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ABSTRACT

The following studies have been focused on studying two catalytic DNA molecules, the
8-17 and bipartite deoxyribozymes; both of which cleave single-strand RNA molecules.
A new technique was developed to study the 8-17 by correlating photo-induced
oxidative damage to its structure and structure folding transitions. A detailed
mechanistic study was performed on the bipartite deoxyribozyme. Detailed structural
information of the bipartite deoxyribozyme was obtained by photo-induced crosslinking
and detailed mutation analyses.

The charge flow patterns within an intricately folded DNA complex, the 8-17 bound to a
DNA pseudosubstrate, incorporating three helical elements and two catalytically relevant
loops were extensively studied. The stacking preferences of the three constituent helices
were studied and provided evidence for significant transitions within the complex's
global geometry. The patterns further suggested varying levels of solvent exposure of
the complex's constituent parts, and revealed that a catalytically relevant cytosine within
the folded complex exists in an unusual structural/electronic environment.

The bipartite deoxyribozyme was found to have a mechanism of significant complexity.
A dissection of metal usage indicated the involvement of two catalytically relevant
magnesium ions for optimal activity. The deoxyribozyme was able to utilize
manganese(lI) as well as magnesium; however titration with hexaamminecobalt(III)
chloride inhibited the activity of the bipartite; this suggests that it is a metalloenzyme
that utilizes metal hydroXide as a general base. Overall, the bipartite deoxyribozyme
appeared to be kinetically distinct not only from the self-cleaving ribozymes but also
from other in vitro selected, RNA-cleaving deoxyribozymes.

The catalytic core of the bipartite deoxyribozyme was studied by mutagenesis and

photo-induced crosslinking. Mutation analyses of the catalytic core revealed that a stem
structure is important for the catalytic activity of the deoxyribozyme and that four bases
within both loop regions are possible candidates for the direct co-ordination with the
catalytically relevant divalent metal ions. Thio-modified nucleotides were substituted
throughout the bipartite bound to a DNA pseudosubstrate. The mapping of the
crosslinked species and the mutagenesis data suggested the catalytic core of the
bipartite folded in a way that positions a stem region of a hairpin close to active site of

the enzyme.
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1: CHAPTER ONE

General Introduction

1.1 Central Role of DNA

One of the most important discoveries in the history of biological science has

been the structure of the DNA double helix (Watson and Crick 2003). The

complementary base pairing of guanine to cytosine and adenine to thymine,

shown in figure 1-1, is the central bases of DNA replication, RNA transcription,

and protein translation. The base pairing characteristic of DNA enables one

strand of DNA to serve as a template for the synthesis of its complementary

strand during DNA replication or for the synthesis of RNA during transcription.

The complementary base pairs and their relative molecular stability are two

important reasons why DNA is an ideal molecule for the storage of heritable

genetic information for organisms. RNA is a similar molecule to DNA with the

difference being the utilization of uracil and a ribose sugar in RNA instead of

thymine and a deoxyribose sugar in DNA (Figure l-lB and 1-2).
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A

Figure 1-1 Watson-Crick base pairing. Each Watson-Crick base pair consists of a purine
hydrogen bonding with a pyrimidine. A) Adenine forms two hydrogen bonds with thymine. B) In
RNA, thymine is replaced by uracil and forms two hydrogen bonds with adenine. C) Guanine
forms three hydrogen bonds with cytosine. The strand polarity is indicated by a (+) or (-), which
represents the sugar phosphate backbone going into or coming out of the plane.

A

o
II

·O-p-O
I
O·

B

o
II

·O-p-O
I
O·

OH

Base

1'

Base

I'

OH

Figure 1-2 RNA nucleotide versus DNA nucleotide. A) The deoxyribose sugar in DNA has
two hydrogens at the C2' position. B) The ribose sugar of RNA has a hydroxyl group and a
hydrogen at the C2' position. The presence of the hydroxyl group causes the ribose sugar to
adopt a C3'-endo, C2'-exo sugar pucker while the deoxyribose sugar adopts a C2'-endo, C3'-exo
sugar pucker.
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1.2 Nucleic Acid Structures

1.2.1 Base pairing

The oxygen and nitrogen groups of each base act as hydrogen bond

donors or acceptors. Figure 1-3 illustrates the potential hydrogen bonding sites

of each base. Nucleosides and nucleotides provide more hydrogen bonding

opportunities through the 2'-hydroxyl of the ribose sugar and the phosphate

group. The bases not only hydrogen bond with only each other, but they can

also hydrogen bond with polar amino acid residues, hydrated metal ions, and

water molecules. Hydrogen bonds are one of the important chemical

interactions found in nucleic acid and nucleoprotein complexes.

Guanosine Cytidine

Figure 1-3 Hydrogen bonding sites of each base. The functional groups of each base can
act as a hydrogen bond donor (solid arrow pointing away from the base) or as a hydrogen bond
acceptor (open arrow pointing towards the base).
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Under physiological conditions, DNA is usually found in a double helix

stabilized by Watson-Crick hydrogen bonds and base stacking interactions. The

basic geometry of each Watson-Crick base pair is such that any sequence will not

distort the structure of the double helix. In this base-pairing scheme, guanine

forms three hydrogen bonds with cytosine and adenine forms two hydrogen

bonds with thymine in DNA or uracil in RNA (Figure 1-1).

Aside from the Watson-Crick base pairs, the bases can form many other

different types of base pairs. Figure 1-4 shows a sample of non-Watson-Crick

base pairs involving at least two hydrogen bonds. These base pairs can be

found in many different nucleic acid structures. For example, G-U base pairs are

found in the tRNAPhe (Kim, Suddath et al. 1974); G-U and A-C base pairs are

found in the RNA component of RNase P (Chen and Pace 1997); and G-U, A-G,

G-G, A-C, C-C, and U-U base pairs are found in ribosomal RNA (Gutell, Larsen et

al. 1993).

There are nucleic acid base pairings that involves more than two bases.

Base triplets can be found in tRNAPhe (Kim, Suddath et al. 1974), catalytic introns

(Michel and Westhof 1990), and DNA triplexes (Moser and Dervan 1987). There

is a unique base pair called a guanine quartet that involves the hoogsteen base

pairing of four guanines. Guanine quartets are known to form from various

guanine-rich DNA (Sen and Gilbert 1988; Williamson, Raghuraman et al. 1989)

and RNA (Kim, Cheong et al. 1991) sequences. Figure 1-5 shows examples of

base triplets and a guanine quartet.

4



Figure 1-4 Non-Watson-Crick base pairs. There are at least 27 different base pairs
involving at least two hydrogen bonds (Saenger 1984). Here are six examples of non-Watson
Crick base pairs: G·U wobble; G·A N1-N 1, carbonyl-amino (imion); A·C reverse hoogsteen; G·G
N7-N 1, carbonyl amino; C·C carbonyl-amino symmetric; and U·U 2-Carbonyl-N3, 4-carbonyl-N3.
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A -C Reverse Hoogsteen

i
H'N....

H
-. YleN Ny0_ H....

N
'"

R

C-C Carbonyl-amino symmetric

rr=\"ytN_R.,H
-.J- H; 'v""

SJ....f(
R H

G-A Nl-Nl, Carbonyl-amino
(imion)

u-u 2-Carbonyl-N3, 4-carbonyl-N3
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T-AeA

B

Guanine Quartet

Figure 1-5 DNA triplet base pairing and a guanine quartet. There are two different DNA
triplet base pairs: YRR and YRY. A) An adenine is forming a reverse hoogsteen base pair with
the adenine of a Watson-Crick A-T base pair in an YRR triplet. B) An example of an YRY triplet
is a thymine forming a hoogsteen base pair with the adenine of a Watson-Crick A-T base pair.
The strand orientation of the DNA triplex oligonucleotide is indicated by a (+) or (-), which
represents the sugar phosphate backbone going into or coming out of the plane. C) Four
guanine bases hydrogen bond via hoogsteen base pairing forms a guanine quartet.

1.2.2 Helical Structure

The double helical model of DNA was first proposed in 1953 by Watson

and Crick (Watson and Crick 2003). Complementary bases from two DNA

strands form hydrogen bonds in the interior of the helix and the sugar-phosphate
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backbone extends along the outside of the helix. The two strands run

antiparallel with respect to each other.

There are three main forms of nucleic acid helices: B-form, A-form, and Z

form (Figure 1-6). DNA can adopt all three forms of helices, but RNA helices are

predominately found to be in A-form. !'Jot surprisingly, the sugar pucker plays an

important role in determining the helical form in double-stranded DNA and RNA.

The C3/-endo, C2/-exo sugar pucker of ribose favours the A-form helix and the

C2/-endo, C3/-exo sugar pucker of deoxyribose favours the B-form helix. Both A

form and B-form are right handed helices formed from any nucleic acid

sequence. Conversely, Z-form is a left handed helix formed from alternating

purine-pyrimidine sequences. A-form helix is thicker and compressed along the

helical axis while Z-form is thin and elongated. B-form is in the intermediate

when compared to the two other forms. Other distinguishing features between

all three helices are the grooves of each helix. In the B-form, the major groove

is wide and the minor groove narrow, but both grooves are of similar depths

(Bloomfield, Crothers et al. 2000). The major and minor grooves of the A-form

are similar in width, but the major groove is deep and minor groove is shallow

(Bloomfield, Crothers et al. 2000). Finally, the Z-form has a somewhat convexed

major groove and a narrow but deep minor groove (Bloomfield, Crothers et al.

2000).
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Figure 1-6 Structures of double-stranded helices form by nucleic acids. As a comparison,
the three different types of helices are formed by the same sequence using a molecular modelling
program (White 2000). A) The A-form helix. B) The B-form helix. C) The Z-form helix.

1.2.3 Higher Order Structures

Nucleic acids can form many other elaborate structures besides the

standard double helix (or duplex). Generally speaking, most of these diverse and

complex structures have been associated with RNA. In the cell, long single-

stranded RNA molecules can fold into various complex structures to carry out a

variety of different cellular functions, such as tRNAs, group I and group II self-

splicing introns, and ribosomal RNAs.

Single-stranded DNA molecules can also fold into a variety of similar and

different structures when compared to RNA. Figure 1-7 shows some simple

structural motifs that DNA molecules can fold into. Single-stranded regions are

nucleic acid sequences that are not involved in base pairing. In some cases, a
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single-stranded region can be classified as part of a particular secondary

structure motif such as a loop and a bulge.

Hairpin Loop

C) Hairpin

5' .......... ....1IIftiI......

B) Single-Stranded
Region

5'3'

A) Double-Stranded
Duplex
5' 3'

3' 5' 3' 5'

Symmetric Asymmetric
Internal Loop Internal Loop

Internal LoopsE)
5'

Bulges
5'

3' 5' 3' 5'

Bulge Single Base
Bulge

D)

F) 3-Way Junctions G) 4-Way Junctions

3'

5'

3'

5'

Figure 1-7 Different structural motifs formed by DNA. The structures from D)-G) do not
have to form from multiple strands. Any of the open ends can be closed by a single-strand DNA
loop.
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One simple secondary structural motif is the hairpin (Figure 1-7 C). This

structure is formed when two complementary regions of a single molecule folds

into a duplex. The resulting structure is a helical region linked to a single

stranded region. The single-stranded loop region mayor may not influence the

stability of the overall structure. The number of nucleotides in the loop can vary,

but the shortest is three bases, the GNA DNA tri-Ioop (Chou, Zhu et al. 1996)

and UGU RNA tri-Ioop (Flodell, Schleucher et al. 2002). Other well-known loop

sequences are the RNA "tetra loops" found in ribosomal RNA, the "GI\JRA",

"UNCG" and "CUUG" tetra loops (Woese, Winker et al. 1990).

Nucleic acid molecules can still form double helices when the two

sequences are not perfectly complementary. The resulting structures are

duplexes with mismatches or mismatch base pairs, internal loops, or bulges

(Figure 1-7 D and E). Mismatches base pairs are non Watson-Crick base pairs

described previously. In order to minimize the frequency of deleterious effects

caused by mismatched base pairs, cells have a variety of different enzymatic

systems to correct these potentially serious mistakes (Mol, Parikh et al. 1999; Li

2008). The stability of the duplex may decrease to some degree depending to

the type of mismatch.

Mismatches are not restricted to only one base pair. Several continuous

mismatches are typically referred to as an internal loop. There are two different

types of internal loops: symmetric, where there are equal number of bases on

both sides of the loop (Figure 1-7 E) and asymmetric, where one strand has
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more bases in the loop than the other strand. A variation of an internal loop is

formed when the loop exists only on one strand. This is called a bulge. Bulges

in DNA can be very useful because they allow duplex to form predictable kinks

(reviewed in(Lilley 1995).

Another variation of the internal loop is formed when the loop sequences

hydrogen bond with another DNA strand to form another helical region. A 3-way

junction is formed by three DNA helices that intersect at one point (Figure 1-7

F). The better known 4-way, or Holliday, junction is formed by four helices that

intersect at one point (Figure 1-7 G). Holliday junctions are the intermediate

structures in the genetic recombination process (Holliday 1964). Both types of

junctions take on an extended open form and the stacking of helical arms take

place in the presence of the appropriate metal ion concentration (Figure 1-8). In

the case for the 4-way junctions, the orientation of the helical stacking partners

is governed by the specific sequence of the junction (reviewed in(Lilley 2000).

In addition to the junction sequences, the helical stacking arm orientation of the

3-way junction can be influenced by the presence of bulges adjacent to the

junction (Welch, Walter et al. 1995).

DNA junctions have proven to be very useful in the field of nanotechnology.

DNA 4-way junctions have been used to build a variety of different DNA

nanostructures (reviewed in (Seeman 2007), and DNA 3-way junctions have

been proven to be very useful in the construction and design of

deoxyribosensors (Fahlman and Sen 2002; Sankar and Sen 2004).
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A) 5' 3' 5' 3' 3' 5' 5' 3' 5' 3' 5' 3' 5' 3'

B D B C A B

3' 5' ..
5' 3'

A C A D D C
3' 5' 3' 5' 5' 3' 3' 5' 3' 5' 3' 5' 3' 5'

Extended Parallel Anti-Parallel

B) 5' 3' 5' 3'

A

... 5'

5 3'
3' 5'

C
3' 5' 3' 5'

Extended Stacked

Figure 1-8 Stacking confirmations of 3-way and 4-way junctions. A) 4-way and 3-way (8)
junctions have an extended and un-stacked confirmation under low-salt concentration conditions.
Under high-salt concentration conditions, 4-way junctions (A) can folds into co-axial stacked
parallel and anti-parallel confirmations. 3-way junctions (8) fold into a "r shaped confirmation
such that two of the helical arms are co-axially stacked.

1.3 Catalytic Nucleic Acid Molecules and the RNA World

The Central Dogma of Molecular Biology, which states "DNA makes RNA,

which in turn, makes proteins," was challenged by the discovery of catalytic RNA

molecules. In 1982, Cech's laboratory reported that highly pure rRNA precursor

from the ciliate protozoa, Tetrahymena, spliced out its intron and ligated the

flanking exons when mixed with guanosine or GTP in a magnesium ion solution

(Kruger, Grabowski et al. 1982). It was shown that the RNA itself was the

catalyst and the term, ribozyme, was created to describe this RNA molecule. In
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the following year, a collaboration between the Altman and Pace laboratories

reported that the RNA component of the ribonucleoprotein enzyme, RNase P,

which processes the 5' terminal of tRNA precursors, was able to accomplish the

reaction under conditions of elevated counter ion concentration in vitro (Guerrier

Takada, Gardiner et al. 1983). In the following years, other laboratories have

discovered other ribozymes, such as the Group II introns in bacteria (Peebles,

Perlman et al. 1986; van der Veen, Arnberg et al. 1986) and a small self-cleaving

RNA motif found in plant viroids (Prody, Bakos et al. 1986), and greatly

expanded the field of catalytic nucleic acid molecules (reviewed in (Cech 2002).

The discovery of the ability of RNA to catalyze chemical reactions supported

the hypothesis of a "RNA World". The RNA World is a hypothetical period of

time in the early biosphere when both the genetic information needed for life

and the enzymatic activity of living organisms were contained in RNA molecules

(Gilbert 1986; Benner and Ellington 1987; Gesteland, Cech et al. 1999; Joyce

2002). The appeal for RNA as one of the first complex biopolymers comes from

its ability to code for genetic information through Watson-Crick base pairing and

its potential to catalyze chemical reactions required for metabolism. Even

though there are some remnants of the RNA World present today, laboratories

are trying to provide more evidence to support this hypothesis by creating new

ribozymes with new catalytic functions by in vitro selection methodologies. With

the expanding catalytic repertoire of RNA molecules, the details of how RNA
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molecules survived and evolved during the RNA World can be examined

(reviewed in (Schmidt 1999).

Is RNA the only nucleic acid molecule capable of catalyzing chemical

reactions? This question was answered in 1994 with the discovery of a catalytic

DNA molecule, or deoxyribozyme, which carried out a lead-dependent RNA

phosphodiester cleavage reaction (Breaker and Joyce 1994). Since both DNA

and RNA are capable of storing genetic information and catalyzing chemical

reactions, which one came first? A lot of continuing research has been

conducted to prove the RNA World hypothesis by reconstructing the basic

biological molecules essential for sustaining life in the RNA World (Orgel 2004;

Muller 2006).

Presently, no deoxyribozymes have been discovered in vivo. The discovery of

more and more ribozymes in vivo and the ever increasing significance of RNA as

regulatory elements in transciptomics (reviewed in (Michalak 2006) is proving

that RNA molecules are essential for present day organisms and not just in the

RNA World.

1.4 Ribozymes versus Deoxyribozymes

Even though the catalytic capabilities of folded RNA molecules has been

discovered in vivo, the type of chemical reactions these molecules catalyze is

limited to the transesterfication reaction of the phosphodiester bond resulting in

the cleavage or ligation of RNA molecules (reviewed in(Doudna and Cech 2002).

With the development of in vitro selection, new ribozymes and deoxyribozymes
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with new catalytic functions have been discovered and have expanded the

chemical repertoire of catalytic nucleic acids (reviewed in (Fiammengo and

Jaschke 2005). Since both RNA and DNA have been shown to be capable of

catalyzing chemical reactions, are there any differences when using RNA or DNA?

Both RNA and DNA are similar molecules in which both differ only at the 2'

position of the pentose sugar (ribose versus deoxyribose) and the presence or

absence of a methyl group at the 5 position of a particular pyrimidine base

(thymine versus uracil) as shown in figure 1-1. At a quick glance, the difference

between the two different pentose sugars seems small, but the resulting

difference in a RNA polymer versus DNA polymer can be dramatic. As described

earlier, the presence of the 2' hydroxyl group plays a major role in permitting the

types of structures in which nucleic acids can fold into, but it also provides an

extra functional group. Figure 1-6 illustrates how the presence of the hydroxyl

group can affect the structure of a RNA double helix, which adopts an A-form

helix, and a DNA double helix, which adopts a B-form helix. The disadvantage of

having the 2' hydroxyl group is that a RNA polymer is not as chemically stable

and more prone to auto-hydrolysis when compared to a DNA polymer.

DNA, even without the potential catalytically or structurally relevant or 2'

hydroxyl group, could also be a catalyst. Ribozymes and deoxyribozymes,

despite their differences, have been shown to catalyze the same or different

chemical reactions (reviewed in (Fiammengo and Jaschke 2005). It is not hard

to imagine that ribozymes and deoxyribozymes utilize different approaches to
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catalyze identical chemical reactions. A case has been made that RNA is more

efficient catalyst when compared to DNA (Perreault, Wu et al. 1990), but it has

been shown that some deoxyribozymes have catalytic efficiencies comparable to

the small natural occurring ribozymes (Santoro and Joyce 1997; Feldman and

Sen 2001). To this day, no ribozyme has been converted to a deoxyribozyme

either by in vitro selection or rational design and all known deoxyribozymes have

been obtained from a population of random sequence DNAs.

1.5 In Vitro Selection of Functional Nucleic Acid Molecules

The development of in vitro selection or Systematic Evolution of Ligands

by Exponential Amplification (SELEX) has revolutionized and diversified the field

of nucleic acids. This methodology created a large number of aptamers, nucleic

acid sequences that bind ligands with very high specificity (Gopinath 2007),

ribozymes, and deoxyribozymes (review in (Klug and Famulok 1994; Wilson and

Szostak 1999; Joyce 2004; Silverman 2005). In most cases, a selection

experiment starts with a pool of sequences that contains a randomized region

flanked by two constant regions (Figure 1-9). The randomized region provides

an unbiased sampling of sequence space so that a variety of different and

independent adaptations can be given to the selective pressure. A typical pool

can consist of over 1015 different unique sequences. This pool, also known as a

library, is subjected to some form of selective pressure. This selective pressure

can be the binding to a target ligand or it could also be a chemical reaction

resulting in self-modification. The sequences that fail to pass the selective
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pressure are removed and the successful sequences are recovered. The

successful sequences are then amplified by PCR with primers that bind to the

two constant regions and is made single-stranded (denature with NaOH for DNA

or by transcription for RNA). This completes one round of selection. This cycle is

repeated until there is a significant enrichment of the desired sequences. These

sequences are then identified by standard cloning and DNA sequencing

methodologies. For RNA selections, there are two additional steps involved in

the selection cycle. There is a transcription step to generate a pool of RNA

molecules from the DNA library and there is a reverse transcription step after the

recovering the successful molecules and just before the PCR step (Figure 1-9 B).

This powerful technique has benefitted many other fields, including

molecular biology and pharmacology, with the discovery of new nucleic acid

molecules with new functions. Aptamers have been generated to bind many

different ligands, some of which include simple ions, small molecules, peptides,

single proteins, organelles, viruses, and even cells (review in (Stoltenburg,

Reinemann et al. 2007). Similarly, many nucleic acid enzymes have been

discovered to catalyze a wide variety of different chemical reactions, some of

which include phosphodiester transesterfication, carbon-carbon bond formation,

carbonate ester hydrolysis, RNA aminoacylation, peroxidise activity, DNA

phosphorylation, and more recently, thymine dimer photo-reversion (reviewed in

(Wilson and Szostak 1999; Jaschke and Seelig 2000; Peracchi 2005).
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Figure 1-9 SELEX scheme for obtaining functional DNA and RNA molecules. The in vitro
selection scheme for obtaining functional DNA (A) and RNA (8) molecules are very similar. A
RNA selection involves an additional transcription and reverse-transcription step.
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In vitro selection has been utilize for less than twenty years and many

fascinating discoveries have already been made. With advances in technology

and new creative selection designs, many new nucleic acid molecules that can

bind to more complex ligands, or perform more complicated chemical reactions,

will be discovered.

