA, 

followed by neutralization in 200 μL Buffer 4, and finally washed with 100 μL nuclease-free water 

before incubating them in selection buffer. Due to the presence of the ribocytosine group in the 

DNAzyme strand, this process must be done rapidly to ensure that there is minimum loss of 

product due to premature cleavage but there must be a sufficient number of washes so that the 

DNAzyme population is completely denatured from its complementary strand. The selection was 

carried out in Buffer 1 for the first 5 generations (G1-G5), followed by Buffer 2 from G6 onwards.  

 

3.8.5 Selection Set-Up 

The washed DNAzyme population was incubated on a 25-27 °C temperature block with 100 μL 

Buffer 1 or Buffer 2 (vide supra) for a predetermined duration of time. The self-cleavage was 

allowed to take place over a temperature block preset at 25 °C (and wrapped in aluminum foil) to 

minimize fluctuations in the reaction temperature due to unforeseeable changes in the external 

conditions.  

 

3.8.6 Post Selection Processing and PAGE 

Following incubation, the supernatant containing the cleaved DNA is collected by decanting. The 

decanted elute fraction was then precipitated with 9 parts of 1% LiClO4 in acetone by agitating 
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over a vortexer and then spun down at 13 krpm for 5-7 minutes (a small amount of ON2-ON3 

primer cocktail added as a carrier to help precipitate the radiolabeled sample). The supernatant was 

discarded and the pellet was washed with 5 volumes of absolute ethanol. After the addition of 

ethanol, the tube is vortexed to wash away any residual salts from the pellet and then the DNA is 

precipitated by centrifugation. The ethanol supernatant was removed and the pellet was dried in-

vacuo before preparing the sample for D-PAGE. The post-selection sample was resuspended in a 

solution of Formamide-EDTA at 62.5% v/v. Extra EDTA may be added if the nucleic acid 

catalysts are excessively structured (as in later generations). The sample was treated at 95 °C for 

5 minutes, and then snap cooled before loading it on an 8% 7 M polyacrylamide gel. The gel is 

run at 35-36 W for about 2 hrs or until the bromophenol blue is more than 75% of the length of 

the gel.  

 

3.8.7 Amplification of the cleaved DNA 

The cleaved fraction was excised from the gel and extracted according to the Gel Elution procedure 

described previously and further prepared for double nested PCR. The gel-purified material was 

resuspended in water. A volume of 15 μL of the purified oligonucleotides was amplified using 

primers ON2 and ON3 (all components in Table 3.2) and brought to 100 μL with nuclease-free 

water. It is amplified according to Section 3.5.1. The progress of the amplification was monitored 

using a 4% agarose gel. The amplification product was then purified by Phenol-chloroform 

extraction and ethanol precipitation (Section 3.7.1). The extracted oligonucleotide was 

resuspended in nuclease-free water, and 15-20 μL of it was used in the lambda exonuclease 

reaction mixture (Section 3.6). The exonuclease reaction is allowed to digest for 3 hours and was 

then stored at 4 °C overnight (in the ThermoCycler) if it was not attended to immediately. After 
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the strand containing the 5’ phosphate had been digested the oligonucleotide is further cleaned up 

by biphasic extraction (phenol/chloroform extraction) and gel purified by 10% D-PAGE. For a D-

PAGE the pellet was resuspended in 15.6 μL of gel loading solution and then made to 25 μL with 

nuclease-free water (Section 3.3). This sample was run parallel to an 80 base control DNA sample. 

The DNA fragment was identified based on the 80 base control DNA and then extracted according 

to the gel extraction protocol in Section 3.4. 15-20 μL of the resulting product was amplified using 

primers ON3 and ON4 for 35 cycles (to maximize the production of DNA) to generate the DNA 

library for the following generation. The second amplicon was further exonuclease digested and 

purified on an 8-10% mini D-PAGE. The eluted product was then carried forward for the 

subsequent generation. After quantifying the DNA using a SpectraMax QuickDrop™ Micro-

Volume Spectrophotometer 20 pmol of it was taken out for Primer Extension reaction (Section 

3.8.2). Although 13 generations were done in total, the sequences from G11 were cloned (Chapter 

2, Fig 2.4). 

