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Abstract 

In recent years, many artificial and naturally occurring catalytic nucleic acids molecules 

have been discovered.  These enzymes, composed purely of RNA or DNA, are referred 

to as ribozymes or DNAzymes.  With an ever-increasing repertoire of chemical reactions 

they are able to catalyze, researchers have attempted to discover the mechanisms 

governing catalysis by identifying the functional groups involved in catalysis.   NMR and 

crystallography are, by far, two of the most powerful and widely exploited methodologies.  

When expensive equipment is not available, there is a need for simpler, more instant 

techniques that researchers can use as alternatives.  This thesis introduces a novel 

Iodine-mediated phosphorothioate cross-linking (IMPC) method, which enables structure 

mapping around the phosphodiester backbone of DNA.  Two DNAzymes that I have 

investigated using this method are the 8-17 RNA-cleaving enzyme and the UV1C 

cyclobutane thymine dimer-repairing enzyme. 

The UV1C DNAzyme adopts a G-quadruplex structure that is responsible for enhanced, 

in comparison to non-G-quadruplex forming DNA, absorption of light energy of >300 nm 

wavelength to photo-reactivate cyclobutane thymine dimers in a DNA substrate. IMPC 

results suggest that the topology of this G-quadruplex is an all-parallel propeller 

orientation.  UV1C was originally in vitro selected for repair of a substrate lacking an 

intra-dimer phosphodiester phosphate.  I show that UV1C can catalyze repair of thymine 

dimer mutations in a “natural” intact single stranded DNA substrate at wavelengths 

greater than 300 nm.  Additionally, evidence is produced indicating that UV1C shifts the 

photostationary state of thymine dimer formation to favour monomer formation in 

comparison to single stranded and double stranded DNA at 280 nm wavelengths. 

While other biochemical cross-linking methods explore base-to-base contacts, IMPC 

identifies base-to-backbone contacts. This provides an advantage at identifying 

phosphodiester cleaving ribozyme and DNAzyme nucleobases directly involved in 

phosphodiester cleavage at the enzyme’s active site.  Using this approach, not only is 

the 8-17’s catalytic core base contacts identified, but also a chirally resolved 

phosphorothioate at the cleavage site provides a stereochemical glimpse of a key 

cytosine (C13) base.  Another important cytosine (C3) is also identified, for the first time.  
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On the basis of the C3’s proximity to the cleavage site and the impact of its mutation on 

the DNAzyme’s catalytic rate, it is functionally implicated to perform an acid-base role in 

catalysis. 

 

Keywords:  Phosphorothioate, DNA cross-linking; DNA structure probing; Thymine 
Dimer repair, UV1C photolyase, 8-17 DNAzyme. 
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1. Introduction 

Researchers have always been devoted to deciphering the genetic code that 

drives the successful sustenance of life.  Our current understanding of the general 

architecture of life is defined by the central hypothesis of molecular biology.  This 

hierarchical model was originally proposed as “The Central Dogma of Molecular Biology” 

by Francis Crick (F. Crick, 1956, 1970).  It describes the flow of genetic information 

within all living organisms, beginning with the nucleic acids DNA and RNA that act as 

informational intermediaries that retain and transfer the genetic code into protein 

enzymes that display the phenotype contained within the genotype (Figure 1.1).  This 

unidirectional flow of information, ending with the effector protein molecules, cannot 

attest to the existence of a precursor species that could have given rise to the present 

day biomolecules aforementioned.  Researchers and philosophers have asked the age-

old question “What are the origins of life?”  During the initial emergence there must have 

existed such a prebiotic species that would require the functional traits of all the key 

players, being DNA, RNA, and protein.  In other words, it would have the ability to 1) 

retain information regarding the environmental surroundings 2) relay this information in a 

readable format and 3) form complex tertiary structures in order to catalyze important 

chemical reactions to maintain and regenerate itself.  It could be proposed that RNA and 

DNA nucleic acid-like molecules could have served such a purpose, as it was known 

that nucleic acids retain and communicate heritable information (F. H. Crick, 1968; 

Orgel, 1968; Woese, 1967).  They would additionally require the abilities to fold into 

complex scaffolds and to mediate important catalytic reactions such as self-replication.   

Following is a brief introduction to the discovery of catalytic nucleic acids and the 

resulting emergence of a new field of nucleic acid research.  Beginning with a broad 

overview of the field and then focusing in detail on two reactions catalyzed by 

synthetically isolated DNA sequences.   These reactions are phosphodiester cleavage 

and thymine dimer photoreactivation.  Two DNA enzymes that can facilitate these 

reactions, UV1C (thymine dimer photoreactivation) and 8-17 (phosphodiester cleavage) 



 

2 

are structurally characterized using a novel technique of iodine-mediated 

phosphorothioate cross-linking methodology. 

 
Figure 1.1 – Central Dogma of Molecular biology proposed by Francis Crick describing 

the known directional flow of information (solid arrows) and the possible 
flow of information (dashed arrows). 

1.1. Catalytic Nucleic Acids 

1.1.1. Beginnings of the RNA world 

With the discovery of the double stranded helix structure adopted by DNA, self-

recognition properties through complementary hydrogen bond base pairing could be 

suggested (Watson & Crick, 1953).  Furthermore, it was well understood that RNA exists 

as a heritable donor as demonstrated in certain viruses, reviewed in (Ortín & Parra, 

2006).  With the advances in structure determining methods such as crystallography, 

used to ascertain the complex tertiary structures adopted by alanine transfer RNA 

(Holley, 1965), nucleic acids were shown to form complex scaffolds similar to proteins.  

These leading lines of evidence helped develope the hypothesis that RNA or a nucleic 

acid-like molecule could potentially be the prebiotic species that gave rise to life in a 

period of time coined the “RNA World” (Gilbert, 1986).  The strongest evidence in 

support for the RNA World hypothesis would require direct evidence of nucleic acid 

molecules facilitating catalysis, more specifically catalyzing self-synthesis. 

It wasn’t until the 1980s, when Thomas Cech discovered the ciliated protozoan, 

Tetrahymena thermophilia, self-splicing RNA that there was direct evidence of RNA-
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mediated catalysis (Kruger et al., 1982).  Around the same time, in a collaborative effort, 

Sydney Altman introduced the ribonucleoprotein, RNAse P, as an enzyme that directly 

utilized its RNA components for breaking the RNA phosphodiester backbone during pre-

tRNA maturation (Guerrier-Takada, Gardiner, Marsh, Pace, & Altman, 1983).  With these 

key studies, the term ribozyme was coined to describe RNA enzymes. 

More recently, the structure of the ribosome determined by x-ray crystallography 

has made it apparent that one of the core biological reactions, the synthesis of peptide 

bonds in proteins, is in fact catalyzed by the ribosomal RNA (rRNA) contained within the 

ribosome (Ban, Nissen, Hansen, Moore, & Steitz, 2000; Thomas R Cech, 2000; Nissen, 

Hansen, Ban, Moore, & Steitz, 2000).  With the knowledge that nucleic acids can 

perform self-recognition, template addition of mononucleotides, as well as nucleotide 

synthesis, the theory of the RNA World has held strong merit for describing the origins of 

life (Johnston, Unrau, Lawrence, Glasner, & Bartel, 2001; Unrau & Bartel, 1998). It 

continues to be an area of significant research (Thomas R Cech, 2012; Orgel, 2004).  

Since then, a major field has emerged that aims to explore the catalytic range of 

nucleic acids, not just attempting to justify the theories of the origins of life, but to apply 

such catalytic nucleic acids molecules in the fields of biomedical research, 

nanotechnology, and therapeutics.  Furthermore, understanding the principles 

underlying catalysis in these systems has been a primary objective of researchers. 

1.1.2. Catalytic nucleic acids in Nature 

As mentioned previously, an important reaction catalyzed by RNA is peptidyl 

transferase during the synthesis of proteins.  But a number of other ribozymes exist that 

catalyze mainly phosphoryl transfer and/or hydrolytic cleavage reactions.  Ribozyme-

mediated phosphoryl transfer reactions proceed by transesterification or nucleotidyl 

transfer mechanisms and occur in natural processes such as rolling circle replication, 

tRNA maturation, and intron splicing (Guerrier-Takada et al., 1983; Kruger et al., 1982; 

Taylor et al., 1987).  The ribozymes found in nature that catalyze these reactions are 

categorized into two groups, small and large ribozymes.  Small ribozymes, named for 

their relatively small sequence lengths facilitate RNA cleavage by a nucleophilic attack of 

the 2’-hydroxyl to the adjacent scissile phosphate (Figure 1.2).  This inline attack results 
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in strand cleavage by way of a trigonal bipyrimidinal transition state.  The products are 

two fragments of RNA, one with a 2’-3’ cyclic phosphate and the other with a free 5’-OH.  

This reaction is the direct reverse of the ligation reaction.  Ribozymes such as the 

Hammerhead, Hairpin, Hepatitis Delta Virus (HDV), Varkud Satellite, and glmS follow 

this mechanism, reviewed in (Lilley & Eckstein, 2007).  

 
Figure 1.2 – Acid base catalyzed transesterification cleavage (blue arrows) and ligation 

(red arrows) reactions within RNA proceeding through a transition state 
intermediate. 

The remaining group of ribozymes is referred to as “large ribozymes”.  These 

also perform transesterification differing only by the origin of the nucleophilic species that 

initiates the attack on the target phosphodiester.  The Group II intron has a 2’-OH 

nucleophile on another sugar contained within the sequence of the intron (not adjacent 

to the phosphorus being attacked).  This produces a cyclic lariat structure to remove the 

intron.  Similarly, the Group I intron orients a free guanosine as the species responsible 

for separating the Exon from Intron (Figure 1.3).   
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Figure 1.3 – Splicing of RNA by the Group I Intron (black).  Exogenous guanosine (green 

circled G) required for two ester transfer reactions to release exon (red).   

All phosphoryl transfer reactions are driven by the making and breaking of 

hydrogen bonds as these reactions proceed by “proton transfer” or “acid-base catalysis” 

mechanisms.  A proton transfer mechanism ensures that charge is not accumulated on 

the 5’- and 2’-oxygens (Figure 1.4)(Jencks, 1969).  There are two types of acid-base 

catalysis.  “General” acid-base chemistry involves the transfer of protons directly from 

the nucleobases, whereas “specific” acid-base chemistry involves the transfer of protons 

between water molecules.  Proton transfers are ubiquitous in many reactions found in 

biochemistry and, thus are not unique to ribozyme catalysis.  For the purpose of this 

thesis, only references to ribozymes will be discussed. 
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Figure 1.4 – RNA Transesterification charge localization without acid base and with acid 

base catalysis. 

Metal ion hydration spheres or protein side chain residues, that can attain the 

desired pKa’s in buffered environments, generally facilitate proton transfer in 

biochemical reactions.  This principle also applies to large ribozymes that use metal ion 

coordination to accomplish their catalysis.  Interestingly, small ribozymes such as the 

HDV and hairpin ribozymes are believed to accomplish this using primarily their 

nucleobases as the general acid and/or base (Nakano, 2000; Rupert & Ferré-D’Amaré, 

2001; Sean P Ryder & Strobel, 2002).  Under physiological conditions, RNA 

nucleobases have less than ideal functional group pKa’s (Figure 1.5).  It is believed that 

ribozymes, through secondary and tertiary folding, create internal microenvironments 

that facilitate pKa shifting, a phenomenon that has been documented in protein enzymes 

as well (Knitt & Herschlag, 1996).   
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Researchers have employed many biochemical approaches and techniques in 

order to identify and map the individual functional species facilitating proton transfer.  

However, despite the publication of much literature on the topics, there remain 

ambiguities as well as competing arguments regarding the true identity of these species.  

Researchers therefore remain in an ongoing pursuit to identify the key species governing 

ribozyme catalysis.  Techniques such as crystallography, NMR, covalent cross-linking, 

pH-rate profile determination, solvent isotope effects, and theoretical calculations have 

been employed for understanding the mechanisms governing catalysis.  .  

 

Figure 1.5 – Unperturbed pKas of RNA bases. 

Even given that the natural ribozymes perform many important functions in 

natural systems, the spectrum of known reactions they can catalyze in comparison to all 

other processes occurring in cells is still a very small fraction.  There has therefore been 

strong research incentive for researchers to discover new reactions catalyzed by RNA. 
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1.1.3. In vitro selection 

Enzyme molecules participating in biological processes have evolved over 

billions of years achieving catalytic efficiencies to fit the needs of the living organisms.  

These molecules have been subjected to external stimuli or selective pressures that 

have been applied to carry on only those progeny that survive the environmental 

pressures.  If researchers could harness these abilities to select molecules serving a 

user-defined purpose, it would allow us to create and discover new molecules 

performing functions that were not known to exist. 

In vitro selection or Systematic Evolution of Ligands by Exponential enrichment 

(SELEX) is a tool that has brought us one step closer to achieving this.  There is no full-

proof a priori method for designing nucleic acids or peptides that can form three-

dimensional structures capable of producing a desired function, whether it be searching 

for molecules that bind a specific analyte (aptamers), or whether we are looking for 

nucleic acids that can catalyze a chemical reaction never before observed. 

In vitro selection is fundamentally a screening procedure.  It involves searching 

through a population in order to find and isolate those individuals that can produce the 

desired outcome.  Nucleic acids provide an excellent platform to be applied in in-vitro 

studies.  1) They can be synthesized quickly and cheaply in large random pools.  2) 

They can be copied and amplified from small quantities. 3) They have been shown to 

bind specific molecular shapes as well as performing catalysis. 
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Figure 1.6 – Schematic describing the various stages of SELEX. 

A generalized selection scheme is illustrated in Figure 1.6 and can be expanded 

to include nucleic acid selections.  1) It initially involves generating a random library of 

DNA by chemical synthesis.  The library contains upwards of 1012 - 1014 or more random 

sequences (Schlosser, Lam, & Li, 2009).  Incorporated into the library design are primer-

binding sites that flank a central random region so that individual sequences can be 

copied and amplified using polymerase chain reaction (PCR).  2) The random pool of 

sequences is subjected to a selection screen.  This is the stage of selection that is 

potentially highly variable.  Its success depends strongly on the robustness of the 

selection strategy, such that the isolation of “winners” away from the “losers” is done in 

the most efficient and effective manner.  3) Following the first application of library to the 

abovementioned selective pressure, desired RNAs/DNAs from the random sequence 

library are separated from the undesired which are then 4) enriched by amplification.  In 

selection studies involving RNA, additional steps are required to reverse transcribe RNA 

to DNA prior to amplification, and then to transcribe the amplified DNA back to RNA.  5) 

At the end of the first round, the enriched population obtained from this round can be 

applied to the second round and so forth.  Selections usually proceed until no additional 

signal enhancement is seen with successive rounds, and so the end-point of the iterative 

selection is not predefined. At this point, the remaining population is cloned, to isolate 

individual winner sequences, sequenced, and then subjected to further characterization. 
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Utilizing the power of in vitro selection, researchers have discovered novel 

ribozymes capable of catalyzing chemical reactions that had not been known.  In 

addition to the reactions performed by natural ribozymes, in vitro selection has “opened 

the book” on novel catalytic capabilities such as template-assisted RNA polymerization, 

nucleotide synthesis, carbon-carbon bond formation (Diels-Alder), in addition to 

phospho-transferase reactions (Agresti, Kelly, Jäschke, & Griffiths, 2005; Johnston et al., 

2001; Unrau & Bartel, 1998). 

1.1.4. From Ribozymes to DNAzymes 

Although ribozymes were the first category of nucleic acid catalysts to be 

discovered, owing to their existence in nature, DNA enzymes (DNAzymes) have been 

isolated using in vitro selection, that are able to catalyze reactions similar to those 

catalyzed by ribozymes.  DNA and RNA have similar chemical structures, with the major 

differences being that in DNA, the ribose sugar is substituted for by a deoxyribose sugar 

(no 2’-OH) and a thymine nucleobases are replaced by the uracil nucleobases.  

Therefore, it is not very surprising that DNA and RNA can catalyze comparable kinds of 

reactions.  In 1994, the first RNA-cleaving DNAzyme was discovered using in vitro 

selection by Ronald Breaker and Gerald Joyce (Breaker & Joyce, 1994).  The DNAzyme 

selected catalyzed phosphodiester cleavage of RNA in the presence of Pb2+.  Since 

then, many other DNAzymes have been discovered using in vitro selection that can 

catalyze reactions such as DNA ligation (Cuenoud & Szostak, 1995), DNA 

phosphorylation (Y. Li & Breaker, 1999), porphyrin metalation (Y. Li & Sen, 1996), DNA 

capping (Y. Li, Liu, & Breaker, 2000), DNA glycosylation (Sheppard, Ordoukhanian, & 

Joyce, 2000), RNA ligation (Coppins & Silverman, 2004), and photo-catalyzed thymine 

dimer repair (D. J.-F. Chinnapen & Sen, 2004). 

Much focus has been applied on the selection and characterization of RNA-

cleaving DNAzymes for their uses in both in vitro and in vivo applications.  Majority of 

DNAzymes have high metal ion selectivity and thus are well suited as metal ion sensors.  

DNAzyme based metal ion sensor technologies have been developed to output 

fluorescent, colorimetric, or electrochemical readouts owing to their broad design base, 

reviewed in (Zhang, Kong, & Lu, 2011).  DNAzymes are also fitting for general lab use 

as they can be modified to target almost any sequence of DNA or RNA, as long as there 
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is a ribose sugar at the cut site, commending their application as general restriction 

endonucleases.  Similar principles apply to in vivo studies, as the DNAzymes can be 

targeted for breakage of cellular mRNA (Schlosser & Li, 2010; Silverman, 2005).  

A number of high resolution crystal structures have been reported for the small 

naturally occurring ribozymes such as the Hairpin, the Hammerhead, the HDV, and the 

glmS (Ferré-D’Amaré, Zhou, & Doudna, 1998; Rupert & Ferré-D’Amaré, 2001).  The 

structural information obtained has been essential in determining the functional species 

within these ribozymes that are directly involved in catalysis.  Unfortunately, the same 

structural information for DNAzymes has not been as easy to obtain.  The single crystal 

structure obtained for the 10-23 RNA cleaving DNAzyme resulted in a non-functional 

model (Nowakowski, Shim, Prasad, Stout, & Joyce, 1999).  This failure has also 

necessitated more research as well as alternative methodologies to be applied, in order 

to obtain insights into the DNAzymes’ functional mechanisms.  Thus, structural and 

mechanistic studies on DNAzymes have been used such as FRET, chemical and photo-

cross-linking, kinetic isotope effects, pH-rate profiles, and even charge-flow mapping.  

Though these methods at best only infer the involvement of certain functional groups, 

combining the data generated by these studies has helped to develop the most accurate 

and plausible mechanisms. 

This thesis highlights, first, a new method of contact cross-linking, which I have 

applied for probing the structure of two DNAzymes that have been at the pinnacle of 

study of DNA-mediated catalysis, the 8-17 and the UV1C DNAzymes.  