1.6 Deoxyribozymes - Catalytic Functions and Structures

As previously mentioned, DNA molecules are just as capable as RNA

molecules in catalyzing chemical reactions. Even though many DNA aptamers

and deoxyribozymes have been reported, none has been found to exist in vivo till

today. All DNA aptamers and deoxyribozymes have been generated by in vitro

selection (described in more detail in the previous section) and the study of

these DNA molecules is still in its infancy when compared to their RI\lA

counterparts. Presently more and more interest has been generated in utilizing

deoxyribozymes in the fields of nanotechnology (Lu and Liu 2006), biosensors

(Lu 2002), and therapeutics (Kelley and Patterson 2006).

There are deoxyribozymes that catalyze the same reactions as some

ribozymes, such as the phosphodiester cleavage reaction of RNA, but there are

other chemical reactions, such as the photo-reversion of thymine dimers, that

are uniquely catalyzed by only deoxyribozymes (Chinnapen and Sen 2004). The

studies of this thesis are based on two RNA-cleaving deoxyribozymes; therefore,

the RNA-cleaving deoxyribozymes will be described in more detail.
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All of the RNA-cleaving deoxyribozymes have been discovered by utilizing

a similar in vitro selection scheme, but in the presence of different co-factors

during the selection phase (reviewed in(Silverman 2005). In this selection

scheme, one of the flanking constant regions has either one or a stretch of

embedded ribonucleotides, which is incorporated into the sequences by peR as

part of one of the primers. Figure 1-10 illustrates the entire selection scheme for

isolating these deoxyribozymes.

All known RNA-cleaving deoxyribozymes carries out an analogous RNA

cleavage reaction as with the small-natural occurring RNA cleaving ribozymes.

This cleavage reaction results with the formation of a 2', 3'-cyclic phosphate and

a 5'-hydroxyl group, but the exact details of how each molecule achieves this

appear to be significantly different. High resolution crystal structures of four of

the small-natural occurring RNA cleaving ribozymes (hammerhead ribozyme PDB:

2GOZ, hairpin ribozyme PDB: 1M5K, hepatitis delta virus ribozyme PDB: 1SJ3,

and glmS ribozyme PDB: 2HOZ) have given insights into their catalytic

mechanism, whereas no high resolution structure of any deoxyribozyme has yet

been reported.

Only one crystal structure of the 10-23 deoxyribozyme (Nowakowski, Shim

et al. 1999; Nowakowski, Shim et al. 2000) has been solved, but unfortunately

this structure is not the active structure of the 10-23 deoxyribozyme. Instead of

a one substrate to one deoxyribozyme complex, it was a unique four-way

junction composed of two substrate and two 10-23 deoxyribozyme molecules.
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Figure 1-10 In vitro selection scheme for obtaining RNA-cleaving deoxyribozymes. The
target ribose cleavage site is marked by letters in red. The target cleavage site can be either one
(n=1) or a stretch (n>1) of embedded ribonucleotides. The 5' end of the DNA molecules are
modified with a biotin moiety (labelled "B").

More recently, attempts were made to study the global structural folding of the

8-17 deoxyribozyme by utilizing FRET (Liu and Lu 2002; Kim, Liu et al. 2007;
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Kim, Rasnik et al. 2007) and charge-flow dependent DNA oxidation (Leung and

Sen 2007).

Deoxyribozymes are attractive molecules to study because of their

potential as gene regulation and therapeutic agents. Therefore, more structural

information of all deoxyribozymes is required to expand our knowledge on how

DNA can function as catalysts and how to improve their catalytic functions.

1.7 Thesis Overview

There are many different and interesting nucleic acid molecules that could

be studied. This thesis is a collection of experimental studies conducted to

explore two RNA cleaving deoxyribozymes, the 8-17, discovered by Santoro and

Joyce (Santoro and Joyce 1997), and the bipartite, discovered by Feldman and

Sen (Feldman and Sen 2001).

The first chapter discusses the idea of studying the structure of DNA

molecules by observing charge flow dependent DNA oxidative damage. This idea

was conceived during the study and development of the deoxyribosensors and

these studies showed that it was possible to study the helical stacking partners

of DNA junctions and the possibility of identifying DNA bases that are in a unique

local structural environment. The development of a methodology that utilizes

charge flow dependent DNA oxidation to study the structure and the structural

folding transitions of the 8-17 deoxyribozyme will be discussed. This method

was able to monitor the global structural folding transitions with respect to
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different metal ion concentrations. This method was also able to identify bases

within the catalytic core of 8-17 that were in a unique structural environment

when the 8-17 was folded under optimal catalytic activity conditions. This work

was published in Chemistry and Biology in 2007, and the future prospects of this

technique will be discussed.

Chapter 3 discusses detailed kinetic studies conducted to study the

catalytic mechanism of the bipartite deoxyribozyme. These studies have shown

that the bipartite utilizes a different catalytic mechanism when compared to the

other RNA cleaving deoxyribozymes and ribozymes. A unique mechanistic model

will be presented in this chapter detailing the mechanistic conditions required for

the optimal catalytic activity of the bipartite deoxyribozyme.

In chapter 4, experiments performed to study the important residues and

the structural features of the conserved catalytic core of the bipartite

deoxyribozyme will be presented. The catalytic core of the bipartite

deoxyribozyme was subjected to a detailed mutation analysis to identify

catalytically important residues. Photo-affinity crosslin king using thio-modified

bases was also conducted to gain some structural information about the catalytic

core of the bipartite. Together, the mutation analysis data and photo-affinity

crosslinking provided important structural information regarding the active

structure of this deoxyribozyme.
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2: CHAPTER TWO

Structural Studies on the RNA-Cleaving
8-17 Deoxyribozyme by Photo-induced Charge Flow

2.1 Introduction

2.1.1 Charge Transfer

Over the past two decades, intensive research has shown that DNA

double helices, in aqueous solution, are able to modestly conduct electrical

charge (reviewed in (Schuster 2000; Giese 2002). Two classes of charge

conduction have been studied: (1) classes in which the carrier of charge is a

base radical cation (an "electron hole''); and (2) classes in which it is a radical

anion (an "excess electron''). Of the two, electron hole transfer has been studied

in greater depth and I will use the term "charge transfer" to refer exclusively to

electron hole transfer for the remainder of this chapter. Charge flow via charge

transfer in DNA can conveniently be initiated by photo-excitation of a sensitizer

moiety, such as anthraquinone (AQ), covalently linked and n-stacked upon the

end of a double helix. The initial base radical cation generated within the helix

can propagate along the helix over relatively long distances ( fV 200 A)

(Henderson, Jones et al. 1999; Nunez, Hall et al. 1999; Joy and Schuster 2005).
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2.1.2 Mechanism of Charge Transfer

There are three basic charge transfer mechanisms for photo-induced

charge transfer: 1) the molecular wire; 2) the superexchange mechanism; and 3)

the hopping model (reviewed in (Wagenknecht 2006). For the molecular wire

model, the charge is injected from the donor to a bridge element. The charge is

localized on the bridge and moves incoherently towards the acceptor (Figure 2-1

A). In the superexchange mechanism, the charge does not localize on the

bridge element, but jumps from the donor directly to the acceptor (Figure 2-1 B).

The hopping model, in contrast to the superexchange mechanism, is represented

in three steps: charge injection, charge transport, and charge trapping (Figure 2-

1 C).

Base

Guanine
Adenine
Cytosine
Thymine
Uracil
rG
rA
dC
dT
r(8-oxoG)
r(8-oxoA)
r(5-0H-C)
r(5-0H-U)

E O(V vs NHE)a E O(V vs NHE)b

1.49
1.96
2.14
2.11
~2.39

1.29
1.42
1.60
1.70

E O(V vs NHE)c pH

7
7
7
7

0.58 8
0.92 8
0.62 8
0.64 8

Table 2-1 Oxidation potentials for nucleosides. The first five oxidation potentials were
measured in aprotic solvent (acetonitrile) conditions (a - (Seidel, Schulz et al. 1996). The
remaining oxidative potentials were determined in protic (aqueous) solvents at pH 7.0 (b 
(Steenken and Jovanovic 1997) and pH 8.0 (c - (Yanagawa, Ogawa et al. 1992). The oxidation
potentials of the bases are dependent on the solvent (aprotic versus protic) conditions, and
therefore, hydrogen bonds will change the oxidation potentials of all nucleobases.
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It became clear that DNA charge transfer did not use the molecular wire

model because the distance dependence of charge migration through DNA did

not behave like a molecular wire (Priyadarshy, Risser et al. 1996). The

superexchange mechanism is limited to very short distances of less than 10 A,

but experiment results have detected charge transfer in DNA to travel up to 200

A(Henderson, Jones et al. 1999; Nunez, Hall et al. 1999; Joy and Schuster

2005). Therefore, the last alternative mechanism is the hole-hopping model. Of

the four DNA bases, guanine (G) is the most easily oxidized (Table 2-1) and the

guanine radical cation, G-+, is the most stable of the four possible radical cations

(Seidel, Schulz et al. 1996). The G-+ is the intermediate charge carrier in the

hopping process and charge trapping occurs at a stretch of adjacent Gs (for

example 5'GG3' or 5'GGG3'). Theoretical studies have shown that the 5' Gs is

highly stabilized by the 3' Gs (Table 2-2), but not vice versa (Sugiyama and Saito

1996). The electrostatic potential distribution of a guanine base shows a

negative potential build up at the exocyclic keto-oxygen and at the N7 position,

and, the stacking of two consecutive guanines positions the N7 of the 3' guanine

directly below the six-member ring of the 5' guanine (Sugiyama and Saito 1996).

Therefore, the guanine radical cation at the 5' end is stabilized by the N7 of the

3' guanine (Sugiyama and Saito 1996).
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Sequence

GGG
GG
GA
Ge
GT
G
8-oxoG
(B-oxoG)G
G(B-oxoG)

E O(Y vs NHE)a

0.64
0.82
1.00
1.15
1.16
1.20

E O(Y vs NHE)b

0.85
0.53
0.08
0.18

Table 2-2 Calculated oxidation potentials for bases. The oxidation potential of the 5' most
guanine is influenced by it adjacent bases (a -(Saito, Takayama et al. 1995)). The oxidation
potential of 8-oxoguanine can also be influenced by it neighbouring bases (b -(Prat, Houk et al.
1998)).

A
,-~-~-~-T-~-~-T-T-T-T-T-T-~-~-~

AQ~~ ~ ~ ~ ~ ~ ~·"'D ~ ~ ~ ~ ~ ~ ~
C-T-G-A-T-C-A-A-A-A-A-A-C-C-T

Molecular Wire Model

Superexchange Model

Hole Hopping Model

D
~9-~-~ny-~-~-T-J T-T-T-T-9-9-~AQ -. . . : : : : : : , , . : : :

C-T-G -T-C-A-A A-A-A-A-C-C-T
Phonon-assisted Polaron-like Hopping Model

Figure 2-1 Mechanisms of charge transfer in DNA. There are three main mechanisms
proposed for charge transfer in DNA. A) In the molecular wire model, the charge is delocalized
throughout the entire molecule. B) The superexchange model shows that the charge jumps
directly from the charge donor to the charge acceptor. C) In the hole hopping mechanism, the
charge, in the form of a radical cation, migrates from guanine to guanine until it reaches the
acceptor. The charge can also tunnel through a stretch of consecutive adenines. D) The charge
is delocalized over several base pairs in the phonon-assisted polaron-like hopping model and it
propagates along the helix.
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Both hopping and superexchange mechanisms have been invoked to

account for the observed charge transfer and, indeed, both appear to be

relevant, at different distance scales (Jortner, Bixon et al. 1998; Meggers, Michel-

Beyerle et al. 1998; Ratner 1999). Therefore, over short distances (like the

distance between two holes) charge transfer utilizes the superexchange

mechanism, but over longer distances, the hole-hopping mechanism is utilized.

A recent refinement of the hopping model, the "phonon-assisted polaron-

like hopping" model, most successfully accounts for hole conduction (Henderson,

Jones et al. 1999; Joy and Schuster 2005). In this model, the charge is

delocalized over several DNA bases due to local structural distortions of the DNA

helix. The base-pairing domain within the DNA base stack can act as a gate for

DNA-mediated charge transfer. In other words, the charge transfer occurs as a

hopping process between conformationally gated domains of well-stacked base

pairs (reviewed in (Wagenknecht 2006). These delocalized domains may

transiently form and break, and facilitate or inhibit charge transfer.

2.1.3 Monitoring Charge Transfer and Charge Flow Dependent DNA
Cleavage

Any guanine base that transiently hosts the mobile radical cation is

susceptible to a side reaction with water (or, in some instances, dissolved

oxygen), leading to the formation of modest levels of guanine oxidation products

as 8-oxoguanine or diaminooxazalone (reviewed in (Burrows and Muller 1998).

The formation of these products (Figure 2-2) provides a convenient biochemical
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handle for tracing the charge flow path though DNA, since treatment with hot

piperidine breaks the DNA strand at such sites (Figure 2-7). The susceptibility of

any specific guanine within a double helix to charge flow-related oxidation

depends somewhat on the sequence context of the guanine (Nunez, Hall et al.

1999; Schuster 2000; Giese 2002); stretches of adjacent guanines, such as

S'GG3' or 5'GGG3', are particularly susceptible to oxidation, with the S'-most

guanine of the stretch the most oxidizable (Burrows and Muller 1998; Nunez,

Hall et al. 1999; Schuster 2000; Giese 2002). Densitometry trace of charge flow-

dependent DNA cleavage C'CFDC") separated by gel electrophoresis provides a

convenient and quantitative means for mapping charge flow through double

helices.
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Figure 2-2 Guanine oxidation pathway. Oxazalone is known to be piperidine liable (Burrows
and Muller 1998).
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Figure 2-3 8-0xoguanine oxidation pathways. 8-0xoguanine is only modestly piperidine
liable, and therefore needs to be further oxidized in order to form products that are piperidine
liable (Burrows and Muller 1998)
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7,8-Dlamino-5-formamldinopyrlmidlne

Figure 2-4 Adenine oxidation pathways. 8-0xoadenine is only modestly piperidine liable,
and therefore needs to be further oxidized in order to form products that are piperidine liable
(Burrows and Muller 1998)
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Figure 2-5 Cytosine oxidation pathways All of the cytosine oxidation products shown here
are known to be piperidine liable (Burrows and Muller 1998)
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Figure 2-6 Thymine oxidation pathways. All of the thymine oxidation products shown here
are known to be piperidine liable (Burrows and Muller 1998).
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2.1.4 Charge Transfer through DNA Structures

Not surprisingly, the integrity of n-stacking between adjacent bases or

base pairs strongly influences the efficiency of hole conduction; where an-stack

is perturbed (such as with mismatches or bulges), hole migration efficiency

diminishes notably (Kelley and Barton 1999; Bhattacharya and Barton 2001).

Therefore, CFDC provides a simple methodology to map charge transfer through

intact DNA helices and as well as simple assemblages of helices, such as DNA

three-way and four-way helical junctions (Odom, Dill et al. 2001; Fahlman and

Sen 2002; Fahlman, Sharma et al. 2002; Santhosh and Schuster 2003).
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2.1.5 Charge Conduction Based Biosensors

Recently, we have reported the construction and charge conduction

properties of "deoxyribosensors" (Figure 2-8 A), structural variants of classic

three-way junctions, which change conformation upon binding specified

"analytes"or "ligands," such as adenosine or argininamide (Fahlman and Sen

2002; Sankar and Sen 2004). Figure 2-8 B shows the secondary structure of a

typical deoxyribosensor construct CArgAl.3") originally designed to sense

argininamide binding (Sankar and Sen 2004). Charge flow was initiated by

photo-excitation of an AQ tethered to the end of the "AQ stem," and charge flow

into the "signal stem" could then be monitored by measurement of oxidative

damage, leading to DNA cleavage at a 5'GGG3' motif located within that arm. In

testing different deoxyribosensor constructs (which varied only in the sequences

immediately bordering the junction itself), it was found that in some constructs

charge flowed from the AQ arm mainly or exclusively to the signal arm, while in

other constructs it flowed to the aptamer arm (Figure 2-8 B). Charge flow

patterns could therefore, in principle, be used to monitor helix-stacking

preferences in the different deoxyribosensor constructs (Sankar and Sen 2004).

In the ArgAl.3 construct, CFDC appeared to localize mainly in the aptamer arm

rather than the signal stem (Sankar and Sen 2004). A notable finding was that a

guanine located at the apex of the aptamer loop (shown with an asterisk in

Figure 2-9 B) showed strong oxidative damage at all argininamide concentrations

tested. A high-resolution NMR structure of the argininamide aptamer bound to
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its ligand, however, has shown this apical guanine to be both unstacked and

jutting out into the solvent (Robertson, Harada et al. 2000).
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Figure 2-8 Deoxyribosensors. A) In the absence of the ligand ("off" state), the aptamer is
unstructured and the top helix does not stack very efficiently with the bottom helix and charge
flow can be seen only in the top helix. The binding of the ligand ("on" state) causes the aptamer
to fold and the top helix stacks very efficiently with the bottom helix and charge flow can been
observed in the bases of the bottom helix. B) The study of the ArgA1.3 argininamide
deoxyribosensor (Sankar and Sen 2004) lead to the ideal of studying DNA structures by charge
flow. The yellow arrow shows the preferred charge flow path and the guanine marked (*) was
particularly prone to charge flow-dependent oxidative damage.

2.1.6 The Potential of Utilizing Charge Flow and Quenching to
Study DNA Structures

It is possible to interpret the level of CFDC at any DNA site as the product

of two distinct processes: (1) the efficiency of charge transfer to and from the

guanine at that site (the rate of charge transfer) versus (2) the efficiency of the

water reaction with the G"+ species generated at that site (the rate of the water

oxidation reation).
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In the case of a DNA double helix, the rate of charge transfer, step (1), is

faster than the rate of the water oxidation reaction, step (2). This provides an

explanation for the propagation of the charge through the DNA double helix and

the CFDC of intrahelical guanines. In the case of the hjgh level of CFDC seen at

the apical guanine of Arg1A.3, it is postulated that the lack of this guanine's n

stacking upon its neighbouring bases implies a poor step (1), i.e., the rate of

formation of its radical cation; nevertheless, step (2) should be relatively fast,

i.e., once formed, this solvent-exposed GO

+ should react efficiently with water.

Is it possible to distinguish between the two different processes? As

discussed above, the level of observed damage at a particular base within a

complexly folded nucleic acid reflects a balance between the rate of charge flow

into, and out of, that base relative to the rate of water reaction of the resulting

radical cation. Given that, it should be possible to distinguish between highly

oxidized guanines that are located within helices from those that are extrahelical

and more significantly exposed to the solvent and it was speculated that

enriching the solvent with reducing agents might help to quench the GO

+ species

and, in turn, prevent the water reaction and oxidative damage. This reductive

quenching might be more efficient at solvent-exposed guanines when compared

intrahelical guanines. This hypothesis will be tested in the following chapter.

The above-described studies with deoxyribosensors also raised the

following interesting points: (1) charge flow patterns from a fixed charge source

(the AQ stem) to competing recipient helices appeared to provide a "stacking
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partner index" for the different helix pairs; and (2) high CFDC levels could be

observed both in guanines that were known to be intrahelical (for instance, the

5'-most G of a 5'GGG3' sequence) and, at least in one instance, to a guanine that

was unstacked yet exposed to the solvent. These findings suggest that a global

study of charge flow patterns through complexly folded DNAs might provide

interesting kinds of structural information, including helix-stacking preferences

and, potentially, the folding patterns of segments or domains within the folded

DNA. Charge flow dependent oxidative damage of the bases might be able to

provide some structural information regarding the degree of solvent exposure

when compared to intrahelical bases as a standard.

2.1.7 The 8-17 Deoxyribozyme Structure

As mentioned in Chapter 1, deoxyribozymes are nucleic acid molecules

capable of catalyzing a wide variety of different chemical reactions, including

RNA cleavage. The RNA-cleaving deoxyribozymes have been isolated by using in

vitro selection from random-sequence DNA pools; these include the 8-17 and 10

23 (Faulhammer and Famulok 1996; Santoro and Joyce 1997), the bipartite

(Feldman and Sen 2001), and a number of others (reviewed in (Peracchi 2005;

Silverman 2005), all of which are roughly comparable in size and catalytic activity

to the naturally occurring small ribozymes.

Crystal structures for a number of the small ribozymes have been reported

recently (reviewed in (Egli 2004); however, no such high-resolution structural

information exists on the small deoxyribozymes. Nevertheless, the structure and
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folding of a number of these deoxyribozymes, notably the 8-17, have been

studied intensively, by using a variety of chemical and biochemical probes,

fluorescence resonance energy transfer, model building, and saturation

mutagenesis (Liu and Lu 2002; Cruz, Withers et al. 2004; Silverman 2004;

Peracchi, Bonaccio et al. 2005). The 8-17, the smallest of the RI'JA-c1eaving

deoxyribozymes, was reported to have a 13 nucleotide catalytic core (Figure 2

9A). The core is composed of a short (3 base pair), double-stranded stem

terminating in an invariant AGC terminal loop and a key unpaired region (4-5

nucleotides) whose sequence conformed to the sequence consensus WCGR

(where W = A or T and R = G or A) or to WCGAA (Santoro and Joyce 1997).

The original ACGA-Iooped 8-17 characterized by Santoro and Joyce (Santoro and

Joyce 1997) required magnesium ions for its catalytic activity. More recent

studies on 8-17 sequence variants have found that some work optimally in

calcium, manganese, lead, or zinc (Li, Zheng et al. 2000; Peracchi 2000; Brown,

Li et al. 2003; Cruz, Withers et al. 2004).

Systematic mutagenesis of the 8-17 catalytic core, by using natural as well

as non-natural base analogues, has provided a detailed picture of the

involvement of individual residues and functional groups within the 8-17 catalytic

core in hydrogen bonding and catalysis (Peracchi, Bonaccio et al. 2005). At the

same time, new in vitro selection experiments from random DNA sequences have

yielded, repeatedly, deoxyribozymes that belong to the 8-17 family (Cruz,

Withers et al. 2004). This latter observation has permitted the identification of
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certain nucleotides in the catalytic core (shown as boxed within Figure 2-9 A) as

being indispensable for catalysis.