 

3.8.8 Preliminary verification prior to sequencing 

The pool from generation 11 (G11) was investigated for confirmation prior to sequencing. Samples 

from G9 and G11 were prepared using Klenow for primer extension and then the single-stranded 

DNAzyme was generated by washing and neutralization (Section 3.8.4). The beads were 

resuspended in Buffer 2 and allowed to incubate for 2.4 hr, a slurry was prepared and samples 

were collected at regular time points (0.5-144 min). The samples were quenched into aliquots of 

formamide dye solution containing 25 mM EDTA. The samples were heated to 95 °C and resolved 

on an 8% D-PAGE. The experiment was at least duplicated for confirmation. 
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3.8.9 Sequencing of Amplicons by Amplicon-EZ NGS 

The DNA sample from G11 was first amplified using the primers ON2 and ON3 (following Table 

3.2). After cleaning up the DNA amplicon by phenol/chloroform extraction, 0.5 μL of the sample 

was further amplified with 1 μL of the primer cocktail (Section 3.5.3) and 10 μL of the 

amplification cocktail (Section 3.5.2) which was brought to a final reaction volume of 50 μL. A 

small amount of material was sampled from the amplified product and verified by 4% agarose gel. 

The remaining amplification reaction was purified on a separate 4% agarose gel. With reference 

to a DNA ladder, (Quick-Load Purple Low Molecular Weight DNA Ladder) the desired band was 

excised from the gel, and purified according to the manufacturer’s protocol in the QIAquick Gel 

Extraction Kit. The excised DNA fragment was initially collected in a tared Eppendorf tube and 

weighed on an analytical balance, followed by incubating in Buffer QG (volume of buffer is 6 μL 

for every 1 mg of gel) at 50 °C for 10 minutes. The tube must be agitated every 2–3 min to help 

resuspend the gel. After the gel slice has completely resuspended, the colour of the mixture should 

be yellow (similar to Buffer QG without dissolved agarose). If the colour of the mixture is orange 

or violet, 10 μL 3M sodium acetate, pH 5.0 must be added and mixed to make the mixture turn 

back yellow.  

 

The biological load (DNA) is then precipitated from the residual gel fragments using 1 volume of 

isopropanol to the mass of gel. The sample is then applied over a QIAquick spin column to allow 

the DNA to bind to the column. When the tube is centrifuged at 13 krpm for 1 minute the DNA 

remains bound to the column while the elute passes through. The column is then centrifuged for 1 

min after the addition of 500 μL of Buffer QG. To wash the column, it is incubated, with 750 μL 

Buffer PE, for 5 minutes and then centrifuged at 13 krpm for 1 minute. The flow-through is 
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discarded and the column is placed on a fresh, clean Eppendorf tube. DNA is eluted into the fresh 

tube by incubating the column in 50 μL Buffer EB (10 mM Tris-Cl, pH 8.5) for 1 minute before 

centrifuging for a further 1 minute. The DNA samples were quantified using Quant-iT PicoGreen 

assay before submitting for sequencing at Genewiz, LLC. The purified oligonucleotide is 

normalized to 20 ng/μL at about 500 ng. Sequencing is done using Amplicon-EZ (an Illumina 

Sequencing based platform). The FASTQ files were pre-processed by Genewiz to remove the NGS 

adapter regions at the 5’ terminal. The pre-processed samples were then further filtered using the 

MultiQC program on Galaxy Version 1.7.1 for sequences with a Phred score around 40 (represents 

the average quality of NGS read at a particular nucleotide). The sequences were then aligned using 

the Multiple Sequence Alignment tool in Jalview v1.0 to obtain sequence families. 