1.2. 8-17 RNA cleaving DNAzyme 

With the discovery of many DNAzymes using in vitro selection, the isolation of 

the 8-17 RNA cleaving DNAzyme has provided biochemists with extensive insights into 

the unique structural and catalytic properties of RNA-cleaving DNA.  The 8-17 DNAzyme 

can be considered one of the most versatile and robustly active of DNAzymes, as it 

performs efficient RNA cleavage of any sequence it is targeted towards.  This has 

resulted in its great utility as a tool in nanotechnology, biomedical research, and 

therapeutics (Schlosser & Li, 2010). 
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The 8-17 DNAzyme was first discovered in 1997 by Santoro and Joyce (Santoro 

& Joyce, 1997).  All preceding RNA cleaving DNAzymes selected had targeted 

substrates containing a single cleavable ribonucleotide embedded within a DNA 

sequence (Figure 1.7).  The selection library for the 8-17 presented an all-RNA 12-nt 

substrate.  The selection proceeded to eight rounds, at which point the surviving pool 

was cloned and sequenced.  The 17th clone was selected; and, thus, the name assigned 

was “8-17”.  The overall selection was carried on for two additional rounds, from which 

the 10-23 DNAzyme clone was isolated.   

 
Figure 1.7 – A general selection design for isolating phosphodiester-cleaving DNAzymes 

from a random DNA library.  The library containing a 50 base random 
region (red) is PCR amplified with a ribonucleotide and biotinylated (red 
circle) primer.  PCR products are immobilized onto streptavidin columns 
to retain only target incorporated single stranded sequences.  
Phosphodiester cleaving sequences are freed from column and eluted for 
enrichment and subsequent rounds of selection.  Non-cleaving 
sequences are retained on column and discarded. 
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The initially proposed secondary structures of the two DNAzymes are shown in 

figure 1.8.  The 8-17 catalytic motif is composed of a three base pair hairpin terminating 

with a conserved three base loop (highlighted in red in Figure 1.9).  A 4 base conserved 

bulge loop is also present within the catalytic core of the 8-17.  The necessity of the 

conserved nucleobases comprising the catalytic core has been determined by 

exhaustive mutational analysis studies (Peracchi, Bonaccio, & Clerici, 2005). 

 
Figure 1.8 – 8-17 and 10-23 DNAzymes selected by in-vitro selection for phosphodiester 

cleavage of an RNA substrate.  Short vertical hash marks represent 
Watson crick hydrogen bonding.  Dot represents G.T wobble base pair.  Y 
represents pyrimidine bases and R represents purine bases.  Arrows 
indicate cut site. 
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Figure 1.9 – 8-17 phosphodiester cleaving DNAzyme and the complementary substrate.  

DNAzyme bases boxed in red (hairpin loop) and green (bulge loop) are 
conserved.  Purple-boxed sequence in substrate highlights required A G 
bases.  Substrate can be all DNA but requires at least a single ribose 
sugar at cut site (arrow). 

A recent review (Schlosser & Li, 2010) reveals that the 8-17 has been selected 

independently at least ten times by different groups, from random-sequence DNA 

libraries using in vitro selection. Some of the variants of the 8-17 reported include the 

“classic” 8-17 (Santoro & Joyce, 1997), which was selected in the presence of 

magnesium chloride; “Mg5”, which was selected in the presence of both magnesium and 

histidine (Faulhammer & Famulok, 1997); and “17E”,which has been shown to be highly 

active in the presence of zinc (J. Li, Zheng, Kwon, & Lu, 2000).The 8-17 is able to cleave 

either a wholly RNA substrate or a DNA substrate with a single ribonucleotide embedded 

at the cleavage site. Cleavage requires divalent cations at micromolar (Pb2+) to 

millimolar (Mg2+,Ca2+,Mn2+,Zn2+) concentrations. Molar concentrations of certain 

monovalent cations, such as Li+ (but not others, like K+), also support a low level of 

cleavage (Mazumdar et al., 2009). 

In this thesis, a chemical cross-linking strategy is applied to identify nucleobases, 

positioned near the cleavage site that may be involved in catalysis either directly or 

indirectly. 
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1.3. Thymine Dimer Photo-repairing DNAzyme 

1.3.1. Ultraviolet light induced lesions in DNA 

The most abundant ultraviolet (UV) light induced mutations found in DNA exist as 

cyclobutane pyrimidine dimers (CPDs) or more specifically thymine dimers.  Stacked 

adjacent thymine bases can absorb UV light, which induces a photochemical 

rearrangement of the C5-C6 double bonds that result in dimer formation.  This 

mechanism is known as a [2+2] cycloaddition (Figure 1.10).  Of the two types of thymine 

dimers found in nature, the CPD is the most common.  The second most common class 

of dimers is the pyrimidine-pyrimidone 6-4 photoproduct (6-4PP), that accounts for 10%-

20% of UV light induced dimers found in DNA (Matsunaga, Hieda, & Nikaido, 1991).  

The presence of these lesions can be highly detrimental to cellular processes (Vink & 

Roza, 2001).  Dimer-generated mutations disrupt the DNA processing machinery, such 

that they can induce the cell to enter into death cycles or, even more severe, become 

cancerous. 

 
Figure 1.10 – Cys-syn cyclobutane thymine dimers induced by UV radiation. 

1.3.2. Excision of Thymine dimers 

Fortunately, all organisms have developed strategies for recognizing and 

repairing pyrimidine dimer mutations.  Placental mammals use light-independent 

processes referred to as Base Excision Repair and Nucleotide Excision Repair (BER or 

NER), reviewed in (Costa, 2003; Fortini, 2003) (Figure 1.11).  BER involves removal the 
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5’ base involved in the dimer using a glycosylase enzyme.  The abasic site is recognized 

by apyrimidinic lyase enzymes resulting in a nicked (cut) strand.  NER involves 

endonucleases recognizing the dimer and directly excising an eight base segment of 

DNA including the dimers.  Following excisions, the natural repair machinery of cells can 

replace the bases by template-dependent polymerization and ligation to the existing 

sequence. 
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Figure 1.11 – Light-independent dimer repair mechanisms within mammalian DNA.  

Base excision repair (BER) require glycosylase and apyrimidinic lyase 
enzyme to introduce cut at dimer site.  Nucleotide excision repair (NER) 
requires endonuclease enzyme to remove mutated site along with short 
fragment of flanking DNA.  Polymerase enzyme reintroduces unmodified 
sequence. 

1.3.3. Photoreversal of Thymine dimers 

Complementary to light-independent processes, all kingdoms of life possess 

light-dependent methods for repair of UV induced lesions in DNA.  These require the use 

of flavo-proteins called Photolyase.  These enzymes require fully reduced flavin adenine 

dinucleotide (FADH−) cofactors which, when excited, transfer an excited electron to the 

pyrimidine dimers facilitating photoreactivation via a radical mechanism.  Though not 

essential, additional cofactors (5,10-methenyltetrahydrofolate (MTHF) or 8-hydroxy-7, 8-

didemthyl-5-deazariboflavin (8-HDF)) (Figure 1.12) act as light-harvesting photo-
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antennas that transfer light energy, by non-radiative dipole-dipole coupled energy 

transfer (Förster Energy Transfer (FRET)) to the reduced flavin.  Because of the higher 

extinction coefficients of the MTHF and 8-HDF, their presence and positioning within the 

photolyase is critical for the extremely high efficiency of catalysis (sometimes referred to 

as a perfect photo-catalyst), by producing quantum yields of 0.7 to 0.9.  Photolyase 

activity is still present in the absence of these cofactors, albeit less efficient.  It was 

shown that a tryptophan 277 residue could behave as the primary photosensitizer to 

initiate the repair of CPDs (S. T. Kim, Li, & Sancar, 1992).  Furthermore, dimer splitting 

has also been shown to occur, catalyzed by indole derivatives in solution and small 

tryptophan-containing peptides (Charlier & Hélène, 1975). 

 
Figure 1.12 – Cofactors found within photolyase flavoproteins.  Antenna cofactors 5,10-

Methyltetrahydrofolate (5,10-MTHF) and 8-Hydroxydihydrofolate (8-HDF) 
transfer energy to electron donor Flavin adenine dinucleotide (FADH). 

As mentioned, the repair by the photolyase proceeds through a radical 

mechanism involving light energy that initiates a (2+2) cycloreversion of the cyclobutane 

bond (Figure 1.13).  Initially, the MTHF or 8-HDF cofactors absorb photons from 300-500 
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nm light and transfer the excitation energy to the fully reduced protonated FADH−.  The 

FADH− then releases an excited state electron to the CPD retaining a FADH� and one 

electron reduced pyr-pyr radical anion charge transfer complex.  Following splitting of the 

CPD, the electron is transferred back to the flavin to regenerate the catalytically active 

FADH−.  Thus, though the flavin is involved in a redox reaction, the overall reaction is 

sometimes referred to as a cyclic redox reaction due to the back electron transfer. 

 
Figure 1.13 – Photolyase cofactor dependent 2+2 cycloreversion of CPD.  Following 

excited state electron transfer from fully reduced FADH- to the dimer, the 
resulting destabilized cyclobutane bonds resolve, repairing the mutation 
back to monomer bases.  The electron is transferred back to FADH..  
Only MTHF is indicated as the light harvesting cofactor. 

1.3.4. Selection of Thymine dimer repairing DNAzyme 

An in vitro selection experiment was designed, to select for a photolyase-like 

DNAzyme that could repair thymine dimers in single-stranded DNA.  As a light 

harvesting catalyst that is capable of repairing DNA from a deleterious state, it would 

require the ability to absorb light >300 nm to facilitate repair of dimers and not the 
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formation of dimers.  As indole and tryptophan, figure 1.14, residues had been shown to 

catalyze the photo-reversal of thymine dimers, serotonin, an indole-containing 

tryptophan metabolite, was incorporated as the photosensitizing cofactor.  The 

absorbance spectra for tryptophan and serotonin are shown in Figure 1.14.  Serotonin 

has a red shifted absorbance shoulder over tryptophan.  Thus serotonin was used as a 

cofactor for the DNAzyme selection scheme. 

 
Figure 1.14 – UV absorbance spectrum of the indole compounds tryptophan and 

serotonin.  

Figure adopted with permission (Thorne, 2005). 

The selection scheme is shown in Figure 1.15.  The random DNA library was 

amplified with a primer incorporated cyclobutane thymine dimer containing sequence at 

the 5’ end (Figure 1.15 A).  The substrate was designed in such a way that the thymines 
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involved in the dimer were not linked with a phosphodiester between them.  This 

provided the selective handle, such that any repair of the thymine dimer would result in 

two shorter fragments.  The fragment of DNA that facilitated repair, in other words 

inducing strand scission, could then be size separated away from the uncleaved pool.  

The purified sequences could then be subject to further rounds of selection for 

enrichment. 
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23 

Figure 1.15 – Thymine dimer repairing DNAzyme selection scheme. A) Synthesis of 
dimer containing substrate lacking an intra-dimer phosphate.  B) Primer 
incorporation of substrate (red) into DNA library (black).  Two selection 
pathways followed to select serotonin independent DNAzyme (blue 
arrows) and serotonin dependent DNAzyme (grey arrows). 

Figure taken with permission (D. J.-F. Chinnapen & Sen, 2004). 

To prevent the selection of DNAs capable of catalysis in the absence of cofactor 

(as improbable as that seemed) a negative selection step was employed.  However, the 

selection outcome produced two distinct DNAzymes that could catalyze light-induced 

repair of dimers.  The positive selection scheme produced the Sero1C DNAzyme, which 

required serotonin as a cofactor to facilitate repair (D. J.-F. Chinnapen & Sen, 2004; 

Thorne, Chinnapen, Sekhon, Sen, & Columbia, 2009).  Surprisingly, the negative 

selection scheme also yielded a catalytic photolyase-like DNAzyme.  The UV1C 

DNAzyme required no additional cofactor, though still providing catalytic repair under 

irradiation conditions >300 nm (D. J.-F. Chinnapen & Sen, 2004).  For the purpose of 

this thesis, only the UV1C DNAzyme will be described further. 

1.3.5. Structure and mechanism of UV1C. 

Initial examination of the structure and properties of the UV1C DNAzyme 

hypothesized that it may adopt a unique intramolecular G-quadruplex tertiary structure. 

This was suspected because the nucleotide sequence of the ‘random’ section of its 

sequence contained clusters of G-doublets.  Because G-quadruplexes form by stacking 

multiple, two or more, guanine quartets (Figure 1.16), it was a likely scenario.  

Methylation protection also suggested that certain guanines, specifically ones 

composing the doublets, were slightly more protected (a signature of their participation in 

G-quadruplexes) relative to other guanines in the rest of the sequence.  As a result, 

structural and mechanistic experiments were then conducted in order to substantiate the 

hypothesis of the G-quadruplex.  
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Figure 1.16 – G-quartet structure formed by four guanine bases through hydrogen 

bonding and cation coordination. 

The first major piece of evidence was gathered from examination of the salt 

dependence of UV1C.  It had a no preference for the presence of divalent metal ions, 

such as Mg2+ in the reaction buffer but did have an absolute functional requirement of 

Na+ or K+, which are known to be inter- and intra-molecular quadruplex stabilizing ions 

(Burge, Parkinson, Hazel, Todd, & Neidle, 2006).  Activity was lost in buffers that 

contained only lithium salts (lithium is known to be a quadruplex non-stabilizer).  
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Figure 1.17 – Absorbance and rate enhancement properties of UV1C.  A) Absorbance 

difference spectrum of UV1C folded under non G-quadruplex forming 
conditions (in Li+) subtracted from UV1C folded in G-quadruplex 
stabilizing conditions (in Na+).  B) Rate enhancement of UV1C (blue dots).  
The red line represents the absorbance spectrum of DNA. 

Figure taken with permission (D. J.-F. Chinnapen & Sen, 2004) 
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A second major piece of evidence came from a spectroscopic study of the UV1C 

absorbance.  The absorbance difference spectrum of UV1C in Na+ subtracted from Li+ 

showed a hyperchromic shift in the tail region (~ 280 nm to ~ 310 nm) of the spectrum 

(Figure 1.17A), which is characteristic of G-quadruplexes.  Also shown in Figure 1.17B is 

the rate enhancement (dots) overlaid with the absorbance spectrum of DNA (red line).  It 

is apparent that the rate enhancement is seen where DNA is minimally absorbing.  A 

correlation between the difference spectrum and the rate enhancement can also be seen 

as they both peak around 305 nm.  Thus the non-requirement of any extraneous 

cofactors for UV1C’s ability to repair thymine dimers using light energy at wavelengths > 

300 nm is substituted by the G-quadruplex structure. 

The UV1C mechanism of repair most likely proceeds by a photosensitized 

electron transfer from the DNAzyme to the thymine dimer lesion.  Given that UV1C 

shows its highest efficiency of repair at 305 nm, a direct energy transfer mechanism is 

not likely at play as this particular region of the spectrum cannot provide enough energy 

for formation of donor-acceptor pairs.  Although the energy transfer mechanism is 

unlikely, it cannot be conclusively ruled out.  The most probable mechanism is direct 

electron transfer; similar to the protein photolyase, and the likely candidate as an 

electron source is guanine, as it is the most readily oxidized of the four DNA 

nucleobases. 

In order to study the spatial interactions linking the quadruplex to the reactivation 

site (i.e. the thymine dimer within the substrate), a photo-cross-linking scheme was 

designed by substituting, one at a time, the two thymines in the substrate with 

structurally analogous 5-iodouracil bases.  The enzyme-substrate complex was then 

irradiated with 335 nm light, to induce the photo-excited 5-iodouracil crosslinks, by a 

radical mechanism, to bases within the enzyme that are positioned in close spatial 

proximity modified sites. 
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Figure 1.18 – Repair mechanism of UV1C DNAzyme. 

Figure taken with permission (D. J.-F. Chinnapen & Sen, 2007). 

Based on these structural and mechanistic studies of UV1C, the quadruplex motif 

is determined to be the photosensitizing structure within the enzyme that allows for CPD 

repair.  An excited state electron is most likely donated from a proximally positioned 

guanine base to the thymine dimer (Figure 1.18).  Further exploration is still required to 

conclusively substantiate these hypotheses. 

1.4. Phosphorothioates and their applications in Nucleic 
Acid research 

1.4.1. Phosphorothioates 

Synthetic analogs of RNA and DNA are commonly used to explore structure-

function relationships, as well as attempting to understand those chemical properties of 

nucleic acids that define their role in nature.  Analogs of bases, sugars, as well as 

phosphates have been made and utilized in order to accomplish this.  Herein, I focus on 

modifications at the nucleic acid backbone, in the form of phosphorothioates, and 

highlight experiments performed to study the chemical and mechanistic properties of 

nucleic acid enzymes. 
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Phosphorothioate modifications introduce a single sulphur substitution for a non-

bridging oxygen at the phosphate backbone (Figure 1.19) (Eckstein, 1975).  This is a 

relatively non-perturbing modification.  Substitution of a sulphur atom for a non-bridging 

oxygen atom conserves the negative charge on the backbone but the charge itself is 

more localized on the sulphur than on the non-bridging oxygen in comparison to the 

phosphate (Liang & Allen, 1987), where it is equally shared between either non-bridging 

oxygen (Frey &Sammons, 1985).  The van der Waals radius of sulphur is only slightly 

larger than that of oxygen, with an increase of approximately 0.4 Å (Pauling, 1969).  

Additionally, the P-S bond is only slightly longer than the P-O bond.  The most significant 

impact of a phosphorothioate substitution within a DNA or RNA is the introduction of a 

chiral center at the phosphorus.  Such a diastereomeric substitution has provided 

researches with a wide array of capabilities when investigating reaction mechanisms 

occurring about the nucleic acid backbone (Eckstein, 1983). 

 
Figure 1.19 – Phosphorothioate diastereo-isomers in RNA. 

1.4.2. Synthesis 

An important property of the use of phosphorothioates is their relative ease of 

incorporation into nucleic acids.  Phosphorothioates can be chemically synthesized 

using standard solid phase phosphoramidite synthesis methodologies or they can be 
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enzymatically incorporated using polymerases (Stec, Zon, & Egan, 1984).  The solid 

phase synthesis only requires replacing the iodine oxidation step, required to make the 

phosphodiester, with a sulphurization step using a sulphurizing agent (Stec et al., 1984).  

The advantage of chemical synthesis is that both Rp and Sp diastereomers about the 

phosphorus are produced.  Depending on the nature of the requirement, the ensuing 

diastereomers can be HPLC separated and purified (Moore & Sharp, 1992). 

Enzymatic incorporation of phosphorothioates is accomplished by transcription 

with the T7 RNA polymerase (Figure 1.20).  Polymerase enzymes only accept the Sp 

diastereomer of the NTPαS, and because polymerases perform extension by inversion 

of configuration about the alpha phosphate, the resulting RNA has only the Rp form of 

the phosphorothioate.  This limits the repertoire of studies based on enzymatically-

synthesized precursors. 

Following production and identification of DNA/RNA fragments containing 

phosphorothioates, whether by chemical or enzymatic synthesis, they can be 

incorporated into larger sequences of DNA or RNA in order to study larger and more 

complex systems. 