A 8-17 Deoxyribozyme (PS·E1)

Signal Stem I AQ Stem P~

3' TGATCCCTCACGAACACTCGATTT AQ
I I I I I I I I I I I. I I I I I I I I I I I

5' ACTAGGGAGTGT TGTGAGCTAAA3'
I C A~N E1C ' }.

G,G A ]]

(t!;)~cG}OG C Catalytic Stem
II

B ds Control (PS·PS')

PS
r'\

3'TGATCCCTCACGAACACTCGATTT AQ
I I I I I I I I I I I I I I I I I I I I 1 I I I

5'ACTAGGGAGTGCTTGTGAGCTAAA 3'
) q 13 I') PS'

Figure 2-9 DNA constructs used to study charge flow-dependent oxidative damage. A) The
8-17 deoxyribozyme and double strand control duplex (8) used to study the charge flow
dependent oxidative damage. The deoxyribozyme (E1) is bound to an all DNA pseudosubstrate
(PS). The arrow indicates the site of cleavage on an active substrate. AQ is tethered to the 5' end
of PS and the boxed nucleotides in E1 have been reported to be important for catalysis.

2.1.8 Chapter Overview

In examining the secondary structure of the 8-17 (E1-PS) (Figure 2-9 A),

the resemblance of its secondary structure was strikingly similar to that of the

arginine (ArgA1.3) deoxyribosensor (Figure 2-8 B). Both are variants of standard

DNA three-way junctions (ArgA1.3 did not include a 2-3 nucleotide bulge at the

junction; however, a number of related sensors examined by Sankar and Sen

(Sankar and Sen 2004) did). It was therefore hypothesized that a study of

charge transfer through the a pseudosubstrate-enzyme complex, starting from a

fixed point in its structure (the covalently linked AQ moiety stacked upon the end
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of the AQ stem; Figure 2-9 A), might supply interesting new information about

the structure and the folding properties of the 8-17 deoxyribozyme.

The following studies of charge transfer through the 8-17 deoxyribozyme

enzyme-substrate complex shows the potential of this experimental technique.

Results show that this technique provides structural information (such as co-axial

helical stacking confirmations, changes in helical stacking confirmation, and the

degree of solvent exposure of the nucleobases) not easily obtained by other

conventional biochemical structure probing techniques.
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2.2 Materials and Methods

(See appendix III for the list of reagents)

2.2.1 Synthesis of NHS ester of Anthraquinone-2-carboxylic Acid

In a 50 ml round bottom flask, 129 mg (0.51 mmol) anthraquinone-2-

carboxylic acid and 63.4 mg (0.55 mmol) N-hydroxysuccinimide (NHS) was

dissolved in 8 ml anhydrous dimethyl formamide (DMF) while stirring. The

sample was cooled in an ice bath and 114 mg (0.55 mmole) 1,3

dicyclohexylcarbodiimide (DCC) dissolved in 2 ml anhydrous DMF was added

drop-wise with constant stirring. The sample was removed from the ice bath,

covered with aluminium foil, and stirred at room temperature under nitrogen

atmosphere and was left overnight. The solution was filtered under vacuum

using Wattman filter-paper to remove the dicyclohexyurea. The reaction was

monitored by spotting the sample on a TLC silica F254 plate with anthraquinone

2-carboxylic acid and I\lHS both dissolved in anhydrous DMF as standards, and

ethyl acetate was used as the resolving solvent. The products on the TLC plate

were visualized by UV shadowing using 254 nm (UVP UVGL58 Multiband

UV254j366 nm 115 volt, 60 Hz, 0.16 amp).

The sample was dried using a rotovap at 40°C and the sample was re

dissolved in 12 ml chloroform. The sample was filtered under vacuum using

Wattman filter-paper and the remaining solution was dried using nitrogen gas.

The final dried NHS ester of anthraquinone-2-carboxylic acid was covered with

aluminium foil to keep the sample in the dark.
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2.2.2 DNA Synthesis and Purification

The DNA oligonucleotides (see appendix I for the exact sequences) were

synthesized at the University of Calgary Core DNA Services. The oligonucleotides

were dissolved in 50 pi of denaturing gel loading dye (99% formamide (vjv), 1

mM Tris-C1 pH 7.5, and 1 mM EDTA pH 8.0) and heated at 100°C for 5 minutes

to denature any preformed nucleic acid structures. The oligonucleotides were

size-purified in 8% (wjv) denaturing polyacrylamide gels and visualized by UV

shadowing. The oligonucleotides were excised from the gel and eluted via

crush-soak using 25 ml of TE buffer (10 mM Tris-C1 pH 7.5 and 0.1 mM EDTA pH

8.0) at 4°(' The eluted samples were filtered through 0.2 I-Im micro filters and

then concentrated using 2-butanol extraction until 300 1-11. The samples were

ethanol precipitated (see appendix II for exact procedure). The samples were

resuspended in 100 1-11 TE buffer. The concentrations of the oligonucleotides

were determined by UV absorption at 260 nm using a Varian Cary 300 UVjVis

spectrophotometer. All oligonucleotides were stored at -20°('

2.2.3 C6-Amino DNA Synthesis and Purification

The DNA oligonucleotide (see appendix I for the exact sequences) was

synthesized at the University of Calgary Core DNA Services. Upon arrival, the

DNA was treated by the following procedure to remove any possible nitrogenous

contaminants from the DNA synthesis procedures. The oligonucleotide was

dissolved in 200 1-11 TE and extracted three times with 400 1-11 chloroform. The

aqueous fraction was ethanol precipitated using NaCI and anhydrous ethanol
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(see appendix II for exact procedure). The sample was vortexed, placed in dry

ice until frozen and centrifuged at 4°C at 16.1 RCF for 40 minutes. The

supernatant was removed and the DNA pellet was washed with 150 ~I cold 70%

(v/v) ethanol. The DNA pellet was resuspended in 100 ~I ddH20. The

concentrations of the oligonucleotides were determined by UV absorption at 260

nm using a Varian Cary 300 UV/Vis spectrophotometer. The oligonucleotide was

stored at -20°C.

~~wBase
H !. H

H H
Hor

Figure 2-10 Anthraquinone coupled to DNA.

2.2.4 Anthraquinone Coupling of C6-Amino DNA

A 20 ~g/~I AQ-NHS ester stock solution of was prepared by dissolving AQ-

NHS ester in anhydrous DIVIF. The standard anthraquinone (AQ) coupling

reaction (Figure 2-10) was composed of 12 nmol of C6-amino DNA, 75 pi 100

ml"1 Na2B407, 7 ~I 20 ~g/~I AQ stock solution, and ddH20 to make a final volume

of 100 ~1. The sample was covered by aluminium foil to keep the sample in the

dark and was shaken vigorously overnight at room temperature. The sample

was then briefly spun-down and the DNA solution was transferred to another

0.65 ml microcentrifuge tube. The sample was then ethanol precipitated with

NaCl and anhydrous ethanol (see appendix II for exact procedure). The DNA
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pellet was washed with 150 IJI cold 70% (vjv) ethanol. The pellet was fully

resuspended in 50 IJI 100 IJM triethylammonium acetate (TEAA) (pH 6.85) and

100 IJI chloroform. The uncoupled AQ also precipitated and formed a large

pellet. In order to fully resuspend the AQ-DNA, the AQ must also be fully

dissolved; this is why a two-phase solvent system was used to efficiently recover

the AQ-DI'JA. The aqueous layer was extracted two times with 100 IJI chloroform

and the aqueous fraction was lyophilized under vacuum. The dried DNA was

resuspended in 25 1-11 100 pM TEAA (pH 6.85).

2.2.5 HPLC Purification of Anthraquinone-coupled DNA

The AQ-coupled DNA was purified by high-pressure liquid chromatography

(Agilent 1000 series HPLC) using a reverse-phase (-18 column. The solvent flow

was continuously 1 mljminute and the solvent was heated to 40°(, The initial

conditions were 100% solvent A (20:1100 IJM TEAA (pH 6.85): acetonitrile),

changing to 30% solvent B (100% acetonitrile) over 30 minutes with a linear

gradient. Following this period, the solvent was changed to 100% solvent B for

10 minutes to flush out and clean the column before reconditioning the column

to the original conditions. Typically, uncoupled DNA has a retention time of

approximately 10 minutes, while the AQ-DNA has a retention time of

approximately 17 minutes (Figure 2-11). Retention times will vary for different

sequences depending on the length of the DNA. To ensure that the collected

fractions were indeed AQ-DNA a ratio of the area of the absorbance peak at 260

nm was divided by the area of the absorbance peak at 335 nm was calculated.
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AQ-DNA should have a ratio ranging from 20-50 depending on the length of the

DNA (Fahlman and Sen 2002). The fractions containing the AQ-DNA were

lyophilized under vacuum and resuspended in 50 1-11 ddH20. The AQ-DNA

concentration was determined by UV absorption at 260 nm using a Varian Cary

UVjVis spectrophotometer. A typical yield of AQ-DNA conjugates ranges from

50-90% depending on the sequence and synthetic batch.
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Figure 2-11 HPLC trace of anthraquinone coupled and un-coupled DNA The exact retention
times of the DNA oligonucleotides will vary depending on its length, but in all cases, the un
coupled DNA will elute from the reverse-phase HPLC column before the coupled DNA
Absorbance spectra were taken at 260 nm (A) and 335 nm (8). DNA absorbs only at 260 nm and
AQ absorbs at both 260 and 335 nm, therefore the peak at approximately 12 minutes is the
uncoupled DNA and the peak at approximately 22 minutes is the DNA coupled to AQ. The final
broad peak at 32 minutes is the uncoupled AQ.

2.2.6 5' End-Labelling

8-17El and PSI were 5' end-labelled using a standard phosphorylating

procedure (see appendix II for exact procedure). The DNA was resuspended in
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20 ~I denaturing gel loading buffer and purified on 8% (w/v) denaturing

polyacrylamide gel. The purified DNA was resuspended in 30 ~I TE.

2.2.7 Assembly of DNA Constructs

The DI\IA constructs were assembled by heating a 5X solution, 2.5 pM 8-

17El or PS', 3 ~M PS or AQ coupled PS, trace amounts (approximately 30 nM) of

5,-32P-labelled 8-17El or PS', 100 mM Tris-HCI (pH 7.4), at 100°C for 5 minutes

and cooled slowly to 22°C.

2.2.8 Irradiation of the DNA complexes

The DNA solutions were diluted with aliquots of NaCI and/or MgCh

solutions to the appropriate final concentrations and incubated at 22°C for 15

minutes. All samples were transferred to a glycogen-pretreated 96 well

polystyrene ELISA plate. All irradiations were conducted at 22°C using a UVP

Black-Ray lamp (model UVL-56 with a 365 nm wavelength maximum at 18W) for

60 minutes. A distance of approximately 2 cm separated the bulb from the

surface of the DNA solution. After irradiation, the solutions were transferred to

0.65 ml microcentrifuge tubes and ethanol precipitated (see appendix II for exact

procedure).

2.2.9 Piperidine Treatment and Denaturing Gel Electrophoresis

The DNA pellets were dissolved in 100 ~I 10% (v/v) piperidine and

incubated at 90°C for 30 minutes. The treated DNA was lyophilized, dissolved in

denaturing gel loading dye (99% formamide (v/v), 1 mM Tris-CI pH 7.5, and 1
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mM EDTA pH 8.0), heat denatured at 100°C for 5 minutes, cooled to 22°C, and

loaded on 15% (w/v) denaturing polyacrylamide sequencing gels. The gels were

analyzed by phosphorimagery using a Molecular Dynamics Typhoon 9410

Variable Mode Imager.

2.2.10 Charge Flow-Dependent DNA Strand Cleavage

The DNA solutions were diluted with aliquots of NaCI and/or MgCb stock

solutions to final concentrations of 50 mM NaCI and/or 1 mM MgCb. The

solutions were equilibrated at 22°C for 15 minutes. The samples were irradiated,

piperidine treated, and analyzed as mentioned above.

2.2.11 Magnesium Titration

The DNA solutions were prepared as previously mentioned. All samples

were made to the final concentration 50 mf'/I NaCI and 0-30 rnM MgCb. The

solutions were equilibrated at 22°C for 15 minutes prior to irradiation.

2.2.12 Quenching Experiments with Ascorbic Acid

The DNA solutions were prepared as for the magnesium titration

experiments previously mentioned. L-ascorbic acid or ascorbic acid-6-palmitate

was added to a final concentration of 50 I-lM from stock solutions to the

appropriate DNA solution just prior to irradiation. The L-ascorbic acid stock was

prepared in ddH20 and the ascorbic acid-6-palmitate stock solution was prepared

in dimethyl sulfoxide (DMSO). To equalize DMSO in all reactions to be irradiated,

both the 0 and 50 I-lM L-ascorbic acid -containing reactions were made up to a
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final DMSO concentration of 0.185% (vjv) to match the final concentration of

DMSO present in the ascorbic acid-6-palmitate-containing reactions.

2.2.13 Data Analyses

The densitometry analyses of the sequencing gels were carried out using

Molecular Dynamics Image Quant 5.2 software for Windows 2000. The density

of the band of interest was assessed as a percentage of the total signal

contained within a particular lane. This procedure compensated for any

discrepancies of the total radioactive counts in different lanes. The normalized

signal for a particular nucleotide obtained in the "dark" reaction negative control

lane was subtracted from the signal of the same nucleotide in an irradiated

sample lane. This corrected signal for a particular nucleotide was then divided

by the corrected signal of the reference nucleotide (G29) to give the damage

ratio. G29 was chosen to be the reference nucleotide due its relative constant

damage at all experimental conditions tested. Each graph consists of seven

independent data sets.

For the experimental procedures for making the l"1axam-Gilbert chemical

DNA sequencing ladders, see appendix II for exact procedure.
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2.3 Results

All experiments were conducted with an inactive all DNA pseudosubstrate,

PS, with or without AQ, 8-17 deoxyribozyme, El, and a Watson-Crick

complementary strand to the pseudosubstrate, PS' (Figure 2-9). All densitometry

signals were calculated as a percent based on the counts of the band of interest

divided by the total counts of that lane. The signal for charge transfer

dependent oxidative damage of a particular base was obtained by subtracting

the background percent damage of the same corresponding base from the dark

reaction. All "damage ratios" were calculated by dividing the corrected percent

damage of the base of interest by the corrected percent damage of a reference

base (G29). G29 was chosen as the reference base because its CFDC values

(0.57% ± 0.17%) were relatively insensitive to all experimental conditions tested

(Figure 2-12).
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Figure 2-12 Charge flow dependent oxidative damage of G29 is relatively insensitive to
increasing concentrations of magnesium. This graph contains seven independent data sets.
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Figure 2-13 Denaturing gel showing patterns of charge flow-dependent DNA strand cleavage
patterns of E1 :PS and the PS:PS' complexes, alongside controls. Lane 1: E1 alone, treated with
piperidine; lane 2: AQ-derivatized E1 :PS, irradiated, but not treated with piperidine; lane 3: AQ
derivatized E1 :PS, folded in the presence of Na+ and Mg2

+, unirradiated, but treated with
piperidine (the "Dark" control for E1:PS); lane 4: E1:PS, not derivatized with AQ, folded in the
presence of Na+ and Mg2

+, irradiated, and treated with piperidine; lane 5: PS':PS, derivatized with
AQ, folded in the presence of Na+ and Mg2

+, irradiated, and treated with piperidine; lane 6:
Maxam-Gilbert G ladder; lane 7: Maxam-Gilbert CIT Ladder; lane 8: AQ-derivatized E1 :PS,
irradiated in a low-salt buffer (TE), and treated with piperidine; lane 9: AQ-derivatized E1 :PS,
folded in the presence of only Na+, irradiated, and treated with piperidine; lane 10: AQ-derivatized
E1: PS, folded in the presence of Na+ and Mg2

+, irradiated, and treated with piperidine.
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2.3.1 Helical Stacking Relationship

Figure 2-13 shows a denaturing gel highlighting the CFDC data obtained

for the enzyme-pseudosubstrate complex. Lanes 1-4 show the control

experiments on the E1-PS complex: lane 1 shows the results of piperidine

treatment of 5,_32p end labelled but unirradiated single stranded E1; lane 2

shows the E1-PS complex with appended AQ, irradiated with light, but not

treated with piperidine; lane 3 shows the AQ-derivatized E1-PQ complex, treated

with piperidine without having been irradiated first; and lane 4 shows the E1-PS

complex without AQ, irradiated and then treated with piperidine. In all of the

above, it is the E1 strand that is 5,_32p labelled and the absence of DNA cleavage

bands in all four controls confirms that CFDC requires DNA constructs that are

(1) derivatized with AQ, (2) have been irradiated with 335 nm light, and (3) have

been treated with hot piperidine. Lanes 8-10 show CFOC of the E1-PS complex

(with the E1 strand 5'-32P labelled) in TE, TE plus 50 mrvl l'JaCl, and TE, 50 mM

NaCl, plus 1 mM MgCI2. Under the last of these conditions, E1 is catalytically

active with a cleavable substrate (Bonaccio, Credali et al. 2004). Under all three

conditions, significant CFDC can be seen both in the signal stem (G5-T12) and in

the catalytic core (C13-A25). If an assumption is made that the efficiency of

stacking between a given pair of helices, X and Y, relative to pair X and Z, is

reflected in the relative efficiencies of charge transfer X / Y and X / Z, then the

CFDC data suggest that, in the E1-PS complex, over the experimental timescale,

the AQ stem experiences stacking with both the signal stem and the catalytic
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core. Since the sequences of these two "charge-accepting" elements are not the

same, to obtain a quantitative sense of the effectiveness of signal stem-AQ stem

stacking in E1 :PS, a comparison was made with the stacking of the same helix

pair within the PS:PS' duplex control (Figure 2-9 B), lane 5, under identical

solution conditions.

Densitometry of the signal at G5 (lane 5, Figure 2-13) of PS:PS' was

measured to be approximately 7% of the total in that lane, whereas the counts

at G5 of E1:PS (lane 10, Figure 2-13) were approximately 2% of the total in that

lane. In contrast, the analogous AQ stem guanines, G19 in PS-PS' andG31 in E1

PS, had comparable levels of damage. Charge transfer (and stacking) between

the AQ and signal stems therefore appear to be 3- to 4-fold less efficient in

E1:PS than in a continuous double helix of the same sequence.

54



Figure 2-14 CFDC patterns of AQ-derivatized E1PS folded under different conditions,
irradiated, and treated with piperidine, compared with Maxam-Gilbert CIT ladders Lanes 1, 4, 9,
and 12 the CIT ladder; lane 2 AQ-derivatized E1PS, folded in the presence of Na+, irradiated,
and treated with piperidine; lanes 3 and 10 AQ-derivatized E1:PS, folded in the presence of Na+
and Mg2+, irradiated, and treated with piperidine; lanes 5 and 8: Maxam-Gilbert G ladder; lane 6:
10 nt ladder; lane 7 "Dark" (unirradiated) AQ-derivatized E1PS, folded in the presence of Na+
and Mg2+, and treated with piperidine; lane 11: AQ-derivatized E1-PS, folded in the presence of
Na+and Mg2 +, irradiated, and treated with piperidine, mixed with CIT ladder.
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Figure 2-15 CFDC patterns of C23 mutant constructs. Lanes 1 and 8 Maxam-Gilbert G
ladder; lane 2 "Dark" (unirradiated) AQ-derivatized E1C23GPS, folded in the presence of Na+
and Mg2+, and treated with piperidine; lane 3: AQ-derivatized E1 C23G-PS, folded in the
presence of Na+ and Mg2+, irradiated, and treated with piperidine; lane 4 "Dark" (unirradiated)
AQ-derivatized E1 C23A PS, folded in the presence of Na+ and Mg 2+, and treated with piperidine;
lane 5 AQ-derivatized E1 C23A-PS, folded in the presence of Na+ and Mg 2 +, irradiated, and
treated with piperidine; lane 6: "Dark" (unirradiated) AQ-derivatized E1C23TPS, folded in the
presence of Na+ and Mg2+, and treated with piperidine; and lane 7 AQ-derivatized E1C23T-PS,
folded in the presence of Na+ and Mg2+, irradiated, and treated with piperidine. The CFDC can be
seen for all other three nucleotides at position 23.
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2.3.2 Reactivity of a Cytosine

An interesting result was the CFOC of a catalytically essential cytosine

(C23) located within the catalytic core of the 8-17 deoxyribozyme. It was

investigated whether the C23 CFOC gel band genuinely arose from C23, rather

than being a satellite band from aberrant cleavage at the neighbouring A22.

Long denaturing gels were used to compare the gel mobility of the C23 CFOC

band with that of a C23 band in a Maxam-Gilbert cytosine reaction ladder (Figure

2-14). The band mobilities were compared by running them in adjacent lanes

(lanes 2 and 3 versus lanes 1 and 4, Figure 2-14), as well as mixing the CFOC

and Maxam-Gilbert ladders together and running the mixture in a composite lane

(lane 11, Figure 2-14). In both instances, the mobility of the C23 CFOC band

and that of C23 in the sequencing ladder were indistinguishable from one

another, indicating that the C23 CFOC band genuinely arose from the standard

piperidine-catalyzed chemistry at the modified C23 site.

As for a comparison, charge transfer experiments on C23G, C23A and

C23T mutants of E1, E1(mutant)-PS complexes, gave a strikingly similar CFOC

pattern to that of the original E1-PS complex, including the CFOC at the mutated

23rd residue (Figure 2-15). The similar CFDC patterns of the E1-PS and

E1(mutant)-PS complexes suggests that the CFOC seen at base 23 is unlikely to

be attributable to unusual hydrogen-bonding or metal-bound states or, the acid

base properties of C23. The most plausible explanation for the high level of CFDC
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at C23, or nucleotide 23, is the high solvent accessibility of the base at that

particular position.

2.3.3 Charge Flow Patterns as a Function of Magnesium
Concentration

The previously described experiments had been carried out in buffers that

either lacked divalent cations (i.e., conditions in which the deoxyribozyme would

be catalytically inactive) or contained 1 mlV1 Mg2
+ (in which it would be active).