 

3.8.10 mFold Analysis for preliminary structure prediction 

The preliminary structure prediction is done using mFold (on the UNAFOLD webserver). The 

structures were aligned using constraints to allow the N40 selected region to be in the vicinity of 

the scissile phosphate. I used forced constraints to allow certain base pairing to occur. The forced 

constraint method is the same as forcing a helix to form. The helix is determined by the external 

closing base pair (which is by the base pair i.j where i is as small as possible and j is as large as 

possible, i and j denote the position of the base on the DNA strand). A second parameter used is k 

which denotes the number of consecutive base pairs beginning with i.j. The base pairs are 

therefore: i.j, i+1.j-1, i+2.j-2, …, i+k-1.j-k+1. It is also important that the base pairs must actually 

be able to form. Further, the ionic and temperature conditions are set according to the selection 

parameters before allowing mFold to generate the secondary structures. 
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3.8.11 Preliminary Assay in Identifying Best Clones 

10 identified clonal families (all clones mentioned in the Appendix), synthesized by Integrated 

DNA Technologies, after PAGE Purification, were extended using the primer ON1 according to 

Section 3.8.2.2. The dsDNA intermediates were then immobilized on washed Streptavidin 

Magnetic Beads for 30 minutes to allow maximum binding. The generation of single-stranded 

DNA is similar to the protocol used during selection (Section 3.8.4), except, after the water wash 

the samples were resuspended in a sufficient volume such that each clone was then separated into 

three tubes (technical replicates). The clones were allowed to self-cleave for a total of 60 minutes 

and samples were collected periodically (1, 3, 30, 60 min). 1 μL of the sample was taken out from 

each experiment at specified time points (Chapter 2, Fig 2.7), and quenched into a Formamide-

EDTA solution that was later made to 10 μL with nuclease-free water. While the experiment was 

in-progress all samples must be preserved over ice to prevent any unwanted cleavage from 

happening to the previous samples. All the samples were then heated to 95 °C and snap cooled on 

ice. They were subsequently resolved by 8% D-PAGE run for 2 hours. The gels are then imaged 

on a phosphoimager screen overnight and checked for cleavage rate using Typhoon Scanner Model 

9200 coupled with ImageQuant for the image analysis.  

 

3.8.12 Time-Course Assay to determine the kinetics of the best candidates 

Kinetic analysis was performed on clones Dz11-10, Dz11-15, Dz11-23 and Dz11-33; 10 pmol of 

primer ON1 was annealed with each template sequence (primer to template ratio is however 

maintained at 0.8:1) as mentioned previously. The initial libraries were prepared similarly to the 

Primer Extension protocol (Section 3.8.2.2). About 1 μL of sample from each candidate DNAzyme 

was removed as Control for the uncleaved material. The reactions were quenched with EDTA to 
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a final concentration of 25 mM. The sequences were immobilized on prewashed streptavidin 

magnetic beads (concentration of 40 μL beads for 100 μL solution) for 30 minutes and the 

supernatant was then discarded. The beads were washed twice with TEN buffer (100 μL), followed 

by five quick washes of 0.1 M NaOH-1 mM EDTA. The beads were then neutralized with Buffer 

4 followed by a final water wash before splitting them into individual aliquots each containing 3 

pmol of DNAzyme. Kinetics experiments for individual clones were triplicated within the 

experiment and a total of two sets of experiments were done on separate days. 

 

The self-cleavage reaction was initiated by resuspending the beads in 50 μL Buffer 2 and 

incubating at 25 °C. Samples were taken out at intervals (0.5 min-15 hr) and quenched in 5 μL 

formamide, bromophenol blue, 25 mM EDTA and 275 μM biotin. The samples were heat-

denatured at 95 °C and snap-cooled on ice before separation by 8% D-PAGE. The gels were 

autoradiographed overnight and imaged using a phosphorimager (Amersham Typhoon 9200). The 

dosimetry was completed with Fiji (v2.0.0). Statistical analysis and biphasic kinetics curve fitting 

were performed using Prism (v8.4.3). The percentage of DNAzymes cleaved (Pt) is expressed as 

a function of time (t) and a linear combination of the kinetically fast and slow phases with 

horizontal asymptotes (Pfast,max and Pslow,max) and rate constant (k) such that kfast > kslow (as given in 

equation 2):  

 

𝑃# =	𝑃(")#,+",41 − 𝑒&'$"%##5 + 𝑃)-./,+",(1 − 𝑒&'%&'(#) (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2) 
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3.8.13 pH-rate profile on DNAzyme self-cleavage 

60 pmol of ON1 was annealed with either Dz11-23 and Dz11-33 template for primer extension, 

worked up and single-strand generation, similarly to section 3.8.4. Aliquots of 3 pmol of 

DNAzymes were distributed among tubes and allowed to cleave in Buffers 5-10 ranging from pH 

6 to 9. Samples were collected at different time points and quenched in formamide, bromophenol 

blue, 25 mM EDTA and 275 μM biotin before resolving in 8% D-PAGE. These data were used to 

study the variation in the rate of the DNAzymes over different pH. All data are reported from two 

independent sets of experiments and each sample was done in triplicate. 