1.4.3. Nuclease resistance of phosphorothioates 

In most cases, phosphorothioates introduce a resistance to nuclease degradation 

of RNA.  This property has made such modified RNAs extremely useful as therapeutic 

agents for inducing antisense inhibition of gene expression, as well as probes for 

characterizing nuclease mechanisms. 

In 2006, the Nobel prize was awarded to Andrew Fire and Craig Mello for their 

work on the biological process of RNA interference (RNAi), and their demonstration of 

how it is applied by cells to control gene expression (Fire et al., 1998).  As potency of 

RNAi probes became an important subject, the application of phosphorothioate 

containing oligonucleotides presented their benefits as widespread tools for controlling 

cellular RNA expression.  Phosphorothioate containing oligonucleotides were ideal 

candidates as they demonstrated enhanced cellular uptake and resistance to nuclease 

degradation once inside the cell.  Their potential was apparent due to the extensive 
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literature present at that time describing the chemical and biochemical properties of 

phosphorothioates exhibiting nuclease resistance. 

 
Figure 1.20 – Enzymatic synthesis of phosphorothioate RNA and products of nuclease 

digestion. 

Crystal structures of nuclease interactions with phosphorothioates have 

suggested that the sulphur’s larger radius, in comparison to oxygen, leads to a 

displacement of critical metal ions that are required for positioning within the active site 

(Brautigam & Steitz, 1998).  Other studies argue that the large radius of the sulphur 

simply cannot easily be accommodated within the transition state (Noel, Hamm, & Sigler, 

1993).  Nuclease resistance of phosphorothioates have also been used to characterize 

the stereospecificity of given nucleases, by studying which diastereomer(s) they are able 

to accommodate and cleave.  For example, the snake venom phosphodiesterase cannot 

cleave the Sp diastereomer as readily as the Rp diastereomer (Burgers & Eckstein, 

1978).  In contrast, nuclease P1 accepts the Sp form much more readily than the Rp 

(Potter, Connolly, & Eckstein, 1983).  This stereospecificity of these enzymes allow 
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researchers to use them as tools for identifying or isolating individual diastereomers 

(Figure 1.20).   

1.4.4. Determining the stereochemical course of reactions 

The chirality of phosphorothioates permits the determination of both 

stereospecificity and the stereochemical course of phosphoryl transfer or nucleotidyl 

transfer reactions (Eckstein, 1985).  The transfer of the phosphate group can be 

investigated to determine whether the phosphorothioate retains its configuration, or 

whether there is inversion of configuration.  The latter case would illustrate a transfer 

reaction described as an “in-line” attack by a nucleophile at the phosphorus center, with 

the simultaneous release of the leaving group without formation of an intermediate.  The 

studies on DNA restriction enzymes such as EcoRI and EcoRV have shown that all of 

the reactions proceed via an inversion of configuration (Potter & Eckstein, 1984).  

Additionally, phosphorothioates have shown that RNA cleaving ribozymes also work via 

inversion of configuration for reactions of the group I intron, pre-mRNA splicing, and 

group II self-splicing.  In fact, a mechanism of enzymatic phosphoryl transfer has yet to 

be found that would proceed by retention of configuration. 

1.4.5. Iodine mediated phosphorothioate cleavage 

In 1982, Fritz Eckstein and his group began exploring the possibility of alkylation 

and subsequent degradation of DNAs and RNAs containing phosphorothioates (B. A. 

Connolly & Eckstein, 1982).  From their studies, methods of selective degradation of 

DNA and RNA were developed by way of alkylation of the sulphur using alkyl iodides.  

The degradation pathways are highlighted in Figure 1.21.  The alkylation produces 

phosphorothioate triesters, which are more labile to hydrolysis than the diester.  This 

chemistry was first applied practically as a method for DNA and RNA sequencing (Gish 

& Eckstein, 1988). 



 

32 

 
Figure 1.21 – Iodoethane mediated phosphorothioate cleavage and oxidation in RNA.  

Two possible outcomes result in phosphodiester cleavage or oxidation to 
form phosphodiester phosphate. 

As mentioned previously, ribozyme folding can generate micro-environments that 

allow pKa shifting of functional groups on nucleobases, and can in turn give rise to 

acid/base-catalyzed phosphodiester cleavage or ligation. A powerful method for 

identifying the functional groups on nucleobases important in catalysis or formation of 

the catalytic core is the so-called “Nucleotide Analog Interference Mapping” (NAIM) 

(Strobel, 1997).  From the fundamental techniques first developed in the Krupp lab (Gaur 

& Krupp, 1993) and further developed in the Strobel lab, NAIM allows experimenters to 

statistically incorporate alpha-thiol containing nucleotide base analogs into every position 
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of RNA.  Following a functional assay, ribozyme mutants producing a loss of function 

generate an uncleaved RNA (if exploring RNA cleaving ribozyme) or an unligated RNA 

(if exploring RNA ligating ribozymes).  As the incorporation of the modified base also 

introduces a phosphorothioate moiety 5’ to the analog, cleavage with iodine makes it 

possible to identify the exact position of the nucleobase modification.  Another important 

point to be noted for the technique is the ability to easily synthesize pools of modified 

ribozymes using in vitro transcription, so that it enables researchers to assay most 

positions within a complex RNA sequence either simultaneously or individually. 

 
Figure 1.22 – Nucleotide analog interference mapping methodology used to identify key 

adenosine 2’-OH groups important for catalysis. 

In a rather comprehensive study utilizing NAIM, the acid/base role of all 

adenosines was explored by substitution with 8-aza-adenosine, 3-deaza-adenosine, 

formycin, and 2’-deoxy-adenosine derivatives of the hairpin ribozyme.  Surprisingly, the 

results of this study contradicted previous crystallographic data, which had suggested 

that a key A38 was not involved in acid-base catalysis.  An adenosine at position 10, 
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however, was found to contribute to acid base catalysis, which complemented the crystal 

structure data (S P Ryder et al., 2001). 

In addition to extensive and detailed data generated for ribozymes using NAIM, 

deoxyNAIM (dNAIM) studies have also been designed to explore DNA aptamers and 

DNAzymes (Wachowius & Höbartner, 2011).  For these particular cases, instead of 

utilizing the susceptibility of phosphorothioates to iodine cleavage, ribonucleotides are 

synthetically incorporated by chemical solid phase synthesis, and the modified analogs 

are identified by alkaline hydrolysis. 

There have many biochemical techniques utilized by researchers in order to 

obtain structural and functional data on catalytic nucleic acids.  Yet there is not one 

definitive, or “smoking gun” method that can provide comprehensive and conclusive 

results identifying the key substituents involved in catalysis.  It is the combined data from 

multiple studies that can strengthen a hypothesis proposed.  Development of new 

biochemical methodologies are always welcome as they can help further substantiate 

any claims made.  The work described in this thesis introduces one such methodology 

that exploits the incorporation of phosphorothioate modifications within the DNA 

backbone in order to obtain structural data by chemical cross-linking.  Additionally, 

inferences are made to apply these methodologies in RNA systems such as ribozymes. 

1.5. Thesis Overview 

This thesis demonstrates recent work on exploring/characterizing structure-

function relationships of catalytic DNA molecules.  In order to accomplish this, I have 

developed a chemical cross-linking technique for trapping nucleobase contacts made to 

the phosphate backbone.  I have applied this technique for probing DNA-processing 

DNAzymes that can facilitate phosphodiester bond cleavage and photochemical repair 

of cyclobutane thymine dimers. 

Chapter 1 provides an introduction to catalytic nucleic acids, highlighting some of 

the major outcomes of their presence in nature, and the importance of their synthetic 

counterparts as tools to explore reaction mechanisms. 
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Chapter 2 introduces a new method of iodine-mediated phosphorothioate cross-

linking, which I have used to define enzyme-substrate interactions between the UV1C 

DNAzyme and its bound substrate. 

Chapter 3 explores the substrate specificity of UV1C DNAzyme, in an attempt to 

monitor thymine dimer repair within a completely natural single-stranded DNA substrate.  

Also novel conclusions are reached regarding the mode of repair when exposed to light 

energy within and beyond the absorption spectrum of natural DNA. 

Chapter 4 describes the redesigning of the UV1C in an attempt to create light-

driven polycatalytic assemblies, also referred to as molecular spiders.  Based on the 

most recent data acquired regarding the UV1C’s substrate recognition and its catalytic 

capabilities, the modified DNAzymes are tested in solution to find the most optimal 

modification to be applied for the spider assemblies. 

Chapter 5 describes the mapping of the active site nucleobases likely involved in 

RNA cleavage by the 8-17 DNAzyme.  The iodine-mediated phosphorothioate cross-

linking method is again applied, but with an added feature of identifying cross-linked 

bases on diastereomerically defined substrates.  This strategy produces a 

stereochemical map of the positioning of various bases about the scissile phosphate of 

the substrate. 

Chapter 6 concludes the thesis, with inferences made for future applications of 

IMPC.  Specific attention is paid to its likely utility in all-RNA systems. 
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2. UV1C IMPC Cross-linking 

The work presented in this chapter is based on the publication: Sekhon, 
G. S., & Sen, D. (2009). Unusual DNA-DNA cross-links between a 
photolyase deoxyribozyme, UV1C, and its bound oligonucleotide 
substrate. Biochemistry, 48 (27), 6335-47. 

2.1. Introduction 

2.1.1. Phosphorothioate structure probing of UV1C 

The UV1C deoxyribozyme is a single-stranded DNA that was isolated from an in 

vitro selection experiment designed to yield DNA enzymes (deoxyribozymes or 

DNAzymes) capable of repairing cis, syn-cyclobutane thymine dimer (CPD) lesions 

within a DNA substrate. UV1C, which most optimally uses >300 nm ultraviolet light for its 

catalysis, provided the first evidence that nucleic acid enzymes are capable of carrying 

out photocatalytic processes. Other than light, UV1C does not require any extraneous 

cofactor for its catalysis of photo-reactivation (D. J.-F. Chinnapen & Sen, 2004); 

however, another deoxyribozyme, Sero1C, obtained from the same in vitro selection 

experiment as UV1C, requires serotonin for its catalysis of thymine dimer photo- 

reactivation (Thorne et al., 2009).  Both of these DNAzymes were selected to repair a 

special thymine dimer-containing single-stranded DNA substrate (TDP), which differed 

from a standard thymine dimer-containing DNA in lacking the phosphodiester linking the 

two thymidine participants in the dimer (Thorne et al., 2009) (the sequences of TDP and 

all other oligonucleotides used in this study are given in Table 2.1).  Extensive 

mechanistic and structural studies conducted on UV1C (Chinnapen & Sen, 2004) 

revealed that when bound to its original substrate, TDP (or to a substrate analogue, 

LDP, a continuous piece of DNA of the same nucleotide sequence as TDP, but in which 

the dimerized thymines of TDP are present in undimerized form), UV1C folds to form a 

guanine quadruplex (G-quadruplex), which can act as a light-harvesting antenna 

capable of absorbing light in the 300-310 nm wavelength range.  It is within this 
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wavelength range where UV1C is most optimally active (Chinnapen & Sen, 2004, 2007). 

A hypothesis to explain UV1C’s catalytic activity posited that one or more photoexcited 

guanines within UV1C’s G-quadruplex are located sufficiently proximal to the substrate’s 

thymine dimer to efficiently transfer an electron to the dimer.  This could set up chemical 

reactivation steps similar to those catalyzed by naturally occurring photolyase protein 

enzymes (Chinnapen & Sen, 2004).  To test this hypothesis, two variants of the LDP 

substrate analogue in which the dimerizing thymines were replaced, one at a time, with 

5-iodoracil were synthesized.  These 5-iodouracil-substituted LDP oligomers, capable of 

forming contact cross-links with proximal DNA residues upon UV irradiation, were found 

to cross-link with a number of the UV1C guanines involved in forming its G-quadruplex, 

supporting the hypothesis about the UV1C catalytic strategy (D. J.-F. Chinnapen & Sen, 

2007). A map of the above contact cross-links, along with truncation and deletion 

experiments on UV1C and the substrate, enabled the proposal of a topological model for 

the UV1C�LDP/TDP complex (Figure 2.1).  The G-quadruplex was proposed to consist 

of two stacked G-quartets, with the participating guanines linked by two edgewise loops 

(L1 and L3) and a single double-chain reversal loop (L2).  The guanines colored blue in 

Figure 2.1 form contact cross-links with bases T15 and T16 of LDP (the dimerizing 

thymines of TDP) when these latter bases are individually substituted with 5-iodoracil 

(Chinnapen & Sen, 2007). 

An important question that arose from the studies described above was whether 

UV1C is also capable of photoreactivating thymine dimers within a more physiological 

substrate, namely, a continuous DNA single strand (the LDP oligonucleotide, but 

including a thymine dimer).  Given the difficulty of both generating and monitoring the 

repair of a single thymine dimer within a 35-nucleotide DNA oligonucleotide, we explored 

a number of experimental schemes for monitoring such repair.  One concept involved 

the replacement of the phosphodiester, linking the dimerized thymines, with a 

phosphorothioate moiety, to take advantage of a phosphorothioate’s susceptibility to 

reaction with iodoethanol, which leads to DNA strand cleavage. An analogous protocol 

for RNA is currently in wide use for mapping and footprinting transcripts (Gish & 

Eckstein, 1988; Schatz, Lebermant, & Eckstein, 1991), except that the RNA 

phosphorothioate is reacted with iodoethane or, more commonly, elemental iodine 

(Weinger, Parnell, Dorner, Green, & Strobel, 2004). 
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The DNA substrate analogue, LDPs, which we tested for cleavage, was LDP with 

undimerized thymines but included a single phosphorothioate residue within it (Table 

2.1).  Treatment of the UV1C�LDPs complex with iodoethanol, iodoethane, and iodine 

controls, followed by examination of the results using denaturing gel electrophoresis, 

revealed an unexpected low-gel mobility species that appeared repeatedly and 

reproducibly only in the iodine-treated UV1C�LDPs mixtures.  In this chapter, we report 

that these high-molecular weight species are iodine-generated intermolecular DNA-DNA 

cross- linked products formed between the DNAzyme and the LDPs substrate. We take 

advantage of these unexpected cross-links to map nucleotide positions within the UV1C 

photolyase DNAzyme that localize proximally to the dimer-forming regions of the LDPs 

substrate analogue. Having done so, we are able to postulate a refined topological 

model for the UV1C�LDPs/ LDP/TDP complex.  More generally, we introduce the 

phosphorothioate cross-linking technique as a powerful tool for structure probing studies 

with biopolymer complexes. 

 
Figure 2.1 – Initial model of UV1C proposed base on photo-cross-linking data.  Green 

arrows indicate cross-linking of 5-iodouracil substituted thymines. 

2.2. Materials and Methods 

2.2.1. Oligonucleotides and reagents 

All DNA oligonucleotides were synthesized by the University Core DNA Services 

of the University of Calgary (Calgary, AB). T4 polynucleotide kinase was purchased from 

Invitrogen, terminal transferase from New England Biolabs, and Klenow DNA 
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polymerase from Roche. Deoxy- and dideoxynucleoside triphosphates were purchased 

from Fermentas. [γ-32P] ATP and [γ-32P] ddATP radionucleotides were obtained from 

PerkinElmer Life and Analytical Sciences. Table 2.1 lists all the oligonucleotides used in 

this study. All oligonucleotides were size-purified by denaturing polyacrylamide gel 

electrophoresis (PAGE) prior to their use.  

2.2.2. Electrophoresis and sequencing procedures.  

Denaturing polyacrylamide gel electrophoresis was conducted in 12 % gels 

containing a 19:1 bisacrylamide/acrylamide mixture and 50 mM TBE running buffer. 

Samples were heated in denaturing loading dye at 94 oC for 2 min prior to 

electrophoresis.  Isolated bands were eluted using crush and soak in TE buffer overnight 

at 4 oC. The 5’-radiolabeling was performed in 25 µL reaction mixtures with 4 pmol of 

DNA, 5 µL of 5 x forward reaction buffer (Invitrogen), 5 µCi of [γ-32P] ATP, and 10 units 

of T4 polynucleotide kinase.  The 3’-labeling was conducted in 10 µL reaction mixtures 

containing 4 pmol of DNA, 1 µL of 10 x NE Buffer 4 (NEB), 1 µL of 10x CoCl2 (NEB), 20 

units of terminal transferase, and 2 µCi of [γ-32P] ddATP.  Both reaction mixtures were 

incubated at 37 oC for 30 min followed by ethanol precipitation and PAGE purification. 

Primer extension was completed in 10 µL reaction mixtures containing 1 µM 

template DNA, 1 µL of 10 x Filling Buffer (Roche), and 1 µL of labeled primer.  Reaction 

mixtures were heated to 94 oC and cooled to room temperature.  Each dNTP at 1 µM 

and 1 unit of Klenow DNA polymerase were then added to initiate the reaction, which 

was allowed to proceed at 37 oC for 10 min. Denaturing loading buffer (6 µL) was added, 

and samples were purified via PAGE. 

 Sequencing Ladders. Dideoxy sequencing was completed using a modified 

version of the original protocol (Sanger, Nicklen, & Coulson, 1992).  In 25 µL, reaction 

ratios of 6:1 ddCTP:dCTP, 10:1 ddTTP:dTTP, 10:1 ddATP:dATP, and 5:1 ddGTP:dGTP 

were used. Reaction mixtures were incubated for 2 min at 37 oC and reactions stopped 

with denaturing loading dye. 

Guanine-specific chemical sequencing ladders were created using the 

procedures developed by Maxam and Gilbert (Maxam and Gilbert, 1977); 32 µL reaction 

mixtures contained 3 µM tRNA, 63 mM cacodylate buffer (pH 7.5), 1 µm 32P -labeled 
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DNA, and 0.6%DMS (fresh) to initiate the reaction.  Methylation was stopped after 20 

min with 8 µL of DMS stop solution (1.5 M NaOAc and 1 M β-mercaptoethanol). 

Thymine-specific chemical cleavage was completed in a 40 µL reaction mixture 

with 10 µM tRNA, 100 mM Tris (pH 8.0), 1 µL of 32P-labeled DNA, and 1 mM KMnO4 to 

initiate the reaction (Sanger et al., 1992).  The KMnO4 was quenched after 2 min with 1 

% (v/v) allyl alcohol. 

Cytosine-specific chemical sequencing was completed in a 30 µL reaction 

mixture containing 3 µM tRNA, 1 µL of 32P -labeled DNA, and 2.7 M NH2OH3HCl (pH 

6.0) to initiate the reaction (Rubin & Schmid, 1980).  The reaction was stopped after 40 

min by ethanol precipitation.  All chemical sequencing reaction mixtures were ethanol 

precipitated (one tenth volume of 3 M NaOAc and 2.5 x anhydrous ethanol) followed by 

piperidine cleavage. 

2.2.3.  Cross-Linking formation and mapping.  

Phosphorothioate cross-linking was conducted with 25 µL reaction mixtures 

containing each of the phosphorothioate-containing substrates at 1 µM as well as the 

unmodified or mutated DNAzymes (or other control DNAs), in 20 mM Tris, pH 7.4, and 

200 mM NaCl.  These solutions were heated to 94 oC and then cooled to room 

temperature for folding of the DNA.  Cross-linking was initiated by adding a final I2 

concentration of 50 µM, dissolved in EtOH, which made up the final reaction volume of 

25 µL.  Samples were quickly vortexed and spun down to allow reactions to proceed. 