The next objective was to study the charge flow patterns through E1:PS as a

function of magnesium concentration (0-30 mM). Figure 2-16 shows a gel of

these experiments; it can be seen that at certain bases, such as AQ stem

residues G27 and G29, CFDC levels remain more or less constant across the

magnesium range, whereas significant changes occur in others; mostly notably in

C23 and G24. To obtain a more quantitative understanding of the changes in

CFDC patterns, each gel band was quantified, and a "damage ratio" was

calculated for it.
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Figure 2-16 Magnesium Titrations of E1PS CFDC patterns of E1-PS-AQ, folded in the
presence of Na+ and increasing concentrations of Mg 2

+
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Figure 2-17 A highlights specific guanines within the catalytic core and in

the signal stem of E1:PS whose CFOC profiles provided glimpses into the folded

structure and structural transitions of the deoxyribozyme-substrate complex.

The first comparison was between G20, 5'-most of a GG sink in the three base

pair stem in the catalytic stem, and G5, 5'-most of the 5'GGG3' sink located in

the signal stem. Figure 2-17 B plots the damage ratios of G5 and G20 as

functions of magnesium concentration (the plotted data represent the average of

six independent sets of measurements). Both G5 and G20 showed moderately

high damage ratios (>2) across the magnesium concentration range examined.

The G20 damage ratio increased notably with increasing magnesium and

reached a maximum at approximately 4 mM Mg2
+, before dropping at higher

magnesium concentrations. On the other hand, G5 showed a very modest

variation across the same magnesium range. Generally, the data shown in

Figure 2-16 and plotted in Figure 2-17 B reinforced the earlier conclusion about

the absence of a preferred stacking partner for the AQ stem. However, the

striking modulations in the Mg2
+ dependent damage ratios of G20 suggested

significantly different tertiary structures of the E1:PS complex at different

magnesium concentrations. The relative constancy of the damage ratios of the

AQ stem guanines, G27 and G29, indicates that magnesium itself does not

promote CFOC; therefore, the G20 damage ratio increases in the 100 jJM-5 mM

Mg2
+ range as well as the subsequent drop at >5 mM Mg2

+ almost certainly
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reflect changing degrees of stacking between the catalytic stem and the AQ

stem.
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Figure 2-17 Damage ratio analyses of stem nucleotides. (A) Damage ratio analyses of key
stem and loop nucleotides (shown in boxes) of E1 :PS. (B) Charge flow between intrahelical
guanines. The damage ratio was obtained by dividing the normalized percent damaged of each
nucleotide was by the percent damage to the reference nucleotide (G29). Error bars shown
represent one standard deviation. These graphs contain seven independent data sets each.

Whereas comparison of damage ratios of the intrahelical guanines (G5

and G20, above) provided insights into changes of helical stacking and of the

tertiary structure of the El: PS complex, the catalytically implicated "loop"
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residues C23 and G24 as well as the "apical" G17 showed different damage ratio

trends from each other. Figure 2-18 shows that G17 had a low damage ratio

(approximately 1-2) across the magnesium concentration range tested. This

damage pattern is different from that of a known apical guanine of the

deoxyribosensor ArgA 1.3 (Figure 2-8; (Sankar and Sen 2004). This suggests

that G17 is not extruded out into the solvent.
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Figure 2-18 Damage ratio analyses of loop nucleotides. Error bars shown represent one
standard deviation. These graphs contain seven independent data sets each.

The damage ratios of C23 and G24, however, were very different from

those of G17 (Figure 2-18). G24 maintains a relatively high damage ratio
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(approximately 3) even at low (10 11M) magnesium concentrations, while at 10

mM magnesium; the damage ratio rises to approximately 5. The behaviour of

C23 is particularly interesting: from a low damage ratio of approximately 1 (albeit

higher than that of any other cytosine in the E1 :PS complex; Figure 2-16) it rises

significantly (with half-maximal height reached at approximately 1 mM

magnesium) to a very high damage ratio of 5-6 at approximately 10 mM Mg 2
+.

This two-state behaviour of the C23 damage ratio likely indicates a local

folding/structural transition of the ACGA bulge loop at approximately 1 mM Mg2
+

2.3.4 Ascorbate-Mediated Quenching of Solvent-Exposed Guanine
Radical Cations

The observed charge transfer oxidative damage is the result of H20

molecules reacting with the G
O

+. It was speculated that enriching the solvent

with reducing agents might help to quench the GO

+ species and, in turn, prevent

the water reaction and oxidative damage; one might expect such reductive

quenching to be more efficient at more solvent-exposed guanines than at

intrahelical guanines. Previous experiments conducted on a 5'GGA3' DNA tri-Ioop

structure have shown that out of all reducing agents tested (Table 2-3 ), ascorbic

acid, at concentrations of 50-100 mM, reduced guanine damage preferentially at

the apical rather than intrahelical guanines (data not shown).
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Reagent E O(V vs NHE)a E O(V vs NHE)b E O(V vs NHE)c pH

Ascorbic Acid -0.107 5.75
Dithiothreitol -0.332 7.00
Reduced-
Glutathione -0.262 7.00
r3-Mercapto-
ethanol -0.253 7.00

Table 2-3 Oxidation potentials of charge-quenching reagents. The oxidation potentials of
each potential charge quenching reagent is lower than AQ and all nucleobases indicating that all
of these reagents can readily donate electrons to the nucleobase cation. (a -(Saito, Takayama et
al. 1995), b -(Prat, Houk et al. 1998), c-(Millis, Weaver et al. 1993).

For the purpose of probing the E1:PS complex, it was speculated that

ascorbate itself (Figure 2-19 A, left) might be a small enough molecule to reach

and quench even intrahelical G
O

+ species, at certain locations, to a relatively high

degree; for that reason, the effect of a more hindered derivative of ascorbic acid,

ascorbic acid-6-palmitate (Figure 2-19 B) was also explored. G29 was still used

as the reference comparison base because the level of oxidative damage of G29

was similar with or without each ascorbic acid compound (Figure 2-19 C). Figure

2-20 shows magnesium dependence plots for the damage ratios (averaged over

four independent experiments) at the helical G6, at the "apical" G17, as well as

for C23 and G24.
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Figure 2-19 L-Ascorbic Acid and L-Ascorbic Acid-6-Palmitate. The chemical structures
shown are L-ascorbic acid (A) and L-ascorbic acid-6-palmitate (B). C) The charge dependent
oxidative damage of the reference guanine, G29, is similar in reactions with Mg2

+ (black, solid
line), L-ascorbic acid (red, long, dashed line), and L-ascorbic acid-6-palmitate (blue, short,
dashed line). The graph contains seven independent data sets.

The first interesting observation from these dependences was in the

positive controls (magnesium dependences measured in the absence of either

ascorbate compound, shown as "no ascorbate" in Figure 2-20). This was due to

the necessity of preparing ascorbic acid-6-palmitate stock solutions in DMSO, the

irradiation buffers used for all of the data reported in Figure 2-20 included

0.185% (vjv) DMSO. While the "no ascorbate" damage ratios for G6 and G17

were comparable in the absence and presence of DMSO (Figure 2-17 and Figure

2-18; the G17 data from Figure 2-17 and Figure 2-18 may be compared), those

for C23 and G24 decreased notably in the presence of DMSO (Figure 2-20)
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relative to the absence of DMSO (Figure 2-18). DMSO is a noted radical

scavenger (Fiala, Conaway et al. 1987; Anwar, Au et al. 1989) and, at low

concentrations, it appears to impact the CFOe. The additional presence of 50 mM

ascorbic acid, or ascorbic acid-6-palmitate, carried these same trends even

further (Figure 2-20). Damage ratios at G6 remained relatively insensitive to the

presence of either ascorbic acid compound, while the tertiary structure

implicated G17 showed modest decreases. G24 and C23, however, showed

dramatic lowering of their damage ratios (With damage at C23 reduced almost to

background levels in the presence of 50 mM ascorbic acid). For both C23 and

G24, ascorbic acid was more effective at G"+ quenching than the bulkier ascorbic

acid-6-palmitate, and this may reflect our original presumption that the bulkier

compound may access only those bases highly exposed to the solvent. Based on

its efficiency of quenching, one may postulate that the degree of solvent

exposure of C23 is, if anything, greater than that of G24.
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Figure 2-20 Damage ratio analyses of reactions containing no ascorbic acid (black, solid
lines); 50 mM L-ascorbic acid (red, long, dashed lines); and 50 mM L-ascorbic acid-6-palmitate
(blue, short, dashed lines). The data were all obtained from experiments carried out in the
presence of 0.185% DMSO; hence, the absolute magnitudes of these damage ratios are lower
than those shown in Figures 2-20 and 2-21, which report data measured in the absence of
DMSO. Error bars shown represent one standard deviation. These graphs contain seven
independent data sets each.
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2.4 Discussion

2.4.1 Helical Stacking Relationships and the Reactivity of a
Cytosine

To study charge transfer patterns through the Ei-PS complex, a

pseudosubstrate sequence was selected (and, correspondingly, the sequences of

the two substrate binding arms of Ei) that incorporated at least 1 GC base pair

per every 2 to 4 base pairs to facilitate electron hole transfer within the AQ and

signal stems (Figure 2-9 A). A 5'GGG3' hole trap was specifically placed in the

signal stem of the complex; a 5'GG3' trap was also naturally present in the 3

base pair stem in the catalytic core (catalytic stem).

The first question asked was whether charge from the AQ stem flowed

preferentially to the signal stem or into the catalytic core of the Ei:PS complex.

For comparison, charge transfer through a double helical control, PS-PS' (Figure

2-9 B), which consisted of the PS oligonucleotide fully Watson-Crick base paired

to a complementary oligonucleotide, PS', was also studied. Under all conditions

tested, significant CFDC can be seen both in the signal stem (G5-T12) and in the

catalytic core (C13-A25). If an assumption was made that the efficiency of

stacking between a given pair of helices, the AQ stem experiences stacking with

both the signal stem and the catalytic core (suggesting a relative dynamic, or

floppy, arrangement of the helices). Compared to the duplex control of the

same sequence, charge transfer (and stacking) between the AQ and signal stems

appeared to be 3- to 4-fold less efficient.
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A most unexpected result, however, was the high level of CFDC at a

cytosine, C23. This specific base has been reported in a number of studies to be

a key residue for 8-17 catalysis (Santoro and Joyce 1997; Li, Zheng et al. 2000;

Peracchi 2000; Brown, Li et al. 2003; Bonaccio, Credali et al. 2004; Cruz, Withers

et al. 2004; Silverman 2004; Peracchi, Bonaccio et al. 2005). This gel band was

especially prominent when E1:PS was folded in the presence of magnesium

under conditions that support catalysis. Cytosine is significantly harder to oxidize

than guanine or adenine (EO = 1.29 V versus NHE for the free ribonucleotide rG,

but 1.6 V for rC (Steenken and Jovanovic 1997)); nevertheless, all four DNA

bases, including cytosine and thymine, remain oxidizable by photo-excited AQ,

whose reduction potential is 2.0 V versus NHE (Armitage, Yu et al. 1994).

Moreover, it has been demonstrated experimentally (Dohno, Ogawa et al. 2003;

Shao, O'Neill et al. 2004) that in the process of hopping between guanines within

DNA double helices, the electron hole does physically localize on adenine and

cytosine bases in the form of the radical cations A"+ and ("+, with concomitant

oxidative transformation of those bases (demonstrated, in these reports, by

monitoring a fast ring opening of cyclopropyl groups covalently attached to the C

and A bases) (Dohno, Ogawa et al. 2003; Shao, O'Neill et al. 2004). On the

other hand, CFDC at cytosines has not been reported from charge conduction

studies on double-helical DNA, owing, presumably, to the relatively slow kinetics

of the water reaction of intrahelical ("+ species (Armitage, Yu et al. 1994; Dohno,

Ogawa et al. 2003; Shao, O'Neill et al. 2004). However, it is not inconceivable
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that C+ species at relatively unstacked and solvent-exposed locations should

undergo oxidative damage via the water reaction. A candidate oxidization

product of cytosine, 5-hydroxycytosine (Figure 2-5), is known to be labile upon

treatment with hot piperidine (Burrows and Muller 1998).

Long denaturing gels compared the gel mobility of the C23 CFDC band

with that of a C23 band in a Maxam-Gilbert cytosine reaction ladder because

both CFDC and the Maxam-Gilbert sequencing methodology utilize hot piperidine

workup to effect cleavage of the base-sugar glycoside bond and the subsequent

~- and a-elimination (Figure 2-7). The mobility of the C23 CFDC band and that

of C23 in the sequencing ladder were indistinguishable from one another,

indicating that the C23 CFDC band genuinely arose from the standard piperidine

catalyzed chemistry at the modified (oxidized) C23 site in the E1 DNA.

It is known that photo-excitation of AQs in aqueous solution generates

low concentrations of singlet oxygen (Henderson, Jones et al. 1999). Could the

CFDC at C23 have arisen from the direct reaction of cytosine with diffusible

singlet oxygen? Till present, there is no evidence for the reaction of a singlet

oxygen with cytosine within DNA (Cadet, Ravanat et al. 1994; Cadet, Berger et

al. 1997; Cadet, Douki et al. 2000; Cadet, Ravanat et al. 2006). A recent review

has stated explicitly that "singlet O2 oxidizes the guanine base of DNA

exclusively" (Cadet, Douki et al. 2000). Moreover, Henderson et al. (Henderson,

Jones et al. 1999) have studied and ruled out any role of diffused singlet oxygen

even in guanine damage within an AQ-initiated DNA charge transfer system
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similar to the system presented here. A singlet oxygen origin of the C23

cleavage band is even more unlikely given that the singlet oxygen, generated 10

base pairs or more away from C23, at the AQ moiety, would react with such

exquisite specificity with C23 but with no other cytosine within the E1 strand.

C32, located 4 base pairs away from the AQ, shows not even a trace of cleavage

(Figure 2-16).

The unusual CFOC at C23 suggests, at minimum, that this cytosine is

located in an unusual local environment within the folded E1:PS complex. What

kind of environment might that be? One possibility is that the oxidation potential

for this cytosine might be lower than the usual norm; or, it may enjoy an unusual

exposure to and reactivity with the solvent. The oxidation potential might be

modulated in a number of different ways: for instance, if C23 participated in net

hydrogen bond donation (electron density acceptance), or if it existed

substantially in a deprotonated state. The latter scenario, if true, might underlie

this cytosine's catalytic importance, in analogy with ribozymes such as HOV, in

which cytosine residues have shown to participate in acid-base catalysis

(Perrotta, Shih et al. 1999; Nakano, Chadalavada et al. 2000).

To test some of these possibilities, charge transfer experiments were

conducted on a catalytically inactive C23T point mutant of E1 (Peracchi, Bonaccio

et al. 2005). Results showed a strikingly similar CFOC pattern to that of the

original E1-PS complex, including a notable CFOC at the mutated T23 residue

(Figure 2-15). Thymine is even harder to oxidize when compared to cytosine
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(1.7 V relative to 1.6 V; (Steenken and Jovanovic 1997)), and the two bases

have significantly different hydrogen bonding, metal binding, and acid-base

properties. Nevertheless, the similarity in the CFDC patterns of both complexes

suggests that the CFDC seen at C23 and T23 is unlikely to be attributable to

unusual hydrogen-bound or metal-bound states or acid-base properties of C23.

The C23T mutation should strongly perturb all of these properties, with the

possible exception of hydrated metal coordination by the 2-keto oxygen shared

by C and T. Indeed, on the basis of an extensive mutagenesis study, Peracchi

and colleagues have proposed that the catalytically important C23 does not

participate as an acid-base catalyst (Peracchi, Bonaccio et al. 2005). Therefore,

a parsimonious explanation for the high level of CFDC at C23 or T23 is the high

solvent accessibility of that base.

2.4.2 Charge Flow Patterns as a Function of Magnesium
Concentration

The previously described experiments were carried out in conditions in

which the deoxyribozyme would be catalytically inactive (in the absence of any

divalent metal ions) or in which it would be active (1 rnM Mg2+). The next step

was to study the charge flow patterns through E1 :PS as a function of magnesium

concentration (0-30 mM). Figure 2-16 shows a gel of these experiments; it can

be seen that at certain bases (such as at G27 and G29, both in the AQ stem),

CFDC levels remain more or less constant across the magnesium range, whereas

significant changes occur in others (mostly notable in C23 and G24).
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Figure 2-17 highlights specific bases within the catalytic core and in the

signal stem of E1:PS whose CFDC profiles provided interesting glimpses into the

folded structure and structural transitions of the deoxyribozyme-substrate

complex. Generally, the data reinforced the earlier conclusion about the absence

of a preferred stacking partner for the AQ stem, and this appeared to hold across

the magnesium concentration range examined. However, the striking

modulations in the Mg2
+ -dependent damage ratios of guanines located within the

catalytic stem suggested significantly different tertiary structures of the E1 :PS

complex in the different magnesium regimes. The relative constancy of the

damage ratios of the AQ stem guanines indicates that magnesium itself does not

promote CFDC; therefore, the damage ratio profile of the catalytic stem guanines

is almost certainly reflecting changing degrees of stacking between the catalytic

stem and the AQ stem.

Interestingly, Liu and Lu (Liu and Lu 2002) have recently used three-way

fluorescence resonance energy transfer (FRET) experiments to propose a two

step change in the tertiary structure of a zinc-responsive C'17E'') variant of the

8-17 deoxyribozyme upon titration with zinc. Differences in the sequence of E1

and 17E deoxyribozymes, and also in the divalent cation used, prevented a direct

one-on-one comparison of the implications of our CFDC data with their FRET

results. l\Ievertheless, some striking points of correspondence can be found.

According to Liu and Lu, the 17E deoxyribozyme-substrate complex has three

distinct tertiary structure regimes: at <19 mlVl zinc, in the 19-260 mM zinc
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range, and at >260 mM zinc. Only in the 19-260 mM zinc range do the

equivalent AQ and the catalytic stems of the 17E complex enjoy a degree of

coaxiality. The two stems are poorly coaxial at low zinc concentrations, evolve to

greater coaxiality, and are poorly coaxial again at high zinc concentrations. The

catalytic stem guanine damage ratios qualitatively indicate a similar pattern of

tertiary structure transitions, with low damage ratios (and coaxial stacking) at

<100 IJM magnesium, relatively high damage ratios (and stacking) in the 100

pM-5 mM range, then poor stacking at >5 mlVl magnesium. Intrinsic differences

in DNA-binding affinities between zinc and magnesium cations may account for

the differences in the two cation concentrations required to effect the structural

transitions.

Whereas comparison of damage ratios of the intrahelical guanines

provided insights into changes of helical stacking and of the tertiary structure of

the E1:PS complex, the catalytically implicated "loop" residues C23 and G24 as

well as the "apical" G17 showed different damage ratio trends from each other.

The apical G17 residue had a low damage ratio across the magnesium

concentration range tested. This pattern is rather different from that of the

heavily damaged apical guanine of the deoxyribosensor ArgA 1.3 (Figure 2-8 B;

(Sankar and Sen 2004)), suggesting that G17 is not extruded out into the

solvent. Indeed, on the basis of extensive mutagenesis experiments, Peracchi

and colleqgues have proposed that both A16 and G17 participate in an extensive

network of hydrogen bonding with yet undefined partners within E1:PS
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(Peracchi, Bonaccio et al. 2005). Li and colleagues have even proposed that

these two purines may be involved in stacking interactions with nucleotides at

the cleavage site of the substrate (Cruz, Withers et al. 2004). The damage ratios

of C23 and G24, however, were very different from those of G17 (Figure 2-18).

A two-state behaviour of the C23 damage ratio likely indicates a local

folding/structural transition of the ACGA bulge loop at approximately 1 mM Mg2+.

2.4.3 Ascorbate-Mediated Quenching of Solvent-Exposed Guanine
Radical Cations

The level of observed damage at a particular base within a complex folded

nucleic acid reflects a balance between the rate of charge flow into, and out of,

that base relative to the rate of water reaction of the resulting radical cation. It

should be possible to distinguish between the two different processes.

Therefore, a hypothesis was proposed stating that by enriching the solvent with

reducing agents might help to quench the G-+ species and, in turn, prevent the

water reaction and oxidative damage. One might expect such reductive

quenching to be more efficient at solvent-exposed extrahelical guanines than at

intrahelical guanines. To test whether this was a practical strategy, a number of

reducing agents (Table 2-3) was used to test on a short DI\IA double helix

terminating with a 5'GGA3' tri-Ioop. Ascorbic acid, at concentrations of 50-100

mM, was found to reduce guanine damage preferentially at the apical rather

than intrahelical guanines (data not shown).
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For the purpose of probing the E1:PS complex, ascorbic acid (Figure 2-19

A) might be a small enough molecule to reach and quench even intrahelical G
O

+

species, at certain locations, to a relatively high degree; for that reason, the

effects of a more hindered derivative of ascorbic acid, ascorbic acid-6-palmitate

(Figure 2-19 B) was also studied.

The first interesting observation from these dependences was in the

positive controls (magnesium dependences measured in the absence of either

ascorbate compound, shown as "no ascorbate" in Figure 2-20). Owing to the

necessity of preparing ascorbic acid-6-palmitate stock solutions in DMSO, the

irradiation buffers used for all of the data reported included DMSO. While the

"no ascorbate" damage ratios for some guanines, G6 and G17, were comparable

in the absence and presence of DMSO, some other bases, C23 and G24,

decreased notably in the presence of DMSO (Figure 2-20) relative to the absence

of DMSO (Figure 2-18). DMSO has been reported to be a radical scavenger

(Fiala, Conaway et al. 1987; Anwar, Au et al. 1989) and, at low concentrations, it

appears to impact the CFDC at C23 and G24, but not at the intrahelical G6, nor

at the extensively hydrogen-bonded G17 (Peracchi, Bonaccio et al. 2005).

Damage ratios at intrahelical guanines remained relatively insensitive to the

presence of either ascorbic acid compound, while the tertiary structure

implicated G17 showed modest decreases. G24 and C23, however, showed

dramatic lowering of their damage ratios (with damage at C23 reduced almost to

background levels in the presence of 50 mlVl ascorbate). For both C23 and G24,
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ascorbate was more effective at G-+ quenching than the bulkier ascorbic acid-6

palmitate, and this may reflect our original presumption that the bulkier

compound may access only those bases bighly exposed to the solvent. Based on

its efficiency of quenching, one may postulate that the degree of solvent

exposure of C23 is, if anything, greater than that of G24.

These DMSO- and ascorbate-quenching data are, once again, fully

consistent with the mutagenesis data of Peracchi et al. (Peracchi, Bonaccio et al.