 

3.8.14 Temperature dependence on self-cleavage 

An estimated 3-6 pmol of a self-cleaving DNAzyme, e.g. Dz11-33, was prepared (as previously 

described) and then incubated at each temperature (5, 25, 37, and 55 ºC) to address temperature 

dependence. Buffer 2 was added to each of the samples and incubated for a desired duration of 

time. All reactions except the tube at 25 °C were performed in a thermocycler with a heated lid to 

prevent evaporation of the solvent. First-order rate constants kfast and kslow are obtained by curve 

fitting to equation (2) above. 

 

3.8.15 Dependence of Mg2+ on the rate and the impact of monovalent K+ ions 

60 pmol of self-cleaving DNAzymes were prepared using the method described above for selection 

and aliquoted into tubes containing varying amounts of Mg2+. The isolated single-stranded 

DNAzyme was treated with different concentrations of Mg2+ (0-100 mM) and the reaction was 

quenched after a stipulated time, following separation by 8% D-PAGE. To study the impact of the 
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monovalent K+ ions on the cleavage, the samples were run in varying concentrations of KCl 

(Buffer 7) at room temperature (25 °C). 

 

3.8.16 Effect of transition metal ions  

Self-cleaving sequences Dz11-23 and Dz11-33 were prepared by primer extension as described 

previously starting with up to 60 pmol of template DNA. Following primer extension, template 

strand removal, and washing, bead-bound self-cleaving strands were aliquoted into tubes such that 

each contained ca. 3 pmol. The DNAzymes were incubated in Buffer 3 containing divalent 

transitional metal ions at a final concentration of 0.5 mM except in the case of Hg2+ which was 

present at 50 µM. The reactions were incubated at room temperature for a stipulated amount of 

time before collecting samples by quenching in a 4 μL stop solution consisting of formamide-

EDTA-dyes. Samples were resolved by 8% D-PAGE and exposed on a phosphorimager screen. 

The images were further analyzed by Fiji after autoradiography. 

 

3.8.17 Effect of modified nucleotide composition on the cleavage profile 

The DNAzyme (Dz11-33) was synthesized by primer extension as noted above (Section 3.8.2.2) 

but different composition of nucleotides were added to each of the four sets of tubes reported to 

final concentrations – 1) 50 μM dUgaTP 4, 50 μM dCaaTP 3, 30 μM dGTP, 30 μM dATP; 2) 50 

μM dUgaTP 4, 30 μM dCTP, 30 μM dGTP, P and 30 μM dATP; 3) 30 μM dTTP, 50 μM dCaaTP 

3, 30 μM dGTP, and 30 μM dATP; 4) 50 μM dUaaTP 2, 50 μM dCaaTP 3, 30 μM dGTP and 30 

μM dATP; and 5) 30 μM dNTP where dNTP refers to all unmodified deoxynucleoside 

triphosphates. The reaction was quenched with 25 mM EDTA after 2.25 hr and single-stranded 

self-cleaving species were prepared in accordance with the selection method. The immobilized 
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DNAzymes were incubated in Buffer 2 for different intervals of time (1 min, 30 min, and 15 hr). 

1 μL of samples were progressively taken out and quenched in the formamide-EDTA solution. 

Samples are resolved by 8% D-PAGE followed by autoradiography. 