After 2 min, reactions were stopped via ethanol precipitation or direct addition of 

denaturing dye.  All experiments were performed under natural bench top conditions 

(i.e., ambient light and room temperature not varying beyond 21-22 oC) unless specific 

reactions were performed under conditions of “no light” to show the negligible effects of 

ambient light on cross-linking.  Fe-EDTA hydroxyl radical cleavage was conducted in 25 

µL reaction mixtures containing 2.5 µL of a solution containing 1 mM Fe(NH4)2(SO4)2 and 

2 mM EDTA and 1.0 µL of a solution containing 50 mM ascorbic acid.  Following mixing, 

the reaction was initiated by the addition of 2.5 µL of a 3 % H2O2 stock (final H2O2 

concentration of 0.3 %).  The reaction was stopped after 10 min via addition of 1 µL of 

25 mM thiourea (final thiourea concentration of 1 mM). All reagents were freshly made. 
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Both cross-linked and non-cross-linked DNA products were treated with piperidine 

following the same procedures used for generating Maxam-Gilbert sequencing ladders. 

Samples were incubated at 90 oC for 30min in 100 µL of a 10 % (v/v) piperidine solution 

in water. The treated DNA solutions were then vacuumed to dryness, dissolved with 100 

µL of ddH2O, and vacuumed again. 

Autoradiography was conducted on Fuji phosphor screens and scanned in a 

Molecular Dynamics Typhoon 9410 Variable Mode Imager. Quantitative analysis was 

performed using Molecular Dynamics ImageQuant.   

2.2.4. Single turnover kinetics.  

Thymine dimer substrates were synthesized following methods previously 

published (Rubin & Schmid, 1980).  Reaction mixtures were prepared with a final volume 

of 60 µL consisting of 2.1 µM enzyme, 20 nM γ-32P-5’- end-labeled substrate, 20 mM 

Tris, pH 7.4, and 200 mM NaCl. Enzymes were folded by being heated and cooled from 

94 oC to 22 oC in the heating block of a thermal cycler. Samples were irradiated in a 

glycogen-blocked ELISA plate on a Fotodyne transilluminator (3.4x10-9 einsteins min-1 

illumination). Aliquots (2 µL) were removed at designated time points and added to equal 

volumes of denaturing dye to be run on denaturing polyacrylamide gels (described 

above).  

2.3. Results 

2.3.1. Iodine-Mediated UV1C·LDPs Cross-Linking 

Figure 2.2 shows the results of treatment of UV1C, bound to 5′-32P-labeled LDPs, 

with iodine, iodoethane, and iodoethanol. One can see that only incubation in iodine (in 

as little as 30 µM) generates two closely spaced, retarded electrophoretic mobility bands 

(labeled, provisionally, as “cross-linked products”), whereas treatment with 

concentrations even as high as 1 M iodoethane or 1 M iodoethanol does not generate 

comparable bands. It is also notable that in parallel with the formation of these products, 

a significantly high level of cleavage of the LDPs oligonucleotide can be observed at the 

phosphorothioate site, to give cleaved products. 



 

42 

Table 2.1 – Sequences used for UV1C cross-linking study. 

 

a - Thymine dimers linked via cyclobutane bonds without phosphodiester linkage represented by a carrot. 
Mutated bases colored red. Phosphorothioate linkages are represented by green Ps. I represents the 
hypoxanthine base. P represents the purine base. 

Figure 2.3 shows the specificity of cross-linking between the UV1C DNAzyme 

and LDPs.  The 5′-32P-labeled LDPs was incubated with stoichiometric amounts of a 

complementary DNA splint; with the deoxyribozyme Sero1C, which binds to LDPs; and 

with Neg-Enz, a DNA oligonucleotide that is the same length as UV1C but which does 

not interact with LDPs.  The different mixtures were incubated with and without iodine 

(also, either illuminated or not illuminated with light).  These represent experiments that 

were conducted in the dark; however, the presence of light makes no difference to the 

results (data not shown).  It can be seen that the retarded gel mobility (cross-linked) 

bands appear only when UV1C and LDPs are incubated together in the presence of I2 

(Figure 2.3); no comparable bands are seen in the absence of iodine treatment (Figure 

2.3).  Also their formation is specific for UV1C, as no slow mobility products can be seen 

in the reaction mixtures containing the complementary splint, Neg-Enz, or, indeed, in the 

absence of any extraneous DNA.  A very minor high-molecular weight band is seen to 
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form when LDPs forms a complex with Sero1C.  We report exclusively on the properties 

of the high-yield products formed by the UV1C·LDPs complex. 

 

 
Figure 2.2 – Iodine mediated cross-links detected.  Denaturing polyacrylamide gel 

showing radiolabeled substrate.  The bands are size identified by a 10 
base ladder. 

Repetition of the experiments described above using the oligonucleotide LDP 

instead of LDPs (LDP lacks the single phosphorothioate functionality present within 

LDPs) fails to produce any comparable species of high molecular weight (Figure 2.4). 
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Figure 2.3 – Iodine mediated cross-links only detected in UV1C: substrate complex 

containing a phosphorothioate.  Substrate is radiolabeled for visualizing. 
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Figure 2.4 – Iodine treatment of samples with LDP substrate substituted for LDPs 

substrate.  No cross-links detected in absence of phosphorothioate 
modification within the substrate. 

We can now suggest that the low-gel mobility species are, indeed, some kind of 

cross-linked products.  If so, it is important to define whether they contain UV1C or 

whether they are merely dimers of the phosphorothioate-containing substrate, LDPs.  To 

address this point, reciprocally labeled cross-linking experiments in which assembled 

and iodine-treated UV1C·LDPs complexes containing either (a) 5′-32P-radiolabeled 

UV1C and unlabeled LDPs or (b) unlabeled UV1C and 5′-32P-radiolabeled LDPs were 

conducted.  The data shown in Figure 2.5 confirm that the major low-gel mobility 

products are indeed cross-linked species containing the substrate, LDPs, and the 

DNAzyme, UVIC.  These experiments cleanly eliminate the possibility that the products 
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are a dimer of the LDPs substrate, perhaps linked by disulfide bonds.  More critically, the 

production of the same low-gel mobility bands, regardless of whether it is the 3′ or 5′ end 

of either UV1C or LDPs that is radiolabeled, confirms that the cross-linked species 

contain full-length (unbroken) versions of both the UV1C and LDPs oligonucleotides. 

 
Figure 2.5 – Cross-labeling 5’ and 3’ ends of substrate and enzyme showing the 

presence of fully intact substrate and enzyme composing the cross-linked 
products. 

2.3.2. Mapping the Sites of Cross-Linking 

Thiolated nucleobases such as 6-thiouracil and 6-thioguanine have widely been 

used in protein and nucleic acid light-mediated cross-linking studies as well as between 

two nucleic acids [a notable recent example is the photo-cross-linking of the 8−17 

DNAzyme to its bound substrate (Y. Liu & Sen, 2008)].  The cross-links formed by such 

thiolated bases are typically prone to facile piperidine-mediated deglycosylation and 

concomitant DNA cleavage at the cross-linking site (enabling accurate mapping of such 

sites).  Preliminary treatment of the major iodine-generated cross-linked species 

obtained from UV1C·LDPs species, however, showed that this cross-linked species was 

poorly cleaved by piperidine.  This result suggests that a phosphate from UV1C is not 
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the likely cross-linking partner for the LDPs phosphorothioate, given that the resulting 

phosphate−phosphorothioate linkage would undoubtedly be exceedingly labile to base. 
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Figure 2.6 – Hydroxyl radical sequencing of cross-linked products.  Enzyme is 5’-end 

labeled (A) and 3”-end labeled (B).  Cross-link position is identified by 
comparison to thymine, guanine, and cytosine chemical sequencing 
ladders. 
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To map the cross-linking site or sites in UV1C, we first used hydroxyl radicals 

generated by a Fenton reaction to footprint the cross-linked species (Tullius & 

Greenbaum, 2005).  If a 5′-radiolabeled UV1C was used to generate the cross-links, the 

hydroxyl radical-mediated partial degradation of the species should give rise to a 

continuous nucleotide ladder that stretches from the 5′ end of UV1C to the site of cross-

linking (at which point there should be an abrupt termination of the ladder).  Likewise, 3′ 

labeling of UV1C would generate a ladder stretching from the 3′ end of UV1C to the 

point of cross-linking.  Figure 2.6A shows the data generated from the major cross-linked 

species formed from 5′-32P-labeled UV1C and unlabeled LDPs, and Figure 2.6B shows 

the analogous data obtained from 3′-labeled UV1C and unlabeled LDPs. Both gels 

identify a cytosine, C14, as the site for the cross-linking in UV1C, although the gel shown 

in Figure 2.6A does show a faint shadow at A15, the next base in the UV1C sequence, 

raising the possibility of the latter’s participation in cross-linking to some degree. 
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Figure 2.7 – Cross-links with mutant UV1C. 

To confirm that C14, and possibly A15, is indeed the site of cross-linking, point 

mutants of UV1C were synthesized in which C14, A15, and G13 (a base that has been 

shown to participate in the formation of the guanine quadruplex fold of UV1C) (D. J.-F. 

Chinnapen & Sen, 2004, 2007) were mutated. Thus, G13 was changed to hypoxanthine 

(in the oligonucleotide UV1C-G13I) or to purine (in UV1C-G13Pu); A15 was mutated to 

purine (in UV1C-A15Pu) or to thymine (in UV1C-A15T), and, finally, C14 was mutated to 

thymine (in UV1C-C14T). These various mutant oligonucleotides were tested for their 

ability to cross-link to LDPs within their respective substrate−DNAzyme complexes. 

Figure 2.7 shows a denaturing gel highlighting the various cross-linked bands 

formed by the different complexes. As seen in Figure 2.2, two cross-linked species of 
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close electrophoretic mobility (labeled X1 and X2 in Figure 2.7) are formed from the 

unmutated UV1C·LDPs complex. Curiously, all the mutated versions of UV1C 

mentioned above give cross-linked products (at 5−15% yields) whose gel mobilities, for 

the most part, approximate those of X1, X2, or both. To map the cross-linking sites 

within these products, hot piperidine-mediated strand cleavage was used, even though 

the level of cleavage is relatively low. The laddering seen in the appropriate lanes shows 

nonspecific cleavage of the DNA caused by the piperidine treatment, at all nucleotides 

but mostly intensely at guanosines. 
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Figure 2.8 – Piperidine mediated cross-link mapping of unmodified UV1C.  Multiple 

bases are observed by separating two cross-linked products Xlink 1 and 
Xlink 2. 
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Figure 2.9 – Piperidine base mediated cross-link mapping of A15-Pu UV1C mutant.  
Guanine, cytosine, and thymine chemical sequencing ladders are noted 
by G, C, and T respectively.  Samples that are not cross-linked or have 
not been treated with piperidine are indicated by a large superimposed 
“X”. 
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Figure 2.10 – Piperidine base mediated cross-link mapping of A15T UV1C mutant.  
Guanine, cytosine, and thymine chemical sequencing ladders are 
indicated by G, C, and T.  Samples that have not been cross-linked or 
have not been treated with piperidine are indicated by a large 
superimposed “X”. 
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Figure 2.11 – Piperidine base mediated cross-link mapping of C14T UV1C mutant. 
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A key question was whether such piperidine-mediated mapping produces results 

consistent with the earlier hydroxyl radical mapping.   Piperidine cleavage was therefore 

conducted on the major (X2) and minor (X1) cross-linked products from the UV1C·LDPs 

complex (with UV1C 5′-radiolabeled), Figure 2.8.  The location of the X2 cross-link is 

found, as with the earlier hydroxyl radical mapping (Figure 2.6), to be at C14 and A15. 

The minor X1 species, however, shows slightly ambiguous data.  Whereas G25 appears 

to be the 3′-most band showing in piperidine-treated X1, G23 is the most unambiguously 

visible 3′-most site of cleavage.  This may suggest that both G23 and G25 are 

participants in the cross-linking. 

The cross-linking sites within the different UV1C mutants were then examined, 

starting with the mutant (UV1C-A15Pu) in which A15 is replaced with a purine and a 

mutant (in UV1C-A15T) in which A15 is replaced with a thymine.  These mutations were 

made to eliminate the potentially nucleophilic 6-amino functionality of adenine (as in the 

purine mutation), and the N1, N3, and N7 positions (the thymine mutation).  Figure 2.8 

shows that both mutants produce cross-linked products with gel mobilities comparable to 

that of the major (X2) cross-linked product of unmutated UV1C.  Figure 2.9 shows that 

purine substitution yields a strong nonspecific piperidine cleavage at the purine site 

within the un-cross-linked and cross-linked complexes.  In the cross-linked species, 

piperidine cleavage of the 5′-labeled UV1C strand shows a discontinuity of background 

cleavage bands up to position 15; however, the nonspecific reactivity of the DNA strand 

at the purine, perhaps from the non-cross-linked species (indicated by a green arrow), 

prevents a definitive identification of the purine (as opposed to the adjacent C14) being 

the cross-linking site.  In the lane showing piperidine treatment of the cross-linked 

species, however, breakdown at the purine results in a reduced mobility band (shown 

with a blue arrow in Figure 2.9) that runs faster than the unbroken cross-linked species 

itself.  This could only be possible if the purine residue is located 3′ to the site of cross-

linking. This suggests that the primary site of cross-linking in UV1C-A15Pu lies at C14. 

Nonetheless, the fact that a faint purine band appears at position 15 indicates that cross-

linking to the purine base cannot be ruled out. 

Figure 2.10 shows that the site of cross-linking in the UV1C-A15T mutant 

continues to be at C14, as the intensity of the shadow band seen at position 15 is 

significantly reduced when compared with that of the wild-type cross-link.  Conversely, 
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the mapping of the UV1C-C14T cross-link (Figure 2.11) shows that this mutation shifts 

the site of cross-linking from position 14 to position 15 predominantly. 

Cumulatively, the data presented above indicate that both C14 and A15 positions 

in UV1C are bona fide cross-linking sites to the substrate’s phosphorothioate. 

Elimination of one site (C14) nevertheless retains cross-linking to the other site (A15).  It 

is curious that the two mutations to residue G13 that we have examined (UV1C-G13I 

and UV1C-G13Pu) continue to generate cross-links with LDPs (Figure 2.6).  G13 has 

been shown to participate in the required G-quadruplex fold of UV1C, and mutation of 

this residue to purine (in UV1C-G13Pu) should disrupt the G-quadruplex and perturb the 

overall fold of the UV1C·LDPs complex. However, the persistence of cross-linking in this 

mutant suggests that even though the G-quadruplex itself may be compromised, the 

substrate and the DNAzyme continue to bind together, enabling the cross-linking of one 

or more DNAzyme residues to the substrate.  It is notable in this respect that the cross-

links formed by the G13Pu mutant run slower than the X2 species formed by unmodified 

UV1C (Figure 2.6).  The G13I mutant, however, generates bands with mobilities 

comparable to those of the X1 and X2 species.  We have shown previously that mutation 

of G13 to hypoxanthine (in UV1C-G13I) will maintain the G-quadruplex fold while 

weakening it.  Piperidine cleavage of the different cross-linked species formed by UV1C-

G13Pu and UV1C-G13I shows that the UV1C-G13Pu mutant cross-links generate broad 

DNA cleavage patterns, with no single dominant site(s) of cross-linking to LDPs (data 

not shown).  By contrast, the X2-like species formed by UV1C-G13I show cross-linking 

at C14, while the X1 species do not show a clear cross-linking site (analogous to the 

situation with UV1C-G13Pu). 

2.3.3. Cross-Linking Site Identification Using Primer Extension 

In addition to piperidine cleavage, we have also mapped the cross-linking sites in 

UV1C, and its mutants, by primer extension using a 20-nucleotide DNA primer that is 

complementary to the 3′-most 20 nucleotides of UV1C.  The expectation is that primer 

extension will proceed up to the 3′-most cross-linking site within a given molecule of 

UV1C and then come to a halt.  Figure 2.12 shows the primer extension data obtained 

from the various cross-linked species formed by UV1C and its mutants.  An immediate 
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observation is that the X1 and X1-like cross-linked species all generate notably shorter 

primer extension products than the X2 and X2-like species. 
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Figure 2.12 – Primer extension identification of mutant UV1C cross-links.  Black 
sequence represents the primer extend strand with the complementary 
green sequence representing the actual sequence of the UV1C.  The 
identified band on the gel is indicated by and asterisk with the green 
arrow and green base in parenthesis indicating the base involved in 
cross-linking. 

The full-sized primer extension products (shown with horizontal arrows in Figure 

2.12a) are extracted from the gel for accurate sizing in comparison with reference 

dideoxy sequencing ladders.  Figure 2.12 (panels i−vi) shows these data (note that the 

sizing ladders used here report the sequence of the complement of UV1C, written in 

black alongside; the actual sequence of UV1C is written in green beside it).  The UV1C 

base(s) complementary to the 3′ termini of the various primer extension products (shown 

with an asterisk, Figure 2.12) can be identified by reading along the UV1C (or mutant) 

sequence written in green.  The actual site of cross-linking is at position N-1 (marked 

with a green arrow) relative to the nucleotide marked with an asterisk.  Figure 2.12 

(panel i) shows in the case of the unmodified UV1C DNAzyme, cross-link X1 localizes to 

C19 whereas X2 localizes to C14.  These results corroborate the data obtained from 

piperidine cleavage for the major, X2 product, which had localized to C14 (Figure 2.7).  

In the case of X1, the piperidine data had shown its cross-linking site to be at G23/G25 

(not at C19).  However, a key feature of the primer extension method, using primer 1, is 

the fact that the longest extension product obtained will refer to the 5′-most cross-linking 

site on UV1C, whereas the piperidine cleavage studies (conducted with 5′-end-labeled 

UV1C) would highlight the 3′-most cross-linking site on UV1C.  To see if G23 and/or G25 

could directly be identified as cross-linking sites within the UV1C·LDPs complex, using 

primer extension, we employed a shorter, 15-nucleotide, primer (primer 2), which 

nevertheless generated products indicating cross-linking at C14 for X2 and C19 for X1 

(data not shown).  These results are essentially identical to those obtained using the 

longer primer 1.  While the underlying causes of this result are not immediately apparent, 

a possible explanation may be an unusually complex and inaccessible secondary/tertiary 

structure within those cross-linked products of the UV1C·LDPs complex in which G23 

and G25 participate. 

Similarly, cross-linking loci at C14 and C19 are seen for all of the mutant UV1C 

oligonucleotides (Figure 2.12, panels ii−vi), with the notable exception of the UV1C-
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A15T mutant, where the cross-linking site is at A15 [again, corroborating the earlier 

piperidine results (Figure 2.10)]. 