2005), who had reported G17 to be involved in "a network of functionally

important hydrogen bonds." The data indicate that G17 appears to be no more

"solvent exposed" than a typical intrahelical guanine. In contrast, C23 and G24

do appear to be significantly solvent exposed, in agreement with prior

mutagenesis and biochemical data (Peracchi, Bonaccio et al. 2005).
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2.5 Conclusion

The conclusions that could be drawn for these experiments shows that the

study of the oxidative damage pattern of charge flow through DNA molecules

patterns can provide some interesting structural information. First of all it was

found that the AQ stem of the E1 8-17 deoxyribozyme experiences stacking with

both the signal stem and the catalytic core, although the stacking of the AQ and

signal stems appears to be 3- to 4-fold less efficient in E1:PS than in a

continuous double helix of the same sequence.

The unusual reactivity of a non-guanine base, C23, was also detected.

Results suggested that the reactivity of C23 is most likely due to high solvent

accessibility of the base at the position 23. On the other hand, data shows that

G17 is not extruded out into the solvent.

The global stacking confirmation of the 8-17 deoxyribozyme could also be

monitored by observing the charge flow pattern at different magnesium

concentrations. The analysis of the damage ratio profile of the catalytic stem

guanines reflected the changing degrees of stacking between the catalytic stem

and the AQ stem. IVlaximum co-axial stacking between the catalytic and AQ

stems occurs are approximately 3 mM Mg2+. The bell-shaped profile almost

certainly reflects changing degrees of stacking between the catalytic stem and

the AQ stem. On the other hand, C23 and G24 displayed two step behaviours.

The damage ratio was low at low salt concentration conditions and the ratio
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jumped to high values at high salt concentration conditions. This two-state

behaviour of the C23 and G24 damage ratios likely indicates a local

folding/structural transition of the ACGA bulge loop at approximately 1 mM Mg2
+.

Finally, the degree of solvent accessibility was examined for all of the

bases of the entire 8-17 E1 construct. Ascorbic acid and ascorbic acid-6

palmitate were able to selectively quench the charge flow oxidative damage for

certain bases. For both C23 and G24, ascorbic acid was more effective at Ge
+

quenching than the bulkier ascorbic acid-6-palmitate, and this may reflect the

original presumption that the bulkier compound may access only those bases

highly exposed to the solvent. Based on its efficiency of quenching, one may

postulate that the degree of solvent exposure of C23 is, if anything, greater than

that of G24.

The experimental results presented shows that the study of charge

transfer through DNA complexes provides important structural information not

easily obtained by conventional biochemical structure probing techniques, and

therefore, provides an additional experimental technique to study nucleic acid

structures.
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2.6 Future Directions

This chapter has shown the study of charge flow through DNA structures

can provide valuable structural information. This method can be used to study

other deoxyribozymes, such as the 10-23 and bipartite deoxyribozyme. The type

of structural information gained from studying the 8-17 deoxyribozyme can also

be gained when studying other deoxyribozymes. This method can be applied to

study nucleoprotein interactions, such as the binding of transcription factors and

DNA modifying enzymes to name a few. Interesting structural information, such

as changes of stacking interactions and the degree of solvent exposure of the

bases, can be gained about the protein binding site of the DNA with and without

the bound protein. Studies carried out on RNA, RI\IA-DNA heteroduplexes and

chimeras have shown that these molecules can conduct charge (Odom and

Barton 2001; O'Neill and Barton 2002). Unpublished work from the Sen

laboratory has shown the same to be true for double-stranded RNAs. This will

also permit the further development of this method to study ribozymes and

ribonucleoprotein structures.
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3: CHAPTER THREE

Mechanistic Studies on the Bipartite Deoxyribozyme

3.1 Introduction

3.1.1 Chemical Properties of Nucleic Acid Bases

The five common bases that naturally exist are planar aromatic rings with

some chemical functionality. One of the key features of these chemical

functionalities is the ability to donate and accept hydrogen bonds. This is the

foundation in which one base recognizes its partner when forming a base pair.

Figure 3-1 shows that the pKa values of the bases are far from physiological pH,

and as a result, all five bases are unchanged at neutral pH. The pentose sugar

also remains unchanged at neutral pH with the ribose having a pKa above pH 12

(Blackburn and Gait 1996). The protonation and/or deprotonation of the bases

at neutral pH will not be expected to be one of the catalytic strategies utilized by

catalytic nucleic acid molecules. Presently catalytic nucleic acid molecules

require cofactors (such as metal ions) to aid in catalysis and in structural folding.
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Figure 3-1 pKa values of the bases of nucleosides. The pKa values were obtained from
Blackburn and Gait, 1996.

3.1.2 The Overall Mechanism of RNA Cleavage

The spontaneous cleavage of RNA can be achieved by an internal

phosphoester transfer. In the overall RNA cleavage transesterfication reaction

(Figure 3-2), the RNA linkage (A) passes through a pentacoordinate species (6)

that degrades into a fragment that has a 2',3'-cyclicphosphate (C) and another

fragment that has a S'-hydroxyl group (D). The chemical barriers of this reaction

are: 1) the lack of constraint of the atoms in geometry to form the

pentacoordinate species; 2) the high negative charge of the dianion species; 3)
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the poor nucleophilicity of the 2'-hydroxyl; and 4) the poor departure of the 5'-

oxyanion of the leaving group (Emilsson, Nakamura et al. 2003). The catalytic

strategies that can help overcome these chemical barriers are: 1) in-line

nucleophilic attack (Figure 3-2 Bl); neutralization of the negative charge on the

non-bridging phosphate oxygen (transition state stabilization, Figure 3-2 A2);

deprotonation of the 2'-hydroxyl group (general base catalysis, Figure 3-2 Ai);

and neutralization of the negative charge of on the 5'-oxygen atom (Lewis acid

catalysis, Figure 3-2 B2) (Emilsson, Nakamura et al. 2003). This raises some

very interesting questions about the catalytic RNA-cleaving nucleic acids. Do all

RNA-cleaving nucleic acid catalysts utilize a common catalytic strategy? Do

ribozymes use a different strategy when compared to deoxyribozymes? This will

continue to drive mechanistic research as more and more different RNA-cleaving

nucleic acid catalysts are discovered.
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Figure 3-2 Mechanism of RNA cleavage by internal phosphoester transfer involving the 2'
hydroxyl group. The RNA linkage (A) goes through a pentacoordinate species (8) that degrades
into fragments that contain a 2',3'-cyclic phosphate terminus (C) or a 5'-hydroxyl terminus (0).
The four catalytic strategies that can influence the reaction are: 1) in-line nucleophilic attack; 2)
neutralization of the negative charge on the non-bridging phosphate oxygen; 3) deprotonation of
the 2'-hydroxyl group; and 4) neutralization of the negative charge on the 5'-oxygen atom
(Emilsson, Nakamura et al. 2003).
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3.1.3 The Functional Roles of Metal Ions

Divalent cations are able to aid catalytic nucleic acid molecule function in

numerous ways. One key role is structural: these hydrated metal ions assist the

negatively charged nucleic-acid enzyme to fold (reviewed in (Fedor 2002).

Divalent cations have also been postulated to participate directly in the cleavage

chemistry in several ways, including by providing metal-bound hydroxyl ions as

general base for deprotonation of the 2'-hydroxyl nucleophile; or, as a Lewis

acid, coordinating directly with the oxygen atom of the nucleophile or leaving

group (reviewed in (Lilley 2003). The discovery that four of the five naturally

occurring self-cleaving ribozymes are able to function in vitro in the absence of

divalent cations and in the presence of high concentrations of monovalent

cations (Murray, Seyhan et al. 1998; Curtis and Bartel 2001; O'Rear, Wang et al.

2001) has brought up interesting questions about the precise role(s) of divalent

cations in the chemistry of these ribozymes. Table 3-1 lists some useful chemical

properties of hydrated metal ions that are known to associate with nucleic acid

molecules.
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Figure 3-3 Five naturally occurring small self-cleaving ribozymes. The blue arrow indicates
the site of cleavage. The lines and letters in red indicate the substrate strand in a trans-construct.
Positions in parentheses indicate insertions and positions in orange indicate positions that are not
present in the antigenomic RNA of the HDV. The ribozymes shown are the hammerhead (A),
hairpin (8), hepatitis delta virus (C), Neurospora VS (D), and glmS ribozymes.
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Metal Oxidation Hydration Ionic Radius pKaof
State Number (0) (A)(o) Aqua Ion

Group 1A
Li 1+ 4 0.59 13.80(e,
Na 1+ 6 1.02 14.48(e)
K 1+ 6 1.38

Group 2A
Mg 2+ 6 0.72 11.42(e)
Ca 2+ 8 1.12 12.70(e)
Sr 2+ 6 1.18 13.18(e)
Sa 2+ 6 1.35 12.82(e)

First Row Transition Metals
Mn 2+ 6 0.67 10.60(0)
Zn 2+ 6 0.74 9.60(e)

Other
Pb 2+ 6 1.19 7.80(0)

Table 3-1 Chemical properties of selected metal ions. A sample of the chemical properties
of metal ions that commonly interact with nucleic acid molecules is presented on this table (a -
(Richens 1997); b - (Huheey 1983).

3.1.4 Mechanisms of the Small Natural Occurring Ribozymes

Four of the five naturally occurring small self-cleaving ribozymes, the

Hammerhead, the Hairpin, the Hepatitis Delta Virus (HDV), and the Varkud

Satellite (VS), share many properties, including a common catalyzed chemistry

(reviewed by (Doudna and Cech 2002). They all catalyze the transesterfication

cleavage reaction of RNA that yields a 2',3'-cyclic phosphate and a 5'-hydroxyl.

However, they show significant differences in the details of their mechanisms.

The hammerhead (Figure 3-3 A), hairpin (Figure 3-3 B), HDV (Figure 3-3 C), and

VS ribozymes (Figure 3-3 D) mediate both self-cleaving and self-ligating

reactions (reviewed in (Fedor 2000; Collins 2002; Shih and Been 2002; Blount
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and Uhlenbeck 2005). A synopsis of the mechanistic studies on the natural small

self-cleaving ribozymes is presented below.

3.1.4.1 Hammerhead Ribozyme

The hammerhead ribozyme was the first natural self-cleaving ribozyme

reported (Buzayan, Gerlach et al. 1986). This motif was discovered in the

positive strand of the tobacco ringspot virus satellite RNA (Buzayan, Hampel et

al. 1986). This ribozyme has 15 conserved nucleotides centre from which three

helices extend from (Figure 3-3 A). It is also the most extensively studied small

ribozyme, but a plausible catalytic mechanism was proposed only recently. This

mainly stemmed from disagreements between the crystallographic and

biochemical studies of the ribozyme (reviewed in (Blount and Uhlenbeck 2005).

Nevertheless, many mechanistic studies have been conducted on the

hammerhead ribozyme and have revealed some interesting results. It was

initially found that the hammerhead ribozyme was catalytically active in the

presence of divalent metal ions (Dahm and Uhlenbeck 1991). The ribozyme was

not active in all divalent metal ions tested (Zn2+ and Cd2+), but the presence of

multi-valent polyamines such as spermine rescued the activity (Dahm and

Uhlenbeck 1991). The pH dependence of this ribozyme displayed a log-linear

relationship with a slope of approximately 1 (Dahm, Derrick et al. 1993). All of

these results strongly suggest that hammerhead ribozyme was indeed a

metalloenzyme in which its mechanism was a metal-hydroxide assisted

deprotonation of the 2'-hydroxyl group at the site of cleavage.
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However, it was proven later on that, the hammerhead ribozyme did not

utilize this mechanism. It was found that the hammerhead ribozyme was

catalytically active in presence of high concentration of monovalent metal ions

(Murray, Seyhan et al. 1998). Therefore, the metal ion must be playing a

structural role and that some of the bases of the ribozyme itself are the catalyst.

It was not until very recently that two individual studies revealed identity of two

catalytically essential guanine residues. Martick and Scott solved a high

resolution crystal structure of a full-length hammerhead ribozyme (Martick and

Scott 2006) and the structure revealed that two guanine residues (G8 and G12)

are oriented so that G12 plays the role of general base and the 2'-hydroxyl of G8

plays the role of general acid. Cross-linking experiments (Lambert, Heckman et

al. 2006) and a bell-shaped pH dependence profile when both positions were

substituted with 2,6-diaminopurine (Han and Burke 2005) further validated that

these two residues are within close proximity of the cleavage site upon catalysis.

In summary, the proposed mechanism of the hammerhead ribozyme

involves a single ionization event, most likely the 2'-hydroxyl at the site of

cleavage, and two guanines (G8 and G12) play the roles of general acid-base.

3.1.4.2 Hairpin Ribozyme

The hairpin ribozyme (Figure 3-3 B) is another member of the natural

small self-cleaving ribozymes and this motif was discovered in the tobacco

ringspot virus satellite RNA, but in the negative strand (Buzayan, Gerlach et al.

1986). It was initially thought that the mechanism of the hairpin ribozyme was
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very unique because it was one of the first ribozymes found to be active in the

presence of monovalent metal ions (Chowrira, Berzal-Herranz et al. 1993).

The pH dependence studies on the hairpin ribozyme revealed a bell

shaped profile with a deprotonation of a functional group at pKa 5.4 and a

protonation of a functional group with a pKa value of 9.8 (Nesbitt, Hegg et al.

1997). The N1 position of guanosine and N3 position of uridine titrate with pKa

values close to 9.2 (Saenger 1984), therefore the decrease of activity at high pH

most likely reflects the loss of essential hydrogen bonds (Fedor 2000). NMR

studies of the hairpin revealed an unusual cytosine that is protonated with a pKa

of 6.5 (Cai and Tinoco 1996), but this cytosine was found to be not essential for

catalysis.

Crystal structures of the hairpin solved by Rupert et al revealed that the

N1 of a guanine, G8, was within hydrogen bonding distance to the 2'-oxygen of

the methoxy group at the inactive cleavage site and the N6 amine of G8 appears

to be able to donate a hydrogen bond to a non-bridging oxygen of the scissile

phosphate (Rupert and Ferre-D'Amare 2001; Rupert, Massey et al. 2002). The

authors proposed a model in which G8 is the general acid-base catalyst

(reviewed in (Bevilacqua 2003). The most recent HDV ribozyme only crystal

structures (all of the structures solved previously were co-crystallized with the

U1A RNA-binding protein) confirmed the previously observed results in which the

exocyclic amine of G8 is in position for catalysis and thus preventing non-active

ground state confirmations, and in addition, four ordered water molecules in the
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active site of the pre-cleavage state (Alam, Grum-Tokars et al. 2005; Salter,

Krucinska et al. 2006).

The most recent proposed catalytic mechanism for the hairpin ribozyme

involves G8 acting as the general acid-base with A9 and A38 as part of the

cleavage mechanism (Park and Lee 2006). The ordered water molecules may

interact with these nucleotides and potentially help stabilize the charge

development (Park and Lee 2006).

3.1.4.3 HOV Ribozyme

The HDV ribozyme is a non coding RNA motif that is essential for the viral

replication of the hepatitis delta virus (Figure 3-3 C). This ribozyme undergoes a

self-cleavage reaction during the replication process of the viral RNA genome to

generate unit-length linear fragments (reviewed in (Shih and Been 2002). Unlike

the hammerhead, hairpin, and VS ribozymes, the HDV has not been shown to

have the ribozyme catalyzed ligation property (Reid and Lazinski 2000).

Like the other natural small self-cleaving ribozymes, the HDV ribozyme

was shown to be active in a variety of different divalent metal ions including

Mg2+, Mn2+, Ca2+ and Sr2+ (Shih and Been 1999). It was also demonstrated that

the HDV ribozyme is active in monovalent metal ions and hexaamminecobalt(III)

(Hampel and Cowan 1997; Nesbitt, Hegg et al. 1997). These results suggest

that this ribozyme does not have a strict requirement for the size, coordination

number and geometry, or softness/hardness of the metal ions.
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Crystal structures of the pre- and post-cleavage states of the HDV

ribozyme enzyme-substrate complex have been solved (Ferre-D'Amare, Zhou et

al. 1998; Ke, Zhou et al. 2004). These structures revealed the 1'J3 of C75 (or C76

of the antigenomic ribozyme) serves as a hydrogen bond acceptor of the 5'

hydroxyl group of the leaving group of the cleavage reaction and a hydrated

magnesium ion was located near the cleavage site (Ferre-D'Amare, Zhou et al.

1998). The pH dependence profile of the HDV ribozyme is bell-shaped with pKa

values of approximately 6.5 and 9 (Shih and Been 2002). If C76 does function

as the general acid-base catalyst, its pKa has to be shifted above 6. The crystal

structure provides a possible solution for the pKa shift of the cytosine because its

N4 amino group is hydrogen bonding to the phosphate oxygen of C22 (Ferre

D'Amare, Zhou et al. 1998).

Recently, molecular dynamics simulation studies were conducted on the

HDV ribozyme structures (Krasovska, Sefcikova et al. 2005; Krasovska, Sefcikova

et al. 2006). The simulations support the mechanism in which C75 acts as the

general base of the catalytic reaction and the hydrated magnesium acts as the

general acid.

3.1.4.4 Neurospora VS Ribozyme

The Neurospora VS ribozyme (Figure 3-3 D), the largest of the natural

small self-cleaving ribozymes, is found in the mitochondira of certain isolates of

Neurospora (Collins 2002). This ribozyme regulates and internal equilibrium

between cleaved and ligated forms of the VS RNA which may be important for
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the VS RNA replication cycle (Saville and Collins 1990). Unlike the other natural

small self-cleaving ribozymes, there is no high resolution structure of this

ribozyme.

Despite this, the catalytic mechanism of this ribozyme has been studied

using conventional biochemical techniques. Like the hammerhead and HDV

ribozymes, it was discovered that the VS ribozyme functioned quite similarly in

the presence of different divalent metal ions, and was active under high

monovalent metal ion concentrations (Collins and Olive 1993). These results

suggest that divalent metal ions are not involved directly in the mechanism, but

most likely provide a structural role. Therefore, just like the other natural small

self-cleaving ribozymes, specific bases within the ribozyme itself might be the

direct catalyst.

More recently, mutational analysis (Lafontaine, Wilson et al. 2001; Sood

and Collins 2002; Wilson, McLeod et al. 2007) and nucleotide analogue

interference mapping (NAIIVl) (Jones and Strobel 2003) have identified two

critical nucleotides (G638 and A756) required for catalysis. NAIM identified that

A756 was ionizable and that this base may act as the general acid-base in the

reaction mechanism (Jones and Strobel 2003). A detailed mutational and

mechanistic study on the VS ribozyme revealed another critical residue, G638

(Wilson, McLeod et al. 2007). pH dependences on the VS ribozyme and its

mutant constructs suggests that this guanine is also ionizable and may partake in

general acid-base catalysis (Wilson, McLeod et al. 2007). Therefore, the most
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recent mechanistic model for the VS ribozyme is that both G638 and A756 are

the general acid-base catalyst, but which base plays the role of the base and

which one is the acid is still un-assignable due to insufFicient data.

3.1.4.5 glmS Ribozyme

Riboswitches are structured RI\IA regions usually found within the 5/

untranslated regions of bacterial mRNAs. They control the expression of the

mRNA by interacting with specific small molecules. A number of riboswitches

have been identified to respond to a variety of different molecules, including the

amino acids glycine and lysine, the bases adenine and guanine, and the

conenzymes adenosylcobalamin, thiamine pyrophosphate, flavin mononucleotide,

and S-adenosylmethionine (Mandai and Breaker 2004; Winkler 2005). A new

riboswitch, glmS (Figure 3-3 E), was discovered to respond to GlcN6P and

controlled gene expression by ligand-induced self-cleavage (Winkler, Nahvi et al.

2004). The glmS riboswitch was proven indeed to be a ribozyme.

The glmS ribozyme did have common characteristics as with the other

natural small self-cleaving ribozymes in that it uses an identical phosphoester

transfer mechanism to yield products with 5/-hydroxyl and 2/,3/-cyclic phosphate

(Winkler, I\lahvi et al. 2004) and the relaxed divalent metal ion specificity for

catalysis (Winkler, Nahvi et al. 2004). It was recently discovered that the glmS

ribozyme was catalytically active in the presence of hexaamminecobalt-(III) and

molar concentrations of monovalent metal ions (Roth, I\lahvi et al. 2006). These

finds suggest that the divalent metal ions are not required for the direct
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participation for catalysis, but most likely are involved in folding the structure of

the ribozyme properly.

Biochemical studies tried to identify the catalytic important residues of the

glmS ribozyme. A conserved guanine, G40 in the B. anthracis glmS ribozyme,

was proposed to be the general acid/base for catalytic reaction, but modification

interference experiments showed no function for that guanine (Jansen, McCarthy

et al. 2006). Crystallographic structures reported by Klein et al showed that

mutating this guanine to an adenine abolished catalytic activity (Klein, Been et al.

2007). The crystal structures from this study supports that the N1 of G40

becomes an effective general base only upon binding of GlcN6P to the ribozyme,

and the 2-amine of GlcN6P requires G40 to become an effective general acid

(Klein, Been et al. 2007)

3.1.5 Mechanisms of RNA-Cleaving Deoxyribozymes

The discovery that DNA molecules are able to catalyze reactions has led to

the in vitro selection of DNA enzymes (deoxyribozymes or DI'JAzymes) as

catalysts analogous to ribozymes (reviewed in (Emilsson and Breaker 2002). In

addition to the naturally occurring ribozymes, a series of RNA-cleaving DNA

enzymes (Figure 3-4) that catalyze the same overall chemistry with comparable

efficiency (reviewed in (Emilsson and Breaker 2002), including the 8-17 (Figure

3-4 D), 10-23 (Figure 3-4 C) (Santoro and Joyce 1997) and bipartite (Figure 3-4

F) deoxyribozymes (Feldman and Sen 2001), have been reported from in vitro

selection experiments. While numerous mechanistic studies (including
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investigation of the roles of metal ions) have been carried out on the four classic

self-cleaving ribozymes (summarized above; reviewed in (Doudna and Cech

2002), investigation of the mechanisms of the DNA enzymes is at a relatively

preliminary stage (Santoro and Joyce 1998; Li, Zheng et al. 2000; Peracchi 2000;

He, ZI10U et al. 2002; Brown, Li et al. 2003; Bonaccio, Credali et al. 2004). As

with the naturally occurring ribozymes, in vitro-selected DNA enzymes have been

found to either require (Breaker and Joyce 1994; Breaker and Joyce 1995;

Faulhammer and Famulok 1996; Santoro and Joyce 1997; Feldman and Sen

2001) or not require (Geyer and Sen 1997; Roth and Breaker 1998) divalent

metal-ion cofactors for their optimal function. A summary of the mechanistic

findings of the two most well-studied RNA-cleaving deoxyribozymes, the 10-23

and 8-17, along with the intramolecular version of the bipartite, bipartite I, are

summarized in the folloWing section.