 

3.8.18 Target sequence specificity in self-cleavage reactions 

Dz11-33 was prepared as noted previously except that primers ON1, ON8, ON9, and ON10 were 

used to vary the target ribonucleotide. Following primer extension, the different variants of Dz11-

33 were converted to single-stranded self-cleaving species, washed with water and interrogated 

for self-cleavage in Buffer 2 with aliquots quenched at various time points. The quantity of 

cleavage yield was calculated using autoradiographic densitometry and kobs of each of the 

DNAzymes were then calculated using Prism. 
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Chapter 4: Conclusion 

4.1 Summary of thesis 

To conclude, the thesis addresses my preliminary hypothesis regarding the pursuit of RNase A-

mimicking DNAzymes using only two modified nucleotides notably: 5-aminoallyl-2’-

deoxycytidine triphosphate (dCaaTP, 3, Chapter 2) and 5-guanidinoallyl-2’-deoxyuridine 

triphosphate (dUgaTP, 4, Chapter 2) without using an imidazole functionality. In Chapter 2 I 

initially discussed the optimization of the Klenow primer extension reaction to address the 

maximum acceptable concentration of Klenow (exo-) polymerase (0.75 U/μL) before yields 

diminished. I then further discussed the in-vitro selection of a bi-modified DNAzyme selection 

using the above-mentioned nucleotides. Chapter 2 also discussed the characterization of two of 

the identified DNAzymes (Dz11-23 and Dz11-33) which were able to foster on-par fast-cleaving 

sequence-specific activity (𝑘(")# = 0.7-0.9 min-1) using positively charged modifications presented 

by a cationic amine and a guanidium cation without any imidazole.  

 

Despite selecting them in the presence of Mg2+ ions, the self-cleavage activity of the DNAzymes 

was significantly better at a lower concentration of Mg2+ ion (0.5 mM) with the best activity 

observed under the Mg2+-independent condition. As discussed in the thesis, up to this point there 

has been only a little development in metal-independent DNAzyme selections and the discovery 

of such modified DNAzymes improve our ability to develop true metal-independent catalysts as 

intracellular therapeutic agents. Earlier, I had stated in the thesis that the imidazole group (a core 

component in the catalytic site of RNase A is an essential group in the catalysis) had been crucial 

to the activity of many metal-independent DNAzymes as it could extend acid-base catalysis in the 

pH range (6-9). Many of the metal-independent DNAzymes as a result include imidazole as one 
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of the functionalities. The imidazole based nucleotides are however a challenging substrate in 

terms of incorporation using many polymerases.  

 

Herein, experiments also demonstrated that the nucleotides dCaaTP (3) and dUgaTP (4) were 

incorporated in the DNAzymes much better with few truncates, however they unexpectedly 

showed a lack of a relationship between the cleavage activity of DNAzyme and the pH (in the 

range 6-9) in comparison to their imidazole counterpart. The pH-rate profile normally seen with 

DNAzymes that contain the imidazole functionality follows a bell-shaped curve in the pH range 

(6-9) however most likely due to the high pKa of the guanidium ion (~12) and the amine (~10) a 

normal acid-base profile was not observed. The cationic amines and the guanidium group which 

may not be readily associated as bases could extend catalysis through various means such as 

possible Brønsted base catalysis that is favored at higher pKa values. The pKa perturbation of the 

amine functionality due to the guanidium groups could also have afforded a self-cleavage at the 

ribophosphodiester. As discussed earlier in the thesis, electrostatic or H-bond stabilization of a 

pentacoordinate phosphorane intermediate may be disfavored at higher pH values. Further, the 

pH-dependent effect of our catalysts may have been confounded due to the presence of two 

operating phases (fast cleaving and slow cleaving species), the existence of which I have alluded 

to in the refolding study (Fig 2.12) and our mFold analysis. Conformational effects may include 

folding or an acid-base reaction that is operative at pH values that are outside of the range in which 

the DNAzyme would normally be folded. Further, a definitive mechanism for the lack of a bell-

shaped pH curve is not readily interpreted and may be subject to further mechanistic studies on 

Dz11-23 and Dz11-33.  
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The results from these experiments further aid our understanding of our aptamer selections 