2.3.4. Kinetics of Photoreactivation by the Mutant DNAzymes 

To test whether the various UV1C mutants examined for cross-linking are 

actually catalytically active, the initial rates of TDP photoreactivation by these mutant 

DNAzymes were measured.  Figure 2.13 plots the fractions of the substrate repaired as 

a function of time, under single-turnover conditions.  Interestingly, only the C14T mutant 

repairs thymine dimers at the same rate as the unmodified UV1C.  As described above, 

our mapping studies have shown C14 to be the most prominent cross-linking site in 

UV1C, yet mutation of this cytosine to a thymine does not impair catalytic function. The 

findings on the cross-linking base, A15, however, are particularly interesting in that 

mutation of this base to either purine or thymine sharply reduces the catalytic ability of 

UV1C, decreasing the rate of photoreactivation to only 7% (A15Pu) and 14% (A15T) of 

the photoreactivation rate of unmodified UV1C. 
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Figure 2.13 – Initial rates of photoreactivation of the TDP substrate catalyzed under 

single-turnover conditions by UV1C (n), Neg-Enz (▲), G13I (▼), G13Pu 
(u), A15Pu (●), A15T (☐), C14T (Δ), AAAT ( ), and CA-TT (×). 
DNAzyme-AAAT repair of the TDP-ATGT-TAAA substrate (◊). 

A hypothesis to explain the data given above is the following: since C14 is the 

most prominent site for cross-linking, it is likely located very close (perhaps the closest 

UV1C nucleobase) to the substrate’s phosphorothioate.  If so, it would necessarily be 

located a few angstroms from the thymine bases that make up the dimer within TDP. 

A15, a lesser site for cross-linking to the phosphorothioate, is likely to be farther from the 

phosphorothioate than C14 but may be positioned closer to the dimerized thymine 

bases.  The sharp reduction in the catalytic activity of the A15 mutants raises the 

possibility that this base contributes in some way to the chemistry of catalysis.  Though 

the strong cross-linking observed with C14 suggests its close proximal positioning to the 

phosphorothioate, it is not a definite conclusion.  Since the precise chemistry of the 

cross-linking is yet to be determined, the possibility that perhaps the greater observed 

yield of C14 cross-linking may be more due to a favorable chemistry than a proximal 

location cannot be ruled out. 
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In contrast, substitution of G13 with a purine completely abolishes 

photoreactivation activity.  This is understandable since G13 has been identified in prior 

studies as a participant in the G-quadruplex fold of UV1C (D. J.-F. Chinnapen & Sen, 

2004, 2007).  Mutation of G13 undoubtedly disrupts the two-quartet quadruplex, and 

since the latter likely acts both as the light-harvesting antenna and as the electron 

source for the photoreactivation reaction, it is understandable that the G13Pu mutant 

should be catalytically inactive.  This last finding is also supported by our cross-link 

mapping data, which could not assign a definitive cross-linking site within UV1C-G13Pu. 

The G13I mutant, by contrast, maintains approximately 17% of the unmodified UV1C’s 

catalytic activity.  Inosines are known to participate in quartets with guanosines (D. J.-F. 

Chinnapen & Sen, 2004, 2007) (albeit more weakly), and the G to I mutation is therefore 

less likely to compromise the formation of the G-quadruplex than the guanine to purine 

mutation (Williamson, Raghuraman, & Cech, 1989). 

We now tested the effect of mutating both C14 and A15 to thymines.  This 

mutant oligomer, UV1C-CA-TT, gives rise to a nonspecific cross-link (data not shown), 

and its catalytic activity is reduced to the level of the UV1C-A15T mutant (Figure 2.13). 

This result is consistent with our findings (above) that the mutation of C14 to T does not 

substantially affect the catalytic proficiency of the mutant whereas mutation of A15 to the 

plain purine or to thymine does. 

2.3.5. Identification of a Second Substrate-Binding Arm in UV1C 

Our earlier studies (Chinnapen & Sen, 2007) had proposed that the 5′ arm of the 

UV1C may behave uniquely as the substrate-binding arm via base pairing with TDP/LDP 

(Figure 2.1).  Because the extent of postulated Watson−Crick base pairing between the 

two seemed relatively small, it appeared likely that additional, perhaps tertiary, 

interactions were necessary to stabilize the binding of the DNAzyme and the substrate. 

Inspection of the new cross-linking data reported here, however, and a concomitant 

reexamination of the UV1C G-quadruplex’s topology raise the possibility that the AAATG 

element within loop 3 [L3 (Figure 2.1)] of the quadruplex might be available for additional 

base pairing with the substrate. To test this idea, we mutated the AAATG element to 

TTTAG (in the DNAzyme construct UV1C-AAAT-TTTA).  This mutation results in a 

complete knockout of the mutant DNAzyme’s cross-linking (Figure 2.14) as well as 
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catalytic activity (Figure 2.13) with the respective natural substrates. The use of “rescue 

mutation” substrates (LDPs-ATGT-TAAA and TDP-ATGT-TAAA), which would 

reestablish base pairing with the L3 loop of the mutant DNAzyme, provides striking data. 

The combination of the L3 loop mutated DNAzyme (UV1C-ATGT-TAAA) with the TDP-

ATGT-TAAA substrate restores 30% of the thymine dimer reactivation activity with 

respect to the original DNAzyme (Figure 2.13).  Also, binding of the mutated DNAzyme 

to the LDPs-ATGT-TAAA substrate reestablishes cross-linking (Figure 2.14). 

Cumulatively, these results confirm the plausibility of L3 serving as a second substrate 

recognition and binding motif within the UV1C DNAzyme. 

 

 
Figure 2.14 – Cross-link of mutated Loop 3 of UV1C and rescue with complementary 

mutation in TDP substrate. 
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2.3.6. A Refined Model for the Folding of the UV1C·LDPs Complex 

Consideration of the new cross-linking data described here, along with the likely 

substrate-binding role of the AAATG element within loop 3 of UV1C’s G-quadruplex, 

enables us to improve the preexisting structural model (shown in Figure 2.1) for the 

UV1C·LDPs complex.  Figure 2.15 shows the refined model. The new cross-linking sites 

that we have established within UV1C map to C14, A15, C19, and G23/G25.  Therefore, 

it is reasonable to hypothesize that in the tertiary structure of the UV1C·LDPs complex, 

these residues (located in different loops of UV1C’s G-quadruplex) cluster in the 

proximity of the substrate’s phosphorothioate functionality.  In the prior topological model 

of the DNAzyme (Figure 2.1), loop 1 had been postulated to be distal to the thymine 

dimer on the substrate.  Moreover, as mentioned above, base-pairing interactions had 

been proposed for only the 5′ end of UV1C with the 3′ end of LDP.  In our refined model 

of the UV1C·LDPs complex (Figure 2.15), L1 is transformed from an “edgewise” loop to 

a double-chain reversal or “propeller” loop (Burge et al., 2006; Phan, Kuryavyi, & Patel, 

2006).  This topological change enables C14 to be positioned within contact range of the 

substrate’s phosphorothioate.  Both L1 and L2 are thus predicted to be propeller loops. 

On the basis of the available data, we cannot be certain about loop 3 (a large loop, 

containing the putatively substrate-binding AAATG motif), but we hypothesize that this, 

too, is a propeller loop, leading to a wholly parallel-stranded orientation of the 

intramolecular G-quadruplex.  Such intramolecular G-quadruplexes with all-parallel 

strand orientations have been reported in the literature (Burge et al., 2006; Phan et al., 

2006). 
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Figure 2.15 – Refined model of UV1C showing a propeller like G-quadruplex topology 

and a new substrate recognition domain within L3.  UV1C is illustrated in 
black letters and lines while the LDPs substrate is in blue. 

2.4. Discussion 

The unexpected formation of DNA−DNA cross-linked products between UV1C 

and LDPs within the UV1C·LDPs complex is consistent with the notion that within the 

complex, elements of the UV1C DNAzyme are positioned close enough to the sulfur 

moiety of LDPs to enable the formation of a cross-link between them in the presence of 

iodine.  The precise chemistry of the cross-linking, however, is not clear at this stage. 

Normally, the addition of iodine to a phosphorothioate-containing oligomer might be 

expected to generate a sulfenyl iodide intermediate (Conrat, 1955; Field & White, 1973). 

Since the UV1C cytosine, adenine, and guanine bases involved in cross-linking all 

contain exocyclic amino groups, it is possible that they are indeed the nucleophiles 

attacking the postulated phosphorosulfenyl iodide.  However, attack by ring nitrogens 

within these nucleobases, which may be seen in the case of the Pu mutation, cannot be 

ruled out.  Also, the precise locus of nucleophilic attack is not yet clear.  In principle, 

attack could occur to the sulfur, leading to the formation of an N−S−P linkage and the 

departure of the iodide anion; alternatively, attack could occur to the phosphorus, 

leading to the formation of a phosphoramidate and departure of the IS− anion.  Future 

experiments will aim to clarify the chemical identity or identities of the cross-links. 
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One extremely interesting feature of these phosphorothioate-generated cross-

links is that the incorporation of a phosphorothioate into a DNA or RNA strand naturally 

produces a chiral center.  Separation of DNA or RNA populations containing either a 

pure Rp or a pure Sp phosphorothioate diastereomer (B. a. Connolly, Potter, Eckstein, 

Pingoud, & Grotjahn, 1984) would enable a further refinement of the kinds of structural 

information that the cross-links are capable of providing.  Thus, exploration of 

stereospecific effects on the patterns of cross-linking within DNAzyme·substrate 

complexes will remain an important priority for future experiments. 

On the basis of our mapping of the observed cross-links, we put forth a refined 

model for the folding of the UV1C·LDPs complex.  The centerpiece of this structure is 

the catalytically key G-quadruplex formed by UV1C, for which an all-parallel strand 

orientation is now proposed.  G-quadruplexes of different strand orientations typically 

display characteristically different circular dichroism spectra.  In principle, CD 

spectroscopy might be usable for verifying our refined model for the UV1C·LDPs 

complex.  However, unlike DNAs that fold to form pure G-quadruplexes (with no other 

major secondary structures present), the UV1C·LDPs complex incorporates diverse 

structural elements besides the G-quadruplex and is likely to display a complex CD 

spectrum.  Another possible approach toward verifying our structural model might be to 

investigate whether specific guanines participating in the G-quadruplex adopt a syn or 

anti glycosidic conformation.  It is known that an all-parallel strand orientation in a 

quadruplex [such as that proposed here (Figure 2.15)] would imply anti orientations for 

all of the quadruplex guanosines, whereas antiparallel quadruplexes would incorporate 

mixtures of syn and anti guanosines (Burge et al., 2006; Phan et al., 2006).  It has been 

shown that riboguanosine nucleotides intrinsically prefer (relative to 

deoxyriboguanosines) the anti glycosidic orientation, whereas 8-

bromodeoxyriboguanosine nucleotides strongly prefer the syn conformation (Williamson 

et al., 1989).  Future experiments will systematically substitute stretches of the guanines 

participating in quadruplex formation with the nucleoside analogues described above, to 

test our model for the complex topology of UV1C·LDPs. 

Here, we have also supplied evidence of the existence of a second substrate-

binding arm in UV1C.  In conjunction with the first substrate-binding arm, the new model 

for the enzyme·substrate complex places the dimer-forming thymines directly at the 
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base of the G-quadruplex.  The identification of a second substrate-binding arm will 

enable us, in the future, to manipulate the sequences of both hybridizing arms. 

Development of DNAzymes capable of targeting DNA substrates of divergent sequences 

may now be possible.  Importantly, also, the base composition of these interacting 

sequences could be altered to enhance the stability of the enzyme·substrate complex, 

and thereby to enhance the likelihood of growing diffractable crystals.  NMR 

spectroscopy and/or a high-resolution crystal structure would undoubtedly provide deep 

insights into the workings of the UV1C DNAzyme. 

The phosphorothioate cross-linking method is in itself an unexpected finding, one 

that should enable a new kind of investigation of the active sites of diverse ribozymes 

and DNAzymes, natural and artificial, as well as enable the probing a variety of 

RNA·protein complexes.  The literature describes one documented instance of formation 

of an intraprotein iodine-dependent cross-link between a cysteine and lysine residue 

(Field & White, 1973).  The extension of such a methodology to nucleic acids (as well as, 

potentially, to nucleic acid·protein complexes) opens up its application to a variety of 

biologically relevant systems as a means of harvesting significant structural data. 

Systems that potentially lend themselves to immediate investigation include RNA-

cleaving DNAzymes and ribozymes, in which the facile incorporation of a 

phosphorothioate group at the substrate’s scissile site will, as shown here, yield powerful 

insights into their active sites. 



 

71 

3. UV1C repairs “natural” thymine dimer ssDNA. 

3.1. Introduction 

In addition to mapping the UV1C’s structure in order to determine functional 

mechanisms, another focal point of exploration has been the UV1C’s strict substrate 

specificity.  It has only been shown to facilitate the efficient repair of cyclobutane thymine 

dimer and, to a lesser extent, uracil dimer containing substrates (Chinnapen & Sen, 

2007).  Furthermore, the substrates studied to date have all lacked an intradimer 

phosphate within the backbone reminiscent of a nicked strand and as such, have not 

reflected the normal biological thymine dimer construct.  Although this substrate, called 

TDP, provides a great advantage for following the progression of the repair reaction 

(Figure 3.1A), as the repaired products can be easily size separated, there remains the 

question of whether the UV1C can accept a full-length natural substrate with a 

completely intact backbone.  Testing such a substrate, called LDP in Figure 3.1B, 

provides a more in-depth perspective about the UV1C’s photocatalytic capabilities.  As 

the G-quadruplex structure behaves as the photosensitizing entity, a fully intact DNA 

could potentially be induced to form dimers as well (indicated as the back reaction “k2” in 

Figure 3.1B).  This reaction is not possible with the TDP substrate as repair of the 

dimers results in dissociation of the two fragments T1 and T2 (Figure 3.1A).  According 

to the current proposed models of the UV1C substrate complex, the two fragments T1 

and T2 are not held in an axial stacked conformation suggesting that realignment of the 

two thymines for dimer formation would not be possible. 

Though thymine dimer repair and formation in DNA has been extensively 

studied, the molecular factors governing the quantum yields of dimerization are still not 

completely characterized.  Conditions in which DNA is in the form of a duplex, single 

strand, or DNA-protein complex has been tested to determine that multiple contributing 

factors are at play (Gale, Nissen, & Smerdon, 1987; Holman, Ito, & Rokita, 2007).  In 

general, these reports have determined that the ionization potentials of the nucleobases 
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adjacent to the dipyrimidine dimers affect the level of dimerization achieved.  The yield of 

dimer is considerably less when purine bases, having lower oxidation potentials, are 

present directly 5’ to the thymines (Pan et al., 2011).  Others have explored these effects 

at wavelengths beyond (red shifted) the absorbance of natural DNA bases using photo-

oxidizing or photo-reducing agents, either tethering or intercalating with DNA, and have 

drawn similar conclusions (Charlier & Hélène, 1975; Epple, Wallenborn, & Carell, 1997).  

These studies attempt to explore the photo equilibrium achieved as a means to 

understanding the biological accumulation of thymine dimer mutations.  The G-

quadruplex structure adopted by the UV1C, Figure 3.1, introduces a unique DNA-DNA 

intermolecular electron transfer complex never before explored on thymine dimer repair 

and formation.  As such, we determine and compare photostationary equilibrium to 

dsDNA and ssDNA under irradiance conditions of two wavelengths, 280 nm (within the 

main envelope of the DNA absorption spectrum) and 305 nm (at the edge of the 

absorption spectrum of DNA, but the wavelength where UV1C has been found to work 

most efficiently). 

To summarize, in this chapter, we attempt to address the topics of UV1C 

substrate specificity for a completely intact single stranded CPD thymine dimer 

containing substrate.  An ideal scenario presents itself in that utilizing such a substrate 

allows us to explore the composite thymine dimer formation reaction of the undimerized 

product (LMP).  The rate constants for dimer repair (k1) and dimer formation (k2) are 

determined.  Furthermore, this is the first instance in which the increased UV molar 

absorptivity of a naturally occurring DNA structure, in the form of a G-quadruplex, is 

tested on repair and formation of thymine dimers in a completely single stranded DNA.  

As such, comparisons of the photostationary states are made in reference to single 

stranded and double stranded DNA. 
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Figure 3.1 – TDP, LDP, and LMP substrates illustrated bound to the UV1C DNAzyme.  

UV1C is illustrated in blue letters and the substrates are shown in red.  A) 
Possible reactions pathway for TDP.  B) Possible reaction pathways for 
LDP and LMP.  Only the phosphodiester linking the dipyrimidines is 
highlighted as a circled P to identify its absence in the TDP substrate.  
Red and blue boxes highlight substrate recognition domains binding 
within the loop 3 and the 5’-end of UV1C respectively. 
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3.2. Materials and Methods 

All oligonucleotides were obtained from IDT DNA synthesis lab.  The 

oligonucleotide fragments required to create the LMP and LDP substrates consisted of 

the following sequences L1) AGG ATC TAC AT, L2) pGTA TTG TGT, L3) pGCG TAC 

GAG TAT ATG with “p” representing a 5’-phosphate modification.  The oligonucleotides 

composing the TDP substrate were of the sequence T1) AGG ATC TAC ATG TAT and 

T2) TGT GTG CGT ACG AGT ATA TG. 

3.2.1. HPLC purification of thymine dimer containing 
oligonucleotides 

The thymine dimer containing substrates were synthesized following the 

methodologies mentioned previously (Sekhon & Sen, 2009).  For LMP and LDP 

substrate preparation, acetophenone triplet sensitized thymine dimer formation was 

induced in the L2 DNA hybridized to the splint (31 mer) according to the protocol used 

for TDP synthesis.  Following irradiation, the monomer (L2M) and dimer (L2D) 

containing L2 DNA reactions were ethanol precipitated and reconstituted with 20 µL TE.  

A C18 25 cm Vydac protein and peptide column was used for reverse phase separation 

of L2M, L2D, and Splint on an Agilent 1100 HPLC system with a fraction collector.  

Buffer A contained 5 % CH3CN v/v in 50 mM TEAA, pH, 7.6 and Buffer B contained 70 

% CH3CN v/v.  20 µL samples were injected with a method of A: 95 % / B: 5 % at time 0 

min to A: 80 % / B: 20 % at 20 min with a linear gradient.  Denaturing conditions were 

applied with a temperature controller held at 60oC.  Fractions of L2M and L2D were 

separated and collected.  The splint DNA had a longer sequence length than the L2 

DNA providing a significantly longer retention time than the monomer and dimer DNA.  

L2M was also collected for LMP construction in order to ensure that both substrates, 

LMP and LDP, were processed under the same conditions. 

3.2.2. Ligation of LDP and LMP substrates 

Ligation experiments were carried out in 50 µL reactions containing 2 µM 

concentrations of L1, L2M / L2D, L3, and Splint.  To each reaction a small amount of 5’-
32P-labelled L1 was added to identify and purify products on polyacrylamide gels.  Final 

concentration of 1 X of the supplied T4 Ligase buffer was added.  Samples were heated 
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to 90oC for 2 min and then cooled to 20oC over 5 min.  10 units of T4 Ligase was added 

and reactions proceeded at room temperature for 1 hour.  Prior to purification, ligation 

reactions were ethanol precipitated.  Following autoradiography, the 35 nt LMP and LDP 

were excised and eluted from gel using the standard crush and soak method.  The 

substrates LMP, LDP, and TDP were 5’-32P-endlabeled using procedures mentioned 

previously. 