3.1.5.1 8-17 Deoxyribozyme

Detailed mechanistic studies have been carried out on a variant of the 8-

17 deoxyribozyme consisting of a 5'TCGAA3' loop sequence in the presence of

Mg2+, Ca2+, Mn2+, Zn2+, and Pb2+ (Li, Zheng et al. 2000; Brown, Li et al. 2003;

Bonaccio, Credali et al. 2004). These studies concluded that this variant of the

8-17 showed a preference for divalent metal ions in the folloWing order: Pb2
+ >>

Zn 2+ »Mn2+ ~ C02+ > l\li2+ > Mg2+ ~ Ca2+ > Sr2+ ~ Ba2+ (Brown, Li et al.

2003). This order is in good correlation with the physic-chemical properties and

acidity of the hydrated metal ion, and with the stability of the complexes that the
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metal ions form with nucleic acids (Bonaccio, Credali et al. 2004). The metal ion

dependences described a single, non-cooperative (hyperbolic) process and the

simplest interpretation for this data is that one metal ion binding to a low

specificity site within the enzyme-substrate complex is requires for catalysis (Li,

Zheng et al. 2000; Brown, Li et al. 2003; Bonaccio, Credali et al. 2004). pH

dependences showed a log-linear behaviour with a slope close to 1 similar to

that seen with the hammerhead ribozyme and the suggests that an ionization of

a single group within the enzyme-substrate complex is required for catalysis (Li,

Zheng et al. 2000; Brown, Li et al. 2003; Bonaccio, Credali et al. 2004).

Furthermore, Brown et at proposed a two-step mechanism of the 8-17

deoxyribozyme in the presence of Pb2
+. The first step involves the formation of

a 2',3'-cyclic phosphate just like in the presence of any other divalent metal ion,

and a second step in which Pb2
+ catalyses the hydrolysis of the 2',3'-cyclic

phosphate to 3'-phosphate (Brown, Li et al. 2003). The catalytic mechanism in

the presence of Pb2
+ is still not very well understood, but results suggests that

the 8-17 may adopt an alternate folded structure in the presence of Pb2
+ (Kim,

Liu et al. 2007). Another explanation might be that Pb2
+ is a better catalyst

because of the near neutral pKa of the hydrated-Pb2
+ ion (Table 3-1). In

summary, the data is in support of a mechanistic model that suggests a hydrated

metal-assisted deprotonation of the 2'-hydroxyl group at the site of cleavage.
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3.1.5.2 10-23 Deoxyribozyme

Santoro and Joyce carried out detailed mechanistic studies on the 10-23

deoxyribozyme. The divalent metal ion dependence studies revealed that the

10-23 deoxyribozyme had the following preference: Mn2
+ (EPPS) > Pb2+, Mg2+,

Ca2+ > Cd2+ (Tris) > Sr2+, Ba2+ >> Zn2+, C02+ (Santoro and Joyce 1998). The

divalent metal ion dependence behaviours are very similar to those observed in

the 8-17 deoxyribozyme in that the single, non-cooperative (hyperbolic) process

describes a single metal ion binding to a low-specificity site within the enzyme

substrate complex for catalysis (Santoro and Joyce 1998). The pH dependence

of the 10-23 deoxyribozyme is a log-linear behaviour with a slope of 0.94, similar

to that observed in the 8-17 deoxyribozyme and hammerhead ribozyme (Santoro

and Joyce 1998). Again, this suggests the ionization of a single group within the

enzyme substrate complex is required for catalysis. The mechanistic data

suggests that both the 10-23 and 8-17 may utilize similar catalytic mechanisms

in which the ionization of the 2'-hydroxyl group at the cleavage site is assisted by

a hydrated divalent metal ion. Bonaccio et al suggested that the kinetic

differences between the 8-17 and 10-23 deoxyribozymes are mainly attributed to

the differences of the binding of the individual substrates that each

deoxyribozyme optimally cleaves (Bonaccio, Credali et al. 2004).

3.1.5.3 Bipartite I

The Sen lab has also reported another general RNA-cleaving enzyme, the

"bipartite" deoxyribozyme (Feldman and Sen 2001), with catalytic rates
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comparable to those of the naturally occurring ribozymes (Lilley 2003). The

bipartite deoxyribozyme showed a preference for cleavage at unpaired AA

ribonucleotides, followed, optimally, by three unpaired substrate ribonucleotides.

Initial studies on this deoxyribozyme (Feldman and Sen 2001) showed that it

requires divalent cations for catalytic activity. The enzyme's initial intramolecular

form C'bipartite I"), incorporating an appended DNA substrate containing a single

internal target ribonucleotide, utilizes Mg2+, Ca2+, Mn2+, Zn2+, or C02+; whereas

the deoxyribozyme's intermolecular form C'bipartite II"), which uses an all-RNA

substrate, could not use Zn 2
+ or C02

+. This difference in metal usage was

thought to be connected to differences in active site metal-coordination sites

within the all-RNA substrate and the single ribonucleotide within a DNA substrate

(Feldman and Sen 2001). The intramolecular deoxyribozyme, C'bipartite I")

showed optimal catalysis in the presence of approximately 30 mM Mg2
+, with a

measured Hill coefficient of 2.01±0.39 for magnesium usage (Feldman and Sen

2001). The log of observed rate constants of bipartite II (at 30 mM Mg2+),

plotted against pH, yielded a bell-shaped dependence (Feldman and Sen 2001).

The above preliminary studies provided tantalizing evidence for a unique, metal

utilizing mechanism for the bipartite deoxyribozyme.
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Figure 3-4 RNA cleaving deoxyribozymes. The blue arrow indicates the site of cleavage.
A) Pb2

+ dependent (Breaker & Joyce, 1994); B) E2 (Breaker & Joyce, 1995); C) 10-23 (Santoro &
Joyce, 1997); D) 8-17 (Santoro & Joyce, 1997); E) Na8 (Geyer & Sen, 1997); F) bipartite
(Feldman & Sen, 2001); G) histidine dependent HD2 (Roth & Breaker, 1998); and H) pH6DZ1
(Shen et ai, 2005).

103



B ,
3' I I I II II G(rA)T 111'1 I I 5'

5' GA T GT 3'

G( ~
ATA ((

A 'T (A
A 'T(,'T

T(~'(G
AT, G

T , A
T

TT O
3' (rGr(rA) 5'

1111111. 1II11II

5' GGT (A)A 3'

( ,'( G
A , ( W(
G(G

3'

3'

A
3'--AAGG~rA)__5'

IIIIII1 I I 1IIIIII

s,---T T
G G

: t
G G
T C
AGCGC

C
3' , 5'
--(rY}(rR)'--

I I I I 1 I I I " I I I "

S
,·---R

G A
G G

( (
T A
A A
G(TA(

F
3' , 5'

IIII1II AG(A(rA) II1III1

5' GA (T 3'

G (
A G
G (
G (
T T

A T
GGGG

G
3' , 5'

III II1I GG(rA) IIII III

5' G A 3'
A T

T G
( A

G A
G G
G G
G A
( T

TGTG(GGG

H ..
3' "I 5'

I1III1I ifG(rA)GTIG IIIIII1

5' (3'
GAA / G

G G / C
GAG G C-G A (G/ / T

A-T A /TT
(-G A
T-A T GG

G T
G G

A G
G A
GTTG

104



3.1.6 Chapter Overview

A comprehensive investigation was conducted on the bipartite

deoxyribozyme to study it catalytic mechanism. Detailed studies included: 1) the

usage of magnesium and manganese cations by the bipartite deoxyribozyme; 2)

pH dependence of catalysis in the presence of these cations; 3) examining the

effect of titration of hexaamminecobalt(III) cations on the manganese-supported

catalysis; and 4) deuterium kinetic solvent isotope effects.

Results showed that the bipartite deoxyribozyme utilizes a catalytic

mechanism that differs from the other RNA-cleaving deoxyribozymes and the

naturally occurring small self-cleaving ribozymes. The proposed kinetic

mechanism of the bipartite deoxyribozyme provides evidence that catalytic

nucleic acid molecules may utilize completely different chemical strategies to

catalyze the same reaction.
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3.2 Materials and Methods

(See appendix III for the list of reagents)

3.2.1 Nucleic Acid Oligonucleotides Synthesis and Purification

The DNA oligonucleotide (see appendix I for sequence) was synthesized

at the University of Calgary Core DNA Services, and the RNA oligonucleotide (see

appendix I for sequence) was synthesized from Dharmacon Research (Boulder,

CO). The oligonucleotides were dissolved in 50 IJI of denaturing gel loading dye

(99% formamide (vjv), 1 mM Tris-C1 pH 7.5, and 1 mM EDTA pH 8.0) and

heated at 100°C for 5 minutes to denature any preformed nucleic acid structures.

The oligonucleotides were size-purified in 8% (wjv) denaturing polyacrylamide

gels and visualized by UV shadow as mentioned in section 2.2.1. The

oligonucleotides were excised from the gel and eluted via crush-soak using 25 ml

of TE buffer (10 mM Tris-C1 pH 7.5 and 0.1 mM EDTA pH 8.0) at 4°(' The eluted

samples were filtered through 0.2 IJm micro filters and then concentrated using

2-butanol until 300 IJI (see appendix II for exact procedure). The samples were

ethanol precipitated (see appendix II for exact procedure), the supernatant was

removed, and the DNA pellet was re-suspended in 100 IJI TE buffer. The

concentrations of the oligonucleotides were determined by UV absorption at 260

nm using a Varian Cary 300 UVjVis spectrophotometer. All oligonucleotides were

stored at -20°(,
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3.2.2 Buffer and Metal Ion Solution Preparation

All buffer solutions were prepared from Sigma-Aldrich Biotechnology

Performance Certified grade reagents and were adjusted to the correct pH by

using NaOH. All metal ion solutions were prepared from Sigma-Aldrich Analytical

grade reagents.

3.2.3 5' End-Labelling

S9 was 5' end-labelled using a standard phosphorylating procedure (see

appendix II for procedure). The RNA pellet was re-suspended in 20 IJI

denaturing gel loading buffer and purified on 8% (w/v) denaturing

polyacrylamide gel. The RNA was excised from the gel and eluted via crush-soak

using 1 ml TE at 4°C. The eluted samples were ethanol precipitated (see

appendix II for exact procedure) and resuspended in 30 IJI TE.

3.2.4 Kinetic Analyses

The RNA-cleavage reaction rates were all measured under single-turnover

conditions, under which higher concentrations of E1 deoxyribozyme (2.25 mM)

were used with trace amounts (approximately 30 nM) of 5'_ 32p end-labelled S9

RNA substrate. E1 and S9 were heated together in 50 mM of the appropriate

buffer at 90°C for 1 minute, spun briefly in a microcentrifuge, and equilibrated at

22°C for 10 minutes. A "null" aliquot was quencl1ed at time zero with excess

Reaction-Stop buffer (95% formamide (v/v), 1 mM Tris-CI pH 7.5, and 20 mM

EDTA pH 8.0). To start the reaction, 2 IJI of a lOX concentration of the
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appropriate divalent metal ion was added, such that the final reaction volume

was 20 ~I and the reaction was incubated at 22°C. Aliquots were taken at

different time points and quenched with excess Reaction-Stop buffer. A control

experiment was performed in which the substrate and deoxyribozyme were

heated separately, equilibrated at 22°C with IIIIgCI2, and mixed together to initiate

the reaction (Fedor and Uhlenbeck, 1992). The results obtained were

indistinguishable from protocols in which the divalent metal ions were added last

to the mixtures of enzyme and substrate. All samples were loaded on 20% (w/v)

denaturing polyacrylamide gels and the gels were analyzed by phosphorimagery

by using a Molecular Dynamics Typhoon 9410 Variable Mode Imager.

The cleavage reaction was followed to completion (the endpoint was

typically approximately 80 ± 10% of the substrate reacted), and the resulting

time points fit to the first-order rate formalism: y=x(ekt
), where y is the fraction

reacted at time t, x is the fraction reacted at the endpoint, and k is the observed

rate constant.

3.2.5 Rate versus pH Profiles in the Presence of Magnesium and
Manganese

Individual rate constants at different pH values were obtained under

single-turnover conditions as described above. For the reactions in the presence

of magnesium, the rate constants were determined in the presence of 10 and 30

mM MgCb. A range of buffers were used to span the pH range of interest:

NaOAc/AcOH (pH 4.6-5.6), NaOH/4-morpholine-ethanesulfonic acid (MES) (pH
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5.6-6.6), l'JaOHj4-morpholine-propanesulfonic acid (MOPS) (pH 6.6-7.4),

NaOHj4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) (pH 7.4-7.8),

Tris-HCI (pH8.0), l'JaOHjN-(2-hydroxyethyl)piperazine-N'-3-propanesulfonic acid

(EPPS) (pH 8.1-9.0), NaHC03jNa2C03 (pH 9.0-10.0), NaOHj [(2-Hydroxy-1,1-

bis(hydroxymethyl)ethyl)amino]-l-propanesulfonic acid (TAPS) (pH 8.68-9.21),

and NaOHj3-(cyclohexylamino)-l-propanesulfonic acid (CAPS) (pH 9.21-10.19).

Several of the pH points were measured in different buffer solutions to exclude

any buffer-specific effects.

The manganese experiments were conducted under the same buffer and

oligonucleotide concentrations as mentioned above and the rate constants were

determined in the presence of 4 and 30 mM MnCh. The buffers used were:

NaOAcjAcOH (pH 4.6-5.6), NaOHjMES (pH 5.6-6.6), NaOHjMOPS (pH 6.6-7.4),

and l'JaOHjHEPES (pH 7.4-7.8). All kinetic reactions were performed at 22°C and

loaded on 20% (wjv) denaturing polyacrylamide gels and the gels were analyzed

by phosphorimagery by using a Molecular Dynamics Typhoon 9410 Variable

IVlode Imager. The data were analyzed and fitted by using non-linear least-

squares routines from PRISM Version 4 (Graphpad Software).

3.2.6 Hexaamminecobalt Inhibition in the Presence of Manganese
as a Cofactor

The individual rate constants were obtained by varying the concentration

of hexaamminecobalt (III) chloride relative to a fixed concentration of IVlnCh.

Trace amounts of 5'- 32p end-labelled S9 RNA substrate (approximately 30 nM)
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were combined with 2.25 mM El deoxyribozyme in 50 mM l\laOHjHEPE5 (pH

7.46). The samples were heated at 90°C for 1 minute, spun briefly in a micro

centrifuge, and equilibrated at 22°C for 10 minutes. A "null" aliquot was taken

for time zero. Hexaamminecobalt (III) chloride was then added to the samples

and incubated at 23°C for 15 minutes. The addition of MnCb to a final

concentration of 4 mM initiated each reaction.

3.2.7 Kinetic Solvent Isotope Effect (KSIE)

All solutions and buffers were prepared in 99.9% deuterium oxide

(Cleadron). The buffers were prepared by dissolving the buffer reagent in D20,

and the true pD value was obtained by adding 0.4 to the measured pH-meter

reading (5chowen and 5chowen 1982). The buffers used to span the pH range

were: l\laODjME5 (pH 5.1-6.7), NaODjMOP5 (pH 6.8-7.2), NaODjHEPE5 (pH 7.4

7.6), and NaODjEPP5 (pH 8.0). The buffers were titrated with sodium

deuteroxide, 99 atom % deuterium atom. Trace amounts of 5'- 32p end-labelled

59 RNA substrate (approximately 30 nM) were combined with 2.25 mM El

deoxyribozyme in H20 and lyophilized together under vacuum. The pellet was

re-dissolved in 50 mM D20 containing buffers. The samples were heated at 90°C

for 1 minute, briefly spun using a micro-centrifuge, and equilibrated at 22°C for

10 minutes. A "null" aliquot was taken for time zero. The kinetics were

performed under similar single-turnover conditions as described previously. The

reaction was initiated by the addition of MgCb in D20 so that the final

concentration was 30 mM or MnCb in D20 to a final concentration of 4 mM

110



MnCh. The KSIE for the manganese reaction was measured only at a single pD

(7.47).

3.2.8 Constant Values Used in PRISM Version 4

The two constants, J and L, represents all of the possible equilibrium

constants according to scheme 1. The values of J and L depends on the interger

values of X (number of magnesium ions) and Y (number of deprotonation

events). Depending on the values (lor 2), value of J and L can differ by

approximately 107
• The initial values used to estimate each constant were

obtained by estimations made from the raw data. Each combination of X, Y, J,

and L values was plotted to fit the data and the calculated residual values

determined how well each combination fitted the raw data (at least greater than

>0.98).

In all data plots, the k1 value was set to zero because initial calculated

estimations for k1 were very close to zero for the plots that fitted the data best.

If k1 was significant, the metal ion and pH dependences data would be expected

to display a burst phase or biphasic profile.
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3.3 Results:

The bipartite deoxyribozyme catalyzes a site-specific cleavage of single-

stranded RNA molecules. This deoxyribozyme was selected from a random-

sequence DNA library by using in vitro selection and is a general RNA cleaving

enzyme that is able to turnover multiple substrates (Feldman and Sen 2001).

3' t 5'
ACGCCGAUACGAAGUUAAGG

I I I I I I I I I I I I

~GCTA CAATTCC
5 A C 3'

G T
G C
A G
G C
G C
T T
A T

G G GG

Figure 3-5 Bipartite E1 with RNA substrate S9. The arrow indicates the cleavage site.

3.3.1 Magnesium Dependence of Substrate 59 with the Enzyme E1

The magnesium dependence of the single turnover rate constant, kobs,

was analyzed for substrate 9 (59) and enzyme E1 (E1) (Figure 3-5). Observed

rate constants from the MgCh concentrations at pH 7.46 were fit to the equation

below:

k - kk = k + obsmax obsmin
obs(log [Mg]) obs min 1 + 1On (log Kd - log [Mg])

112

Equation 1



The kobs min and kobs max are the kobs values at the lower and upper rate

plateaux; KdCapp) is the apparent dissociation constant for Mg2
+ ions; and n is the

Hill slope, a measure of the number of Mg2
+ involved in the rate-limiting step.

The non-linear least squares fit to this equation produced a value for kobs min

that is indistinguishable, within experimental error, from zero. Therefore, kobs

min was set to zero, and the calculated Hill coefficient was 2.0 ± 0.4. This

suggested the involvement of two magnesium ions in the transition state of the

RNA cleavage reaction. Analogously, the Hill coefficient for an intramolecular

version of the bipartite deoxyribozyme, in which the substrate and the enzyme

were covalently linked, had been measured to be 2.01 ± 0.39 (Feldman and Sen

2001). Figure 3-6 shows a plot for the dependence of the observed rate

constant as a function of log([Mg2+]) for the intra- (5) and inter-molecular

reactions of the bipartite deoxyribozyme (data for the intramolecular enzyme

were obtained at pH 7.40 (Feldman and Sen 2001) and for the intermolecular

enzyme at pH 7.46).
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Figure 3-6 Plot of kobs versus the log [Mg2+] for the intramolecular (0 data taken from
(Feldman and Sen 2001) and intermolecular (.) forms of the bipartite deoxyribozyme. The two
lines are the best non-linear least-squares fits to the Hill equation.

3.3.2 pH-Dependence of El-mediated S9 Cleavage in the presence
of MgCb

The next step was to determine the number of protons being exchanged

at the rate determining step. The data in the acidic domain were fitted to a

general scheme shown below:

Enz --->0.

~

J
Enz:[Mg 2+]x :[OH-]y

Scheme 1

Figure 3-7 plots the log of kobs against pH from pH 4.5 to 8.0. For the fits,

the k1 term was indistinguishable from zero; therefore the value of k1 was set to
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zero. Reactions were carried out in 30 mM MgCI2 and in 10 rnM MgCh, and these

were fitted with the formalism shown below:

Equation 2

Here, the J and L terms incorporate the various equilibrium constants for

the ionization of H+ and the binding of Mg2+ ions. The values and units of J and

L depend on the integer values of X, the number of relevant magnesium ions,

and Y, the number of relevant deprotonations. However, fitting of either plot

with the above formalism, assuming a single deprotonation event (Y = 1) and

either one (X = 1: plots shown as broken lines in Figure 3-7) or two (X = 2: plots

shown as solid lines in Figure 3-7) catalytically relevant magnesium showed very

poor fits. Better fits were obtained when using two catalytically relevant

deprotonation events and a single magnesium ion (Equation 2: Y = 2 and X = 1:

plots shown as broken lines in Figure 3-8); and, two catalytically relevant

magnesium ions as well as two deprotonation events (Equation 2: Y = 2 and X =

2: plots shown as solid lines in Figure 3-8). The latter gave excellent fits to both

the 10 mM and 30 mM magnesium data.
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Figure 3-8 Plot of kobs versus pH in the presence of 30 (+) and 10 (e) mM MgCIz assuming
two deprotonation events. The dashed line fits are based on one catalytically relevant
magnesium ion and the solid line fits are based on two catalytic relevant magnesium ions.
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To estimate the pKa values of the two deprotonation events proposed for

optimal catalytic activity, the log rate versus pH plot for bipartite catalysis at 30

111M magnesium was taken to correspond to the folloWing simplified kinetic

scheme:

Enz : [Mg 2+] x Enz: [Mg 2+]x: [OH -]2

! k2

Product Scheme 2

Equation 3, given below, was used to fit the kobs versus pH data shown in figure

3-9.

Equation 3

In this equation, Kal and Kaz represent the two Ka values for the two

deprotonation events.

Two closely spaced pKa values of 5.20 ± 0.11 and 5.82 ± 0.08 were

derived from the plot shown in figure 3-9. Fits that included a mono-

deprotonated species suggested that the catalytic activity of such a species was

indistinguishable from zero.
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Figure 3-9 Plot of kobs versus pH in the presence of 30 (t) mM MgClz. Two closely spaced
pKa values of 5.20 ± 0.11 and 5.82 ± 0.08 were calculated.

At high pH (> 8.0) the activity of bipartite deoxyribozyme decreases. This

portion of the activity dependence can be fit to a single ionization event (PKa3 =

8.93 ± 0.07) as described by the equation below:

k
2
[H+]

log kobs = log --
[H+] + k

a3 Equation 4

This further (third) deprotonation would imply that a triply deprotonated species

was either inactive or only weakly active.
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Figure 3-10 Plot of kobs versus pH in the presence of 30 (_),4 (+), and 1 (e) mM MnCI2.