(projects not included as part of the thesis) that failed to result in affinity ligands to 

adrenocorticotropic hormone (ACTH) and TAR DNA-binding protein (TDP-43) using guanidium 

and primary amine as functional groups. Notwithstanding selection related parameters such as 

stringency of negative selections, the aptamers failed to develop specificity towards our target; 

cationic groups like a guanidium and a primary amine, and the lack of any hydrophobic handles 

presented less surface for interaction with the peptide/protein targets. Proteins in their native 

conformation usually sequester polar residues leaving hydrophobic patches on the surface that are 

protected by a water shell. Further, the higher molecular weight beads (such as streptavidin 

magnetic bead and agarose Ni-NTA beads) in comparison to the peptides/protein of interest (< 35 

kDa) may have been competitively better targets for the aptamers. This could be addressed by 

precoating the beads (charging) with tRNA to block potential binding sites. This is, however, a 

hypothesis that needs to be tested further, It is also possible that since my potential modification 

for targeting is a nucleophilic amine (dCaa), the modified nucleoside provide a better handle for 

catalysis at a scissile ribonucleoside, suggesting that the two modified nucleotides used in this 

thesis are more suitable in catalytic DNAzymes over affinity ligands (aptamers). It is likely that 

further evolution of Dz11-33 and the use of a larger library at the outset of the selection will enable 

the selection of even more proficient self-cleaving species. In addition, one might consider 

decorating nucleosides with polyamines or involving a third nucleoside that introduces a 

hydrophobic effect in lieu of imidazole in the expectation that such will further enhance activity 

by providing localized domains of altered dielectric constants and might also help in selecting 

better aptamers or allosteric DNAzymes as a result. It is anticipated that Dz11-33 could be 
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converted into a multiple turnover catalyst with the nucleosides dCaa (3) and dUga (4) helping in 

the trans-cleavage of an all-RNA target with multiple turnovers. 

 

4.2 Future Directions 

The catalyst Dz7-38-32109, an all-RNA cleaving, multiple turnover M2+-independent DNAzyme 

that could cleave a 19 nt RNA showed a second-order rate constant (kcat/Km) of ~100 M-1min-1 and 

kcat of 1.06 min-1. After that discovery, Dz11-23 and Dz11-33 presented in this thesis are 

subsequent iterations to that research. Since the discovery of DNAzymes, much has been 

achieved89,90,92,104,106,108,109,117,119,125,127,130,132,133,137,142,156,158,169–171, yet with little progress on 

DNAzymes that are M2+-independent and much less initiative on a M2+-independent DNAzyme 

that also lacks an imidazole group. From a therapeutic perspective, the Dz11-23 and Dz11-33 

could therefore be potentially tested further in cell-based assays. As I discussed previously, I was 

able to identify superior metal independent catalysts with a guanidium and a cationic amine 

without using an imidazole functional group, this could further the discovery of metal-independent 

RNA-cleaving DNAzymes without this functionality (which is a poor substrate for many 

polymerases). Since Dz11-33 also showed a high specificity towards a ribocytidine target, this 

could further be tested on an all-RNA target as in DNAzyme Dz7-38-32. The DNAzymes in the 

thesis show on-par fast cleaving activity (𝑘(")# = 0.7-0.9 min-1) to many of the imidazole based 

DNAzymes.  

 

Hence, it might also be wise to perform a “cutdown” or a “boundary” experiment to identify a 

more catalytically active core109,172. This is achieved by truncating a more long-range secondary 

structure into smaller fragments which might improve catalytic efficiency. There is an agreement 
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in the research community that not all sequences inside the structure may be essential for cleavage 

and consensus sequences may be essential to buttress the structure and may not contribute to the 

activity. Eliminating such extraneous sequences might reduce steric bulk around the active site. 

Another effort to improve the catalytic efficiency may be the reselection of the isolated clones (of 

DNAzyme) which has been previously done in our lab109. The active clone is reshuffled by 

introducing mutations in the degenerate region when the library is synthesized on the solid phase; 

mutagenic PCR can further introduce more sequence diversity to the new library, and as a result, 

increase the sequence space for isolating faster self-cleavers.  