3.2.3. Laser irradiation experiments 

Laser experiments were conducted on a Continuum II pulse laser with frequency 

doubled OPO.  Laser beam was attenuated with two beam splitters.  Two photometers 

were set up to measure the incidence energy and the averaged power from the cuvette.  

Prior to irradiation, the power was determined to be 5 mW as measured on the 

photometer.  Each substrate was irradiated under single stranded conditions (with a non-

G-quadruplex forming DNA that had no sequence complementarity with the substrate), 

double stranded conditions (31 nucleotide splint sequence complementary to the 

substrate), and under UV1C conditions.  130 µL reactions were set up containing 2 µM 

DNA, 50 nM 5’-32P-labeled substrates, 50 mM Tris, pH, 7.2, and 1 M KCl.  Samples were 

heated to 90oC for 2 min and cooled to 20oC over 5min.  Irradiation times were controlled 

by a solenoid shutter switch. 

The TDP, LMP, and LDP substrates were subject to irradiation at 280 nm and 

305 nm.  In order to assay the repair of TDP, 6 µL time point aliquots were added 

directly to 10 µL of denaturing dye and were subjected directly to denaturing gel 

electrophoresis in order to monitor the separation of the radiolabeled T1 (5’ fragment) as 

well as unchanged TDP sequences.  The repaired product, T1, had a faster gel mobility 

relative to TDP.  In order to assay dimer repair or formation in the case of the wholly 

DNA LMP and LDP oligomers, following irradiation, they were subject to digestion with 

T4 endonuclease V (T4 pyrimidine dimer deglycosylase (PDG)).  PDG recognizes and 

breaks the glycosidic bond of the 5’ thymine contained within the cyclobutane thymine 

dimer (Morikawa et al., 1992).  The enzyme also has apyrimidinic lyase (APlyase) 

activity, and so cleaves the DNA strand at the newly formed abasic site.  Following 

irradiation, 5 µL time aliquots were taken.  After each exposure, the cuvettes were gently 

agitated back and forth, while still being held upright, for 10 seconds prior to extraction of 
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the time points.  Each aliquot was ethanol precipitated with 0.5 µg of glycogen and 

reconstituted in 9 µL of 1.1 X PDG buffer containing 50 mM Tris pH, 7.4, 1 mM EDTA, 

and 5 µM Splint.  Substrates were heat annealed at 90 oC for 2 min and cooled to 20 oC 

over 5 min in thermal cycler.  Samples were held at 20 oC while 3 units (1 µL) of PDG 

enzyme was added.  Following quick vortex and spin down, samples were incubated at 

37 oC for 2 hour.  To stop digestion, 10 µL of denaturing dye was added and samples 

were vortexed.  All time points were subject to gel electrophoresis on 12 % denaturing 

polyacrylamide.  Visualization was done by autoradiography on phosphorus screens 

scanned on a Typhoon imager. 

3.2.4. Kinetics analysis 

Quantitation was done by imageJ software, developed by NIH, using the lane 

box method to obtain histograms of entire lanes.  The peak densities of each band in a 

lane were manually selected and quantified.  The progress of a reaction was determined 

as a fraction.  In short, the total density of the two bands in each lane (full length 

substrate and repaired/cleaved fragment band) was divided by the density of the 

repaired/cleaved fragment band.  The rate law according to figure 3.1 is defined by the 

following:   

− ! !"#
!"

= 𝑘! 𝐿𝐷𝑃 − 𝑘![𝐿𝑀𝑃] Equation 3.1 

The rate law could be used to determine the values of k1 and k2 by determining 

initial rates as the reactions contain authentically pure starting concentrations of LMP 

and LDP DNA.  For example, when calculating k1, the k2 term is zero at time zero when 

only LMP is present.  Faster kinetic profiles made it challenging to determine the rate 

constant values using initial rates, therefore nonlinear regression fits were used to 

determine these values.  By assigning the boundary conditions when only substrate or 

product are present initially: 

𝐿𝑀𝑃 = [𝐿𝐷𝑃]! + [𝐿𝑀𝑃]! − [𝐿𝐷𝑃]  Equation 3.2 

we know the following to be true: 

𝑙𝑛 !"# ![!"#]!"

[!"#]!![!"#]!"
= 𝑙𝑛 !"# ![!"#]!"

[!"#]!![!"#]!"
= − 𝑘! + 𝑘! 𝑡   Equation 3.3 
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We can prove that the overall rate constant (observed rate constant, kobs) is the 

sum of the forward and reverse rate constants, in other words kobs = k1 + k2.  We can 

further conclude the nonlinear regression as: 

𝑌 = −𝐴 𝑒!(!!  !!!)! + 𝑌𝑜  Equation 3.4 

With  

𝑌 = 𝐿𝐷𝑃 − 𝐿𝐷𝑃 !" = 𝐿𝑀𝑃 − [𝐿𝑀𝑃]!" Equation 3.5 

and  

𝐴 = [𝐿𝐷𝑃]! − 𝐿𝐷𝑃 !" = [𝐿𝑀𝑃]! − [𝐿𝑀𝑃]!" Equation 3.6 

Additionally, photo stationary states could be determined, represented by “A”, 

using a first-order non-linear fit.  The initial amount of LMP/LDP/TDP is represented by 

“Yo”.  The forward and reverse rate constants are represented by “k1” and “k2” and “t” is 

time. 

As we are assuming that the forward and reverse reactions would eventually 

converge to a final equilibrium (photostationary state), the k1 and k2 rate constants could 

be extracted by using the equilibrium constant and the overall rate constant (observed 

rate constant, kobs) according to the equation: 

𝐾!" =
!!

!!"#!!!
  Equation 3.7 

3.3. Results 

3.3.1. Kinetic Analysis 

Figure 3.2 shows the denaturing PAGE gels of LMP DNA (top) and LDP DNA 

(bottom) digested with T4 pyrimidine dimer glycosylase enzyme following irradiation at 

305 nm wavelengths.  The quantified data is plotted in Figure 3.3.  The substrates were 

treated under single stranded, double stranded, UV1C conditions.  Results indicate 

UV1C catalyzes significant LDP repair to approximately 70 % conversion. 
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Figure 3.2 – Denaturing polyacrylamide gel showing thymine dimer formation and repair 

following irradiation at 305 nm.  Top gels consist of LMP sample time 
points treated with T4 PDG.  Bottom gels show the LDP treated with T4 
PDG.  Time points are indicated in seconds.  Both substrates were 
irradiated under single stranded, double stranded, or UV1C conditions. 
DNA strands containing thymine dimers are cleaved by T4 PDG and will 
are seen as the short (faster mobility) band on the gel.  
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Figure 3.3 – Dimer formation and repair at 305 nm laser irradiation.  A) TDP repair in the 
form of single strand (ss), double strand (ds), and UV1C complexed 
substrates.  B) LMP and LDP substrates irradiated in the form of ss, ds, 
and UV1C complexed.  All data is plotted in the form of fraction 
monomeric thymine with LMP reactions (solid symbols) at the top and 
LDP reactions (empty symbols) at the bottom.  All single stranded 
reactions are pink, double stranded reactions are orange, and UV1C 
reactions are green. 

305 nm

0 5 10
0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

M
on

om
er

ic
 T

hy
m

in
e

Time (min)

ss LMP
ds LMP
UV1C LMP
ss LDP
ds LDP
UV1C LDP

305 nm TDP

Time (min)

Fr
ac

tio
n 

M
on

om
er

ic
 T

hy
m

in
e

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

ss TDP
ds TDP
UV1C TDP

A 

B 



 

80 

The calculated rate constants for irradiation at 305 nm are summarized in Table 

3.1.  All are calculated based on linear fits except for UV1C repair of TDP and LDP 

which are based on non-linear equation fits (equation 2).  At 305nm, where DNA has a 

much lower absorbance than at 280 nm, significant activity was observed only in the 

reaction of UV1C repair of LDP (Figure 3.3B).  Indeed, formation of dimer with LMP was 

not observed to any measurable rate above single strand and double strand controls. 

The rate constants for dimer repair by UV1C are almost two orders greater for LDP and 

almost three orders for TDP substrates relative to the single stranded and double 

stranded controls (Table 3.1). 

 

Table 3.1 – Linear and non-linear rate constant at 305 nm 

 

Because the observed rate constant was determined for UV1C repair of LDP, the 

rate constant for dimer formation (in this case kobs = k2) was used to calculate the true k1 

using the equation kobs = k1 + k2.  Values are listed in Table 3.2. 

Substrate) Condi/on) kobs)(min31))

LMP)
ss) 6.15E303)
ds) 5.03E303)

UV1C) 7.62E303)

LDP)
ss) 8.11E303)
ds) 3.02E303)

UV1C) 3.81E301)

TDP)
ss) 6.23E303)
ds) 8.75E303)

UV1C) 3.21E+00)
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Table 3.2 – Calculated forward and reverse rate constants at 305 nm 

 

Based on the calculated rate constant for the repair reaction (k1), UV1C catalyzes 

dimer repair in a completely intact DNA 22- and 74-times faster than single stranded and 

double stranded controls at 305 nm wavelengths.  The rate of dimer formation (k2), by 

contrast, is only 1.2- and 1.5-fold greater than k2 measured for the single stranded and 

double stranded controls.  Though dimer formation is shown to be slightly faster, more 

data acquisition is required to determine the error associated with these values. 

In terms of the final photostationary state achieved, or in other words the 

equilibrium of the reaction, enough data was not collected at longer time points to 

determine these values so no comments can be made at this point. 

!! k1!(min(1)! k2!(min(1)!
ss! 8.53E(03! 6.15E(03!
ds! 2.57E(03! 5.03E(03!

UV1C! 1.91E(01! 7.62E(03!
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Figure 3.4 – Data plots of A) TDP and B) LMP and LDP substrate experiments at 280 

nm laser irradiation.  Dimer containing substrate data points are 
represented by empty symbols and monomer containing substrates are 
solid symbols.  All single strand reactions are pink, double strand 
reactions are orange, and UV1C reactions are green. 

Figure 3.4 shows the data and regression fits of TDP, LMP, and LDP substrates 

irradiated at 280 nm wavelengths.  Table 3.3 summarizes the calculated observed rate 
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constant (kobs) and photostationary state values obtained.  At 280 nm, the UV1C has the 

fastest rate of LDP repair, with values at almost double that of LDP in single stranded, or 

double-stranded conditions.  The kobs value for TDP repair by UV1C is 4-fold faster than 

for LDP. 

Using appropriate, first-order kinetics, fitting protocols, attempts were made to 

deconvolute the forward (k1) and reverse (k2) rate constants from kobs values measured.  

The expectation was that the two reaction trajectories, formation and repair, would 

converge to a common photo-stationary state.  However, the observations that the 

calculated photo-stationary states from the two trajectories were not identical, led to an 

inability to determine the k1 and k2 rate constants. 

Table 3.3 – Rate constants and reaction endpoints determined by non-linear regression. 

 

 

Furthermore, because photo-stationary states did not converge even within the 

error bars calculated, an accurate estimation of the equilibrium constant could not be 

made.  Interestingly, a trend could be seen regarding the presumed photo-stationary 

states for the LDP and LMP reactions (Figure 3.4B).  Following both reactants, LDP and 

LMP, the reactions with the UV1C favour net dimer repair, over formation, relative to the 

single stranded and double stranded controls.  The end points of the reactions, given as 

fraction monomer, from the reaction of LMP conversion to LDP (dimer formation), were 

calculated to be 0.64 for single stranded, 0.59 for double stranded, and 0.71 for UV1C.  

These values had R-squared values greater than 0.9 for UV1C-catalyzed reactions, and 

Substate( Condi.on( kobs((min21)( Photosta.onary(state(

LMP(
ss( 1.39( 0.64(
ds( 0.72( 0.59(

UV1C( 2.03( 0.71(

LDP(
ss( 0.76( 0.47(
ds( 0.69( 0.41(

UV1C( 1.51( 0.60(

TDP(
ss( 0.37( 0.43(
ds( 1.00( 0.49(

UV1C( 6.78( 0.71(
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greater than 0.8 for the single stranded and double stranded controls.  This would 

suggest that dimerization equilibrium in the presence of UV1C is almost 10 % more 

favourable for repair than formation.  When observing the repair of dimers, from LDP to 

LMP, the fraction monomer was calculated to be 0.47 for single stranded, 0.41 for 

double stranded, and 0.60 for UV1C.  These trends agree with the results of LMP to 

LDP, but are even more pronounced at more than 10 % favouring monomer for the 

UV1C reaction.  Though more data acquisition is required to confirm this significance, 

the above results suggest that UV1C-catalyzed reactions favour dimer repair over dimer 

formation. 

3.4. Discussion 

3.4.1. UV1C is able to repair cyclobutane thymine dimers in a an 
authentically single-stranded DNA substrate. 

With the TDP substrate being essentially an “unnatural” substrate, lacking a 

phosphodiester linkage between the dimer forming thymine bases, a completely intact 

single stranded DNA substrate was produced containing a phosphodiester intra-dimer 

linkage.  The well known T4 endonuclease V recognition and cleavage of thymine 

dimers was used to assay the level of repair produced by UV1C.  Results indicate that 

UV1C can indeed repair thymine dimer mutations in a single stranded “natural” 

substrate.  The enhanced rate of repair was particularly notable at wavelengths >300 

nm, with rate enhancement of 20-70-fold over the single stranded and double stranded 

controls. 

There was a significant difference between the relative UV1C-catalyzed repair 

rates of the TDP and LDP substrates.  Based on kobs values, UV1C repaired TDP 4- and 

45-fold faster than LDP, at 280 nm and 305 nm, respectively.  This difference may 

conceivably be attributed by steric and/or charge repulsive effects of introducing a 

phosphate linked phosphodiester at the mutation site in LDP. 
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3.4.2. UV1C enhances rate of dimer repair, not formation. 

Using the method of initial rates, it was possible to determine rate constants for 

dimer repair (k1) and dimer formation (k2) at 305 nm.  The results showed that UV1C 

does not catalyze formation of thymine dimers when compared to single stranded and 

double stranded conditions as the k2 values were all on the order of 10-3 min-1 with only 

slight enhancement of 1.2 and 1.5 times.  The significance of the small level of 

enhancement observed still needs to be confirmed with more data acquisition. 

The photostationary reaction endpoints were determined for the level of thymine 

dimer formation under irradiation wavelength of 280 nm.  The photostationary state was 

shown to favour the repair (rather than formation) of dimers in the presence of UV1C.  

As listed in Table 3.3, UV1C photostationary states were 0.71 and 0.60 in terms of 

fraction monomer when observing reactions of dimer formation and repair respectively.  

These values ranged from 10 % to almost 20 % higher in favour of monomer when 

comparing to single strand and double strand conditions.   

The conclusions made here must be thoroughly scrutinized as the assay for 

observing dimer formation can be misleading in terms of the form in which the data is 

presented.  In this study, I use the cyclobutane thymine dimer specific pyrimidine dimer 

glycosylase (PDG) enzyme which recognizes, strictly, cyclobutane pyrimidine dimers.  

Therefore, only the LDP dimer is accurately monitored.  The LMP, a term used to 

describe the monomeric form of the substrate oligonucleotide, is misrepresented.  

Without definitively identifying that the LMP presented here contains only monomeric 

DNA, and not other photoproducts or byproducts, the conclusions drawn must be 

regarded with this in mind.   

Nevertheless, these results collectively suggest that UV1C can catalyze 

enhanced repair of thymine dimers in a completely intact substrate at 280 nm and 305 

nm wavelengths.  The level of dimerization achieved is shown to be affected by the 

proximal positioning of a G-quadruplex in favour of monomer formation in a single 

stranded DNA at wavelengths of 280 nm. 

With the compelling data presented in this chapter there is substantial support 

suggesting that the level of dimerization achieved in DNA is influenced by a G-
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quadruplex structure positioned near the dipyrimidines that can potentially form dimers.  

The UV1C DNAzyme appears to shift the photostationary state of dimer formation 

towards monomer.  To make a conclusive determinate, more data is required at longer 

time points to reach a more accurate quantitative answer. 
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4. Towards light-driven polycatalytic assemblies 

4.1. Introduction 

Developing nucleic acid based drug delivery systems and in vivo therapeutic 

molecules are areas of significant research.  Intelligently designed logic gates and 

aptamer-like molecules have demonstrated the level of controllability that nucleic acid 

materials provide for autonomous systems (Kolpashchikov & Stojanovic, 2005; 

Stojanovic & Stefanovic, 2003; Stojanovic, Mitchell, & Stefanovic, 2002).  With the recent 

advances and successful application of nucleic acid drug delivery systems, including 

direct transfection, nanoparticles transmission, and protein-nucleic acid transmission, the 

potential and demand for developing nucleic acid therapeutic agents is boundless. 

The UV1C DNAzyme has been the focus of our exploration with regards to its 

mechanism of repair of CPD thymine dimers and its ability to repair these lesions in 

single stranded natural DNA substrates (D. J.-F. Chinnapen & Sen, 2004, 2007; Sekhon 

& Sen, 2009).  Being the first ever photocatalytic nucleic acid discovered, its applications 

as a light-activated therapeutic agent or drug delivery system is of great interest to the 

field of biomedical research.  A means for exploring its applicability for such uses 

involves characterization of its abilities to diffuse through complex matrices towards 

targets of predefined origins.  Polycatalytic (molecular spider) assemblies have been 

demonstrated as suitable models for deoxyribozymes to give rise to such outcomes.  

Phosphodiester cleaving assemblies composed of multipedal 8-17 DNAzymes, for 

instance, have been explored with profound success (Pei et al., 2006). 

Here we implement similar design strategies for the UV1C DNAzyme to develop 

and explore potentially light-driven polycatalytic assemblies in matrices made up of 

thymine dimer containing DNA substrates.  A preliminary design followed by in solution 

examination are attempted on sequence-modified and biotinylated UV1C DNAzymes.  
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Explorations on modified substrates for their ability to catalyze multiple turnover 

reactions are explored. 

4.2. Materials and Methods 

All DNA oligonucleotides were ordered from IDT and UCDNA core labs.  The 

DNAzymes with 3’ end modifications contained two consecutive tetra ethyleneglycol 

(TEG) linkers terminated with a biotin.  The spider dimer TDP substrates were 

synthesized as mentioned previously. 

Kinetic multiple turnover reactions were set up in a total volume of 100 μL.  Each 

reaction contained 50 nM enzyme, 40 mM Tris, pH 7.4, and a trace amount of 5’-32P-

labeled substrate.  Varying concentrations of NaCl, KCl, and substrate were added in 

amounts noted in the Results.  DNA mixtures were heated to 90 oC for 2 minutes and 

cooled to room temperature slowly.  Reactions were irradiated on a Fotodyne 

transilluminator equipped with 312 nm UV lamps.  Prior to irradiation, samples were 

placed in 96-well ELISA plates (Sarstedt) pre-coated with glycogen to reduce 

nonspecific binding of DNA to the wells.  The polystyrene ELISA plates filtered out UV 

light of > 300 nm wavelength.  During the course of irradiation, 5 μL aliquots were 

removed from the reaction mixture at given time points, and quenched with 15 μL of 

denaturing dye.  Samples were then separated by denaturing PAGE and visualized 

using Fuji phosphorous screen autoradiography.  The exposed screens were scanned 

on a Typhoon scanner. 