3.3.3 The Manganese Reaction: pH Dependence of El-mediated 59
Cleavage

The single-turnover catalytic activity was studied in the presence of

manganese at different pH values. Figure 3-10 shows the dependences of log

kobson pH for catalysis in the presence of 1, 4, and 30 mM MnCIz. The formalism

used for magnesium was also used to fit these data, and the best fits were

obtained (Figure 3-10) with the postulated participation of one manganese ion

and two deprotonation events. When the manganese data were fitted by using a

formalism which incorporated a variable number of deprotonations (first reaction

scheme, X not an integer), the best fits gave values for X of 1.56 ± 0.10; 1.71 ±

0.19; and 1.65 ± 0.18 for the three manganese concentrations. Figure 3-11
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shows a Hill plot for manganese usage based on rate constants measured with

different manganese concentrations from the "plateau" region (pH 7.46) of the

pH plots shown in Figure 3-10. This gave a calculated Hill coefficient of 1.80 ±

0.15, an observation that is consistent with the involvement of two manganese

ions in catalysis. However, the best fits for rate versus pH data implicated a

single manganese ion.
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Figure 3-11 Plot of kobs versus the log [Mn2+] at pH 7.46.

3.3.4 Monovalent Cations do not support the Catalytic Activity of
the Bipartite

In the absence of divalent cations, the bipartite was found to be totally

inactive, even in the presence of very high concentrations (4 M) of KCI or NaCI

(data not shown). A very slight activity, rv104-fold lower than measured in

millimolar concentrations of magnesium, was detectable in 4 M LiCI.
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Figure 3-12 Plot of kobs versus the log [hexaamminecobalt-(III)] at 4 mM Mn2
+.

3.3.5 Competition with Hexaamminecobalt Cations

Competition experiments carried out on the bipartite deoxyribozyme in the

presence of Mn2
+ revealed that the hexaamminecobalt-(III) cation inhibited the

RNA cleavage reaction. Figure 3-12 shows a Hill plot for the inhibition of the

Mn2
+- deoxyribozyme by hexaamminecobalt(III), in which each reaction had 4

mM MnCh and was titrated with hexaamminecobalt(III) in the 1 mM to 10 mM

range. The slope of the Hill plot was -1.44 ± 0.30. Given that a

hexaamminecobalt(III) cation is able to substitute one-to-one for a structurally

isomorphous Mg2
+ or Mn2

+ ion (Horton and DeRose 2000), this inhibition slope is

consistent with both mono- and dicoordinated manganese ion complexes being

catalytically active. The reverse titration was also carried out, in which in the
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presence of a fixed hexaamminecobalt concentration of 0.5 mM, and kobs values

were measured with progressive titrations of manganese (data not shown). A

Hill plot for manganese usage in those experiments gave a Hill coefficient of 1.54

± 0.15.

3.3.6 Kinetic Solvent Isotope Effect Experiments (KSIE)

To explore further the role of deprotonation in the catalytic step of the

bipartite deoxyribozyme, kinetic solvent isotope effects were measured for the

catalyzed RNA cleavage reaction. Whereas, solvent isotope effects usually result

from proton transfers between electronegative atoms (such as 0, N)

accompanying the bond-making and -breaking steps in the transition state (25,

26), an observed KSIE can also result from the difference in concentration of the

chemically active species in the two different solvents (9), H20 and 020. To

differentiate between the two possibilities it was necessary to analyze the solvent

isotope effect in the "plateau" region of the pL profile (where pL refers to pH or

pO). Figure 3-13 plots measured log kobs values for the bipartite deoxyribozyme

in H20 and 0 20 solutions for the pL (pH or pO) range of 5.0-8.0 in the presence

of 30 mlVl MgCIz. It was found that kobs was lowered in 020 throughout the

entire pL profile, with a KSIE in the pL-independent region of 2.11 ± 0.22. The

KSIE in the presence of 4 mM MnCh, carried out at a single pL value of 7.47, was

determined to be 2.06 (kH 20jk020). This number was very similar to the KSIE

observed in MgCh. Both data suggest a similar conclusion for the two cases that

proton transfers were occurring in the rate-determining steps.
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3.4 Discussion

The larger ribozymes, RNase P, and the Group I and II self-splicing

ribozymes appear to be obligate metalloenzymes, which absolutely require

divalent metal ions for activity (reviewed in (Liu, Neverov et al. 2005). On the

other hand, four of the five small, self-cleaving ribozymes, the hammerhead,

hairpin, HDV, and VS ribozymes, differ in their catalytic mechanisms. None of

them has been shown definitively to require divalent metal ions for catalysis.

The hammerhead and VS ribozymes are as catalytically active in vitro in 4M

solutions of alkali metal chlorides as they are in to physiological concentrations of

divalent metal chlorides. High-resolution crystal structures (Rupert and Ferre

D'Amare 2001; Ke, Zhou et al. 2004), as well as functional studies on the hairpin

ribozyme have indicated that this ribozyme utilizes magnesium only in passive,

non-catalytic ways. Crystal structures for both the HDV and Hairpin ribozymes

failed to reveal metal ions coordinated to the active site. It appears that in these

ribozymes it was RNA functionalities proximal to the substrate that were

implicated instead in general acid-base catalysis (Ferre-D'Amare, Zhou et al.

1998; Perrotta, Shih et al. 1999; Nakano, Chadalavada et al. 2000; Rupert and

Ferre-D'Amare 2001; Shih and Been 2001; Ke, Zhou et al. 2004). In summary,

these four small ribozymes have been described as "non-obligate"

metalloenzymes, which do not strictly require divalent cations for catalysis, but

whose activity is nevertheless maximized by the presence of divalent cations (as

would be the case in vivo).
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The properties of two small RNA-cleaving DNA enzymes obtained by in

vitro selection, the 10-23 and the 8-17 deoxyribozymes, have also been studied.

Unlike the small ribozymes, these DNA enzymes are obligate metalloenzymes,

requiring magnesium, manganese, or calcium. Otherwise, the properties of the

10-23 resemble those of the hammerhead ribozyme (Santoro and Joyce 1998) in

key ways. For instance, the dependence of the of the log of catalytic rate on pH

is approximately linear with a slope of approximately 1 and this suggested a

single deprotonation event relevant to catalysis in both enzymes (Santoro and

Joyce 1998). A definitive attribution of this deprotonation to metal-coordinated

water, however, is problematic for a number of reasons; including the

observation that magnesium and calcium produce comparable catalytic rates,

although bopKa of waters bound to the two metal ions is approximately 1.5. In

recent studies of the 8-17 deoxyribozyme (Li, Zheng et al. 2000; Peracchi 2000)

it was found that a single magnesium ion (however, two zinc ions with a

different 8-17 construct -- (Li, Zheng et al. 2000)) were required for catalysis.

Rate versus pH studies indicated, as with the 10-23, the relevance of a single

deprotonation for catalysis (Li, Zheng et al. 2000).

Like the two small deoxyribozymes discussed above, and like the larger,

more complex ribozymes including the Groups I and RNase P, the bipartite

deoxyribozyme is an obligate metalloenzyme. Its absolute requirement for

divalent cations is highlighted by the observations that in the absence of divalent

ions the bipartite was completely inactive in 4 1\11 NaCI or KCI solutions (data not
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shown). A very slight activity, but 1'1104 fold lower than in the millimolar

concentrations of magnesium, is detectable in 4 M LiCI. In this, the bipartite

resembles the other small deoxyribozymes and contrasts strongly with the small

ribozymes, which are as active in 3-4 M alkali chloride solutions as they are in

millimolar concentrations of magnesium. This lack of catalysis by monovalent

cations also supports the likelihood that divalent metal-bound hydroxide might

be a key player in the mechanism of the bipartite deoxyribozyme.

The fit to the Hill equation for magnesium usage by the bipartite

deoxyribozyme, working in trans and with a RNA substrate, indicates a

requirement for two magnesium ions to achieve optimal catalysis (Figure 2). In

addition, it was reported earlier that an intramolecular version of the bipartite

with a DNA "substrate" incorporating a single embedded ribonucleotide at the

cleavage site, also displayed a Hill coefficient of 1'12.0 (Feldman and Sen 2001).

Clearly, the intramolecular version of the bipartite can be activated by a lower

magnesium concentration due to entropic factors because the substrate and

enzyme are physically linked and thus permit the system to fold easily; whereas

the intermolecular system may require a higher magnesium concentration, in

part to effectively facilitate the association of the distinct enzyme and substrate

molecules.

Having implicated two magnesium ions in bipartite catalysis, we wished to

estimate the number of protons being exchanged in the rate-determining step.

The finding that two magnesium ions as well as two deprotonation events are
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optimal for catalysis suggests a role for magnesium hydroxide, most likely acting

as a general base in this deoxyribozyme's chemistry, however it cannot be ruled

out at this stage the involvement of deoxyribozyme nucleobase(s) as general

base. The involvement of more than one magnesium ion in catalysis by other

ribozymes has been reported and up to three magnesiums, for instance, are

thought to participate in Group I ribozymes (Doudna and Cech 2002). In the

case of the bipartite, however, the requirement for two magnesium ions as well

as two deprotonations suggests that a hydroxide-bridged bimetallic system,

involving two magnesium ions, might be involved. In such a scenario, the two

implicated magnesium ions are located in close proximity within the active site.

The first of the two required deprotonations occurs from a water molecule bound

to a magnesium ion; however, this hydroxide serves to bridge the two

magnesium ions and is unavailable as general base for the catalysis. A second

deprotonation of a magnesium-bound water, facilitated by the first, can then

generate a metal hydroxide capable of acting as a general base in the

deoxyribozyme's catalysis. Bimetallic centres such as that proposed above have

been reported in a crystal structure of an E. coli 5S RNA domain (Correll,

Freeborn et al. 1997) and have been reported in other systems (Liu, Neverov et

al. 2005). This type of relationship between bimetallic catalysts and the

necessity of removing two protons to give the active species has been reported

in other systems (Gibson, Neverov et al. 2003).
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The fall-off in catalytic activity with this third deprotonation suggests that

the triply deprotonated species is either inactive or only weakly active. This third

deprotonation may involve an active-site nucleobase required for maintaining the

catalytically relevant folded structure of the deoxyribozyme. It is also possible to

conceptualize such a loss of activity in terms of an accumulation of excess

negative charge on the catalytically relevant magnesium ions.

Given that, the El deoxyribozyme's activity was supported comparably by

manganese and by magnesium, an investigation in the stoichiometry of metal

usage and deprotonations in the manganese-supported catalysis. The best fits

were obtained with the postulated participation of one manganese cation and

two deprotonation events. However, a Hill plot for manganese usage at pH 7.46

gave a calculated Hill coefficient of 1.80 ± 0.15, an observation that is consistent

with the involvement of two manganese ions in catalysis. It is to be noted that

the best fits for rate versus pH data implicated a single manganese ion.

Cumulatively, these data emphasized the complexity of the mechanism, that

deoxyribozyme complexed to either one or two manganese cations might have

detectable catalytic activity, and that the same might also hold for true singly

and doubly deprotonated forms of the manganese-utilizing deoxyribozyme.
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Figure 3-14 Hexa-hydrate divalent metal ion versus hexaamminecobalt-(III).

The kinetically inert hexaamminecobalt(III) cation has been used to

investigate the role of metal- bound water and hydroxide molecules in the

catalytic mechanisms of ribozymes (Figure 3-14) (Horton and DeRose 2000).

Since hexaamminecobalt (III) cation is substitution-inert with respect to its

ammonia ligands, and given that the metal bound ammonia ligands are incapable

of the acid-base chemistry characteristic of metal-bound water or hydroxide

ligands, competition experiments involving titration with hexaamminecobalt (III)

salts into reaction solutions containing a fixed Mg2+ or Mn2+ concentration (and

vice versa) are able to reveal the catalytic necessity, or not, of Mg2+ or Mn2+.

Competition experiments, carried out on the manganese-utilizing deoxyribozyme,

revealed that the hexaamminecobalt (III) cation inhibited the RNA cleavage

reaction and this suggested that there was at least one outer-sphere metal

binding site on the deoxyribozyme. Given that a hexaamminecobalt(III) cation is

able to substitute one-to-one for a structurally isomorphous Mg2+ or Mn2+ ion

(Horton and DeRose 2000), the inhibition slope is consistent with both mono-

and di-coordinated manganese ion complexes being catalytically active. The

reverse titration was also carried out, in which in the presence of a fixed

hexaamminecobalt concentration, and the Hill plot for manganese usage in these
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experiments gave a Hill coefficient of 1.54 ± 0.15. Overall, these various

competition experiments and the monovalent cation data strongly suggest the

likelihood that at least one of the two catalytically relevant deprotonation events

noted in both the magnesium- and manganese-deoxyribozymes refer to a metal

bound water molecule, and that the second deprotonation might also be from

metal-bound water or from a base.

To explore further the role of deprotonation in the catalytic step of the

bipartite deoxyribozyme, kinetic solvent isotope effects (KSIE) were measured for

bipartite-catalyzed RNA cleavage. Whereas, solvent isotope effects usually arise

from proton transfers between electronegative atoms (such as 0 or I'J)

accompanying the bond-making and -breaking steps in the transition state

(Glasoe and Long 1960; Schowen and Schowen 1982), an observed KSIE can

also result from the difference in concentration of the chemically active species in

the two solvents (He, Zhou et al. 2002), H20 and D20. To differentiate between

the two possibilities it is necessary to analyze the solvent isotope effect in the

"plateau" region of the pL profile. A KSIE of 2.11 ± 0.22 is consistent with one

or more proton transfers in the rate-determining step. The KSIE in the presence

of manganese was determined to be 2.06 (kH 20jkD20). This number was very

similar to the KSIE observed in MgCb; this suggests, qualitatively, a similar

conclusion in both cases in that proton transfers were occurring in the rate

determining steps. Here too, however, we cannot formally rule out a role of

conformational changes (Tinsley, Harris et al. 2003) or, in such a complex
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system, of a multiplicity of small isotope effects (Chang, Chiang et al. 1996)

adding up to give the relatively large cumulative number.
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3.5 Conclusion

In summary, the bipartite deoxyribozyme is an obligate metalloenzyme,

requiring magnesium or manganese cations to support its catalysis. Competition

for metal-binding sites within the deoxyribozyme by hexaamminecobalt cations

led to a loss of catalytic activity. In both magnesium and manganese solutions,

the deoxyribozyme showed approximately bell-shaped log rate constant versus

pH curves. Hill analysis of metal usage indicated the requirement of two

magnesium or manganese ions (although one manganese cation appeared to

have some catalytic activity). Furthermore, two deprotonation events appeared

to be required for the magnesium- and manganese-utilizing deoxyribozyme.

Two major conclusions can be drawn: bipartite is an obligate metalloenzyme that

works best with two catalytically active divalent metal ions and requires two

deprotonations; and that mqgnesium- and manganese-dependent catalyses,

while similar overall, present some differences. The differences for bipartite

catalysis in magnesium versus manganese solutions might reflect small

differences in properties of the water molecules bound to the different metal

cation and to the general compleXity of the observed mechanism.

It is thus apparent that the bipartite deoxyribozyme is kinetically and,

likely, mechanistically distinct from the small, self-cleaving ribozymes and the 8

17 and 10-23 deoxyribozymes. The proposed bimetallic catalytic centre

mechanism is the first for any catalytic nucleic acid molecules, and thus

potentially expanding the chemical repertoire utilized by of nucleic acids.
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3.6 Future Directions

The mechanistic studies for the bipartite deoxyribozyme revealed the

requirement of two catalytically relevant divalent metal ions and two

deprotonation events for optimal activity; possibly by a bimetallic catalytic centre.

Therefore, it will be interesting to probe for the bimetallic centre within the

folded structure of the bipartite deoxyribozyme. Use of phosphorothioates and

thio-modified nucleotides in magnesium/manganese rescue experiments might

identify which phosphate group or which nucleobase functional group directly co

ordinate with the metal ions. A high resolution structure of the active structure

of the deoxyribozyme may reveal the exact location of the metal ions and the

nucleotides that they interact with directly.
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4: CHAPTER FOUR

Structural and Mutation Analysis of the Bipartite
Deoxyribozyme

4.1 Introduction

4.1.1 Structural Studies of the 10-23 Deoxyribozyme

Not many structural studies have been published regarding the 10-23

deoxyribozyme. There are only three published reports on attempts at obtaining

a high resolution structure of this deoxyribozyme. In these crystallographic

studies, the 10-23 deoxyribozyme was bound to an RNA substrate with the

incorporation of a 2'-methoxy adenylate at the 5' side of the cleavage site to

prevent the cleavage reaction (Nowakowski, Shim et al. 1999; Nowakowski, Shim

et al. 2000). Unfortunately, the structures resolved from these studies revealed

two non-active 4-way (Holliday) junctions (Nowakowski, Shim et al. 1999;

Nowakowski, Shim et al. 2000). Even though these published results described

two novel DNA tertiary structures, no structural insights of a catalytically relevant

structure could be extracted from them.

A second attempt to get a high resolution structure of this deoxyribozyme

was by solution NMR (Joyce 2001). This study on the enzyme-substrate complex

revealed the presence of base-pairing in the substrate binding arms, but
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unfortunately, no structural features of the catalytic core could be resolved in the

NMR-time scale.

There are, however, a number of published reports on structural

information gained on the catalytic core of the 10-23 using biochemical

techniques. Detailed mutational and deletion analysis were performed on the

bases of the catalytic core. The results from the mutational analysis will be

discussed later on in the next section. The deletion analysis revealed that

positions 7 and 8 of the catalytic core were not important for catalysis

(Zaborowska, Schubert et al. 2005). Not only did a construct with T7 removed

retained its activity, but the construct with C8 removed displayed enhanced

cleavage activity compared to the wild-type 10-23 construct (Zaborowska,

Schubert et al. 2005). A construct with both T7 and C8 removed was still active,

although its catalytic rate under multiple turnover conditions was reduced by one

order of magnitude (Zaborowska, Schubert et al. 2005).

Another study was done to map the functional phosphate groups within

the catalytic core of the 10-23. In this study, it was proposed that seven

phosphate positions (P2, P4, P5, and P9-13) are involved in direct metal ion(s)

coordination, whereas positions P3, P6, P7, and P14-16 displayed no functional

relevance (Nawrot, Widera et al. 2007). After conducting stereo-defined

experiments, the authors proposed a model in which both non-bridging oxygens

of P5 and the proRp oxygen at P9 are involved in metal ion coordination and the

keto oxygen of G6 contributes to metal ion binding (Nawrot, Widera et al. 2007).
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4.1.2 Mutational and Deletion Studies on the 10-23 Deoxyribozyme

There are several published reports of mutational analysis on the catalytic

core of the 10-23 deoxyribozyme. Santoro and Joyce examined the sequence

variation within catalytic core from their original in vitro selection experiment,

and concluded that the catalytic core of the 10-23 deoxyribozyme was almost

wholly intolerant to variation (Santoro and Joyce 1997). A detailed mutational

analysis on the catalytic core was conducted in which each base was mutated to

each of the other three bases (Zaborowska, Furste et al. 2002). These studies

revealed that bases from position 7 to 12 could be changed to any of the other

three bases with minimal loss of activity, but positions 1, 2,4, 6, and 14 were

highly conserved (Zaborowska, Furste et al. 2002). A recent deletion analysis

study of the catalytic region of the 10-23 deoxyribozyme revealed that position 7

and 8 are non-essential nucleotides within the catalytic core (Zaborowska,

Schubert et al. 2005). The authors propose a model in which G1, G2, T4, G6,

and G14 are the essential invariant bases for catalysis; along with the amino

functional groups at position 3, 13, and G14, and the keto-oxygen of G6 and G14

(Zaborowska, Furste et al. 2002).

Figure 4-1 summarizes the results from the structural, mutational and

deletion studies on the 10-23 deoxyribozyme.
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Figure 4-1 Summary of the results from the deletion, mutation and structural studies on the
10-23 deoxyribozyme. The residues in blue are the essential bases required for catalysis and
their important functional groups are boxed in orange. The residues in green are bases that
could be deleted without severely affecting catalytic activity. The catalytically relevant phosphate
groups are shown in yellow.

4.1.3 Structural Studies on the 8-17 Deoxyribozyme

Compared to the 10-23 deoxyribozyme, more structural studies have been

reported on the 8-17 deoxyribozyme. In the original in vitro selection

publication, a secondary structure of the 8-17 deoxyribozyme was proposed

based on the analysis of sequence variation among the deoxyribozyme clones.

In the proposed secondary structure, the enzyme-substrate complex had an

essential G.T wobble base pair immediately 3' of the cleavage site, an internal

137



stem consisting of three base pairs (two of which were GC base pairs), and two

loop regions, including a 5'AGC3' hairpin loop at the end of the stem and a

5WCGR3' or 5WCGAA3' (where W = A or T; R = A or G) bulge loop that

connected the stem to one of the substrate binding arms (Santoro and Joyce

1997). Two other variants of the 8-17 deoxyribozyme, one obtained by in vitro

selection in the presence of Mg2
+ and histidine, "Mg5" (Faulhammer and Famulok

1997), and another from an in vitro selection carried out in the presence of Zn 2
+

, "17E" (Li, Zheng et al. 2000), were found to have similar sequences and

possibly, identical structures.

Mutational studies have shown that the three base pair stem within the

catalytic core is critical for catalysis. Constructs that lengthened or shortened

this stem resulted in inactive constructs (Santoro and Joyce 1997). Furthermore,

mutational analysis revealed that two of the three base pairs have to be G-C and

the middle base pair might have an effect on the specific structural geometry of

the stem required for activity (Peracchi, Bonaccio et al. 2005).

In another study that carried out multiple in vitro selections to isolate

catalytic DNAs for the cleavage of all 16 possible ribo-dinucleotide junctions

resulted in multiple variations of the 8-17 deoxyribozyme. Analysis of different

variants lead to a proposed tertiary structure of catalytic core composed of two

interlinked structural domains, a catalytic core, and a facilitator (Cruz, Withers et

al. 2004). In this model, the catalytic core is composed of the two dinucleotides

of the cleavage junction, the conserved G and C of the 5WCGR3' or 5WCGAA3'
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loop, and possibly a catalytic relevant divalent metal ion; the A and G of the

S'AGC3' loop be either part of the catalytic core or part of the facilitator (Cruz,

Withers et al. 2004).