 

In conclusion, this work is the first report of a self-cleaving M2+-independent DNAzyme that 

provides a reasonable self-cleaving activity in the absence of imidazole. This might make us 

wonder if imidazole is truly critical for fostering an efficient RNA cleavage. I anticipate further 

experiments on these DNAzymes and newer discoveries in providing faster all-RNA cleaving 

metal-independent activity. 
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Appendices 

Appendix A  Sequence Information 

A.1 Trimmed NGS Data 

Seq 

Name 
DNAzyme clones 

Sequen
ce1 
(Dz11-1) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCACAGTATCGCAGGGAGCACGCTTCACTAAGCA
CACCTGCGAAAAGCACGCCCCGCGAGCTC 

Sequen
ce2  
(Dz11-2) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACCGCCAATAAGCAGGTTCGACCAACAGTAG
CCATAACTTGTGGCACGCCCCGCGAGCTC 

Sequen
ce4  
(Dz11-4) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAGCGGCGAAGTTCAGTCTGACGCACAACAGTA
GTCATAGCTTGAGGCACGCCCCGCGAGCTC 

Sequen
ce5  
(Dz11-5) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAAGCGGTGGAGCAAGCGATAACGCGATAG
ACTCGAAGTGGAAGCACGCCCCGCGAGCTC 

Sequen
ce6  
(Dz11-6) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGTAGTCATATTTGCGGCCAAATACAGCT
TGGCCACCTTGAGGCACGCCCCGCGAGCTC 

Sequen
ce7  
(Dz11-7) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAAGCGGTGGAGCAAGCGACAACGCGATAG
ACTCGAAGTGGAAGCACGCCCCGCGAGCTC 

Sequen
ce9  
(Dz11-9) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCTACCAATAGCCCCCAAGGTACTGGACAGGCAAGTATA
TCAACGCATGCGGCACGCCCCGCGAGCTC 

Sequen
ce10  
(Dz11-
10) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAATAGCCCCTAAGGTACTGGCCTGACACAGAT
GCGTGGAAGATTCGCACGCCCCGCGAGCTC 

Sequen
ce11  
(Dz11-
11) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACGACCAATAAGCAAGTTCGACCAACAGTAG
CCATAACTTGTGGCACGCCCCGCGAGCTC 

Sequen
ce12  
(Dz11-
12) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGTGTTGGATATACCAGCTGCAGTCAGTT
ACGGCACGTCCTGGCACGCCCCGCGAGCTC 

Sequen
ce14  
(Dz11-
14) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGTAGTCATATTTGCGGCCGAGTACAGCT
TGGCCACCTTGAGGCACGCCCCGCGAGCTC 

Sequen
ce15  
(Dz11-
15) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAAGCGGTGGACCAAGCGACAACGCGATAG
ACTCGAAGTGGAAGCACGCCCCGCGAGCT 
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Sequen
ce16  
(Dz11-
16) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAGCAACGAAGTTCAGTCTGACGCACAACGGTA
GTCATAGCTTGTGGCACGCCCCGCGAGCTC 

Sequen
ce18  
(Dz11-
18) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAAGCGGTGGAGCAAGCGACAACGCGGTAG
ACTCGAAGTGGAAGCACGCCCCGCGAGCTC 

Sequen
ce19  
(Dz11-
19) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAGCAGCGAAGTTCAGTCTGACGCACAACGGTA
GTCATAGCTTGTGGCACGCCCCGCGAGCTC 

Sequen
ce20 
(Dz11-
20) 

ACGACACAGAGCGTGCCGTCTGTTGGGCCCTACCAACGAGCGGTGGAACAAGCGACAACGCGATAGA
CTCGAAGTGGAAGCACGCCCCGCGAGCTC 

Sequen
ce21  
(Dz11-
21) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGCCCCTAAGGTACTGGCCACGTTTACAA
TGGTGACGCATTTGCACGCCCCGCGAGCTC 

Sequen
ce23  
(Dz11-
23) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGCATTTGAAATAGCTGATGTGATAGAAC
TGATATGTCTGTCGCACGCCCCGCGAGCTC 

Sequen
ce25  
(Dz11-
25) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAATAGCCCCTAAGGTACTGGGTATCGAACGGA
GTTACCATACCAGCACGCCCCGCGAGCTC 