Quantification of data was completed as previously mentioned by densitometry 

using ImageQuant software. 

The initial velocities were measured for each given substrate concentration and 

plotted versus substrate concentration in order to determine the maximum velocity of the 

reactions as well as the Michaelis constant (Km) that describes enzyme affinity for the 

substrate.  These values were obtained using Graphpad Prism software according the 

equation: 
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𝑌 = 𝑉𝑚𝑎𝑥 [!]
!"![!]

  Equation 4.1 

 

4.3. Results 

Figure 4.1 illustrates the wildtype (WT) UV1C DNAzyme modified with triethylene 

glycol (TEG) linkers, which terminate at a biotin tag at the 3’ terminus.  The biotin was 

required to attach the DNAzyme (legs) to the streptavidin (body) of the spider to create 

the multipedal assemblies.  Originally, the 5’ end of the DNAzyme sequence was 

mutated from GGA to CTC in addition to extending the 5’ end by 6 or 10 bases in order 

to complement the 3’ end sequence of the Spider TDP.  These modified enzymes 

resulted in very little activity (data not shown), and so a new approach was attempted.  It 

seemed as though extending the 5’ and 3’ ends of the original UV1C DNAzyme affected 

activity significantly.  Therefore, the 5’ end of the enzyme was kept constant to the WT 

UV1C, as the modification did not provide additional improvement.  The 3’ end was 

shortened by 4 and 7 bases, respectively, to produce the biotin-UV1C-4 and biotin-

UV1C-7 DNAzymes. 

 

 
Figure 4.1 – Modified UV1C spider DNAzyme and Spider substrate.  DNAzyme is 

represented by black sequence and substrate in blue.  Additional TDP 
sequence for future immobilization of substrate onto origami chips is 
underlined in green. 

Figure 4.2 shows the multiple turnover kinetic profiles for the biotinylated UV1C 

in the presence and absence of streptavidin.  Also shown are the WT UV1C and a 
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negative control DNA.  Thymine dimer repair is monitored within the spider TDP 

substrate.  Under standard monovalent cation conditions (200mM NaCl), the turnover 

values of the WT-UV1C are negatively affected in comparison to previously reported 

values (D. J. F. Chinnapen & D Sen, 2005).  The Km value is approximately 3.6 µM 

compared to 0.5 µM, a difference of almost an order of magnitude.  This means that the 

DNAzyme has suffered a loss of affinity for the redesigned spider TDP.  The kcat values 

are also lower, with a decrease from 4.5 min-1 to 1.5 min-1.  The values for the 

biotinylated WT UV1C with and without streptavidin had approximately 10-fold lower kcat 

values than the WT-UV1C.  The Km values of 1.2 µM (without streptavidin) and 4.0 µM 

(with streptavidin) for biotinylated WT UV1C were similar to those for the unmodified WT 

UV1C.  These results suggest that modification of the 3’ end of the WT UV1C with a 

biotin tag does not affect its affinity for the substrate significantly, but does considerably 

reduce the rate of thymine dimer repair.  Also, the additional sequence added to the 3’ 

end of the TDP substrate reduces catalytic rate and affinity for the substrate of the 

UV1C. 
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Figure 4.2 – Michaelis menten kinetic curves for wildtype and modified enzymes. 

In order to increase the rate of thymine dimer repair and increase enzyme 

substrate affinity, the monovalent ion concentrations of 1 M NaCl and 5 mM KCl were 

supplemented per solution.  The hypothesis was that quadruplex formation would be 

further stabilized, along with tighter enzyme-to-substrate complexation. 

Figure 4.3 summarizes the kinetic results obtained.  The biotin-UV1C-4 

DNAzyme provided slightly improved kcat and km values of 0.5 min-1 and 1.8 µM, 

respectively.  The biotin-UV1C-7 had the most significant impact on the Km by reducing 

it to greater than 16 μM.  Deleting the 3’ end sequence of the UV1C, not believed to be 
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involved in UV1C folding or substrate recognition, actually reduced affinity for the 

substrate.  

 
Figure 4.3 – Michaelis menten kinetic curves for wildtype and modified UV1C spider 

DNAzymes. 

Compared to lower ionic strength conditions (Figure 4.2), in higher ionic strength 

(Figure 4.3) the WT-UV1C had a kcat value lower by approximately an order of 

magnitude.  This may be a result of stabilization of inactive enzyme-substrate 

complexes, due to the additional sequences to the substrate potentially inducing non-

specific interactions. 
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4.4. Discussion 

Light driven therapeutics is a very important field; as such systems can be 

utilized to provide non-invasive options for drug delivery or gene regulation.  As control 

over such methods is best conducted at the DNA level, due to its cellular stability and 

high permeability, light activatable DNA messengers may be ideal tools to accomplish 

such tasks. 

Our results indicate that the ideal DNAzyme to apply to polycatalytic assemblies 

for the repair of the spider TDP substrate is the biotin-UV1C-4.  Our ability to predict 

over the effect of modifying the 5’ and 3’ ends of the UV1C is difficult, to say the least.  

Under higher Na+, the rate of thymine dimer repair by the WT-UV1C was considerably 

reduced.  This may suggest an effect of the added sequence of the Spider TDP 

substrate.  Immobilization of the substrate to the matrix of the origami chip (rather than 

free in solution) could potentially be advantageous, as the extended sequence of the 

substrate would be occupied through base-pairing, thus absorbing the non-specific 

effects.   

As this chapter highlights some of the preliminary work involved in the design of 

light-driven polycatalytic assemblies, the true test of the complexes explored will come 

once they have been applied to solid surface immobilized matrices.  This project was 

carried out in collaboration between three groups, the Sen group from Simon Fraser 

University, the Stojanovic group from Columbia University, and the Hao group from 

Arizona State University (ASU).  Assembly of the Spiders is set to be completed in 

Columbia while the origami surfaces and monitoring of spider diffusion will be done at 

ASU.  Results from these areas will most certainly provide the greatest insight as to 

whether additional modifications are required to produce the most effective nucleic acid 

based light-activated drug delivery or therapeutic agents. 
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5. 8-17 phosphorothioate Cross-linking 

This chapter is largely based on the publication: Sekhon, G. S., & Sen, D. 
(2010). A stereochemical glimpse of the active site of the 8-17 
deoxyribozyme from iodine-mediated cross-links formed with the 
substrate’s scissile site. Biochemistry, 49 (42), 9072-7. 

5.1. Introduction 

An interesting approach for identifying nucleobases that participate in forming the 

active site of a ribozyme or deoxyribozyme (DNAzyme) is the generation of contact 

cross-links between the site of catalysis within the substrate and its most proximal sites 

within the ribozyme or DNAzyme.  Contact cross-linking is most commonly achieved by 

photochemical linkage of thio- and halo-substituted nucleobases with other nucleobases 

(reviewed in (Favre, Saintome, Fourrey, Clivio, & Laugaa, 1998)).  For instance, such an 

approach has been used with success for probing the enzyme-substrate complex of the 

8-17 DNAzyme (Y. Liu & Sen, 2008, 2010), a small and efficient enzyme for sequence-

specific RNA cleavage (reviewed in (Schlosser & Li, 2010)).  
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Figure 5.1 – 8-17 DNAzyme (lower sequence) bound to substrate (top sequence).  

Hashes and dots represent canonical and non-canonical Watson crick 
hydrogen bonding.  An arrow identifies substrate cut site. 

Recently, we described a different approach for generating contact cross-links, 

where the initiating moiety is not a nucleobase but a thio-substituted phosphodiester 

from the DNA/RNA sugar-phosphate backbone (Sekhon & Sen, 2009).  

Methodologically, this involves the non-photochemical treatment of a folded DNA/RNA 

complex, which incorporates a single phosphorothioate, with ethanolic iodine.  This is a 

variant of a procedure which, originally described by Eckstein (Gish & Eckstein, 1988), is 

used for the chemical cleavage of nucleic acids and as a component of sophisticated 

procedures for studying RNA structure-function (Cochran & Strobel, 2004). 

We found, however, that several cross-linked species were formed when iodine 

was used on a phosphorothioate-incorporating enzyme-substrate complex of a 

photolyase deoxyribozyme, UV1C (Sekhon & Sen, 2009).  Mapping of the loci of such 

iodine-mediated phosphorothioate cross- linking (“IMPC”) helped to define the active site 

as well as aspects of the folding topology of UV1C (the IMPC data obtained were 

consistent with our earlier photo-cross-linking data on the same system, which had used 

a well-established methodology (Chinnapen & Sen, 2004; Sekhon & Sen, 2009).  The 

expected chemistry for IMPC is that the sulfenyl iodide intermediate (containing a P-S-I 

linkage) is attacked by proximal nucleophiles from DNA nucleobases to generate 

covalent cross-links.  Given that most naturally occurring ribozymes, as well as 

numerous in vitro selected ribozymes and DNAzymes, catalyze condensation/ 

hydrolysis/transesterification reactions of phosphodiesters, such a cross-linking 
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approach should prove especially valuable for identifying ribozyme/DNAzyme residues 

in the immediate environment of an RNA substrate’s reaction site. 

One aspect of the chemical structure of DNA/RNA phosphorothioates not 

explored in our initial study with UV1C is that the phosphorothioate centers are, in fact, 

chiral.  In this study, we wished to use IMPC to more richly define the active site of a 

small, RNA-cleaving, DNAzyme, the 8-17 (Figure 5.1).  Because our initial study did not 

take advantage of the chirality of phosphorothioates, we wished in particular to obtain a 

sterically resolved view of the 8-17 active site. 

In the work reported herein, we seek to use IMPC to define further the 8-17 

active site.  We find that the resolved substrate diastereomers cross-link in a 

distinguishable fashion to the bound DNAzyme.  We are thus able to obtain an unusual, 

stereochemical view of this DNAzyme’s active site. 

5.2. Materials and Methods 

5.2.1. Oligonucleotides and enzymes.  

DNA oligonucleotides were purchased from University of Calgary Core DNA 

Services and were gel purified prior to use. Phosphodiesterase I from Crotalus 

adamanteus was obtained from Worthington Biochemicals Corp.; nuclease P1 from 

Penicillium citrinum was from Sigma-Aldrich and from US Biological; calf intestinal 

alkaline phosphatase was from Roche and T4 polynucleotide kinase from Invitrogen.  

Terminal transferase was from New England Biolabs. Radionucleotides [γ-32P] ATP and 

[γ-32P] cordycepin were obtained from Perkin-Elmer.  All end-labeling reactions were 

carried out according to the manufacturer’s protocols unless otherwise specified. 

5.2.2.  Reverse-Phase HPLC Purification.  

Diastereomers of phosphorothioate- incorporated oligonucleotides were 

separated using reverse-phase HPLC on a Vydac 218TP54 C18 protein and peptide 

column. The Waters 600 controller contained a U6K manual injector system connected 

to an Applied Biosystems 759A UV absorbance detector. Solvent A was composed of 5 
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% CH3CN and 50 mM TEAA, pH 7.4, and solvent B was composed of 30 % CH3CN and 

50 mM TEAA, pH 7.4.  All buffers were filtered and degassed prior to use.  For 

purification of the Rp and Sp diastereomers of the SrPs substrate (which contains a 

ribose sugar at the cleavage site) as well as of the SdPs substrate (which contains a 

deoxyribose sugar at the cleavage site), a linear gradient method was used at 85 % A: 

15 % B at time = 0 min to 65 % A: 35 % B at time = 30 min.  Purification of the SmetPs 

substrate (containing a 2’-O-methyl sugar at the cleavage site) diastereomers was 

achieved with a linear gradient of 80 % A: 20 % B at time = 0 min to 65 % A: 35 % B at 

time = 30 min.  Flow rates were 1 mL/min, sparging of all solvents was set to 30 mL/min 

helium, and temperature was kept constant at 25 oC. The two collected peaks (peak 1 

and peak 2) were lyophilized to dryness, dissolved in 25 mL of TE buffer (10 mM Tris, 

pH 7.4, 0.1 mM EDTA), and subjected to a second round of purification using the same 

HPLC protocol given above for enrichment.  The oligonucleotide substrates and 

substrate analogues, SrPs, SmetPs, and SdPs (see Results for more detail) all showed 

similar chromatograph plots to each other, with minor variations in retention times. 

Results for the SrPs substrate are shown in Figure 5.2.  The typical substrate 

diastereomer peak separation was ∼2-3 min dependent on the substrate.  The 

repurification of the separated peaks was necessary as the peaks overlapped somewhat 

in the initial purification. The two-stage purification resulted in a high level of 

stereochemical purity (Supporting Information Figure 4.2) of the Rp and Sp substrates 

(for instance, 97 % purity for S- and R-SrPs, as determined by HPLC chromatograph 

analysis. The software Waters Empower 2002 was used to compute peak areas and to 

estimate levels of cross contamination). 

5.2.3. Characterization of substrate diastereomers 

 The assignment of absolute stereochemistry to the resolved diastereomers of all 

substrate and substrate analogues was achieved by an established method, which 

exploits the stereoselective enzymatic activities of venom phosphodiesterase I and 

nuclease P1 (Brown, Li, Pavot, & Lu, 2003; Bryant & Benkovic, 1979; H.-K. Kim et al., 

2007; Y. Liu & Sen, 2010).  Briefly, Rp phosphorothioate linkages are completely 

digested to mononucleotides by venom phosphodiesterase but are not digested by 

nuclease P1 (a dinucleotide linked by a phosphorothioate is left behind).  Conversely, Sp 

phosphorothioates are susceptible to complete digestion by nuclease P1 but not by 
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venom phosphodiesterase I.  HPLC-purified substrate diastereomers were treated with 

2.5 µg of nuclease P1 in 10 µL of 100mM Tris, pH 7.2, and 1 mM MgCl2 for 30 min at 37 
oC.  Separately, purified diastereomers were treated with 25 µg of venom 

phosphodiesterase I in 10 µL of 100 mM Tris, pH 8.0, and 2 mM MgCl2 for 30 min at 37 
oC.  Following digestion, all reactions were treated with 20 units of alkaline phosphatase 

in the dephosphorylation buffer (supplied by Roche, the manufacturer) for an additional 

30 min at 37 oC.  Nuclease P1 from US Biological was obtained as a powder lyophilized 

from a solution (30 mM NaOAc, pH 5.3, 5 mM ZnCl2, 50 mM NaCl); for this reason, the 

manufacturer-recommended digestion protocol was modified. The enzyme was 

reconstituted in 200 µL of ddH2O, from which 1 µL was added to the reaction.  Twenty 

microliter reactions in 10 mM NaOAc, pH 5.2 (final concentration), were allowed to react 

for 1 h at 50 oC. The alkaline phosphatase reaction that followed was buffered to pH 7.8 

with 20 mM (final concentration) Tris and allowed to react for 1 h at 37 oC. The 

mononucleosides and dinucleotides so generated were separated on a C18 column 

(column and system described above) with the following gradient protocol: 100 % 

solvent C (ddH2O) at time = 0 min to 80 % solvent C and 20 % solvent D (70 % CH3CN 

in ddH2O) at time = 30 min. The resulting chromatographs for all three substrates proved 

that peak 1 was the Rp diastereomer and peak 2 was the Sp diastereomer (shown in 

Figure 5.3). The mononucleoside retention times were confirmed with alkaline 

phosphatase-treated dNTP and NTP standards.  

5.2.4. Iodine-mediated phosphorothioate cross-linking.  

5’- and 3’-32P-end-labeling of DNA was carried out using polynucleotide kinase 

and terminal transferase, respectively, using protocols provided by the respective 

manufacturers. Cross-linking reactions were carried out in total reaction volumes of 12 

µL.  First, 1 mM (final reaction concentrations) each of E and phosphorothioate-

containing substrate analogue (including trace amounts of either 5’- or 3’-32P -labeled E) 

was heated, in 6 µL of TE buffer, to 94 oC for 30 s and allowed to cool to room 

temperature (21 oC). After 10 min, 2 µL of appropriate buffer stocks was added to give 

final salt and DNA concentrations.  After 1 min, 2 µL of I2 in EtOH was added to a final 

concentration of 30 µM. The iodine reaction proceeded for 1 min and was stopped with 

an equal volume of formamide-containing loading solution for denaturing gels. Following 



 

99 

heat denaturation at 100 oC, the DNA solutions were loaded onto denaturing 12 % 

polyacrylamide gels 

5.2.5. Hydroxyl radical footprinting.  

Hydroxyl radical-mediated footprinting was carried using the method of Tullius 

(Tullius & Greenbaum, 2005) by of Fenton reaction-generated hydroxyl radicals.  Gel-

purified samples of cross-linked or control DNAs were eluted into TE buffer, ethanol 

precipitated, and dissolved in 10 µL of TE.  Prior to initiating reactions, fresh reagent 

stocks of 1 mM (NH4)2Fe(SO4)2 H2O, 2 mM EDTA, pH 8.0, 10 mM ascorbate, 3 % H2O2, 

and 100 mM thiourea were prepared and kept on ice. One microliter drops of each 

prepared reagent (except thiourea) were placed on the inside edge of sample tubes. To 

initiate the Fenton reaction, all three drops were quickly mixed on the tube wall and 

pipet-mixed into the DNA solution. After 5 min, reactions were stopped with 1 µL of the 

thiourea reagent. Following lyophilization, the Fenton-cleaved products were dissolved in 

denaturing loading buffer, denatured at 100 oC, and run in 15 % denaturing 

polyacrylamide gels. Guanine-, cytosine-, and thymine-specific chemical sequencing 

ladders were generated using standard chemical modification techniques described 

previously. 

5.2.6.  Gel analysis.  

Phosphorimagery was carried out using Fuji phosphor screens, which were 

scanned in a Molecular Dynamics Typhoon 9410 variable mode imager. Quantitative 

analysis was carried out using the NIH ImageJ software. 

5.3. Results 

Figure 5.1 shows the nucleotide sequences of the substrate (and substrate 

analogues) and the version of the 8−17 deoxyribozyme used in this study. The arrow 

indicates the scissile site. The term “E” refers to the unmodified 8−17 DNAzyme, as 

shown in Figure 5.1.  Substrate (“S”) analogues incorporating single phosphorothioate 

residues at the scissile site are referred to respectively as SdPs and SmetPs (in SdPs, 

the sugar of the A18 nucleotide is a deoxyribose; in SmetPs, it is 2′-methoxyribose). 
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Resolved diastereomers of SdPs (or SmetPs) are referred to as Rp and Sp, respectively, 

in reference to the chirality of their phosphorothioate moieties, while M refers to the 

unresolved, racemic, mixture of the two. 

5.3.1. Substrate purification and identification 

The 18-nucleotide phosphorothioate substrates were separated by RP-HPLC 

(Figure 5.2).  To ensure greater purity, collected fractions were subject to a second 

round of purification for enrichment. 

 

 
Figure 5.2  – Reverse phase HPLC purification of phosphorothioate diastereomers 

contained within 8-17 substrate. 

The Rp and Sp separated DNA was subjected to snake venom 

phosphodiesterase and nuclease P1 digestion in order to identify stereochemical 

isomers purified (Figure 5.3). 
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Figure 5.3 – Identification of Rp and Sp diastereomers by nuclease digestion. 
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5.3.2. Crossl-link mapping 

Figure 5.4A shows that iodine treatment of the E DNAzyme complexed with 

either SdPs or SmetPs generates cross-linked products (slow-moving species, relative 

to the un-cross-linked enzyme). We showed them to be intermolecularly cross-linked 

species, containing both DNAzyme and substrate, by cross-labeling experiments, in 

which radiolabeled DNAzyme complexed with unlabeled substrate, and vice versa, gives 

rise to the same cross-linked product bands (data not shown). 
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Figure 5.4 – The products from iodine-mediated phosphorothioate cross-linking (IMPC) 

experiments using, separately, the substrate analogues SmetPs and 
SdPs. A) In each case, the substrate is racemic (M) or a purified 
diastereomer (Rp or Sp). X1a, X1b, and X2 show cross-linked 
DNAzyme−substrate products. B) The yield of X1 (the sum of X1a and 
X1b) plotted as a percentage of the total yield of cross-linked products 
(X1 + X2). The data shown refer to the sets of experiments in which the 
DNAzyme is 5′-labeled. Error bars report the range between the two 
independent sets of data. 
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Figure 5.4A highlights the different cross-linked products generated from 5′- and, 

separately, 3′-radiolabeled E complexed, in the presence of 10 µM Na+ and 10 µM Mg2+, 

with (a) the racemic mixture (“M”) of substrates SdPs and SmetPs and (b) to the Rp and 

the Sp versions of these two substrates (none of the substrates is radiolabeled in these 

experiments).  Inspection of the SmetPs/M lane (where the enzyme is labeled on its 5′-

end, extreme left) shows three major cross-linking products, designated X1a, X1b, and 

X2, respectively.  Comparison of products from the corresponding lanes that feature the 

5′- and the 3′-labeled enzyme permits the assignment of individual cross-linked products 

in the two lanes. Thus, while the X1a and X1b products move faster than X2 with a 5′ 

end-label on the enzyme, they move slower than X2 with a 3′ end-label on the enzyme. 

An interesting observation is that within a set of three lanes (such as from 5′-labeled 

enzyme cross-linked to racemic and resolved SmetPs) the X1b product of SmetPs-M 

migrates comparably to the faster product of SmetPs-Rp, and the X1a product of 

SmetPs-M migrates comparably to the faster product of SmetPs-Sp.  A reasonable 

hypothesis then is that the X1a and X1b cross-linked products share a linkage and are 

only stereochemically distinct from each other. Analogous support for this hypothesis is 

offered also by the cross-linked products generated from the 3′-end-labeled SmetPs.  By 

contrast, the X2 species from the Rp substrate runs comparably to the X2 species from 

the Sp substrate (as well as from the racemic substrate mixture, M). 

With regard to cross-linked products formed from the 5′-end-labeled SdPs 

substrate, the X1a and X1b products are not so well separated from each other, 

although they continue to run distinctly from the X2 product. Figure 5.4B tabulates data 

from two independent cross-linking experiments. Although the absolute yields of cross-

linked products is small in any given experiment, the ratios of the different cross-linked 

products are found to be highly reproducible. The ratios of the different cross-linked 

products formed from both E-SdPs and E-SmetPs complexes (each comprised of 5′-32P-

labeled E complexed with the unlabeled substrate) highlight two observations: (a) The 

cross-link yields for X1a plus X1b (plotted in Figure 5.4B as “X1”) are reproducibly higher 

than for X2 [i.e., X1/(X1 + X2) > 50 %], regardless of the identity or the stereochemistry 

of the substrate. This is highly suggestive of the DNAzyme nucleophile responsible for 

X1a/b occupying a more proximal location for attack on the substrate’s sulfenyl iodide 

than the nucleophile responsible for X2. (b) The notably, and reproducibly, higher X1/(X1 
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+ X2) values seen with the Sp substrate, relative to the Rp substrate, are consistent with 

the nucleophile responsible for X1a/b occupying a more asymmetric location (compared 

to the location of the X2 nucleophile) in relation to the substrate phosphorothioate. 

 
Figure 5.5 – Hydroxyl radical footprinting of unlabeled SmetPs complexed with 5′-32P-

labeled E and then subjected to either cross-linking or not.  Densitometry 
plots are shown on the left, referring only to the data in the M lanes. The 
arrows identify discontinuities in the hydroxide radical generated ladders, 
indicating sites of cross-linking. 

To map the precise sites of cross-linking within the DNAzyme, hydroxyl radical-

mediated footprinting of the cross-linked complexes was carried out.  This is a variant of 

a standard methodology used to identify the location of a cross-link within a given end-

labeled DNA or RNA, and it does not require either the chemical identification or reversal 
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of the cross-link itself.  In a typical case, we generate a cross-linked species using 5′-

radiolabeled E bound to nonradiolabeled S.  Fenton reaction-generated hydroxyl radicals 

in situ can then be used to generate strand breaks in the ensemble of cross-linked 

molecules, such that any individual cross-linked molecule receives either zero or one 

strand break within it (Sontheimer, 1994).  Analysis by denaturing gel electrophoresis 

then shows a continuous nucleotide ladder that stretches from the 5′-end of E to the site 

of cross-linking (at which point there is an abrupt interruption in the ladder, owing to the 

much higher molecular weight of the next smallest cleaved species, which now includes 

the cross-linking site itself as well as one or more unbroken arm of E and S).  Likewise, 

3′ radiolabeling of E, within the same E−S cross-linked species, generates a ladder 

stretching from the 3′-end of E to the precise point of cross-linking.  It is possible to use 

the Fenton reaction to identify unambiguously the site of cross-linking (in relation to a 

Maxam−Gilbert sequence ladder).  In both the Fenton and Maxam−Gilbert lanes, a band 

representing a nucleotide at position X (say, relative to the 5′-end) will contain DNA 

inclusive of the nucleotide X + 1, as well as the phosphate residue that had linked X to 

X+1. 
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Figure 5.6 – Hydroxyl radical footprinting of unlabeled SmetPs complexed with 3′-32P-

labeled E and then subjected to either cross-linking or not.  Densitometry 
plots are shown on the left, referring only to the data in the M lanes. The 
arrows identify discontinuities in the hydroxide radical generated ladders, 
indicating sites of cross-linking. 

Figures 5.5 and 5.6 show footprinting results from the cross-linked products of 5′- 

and 3′-end-labeled E (complexed, in turn, to the M, Sp, and Rp versions of SmetPs).  In 

confirmation of the above hypothesis that X1a and X1b are stereoisomers, they both 

map to the same DNAzyme nucleobase, C13 in the bulge loop (see Figure 5.1).  It was 

not possible to separate the X1a and X1b products of the M substrate from each other; 

they are therefore footprinted within a single lane.  However, comparison of 

densitometric plots (shown to the left of the gels in Figure 5.5 and 5.6) from footprinting 

of [X1a + X1b]-M (shown in blue) relative to [un-cross-linked DNAzyme]-M (shown in 
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black) reveals (a) that the precise site of cross-linking is C13 (although, from Figure 5.6, 

there is some indication that A12, too, may be a participant) and (b) that there are no 

additional intensity maxima and minima in the X1a and X1b footprints; in other words, 

there is unlikely to be a second cross-linking site buried in the data. Similarly, the X2 

product clearly identifies C3 of the DNAzyme as its cross-linking site (confirmed by the 

red densitometric plot in Figure 5.5 and 5.6).  Figure 5.7 shows that cross-link site 

mapping of E linked to the SdPs substrate maps identical cross-linking sites as those 

seen with the SmetPs substrate. 



 

109 

 
Figure 5.7 – Hydroxyl radical footprinting of unlabeled SdPs complexed with 5′-32P-

labeled E and then subjected to either cross-linking or not. The arrows 
identify discontinuities in the hydroxide radical generated ladders, 
indicating sites of cross-linking. 

In addition to the results published above (Sekhon & Sen, 2010), the nature of 

cross-linking in all RNA substrate of 8-17 was explored.  To explore the specificity of 

phosphorothioate cross-linking within an all RNA substrate, an all RNA substrate was 

made with single 2’Omethyl phosphorothioate modifications at 3 positions within the 
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substrate.  A 2’Omethyl-3’-phosphorothioate guanosine and 2’Omethyl-3’-

phosphorothioate adenosine at positions 1.1 and 18.  These analogues were substituted 

within sites of the substrate that corresponded to the cleavage site and one position to 

the 3’ of the cleavage site.  An additional substrate was made with a 2’Omethyl-

guanosine 3’-phosphorothioate at position 17.5.  This modification was made to explore 

the specificity of cross-link formation within a double stranded region of DNA.   
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Figure 5.8 – All RNA substrate with single 2’-Omethyl phosphorothioate modifications 

cross-linking with 8-17 DNAzyme.  Substrates are 5’-radiolabeled.  Panel 
on the right shows the denaturing PAGE result following cross-linking to 
illustrate that only the base positions at the cut site form cross-links with 
the enzyme. 

Cross-linking results, shown in Figure 5.8, indicate cross-links do form within an 

all RNA substrate.  Additionally, strong cross-linking is observed at and adjacent to the 

scissile site.  No cross-links are seen within the double stranded portion of DNA.  These 

results demonstrate that IMPC is particularly selective for nucleobase positioning near 

the phosphate backbone and provides no signal from non-specific cross-linking.  Thus 
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based on these results, it could be suggested that IMPC be applied as a gross structure 

probing technique for mapping structure interactions within complex tertiary structures, in 

DNA or RNA. 

Additional analysis was done to determine the yield of cross-link obtained within 

a non-nucleophilic buffer.  HEPES buffer was used as an alternative to Tris, containing 

no primary amines that could compete for attack on the activated phosphorothioate 

intermediate.  Figure 5.9 illustrates a considerable increase in the yield of cross-link 

formation when HEPES is substituted for Tris.  Additionally, in the absence of Mg2+ there 

is no additional non-specific cross-link formation detected under conditions that would 

promote DNA:DNA cross-links. 
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Figure 5.9 – Cross-link yields in presence of non-nucleophilic HEPES buffer.  The 

enzyme is 5’-radiolabeled and cross-linking to unlabeled SdPs substrate. 

5.4. Discussion 

To summarize the above cross-linking data: we have found that the C13 base 

makes the X1a,b cross-links, whereas the C3 base on the DNAzyme makes the X2 

cross-link.  The formation of cross-links between the DNAzyme’s C3 and C13 residues 

with the substrate’s scissile phosphorothioate as well as the differential cross-linking of 

the C13 residue with the Rp and the Sp diastereomers of the substrate (a) offers a 

stereochemical glimpse of the 8−17 active site and (b) identifies a previously unheralded 

cytosine, C3, as a likely player in the 8−17 catalytic mechanism. Figure 5.10 

conceptualizes the relative positioning of the C13 and C3 residues in relation to the 

substrate’s scissile site.  Our data show that C13 cross-links more heavily with the Sp 
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sulfur and is likely to be located closer to it than to the Rp sulfur.  From the present data 

it is not possible to locate the C3 residue with confidence in relation to the 

phosphorothioate residue.  However, the C3 residue is clearly proximal to the 

phosphorothioate, given the ready formation of the X2 cross-link. 

A rate−pH profile measurement for the 8−17 DNAzyme has shown that it has a 

functionally linked pKa around neutral pH (Bonaccio, Credali, & Peracchi, 2004); this is 

consistent with (although it does not prove) the existence of a nucleobase with 

acid−base properties relevant to the cleavage mechanism. A similar property has also 

been reported for the HDV ribozyme, whose C75 nucleobase has been shown to act as 

a cleavage-relevant general acid (Ferré-D’Amaré et al., 1998; Nakano, 2000). 
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Figure 5.10 – A model illustrating the postulated position of the C13 DNAzyme base in 

relation to the scissile phosphorothioate. The Sp diastereomer of the 
substrate is shown. The G11-C3 base pair is portrayed as a wobble to 
show a putatively protonated C3. The C3 base is shown to be proximal to 
the phosphorothioate; however, its exact location remains undefined. 

The identification of C3 as a major cross-linking partner for the scissile site offers 

the possibility that this nucleobase acts as a general acid−base in the 8−17 catalytic 

reaction.  Earlier mutagenesis studies had found that mutating the C3-G11 base pair to a 

G3-C11 base pair decreases cleavage activity 2−5-fold, while mutating it to A3-T11 or to 

T3-A11 reduces activity by 1 and 2 orders of magnitude, respectively (Peracchi et al., 

2005).  It is plausible then to hypothesize that Watson−Crick stabilization of the 3 bp 

minihelix within the 8−17 catalytic core might not be the only role for the C3-G11 pair 

and that C3 may be protonated/deprotonated in the course of the 8−17's catalytic cycle. 

The mutational data, above, are consonant with such an acid−base role of C3; the C-G 
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to A-T mutation lowers cleavage activity by an order of magnitude, consistent with the 

intrinsic pKa difference between cytosine and adenine (Peracchi et al., 2005).  Mutation 

of the C-G to a G-C pair could preserve the acid−base role of the cytosine, except make 

it less effective by virtue of being shifted away from its optimal positioning. 

Our earlier study using photo-cross-linking had shown that the C13 base did 

cross-link in the region of the scissile site in the substrate (Y. Liu & Sen, 2008).  C13 is 

an invariant residue (Peracchi et al., 2005), critically required for the catalytic activity of 

the 8−17 DNAzyme.  A quite different study also found a distinctive chemical and 

electronic behavior of C13.  Leung and Sen studied the pattern of charge (electron hole) 

migration through the folded 8−17 DNAzyme−substrate complex and identified C13 as 

having both a high solvent accessibility and a nontypical electronic environment relative 

to other cytosines within the DNAzyme−substrate complex (Leung & Sen, 2007).  Thus, 

for instance, its radical cation reacted at a high level with water to give undefined 

oxidized cytosine species, which were susceptible to hydrolysis upon treatment with 

aqueous base (intrahelical cytosines in DNA typically do not show this property). The 

IMPC data presented here corroborate those earlier findings that C13 is located in a 

unique structural/electronic arrangement within the folded DNAzyme−substrate complex. 

Further studies will undoubtedly shed light on the detailed roles played by the C3 and 

C13 nucleobases within this interesting catalytic system.  

In conclusion, I anticipate that the IMPC methodology should be broadly 

applicable to the study of the tertiary folding of DNAs as well as RNAs and also find 

valuable use in the study of complexes formed by RNAs and DNAs with proteins and 

other ligands. 
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6. A General Application for IMPC of RNA 

6.1. Moving towards a general structure probing method. 

We have applied IMPC as a structure probing tool for catalytic DNA enzymes, 

specifically as a general structure-determining tool for the UV1C DNAzyme.  Its 

specialized application is for identifying base positionings proximal to the phosphodiester 

backbone at the cleavage site.  Notwithstanding, there is a huge potential for the general 

use of IMPC as a global structure-probing tool applicable to all types of nucleic acids, 

including DNA and RNA aptamers.  As the previous results demonstrated the specificity 

obtained when the phosphorothioate modification was localized to other positions within 

the all RNA 8-17 substrate, IMPC could be applied as a general structure-probing tool.  

The true limitations for this particular application of general RNA tertiary structure 

probing and mapping lie in the susceptibility of the iodine activated phosphorothioate 

intermediate to deactivation by the adjacent 2’-OH of the ribose sugar.  Thus, generating 

phosphorothioate containing sequences using an enzymatic approach would render the 

method unusable.  As transcription proceeds via incorporation of NTP precursors in a 5’ 

to 3’ direction, it would be impossible to generate phosphorothioate diester linkages with 

a deactivated (2’-deoxy or 2’-Omethyl) ribose 5’ to the phosphorothioate.  The chemical 

synthesis incorporation of the deactivated sugar is readily achievable; however, using 

this approach only single site modifications can be explored at a time.  These limitations 

restrict IMPC as a technique from being applied to obtain large samplings of potential 

cross-links formed at each sequence position.  If such a thing were possible, IMPC could 

be applied as a high throughput procedure for gathering higher order folding and 

structural information of complex RNA structures.  

As cross-linking is evident when the 8-17 substrate is composed of all DNA 

bases (excepting, possibly, thymine), this suggests that the IMPC method can be 

applied for analogous studies with ribozymes.   
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6.2. Concluding remarks 

A biochemical approach has been applied for detecting contacts made within 

nucleic acid molecules.  The discovery the IMPC method was rather unintentional, but 

the data generated has brought to light some important characteristics of two very 

important DNAzymes selected through in vitro selection. 

First the UV1C thymine dimer photo-reactivating DNAzyme structure is explored.  

Prior to this study, the details of the G-quadruplex structure, and its interactions with the 

substrate were not well understood.  IMPC allowed us to suggest a complete parallel 

topology of the G-quadruplex.  A second substrate-binding arm was also discovered 

using mutational analysis.  These findings can assist in applying the UV1C DNAzyme as 

a tool for scientists in the fields of nanotechnology and biomedical research. 

Completely intact single stranded DNAs with and without thymine dimers were 

used as substrates to determine if UV1C can repair a “natural” substrate.  In addition to 

repair, its ability to catalyze the formation of dimers was also tested.  The forward and 

reverse rate constants for the reversible thymine dimer repair reaction were determined 

at 305 nm.  Results concluded that UV1C can repair a completely intact DNA substrate 

containing cyclobutane thymine dimers.  There was no indication that UV1C facilitates 

the formation of dimers.  The photostationary states of dimerization were determined at 

280 nm wavelength irradiations to observe the impact of UV1C on the level of 

dimerization compared to single stranded and double stranded DNA.  Preliminary results 

suggest that UV1C shifts the equilibrium in favour of repaired dimer (monomer), though 

more data is needed to substantiate these claims. 

The true application of IMPC was brought to light with its application of exploring 

the 8-17 DNAzyme’s nucleobase contacts made at the site of cleavage.  As no crystal 

structures have been determined for the 8-17, only base-to-base contact studies had 

provided the most detailed image of the DNAzyme’s catalytic core.  IMPC allowed us to 

identify the C3 nucleobase, contained within a three base pair stem of the DNAzyme, as 

it produced strong cross-links with the scissile phosphate.  This new information was 

used to suggest the C3’s involvement in catalysis.  Furthermore, cross-linking of an 

indispensible C13 base was also observed.  As I was able to separate and apply the Rp 
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and Sp diastereomers to IMPC, a stereochemical model was developed illustrating the 

positioning of the C3 and C13 bases near the scissile phosphate.  

Future applications of IMPC can also be suggested not only applicable to RNA 

cleaving nucleic acids, but more in tune of a general structure mapping tool to explore 

the contacts made under varying folding conditions and exploring contacts governing 

tertiary folding. 
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