Sequen
ce28  
(Dz11-
28) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGCCCCCAAGGTACTGGCCACGTTCAAAA
TGGTGATGCATTTGCACGCCCCGCGAGCTC 

Sequen
ce29  
(Dz11-
29) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAACGAAGTTCAGTCTGACGCACAACAGTA
GTCATAGCTTGTGGCACGCCCCGCGAGCTC 

Sequen
ce30  
(Dz11-
30) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGCCCCTAAGGTACTGGTCTGACACAGAT
ATGAGGAAGATCTGCACGCCCCGCGAGCTC 

Sequen
ce31  
(Dz11-
31) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAAGCGGTGGAACAAGCGACAACGCGATAG
ACTCGAAGTGGAAGCACGCCCCGCGAGCTC 

Sequen
ce33  
(Dz11-
33) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAGCATTTGAAATAGCTGATGTGATAGAAA
CGATATGTCTGTCGCACGCCCCGCGAGCTC 

Sequen
ce34  
(Dz11-
34) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAATAGCCCCTAAGGTACTGGGTATGGGATGGA
GTTATCATACCAGCACGCCCCGCGAGCTC 
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Sequen
ce35  
(Dz11-
35) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACAACGAAGTTCACTCTGACGCACAACAGTA
GTCATAGCTTGAGGCACGCCCCGCGAGCTC 

Sequen
ce36  
(Dz11-
36) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAATAGTACATATCCTCGAATCACCAAACGTCA
TTCGTTCGGTAAGCACGCCCCGCGAGCTC 

Sequen
ce39  
(Dz11-
39) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAACTGCGAAGTTCAGTCTGAAGCACAACAGTA
GTCATAGCTTGAGGCACGCCCCGCGAGCTC 

Sequen
ce40  
(Dz11-
40) 

ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCAGCAGCCCCTAAGGTACTGGCCTGACACAGAT
ACGTGGAAGATCCGCACGCCCCGCGAGCTC 

Sequen
ce41  
(Dz11-
41) 

ACGACACAGAGCGTGCCCGTCTGTTGGCCCTACCAATAGCCCCTAAGGTACTGGGTATGGGATAGAG
TTACCATACCAGCACGCCCCGCGAGCTC 

 

A.2 Sequence Ancestry 

 

Figure A1.1 Ancestry information of the trimmed sequences obtained using ClustalW. 
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Appendix B  Optimization and unedited gels 

B.1 Primer extension optimization 

Sequences: 
Template 
5’ 
TGCGTGCAAGCTGCGTGCAAGCTCTGTTGACGGACGAGTGACGAACACGACAGTTAGACAGCAC
GCCGCGCGAGCGC 3’ 
 
Primer 
5’ /56-FAM/GCGCTCGCGCGGCGTGC 3’ 
 
The bold A represent the regions complementary to the GadUTP.  
 

 

Figure B1.2 Modified nucleotide incorporation assay. 
It was run in 1X TBE at 35W on a 10% PAGE. Lane 1-2 Negative control, Lanes 3,4,14 Positive controls, Lanes 
5-7=dUgaTP, dGTP and dCTP, Lanes 8-10=dCaaTP, dTTP, dGTP and Lanes 11-13=dUgaTP, dCaaTP, dGTP. 
Positive control was extended with dUgaTP, dCaaTP, dGTP, dATP to show the full length extension.  
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B.2 Unedited gel data 

 

 

 

Figure B2.3 Quantification of cleavage activity of Dz11-23 and Dz11-33 at 5ºC.  
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Figure B3.4 Quantification of cleavage activity of Dz11-23 and Dz11-33 at 37ºC. 
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Figure B4.5 Quantification of the cleavage activity of Dz11-23 and Dz11-33 at 55ºC. 
 

 

Figure B5.6 Magnesium cleavage profile observed between 0 mM and 100 mM. 
Dz11-23 and Dz11-33 were incubated for 30 minutes in separate pH 7.5 cacodylate (25 mM) buffers each 
containing varying [Mg2+] - 0 mM, 0.5 mM, 5 mM, 10 mM, 15 mM and 100 mM (n = 3) 
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