There are multiple reports on using FRET to study the global structural

folding of the Zn 2
+ dependent 8-17 deoxyribozyme, 17E (Liu and Lu 2002; Kim,

Liu et al. 2007; Kim, Rasnik et al. 2007). These studies proposes that 17E

undergoes two structural folding transitions, one at 19 IJM Zn 2
+ and the second

at 260 IJM Zn 2
+ (Liu and Lu 2002). Another report from the same group

demonstrated that the global folding of the same deoxyribozyme was saturated

at lower concentrations of Zn 2
+ and Mg2

+ than cleavage activity, and more

surprising, no Pb2
+-dependent global folding was observed (Kim, Liu et al. 2007).

4.1.4 Mutational Studies on the 8-17 Deoxyribozyme

Mutational analysis of the catalytic core of the 8-17 deoxyribozyme

revealed nucleotides that govern its catalytic properties and activities. The first

observation made was the changing some of the nucleotides within the catalytic

core changed the divalent metal ion specificity of the deoxyribozyme. Figure 4-2

shows that by changing the base pairing of the catalytic stem and a SWCGA(A)3'

loop results, one variant of the 8-17 deoxyribozyme was found to be more active

in the presence of Ca2
+ (Peracchi 2000) and another variant 8-17 deoxyribozyme

was found with an altered the divalent metal ion specificity to favour Zn 2
+ and

Pb2
+ (Li, Zheng et al. 2000; Brown, Li et al. 2003).
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Figure 4-2 Different variants of the 8-17 deoxyribozyme. Different variants of the original 8
17 deoxyribozyme (A) have been discovered to favour Ca2

+ (B) (Peracchi 2000) and Zn2
+ and

Pb2
+ (C) (Li, Zheng et al. 2000; Brown, Li et al. 2003). The blue arrow indicates the cleavage site.

Recently, a very detailed mutation analysis was conducted on the 8-17

deoxyribozyme with a 5'TCGAA3' loop sequence. The results from these

experiments suggested that the N7 of A6 and keto oxygen of G7 are both

involved in a complex hydrogen bond network with another part of the

deoxyribozyme, possibly the active site (Peracchi, Bonaccio et al. 2005). Results

also revealed that C13 and G14 are catalytically essential, but argued against the

role of C13 as the general acid/base catalyst (Peracchi, Bonaccio et al. 2005).

Finally, mutation of the catalytic stem confirmed that two of the three base pairs

are required to be GC base pairs with the possibility of the middle base pair

being important for the specific geometry of the stem (Peracchi, Bonaccio et al.

2005). Figure 4-3 summarizes the results from the structural and mutational

studies on the 8-17 deoxyribozyme.
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Figure 4-3 Summary of the results from the mutational and structural studies on the 8-17
deoxyribozyme. The residues in blue are the absolutely essential bases required for catalysis
and important functional groups are boxed in orange. The residues in green are bases that could
be deleted without severely affecting catalytic activity. The base pair in brown is speculated to be
important in defining the geometry of the catalytic stem.

4.1.5 Photo-affinity Crosslinking of Nucleic Acids

There are many important structural interactions between biomolecules in

structural biology, some of which are between nucleic acids with other nucleic

acids or with proteins. Some of the most important fundamental processes in life

are mediated by massive nucleoprotein complexes; examples include the

replisome, spliceosome, transcription complexes, and ribosome. In order to

understand the function of these complexes, detailed knowledge of the structure

and of their individual components and the way they interact is required. One

methodology that has been successfully used to study these interactions has

been photo-crosslinking. The main advantage of using photo-crosslinking is that
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one can control the formation of covalent bonds between contacting moieties

assuming that monofunctional labels are used (reviewed in (Favre, Saintome et

al. 1998).

Sulphur modified bases are among the most utilized base analogue for

photo-crosslinking. The presence of the sulphur atom in place of a keto oxygen

results in some exceptional spectroscopic properties. The absorption spectrum is

red shifted to approximately 340 nm (there are some differences in the

maximum absorption peak of different thio-substituted bases). This

spectroscopic property is particularly useful because nucleic acids do not absorb

at wavelengths greater than 300 nm; therefore, irradiation at greater than 300

nm allows the selective photo-activation and significantly quantitative formation

of photo-crosslinks. There are numerous advantages of using thio-substituted

bases for photo-crosslinking: 1) which can be stable in the dark; 2) which can be

selectively photo-activated by wavelengths between 330 and 370 nm; 3) the

excited states are highly reactive to other bases or to amino acid residues; 4) the

base-pairing properties are very similar to those of the natural bases and

therefore, at low substitution levels, do not greatly change the physicochemical

properties of the oligonucleotide (Favre, Saintome et al. 1998). In the case of

photo-crosslinking between two nucleic acid molecules, the identification of the

other participating base can be revealed by treating with weak base or by primer

extension techniques. Figures 4-4 and 4-5 show some examples of 4-thio

thymine photo-crosslinking to adenine and thymine.
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Figure 4-4 Mechanistic scheme of 4-thio-thymine photo-crosslinking with an adenine (Favre,
Saintome et al. 1998).
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et al. 1998).

Known products of 4-thio-thymine photo-crosslinked to thymine (Favre, Saintome

4.1.6 Photo-crosslinking of the Small Natural Self-Cleaving
Ribozyme

Photo-crosslinking has been proven to be a powerful technique in studying

the active structure of ribozymes. Several different photo-crosslinking

techniques have been utilized to study the active structures of the hairpin and

hammerhead ribozymes. As for the hairpin ribozyme, photo-crosslinking using

the natural bases using 260 nm UV light revealed an important "E-Loop"

structure (Butcher and Burke 1994). Later on, photo-crosslinking utilizing an

azidophenacyl agent, which was incorporated in to the ribozyme at specific

phosphorothioate positions, confirmed and enhanced the preliminary three-
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dimensional model presented by Earnshaw et al (Earnshaw, IVJasquida et al.

1997; Pinard, Heckman et al. 1999). This crosslinking data revealed detailed

interactions between the docking and the alignment of the A loop with the Bloop

before the high resolution crystal structure of the hairpin ribozyme was published

by Rupert & Ferre-D'Amare in 200l.

The crystal structure of the hammerhead ribozyme was first reported by

Scott et al. in 1995. Since crystal structures are derived from molecules in

crystalline form, they mayor may not reflect the biologically relevant structure of

the molecule itself. Therefore, biochemical structural data must be used to

confirm and validate the crystal structure. In the case of the hammerhead

ribozyme, however, the biochemical data did not support that the crystal

structure was the active structure. Some of this biochemical data was derived

from photo-crosslinking using 2-thio-cytidine and 4-thio-uridine (Wang and

Ruffner 1997). More recently, Heckman et al. made single base substitutions

within the hammerhead ribozyme using 6-thio-2'deoxyguanisine and 4-thio

2'deoxyuridine to probe the active structure by photo-crosslinking. It was

revealed that the ribozyme cleavage site is within close proximity to three

proposed catalytically relevant guanines in domain 2 (Heckman, Lambert et al.

2005).

4.1.7 Chapter Overview

Detailed analysis of the catalytic core of the bipartite deoxyribozyme will

be discussed in the following pages. A secondary structure of the catalytic core
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of the bipartite was obtained by using the bioinformatics based M-Fold computer

program. In order to obtain some information regarding which of the twenty

conserved nucleotides were important for catalysis and to test for the validity of

the predicted secondary structure, point mutations of every base of the catalytic

core were made and tested for activity. Poly-thymine mutations were also made

to replace regions of the secondary structure that may be acting as linker

elements linked to the region's tolerance of mutation. Deletion mutants were

also tested to see if the same variable regions were important to the overall

structure of the deoxyribozyme. lVI-Fold predicted the catalytic core to fold into a

hairpin structure and the stem region of this structure was tested for by co-

variation mutation. Each predicted base pair were inverted (for example a GC

base pair was changed to a CG base pair) and tested for activity. Finally, photo-

affinity crosslinking methodology was used to obtain tertiary structure contacts

within the catalytic core. Modified bases (Figure 4-6) were placed at the

cleavage site of a pseudosubstrate and throughout the catalytic core in hope to

identify which regions of the catalytic core might be forming the active site due

to their close proximity to the cleavage site.

Figure 4-6 Thio-modified bases used for photo-crosslin king experiments: A) 4-thio thymine
and B) 6-thio guanine.
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4.2 Materials and Methods

(See appendix III for the list of reagents)

4.2.1 Deprotection of Thio-modified Oligonucleotides

The samples were removed from the column and transferred into 1.5 mL

screw-cap microcentrifuge tubes. 1 mL 1M 1,8-diazbicyclo[5.4.0]-undec-7-ene

(DBU) was added to each sample and was incubated at 22°C for five hours. The

samples were briefly spun down and the supernatant was removed. The

samples were then washed three times with 1 mL of acetone and were air dried.

150 IJL 500 mM sodium hydrosulfide hydrate dissolved in ammonia hydroxide

and 1.35 mL ammonia hydroxide was added to each sample and was incubated

at 22°C for twenty four hours. The samples were briefly spun and the

supernatant was transferred into a new 1.5 mL microcentrifuge tube. The

samples were dried under vacuum and stored.

4.2.2 Nucleic Acid Oligonucleotides Synthesis and Purification

All oligonucleotides (see appendix I for exact sequences) were synthesized

at the University of Calgary Core DI\IA Services except for the 59 RNA

oligonucleotide, which was synthesized from Dharmacon Research (Boulder, CO).

The Oligonucleotides were dissolved in 50 IJI of denaturing gel loading dye (99%

formamide (vjv), 1 mM Tris-C1 pH 7.5, and 1 mM EDTA pH 8.0) and heated at

100°C for 5 minutes to denature any preformed nucleic acid structures. The

oligonucleotides were size-purified in 8% (wjv) denaturing polyacrylamide gels

and visualized by UV shadowing as mentioned in sections 2.2.1. The
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oligonucleotides were excised from the gel and eluted via crush-soak using 25 ml

of TE buffer (10 mlVl Tris-C1 pH 7.5 and 0.1 mM EDTA pH 8.0) at 4°(' The eluted

samples were filtered through 0.2 pm micro filters and then concentrated using

2-butanol until 300 ~I (see appendix II for exact procedure). The samples were

ethanol precipitated (see appendix II for exact procedure) and was resuspended

in 100 ~I TE buffer. For the thio-modified DNA Oligonucleotides, TCEP were

added to a final concentration of ImM in the same final volume. The

concentrations of the Oligonucleotides were determined by UV absorption at 260

nm. All oligonucleotides were stored at -20°('

A UV scan using a Varian Cary 300 UVjVis spectrophotometer from 200 to

400 nm was taken of the thio-modified oligonucleotides to confirm the presence

of the sulphur group (Figure 4-7).
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Figure 4-7 Absorption scan of a thio-modified DNA oligonucleotide. A) DNA without thio
modified base. B) The presence of the thio-modified nucleotide causes an absorption peak at
approximately 340 nm.

4.2.3 5' End-Labelling

All oligonucleotides were 5' end-labelled using a standard phosphorylating

procedure (see appendix II for exact procedure). The oligonucleotide was

resuspended in 20 IJI denaturing gel loading buffer and purified on 8% (wjv)
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denaturing polyacrylamide gel. The purified oligonucleotide was resuspended in

30 1-11 TE.

4.2.4 Bipartite M-Fold Secondary Structure Prediction

An intramolecular enzyme-pseudosubstrate sequence (pseudosubstrate

(dS35) and deoxyribozyme (E9) linked by eight thymines) was entered into the

DNA M-fold server (http://mfold.bioinfo.rpi.edu/cgi-bin/dna-forml.cgi) as a linear

DNA sequence. Folding conditions were 37°C in 50 mM NaCI and 30 mM MgCb.

4.2.5 Bipartite Mutants Activity Assay

The cleavage activity assays were all measured under single-turnover

conditions, in which a higher concentration of deoxyribozyme (2.25 mM) was

used with trace amounts (approximately 30 nM) of 5,_32p end-labelled substrate.

See appendix I for all oligonucleotide sequences used. The deoxyribozymes

and substrates were heated in 50 mM NaOHj4-(2-Hydroxyethyl)piperazine-1

ethanesulfonic acid (HEPES) (pH 7.46) at 100°C for 1 minute, spun briefly in a

microcentrifuge, and equilibrated at 22°C for 10 minutes. A "null" aliquot was

quenched at time zero with excess Reaction-Stop buffer (95% formamide (vjv),

1 mM Tris-CI pH 7.5, and 20 mM EDTA pH 8.0). To start the reaction, 2 1-11 of

200 mM MgCb was added, such that the final reaction volume was 20 1-11. The

reaction was incubated at 37°C. Aliquots were taken at time points and

quenched with excess Reaction-Stop buffer. All samples were loaded on 20%

(wjv) denaturing polyacrylamide gels and the gels were analyzed by
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phosphorimagery by using a Molecular Dynamics Typhoon 9410 Variable Mode

Imager.

4.2.6 "rhio-modified Bipartite Crosslinking

The crosslinking reactions were performed with a 1: 1 stoicheometric ratio

of bipartite deoxyribozyme (2.25 mM ) to the all pseudosubstrates (2.25 mM)

with trace amounts of 5,_32p end-labelled deoxyribozyme or pseudosubstrate.

Each reaction consisted of one thio-modified oligonucleotide and one unmodified

oligonucleotide. The reactions were heated in 50 mM NaOHjHEPES (pH 7.46)

and 50 mM NaCI at 100°C for 1 minute and cooled to 22°C slowly. The samples

were spun briefly in a microcentrifuge and 2 IJI of 200 mM MgCb was added to

make a final volume of 20 IJI. The samples were then irradiated using a UVP

Black-Ray lamp (model UVL-56 with a 365 nm wavelength maximum at 18W) for

60 minutes at 22°C. The samples were then ethanol precipitated (see appendix

for exact procedure), resuspended in 20 IJI denaturing gel loading dye, and

loaded on 15% (wjv) denaturing polyacrylamide gels. The gels were visualized

by phosphorimagery using a Molecular Dynamics Typhoon 9410 Variable Mode

Imager. The uncross-linked and cross-linked species bands were excised from

the gel and eluted via crush-soak using 350 IJI of TE buffer at 22°C. The

samples were briefly spun in a microcentrifuge and the supernatants

(approximately 300 IJI each) were transferred into new 0.65 ml microcentrifuge

tubes, ethanol precipitated (see appendix II for exact procedure) as previously

mentioned, and the DNA pellets were each resuspended in 20 IJI ddH20. Half of
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each sample was aliquoted for piperidine treatment. To these samples, 80 IJI

ddH20 and 10 IJI piperidine stock solution were added to each sample. These

samples were incubated at 90°C for 30 minutes. All samples were lyophilized,

resuspended in denaturing gel loading dye, and loaded in 15% denaturing

polyacrylamide sequencing gels. The gels were visualized by phosphorimagery

using a Molecular Dynamics Typhoon 9410 Variable IVlode Imager.

For the experimental procedures for making the Maxam-Gilbert chemical

sequencing DNA ladders, see appendix II for exact procedure.

153



4.3 Results

4.3.1 M-Fold Secondary Structure Prediction of the Bipartite
Deoxyribozyme

The M-fold secondary structure folding program (Zuker 2003) was used to

predict the likely secondary structure of the bipartite deoxyribozyme. The

construct used was a cis-form of the bipartite deoxyribozyme, where an all DNA

pseudosubstrate was tethered to the deoxyribozyme by a poly-T linker. The

program predicted an internal hairpin loop within the catalytic core (Figure 4-8).

The stem region is comprised of two GC base pairs, an AT base pair, and a GT

wobble base pair. The hairpin loop consists of seven bases and the remaining

single-stranded region is comprised of four bases.

5'

1III11111111 111111111111

(20 3'

Figure 4-8 M-Fold predicted secondary structure of the bipartite deoxyribozyme. The arrow
indicates the site of cleavage.
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A1 G2 G3 A4 Gs G6 T7 A8 G9 GlO

A ++++ ++++ ++++ ++++ - - ++++ +++ +

G ++++ ++++ ++++ - ++++ ++++ - ++++ ++++

( ++++ ++++ ++++ - - + ++ - + +

T ++++ - - ++++ + +

I ++++ ++++ ++++ ++++

Gll G12 Tn T14 (15 (16 G17 (18 T19 (20

A - - + + - ++++ +++

G ++++ ++++ ++ ++++

( - - - ++++ ++++ ++++ - ++++ +++ ++++

T - - ++++ ++++ + + - ++++ ++++ ++

I +++ +++ +++

Table 4-1 Summary of the activity of the bipartite mutants. All cleavage reactions were
incubated for 18 hours at 3JCC with 30 mM Mg2

+ at pH 7.46. The numbered nucleotides going
across the table are the nucleotides of the bipartite catalytic core. The numbering scheme
corresponds to Figure 4-8. The nucleotides going down the table are the identity of the mutation
made to anyone give catalytic core nucleotide. ++++: approximately the same amount of
cleaved substrate when compared to the wild-type bipartite reaction; +++: approximately three
quarters of the amount of cleaved substrate when compared to the wild-type bipartite reaction;
++: approximately half the amount of cleaved substrate when compared to the wild-type bipartite
reaction; +: very low amount of cleaved substrate when compared to the wild-type bipartite
reaction; and -: no detectable amount of cleaved product. The empty boxes are mutations that
were not made for that particular base.

4.3.2 Point Mutation Analysis of the Bipartite Deoxyribozyme

A variety of different point mutations were made throughout the catalytic

core of the bipartite deoxyribozyme. Table 4-1 summarizes all of the different

mutations made each nucleotide within the catalytic core. Some mutations had

no effect on catalytic activity, while some others seemed to have slower or

completely abolished activity. Most of the bases located within the loop regions
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of this structure were tolerant of mutations with the exception of A8, Gll and

G12 of the hairpin loop, and G17 of the loop that linked the hairpin to the

substrate binding arm. These guanines, however, could be mutated to inosine

and still retain catalytic activity. Therefore, the 1'J1, 1'J7 and 6-keto-group of

those guanines appear to be important for catalytic activity. These specific bases

could be involved in specific interactions with catalytic important divalent metal

ions.

The stem region was tolerant to point mutations. Mutations at G2, and

G3 did not affect the activity at all. G5 could be mutated to an inosine and

activity was still retained. This suggested that the N1 or N7 or 6-keto-group of

G5 is important. Bipartite was still active if T13 was mutated to a guanine, and

therefore, the importance of the N3 position and the keto-group. C15 and C16

could also be mutated to adenines. These mutations revealed that the N3 and

the amino group to be essential at each of those positions. The exact size of the

bases at position 1, 6, 9, 10, 13, 15, 16, 18, 19, and 20 appeared not to be

important because activity was observed at those positions for both purine and

pyrimidine bases.
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3'

WIT T1 n T3 T4 Poly-T

o 16Hrs 0 16Hrs 0 16Hrs 0 16Hrs 0 16Hrs 0 16Hrs

Un-cleaved Product

Cleaved Product

Figure 4-9 Denaturing gel showing the activity of the thymine mutants of the bipartite
deoxyribozyme. A total of five mutants were tested: 1) T1: A1 was mutated to a thymine; 2) T2:
G6 and T7 were both thymines; 3) T3: G9 and G10 were both mutated to thymines; 4) T4: C18,
T19, and C20 were all thymines; and 5) Poly T: T1, G6, T7, G9, G10, C18, T19, and C20 were all
thymines. The "wild-type" bipartite deoxyribozyme sample is labelled WfT. The WfT and T1
mutant cleave 88% and 89% of the substrate.

4.3.3 Poly-T Substitutions and Deletion Mutants of the Catalytic
Core of the Bipartite Deoxyribozyme

A set of bipartite mutants were made such that the catalytically important

residues were not mutated to thymines. The regions of interest were position 1,

6-7, 9-10, and 18-20. A total of five mutants were made so that each region was

replaced by thymines. One construct was made where all four regions were

changed to thymines. The only mutant that was active was where position 1

contained a thymine (Figure 4-9). Deletion mutants of the same regions of

interest were also made and tested and only one deletion mutant was found to
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be active. The removal of position 1 did not hinder the activity of bipartite

(Figure 4-10). These results showed that A1 is not a very important residue in

the catalytic core of the bipartite.

3' • 5'
NNNAA

I II I I I I I I I I I I II I I I I I IIII

5' A, C1U 3'

GG2 T,q
T,GbG5A~ ~ 'c GelR

A • C 16 17
8 T 15Gq TI3 1~

GIOG G'2
II

WIT Del1 Del2 Del3 Del4

0 16Hrs 0 16Hrs 0 16Hrs 0 16Hrs 0 16Hrs

Un-cleaved Product

Cleaved Product

Figure 4-10 Denaturing gel showing the activity of the deletion mutants of the bipartite
deoxyribozyme. Four deletions mutants were tested: 1) Del 1: A1 was deleted; 2) Del 2: G6 and
T7 were deleted; 3) Del 3: G9 and G10 were deleted; and Del 4: C18, T19, and C20 were
deleted. The "wild-type" bipartite deoxyribozyme sample is labelled WIT. The WIT cleaved 87%
of the substrate and Del1 cleaved 78% of the substrate.

4.3.4 Co-variation Base Pair Mutations of the Bipartite
Deoxyribozyme

Co-variation mutations were constructed to study the stem region within

the catalytic core in which each base pair was inverted (i.e. a GC base pair

became a CG base pair). For four mutants, one of the four possible base pairs
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was inverted. Another mutant was constructed where all of the base pairs were

inverted. All of the single co-variation mutants showed modest levels of activity,

but the mutant with four co-variation base pairs did not show any activity (Figure

4-11). The four single co-variation mutants were based on the E9:dS35(r) (see

appendiX for sequence) construct. The remaining mutants were based on the

El :S9 construct. The reaction was performed in the presence of 20 mM Mg2
+

therefore the general hydrolysis of the S9 substrate for the El construct can be

seen for the 36 hours incubation time point.

WIT GC1CG GC2CG AT3TA GT4TG
WIT CVBP

VI VI VI VI VI VI VI VI VI VI.. .. .. ... ... ... .. :i: .. ..
J: J: J: J: J: J: J: J: J:

VI VI VI VI

0
\0 I'l

0
\0 I'l

0
\0 I'l

0
\0 I'l

0
\0 I'l

:i: ... ... :i:... /'Il ... "" ... /'Il ... /'Il ... /'Il J: J:
Un-cleaved Product \0 I'l 0

\0 N
0 ... /'Il ... /'Il

Un-cleaved Product

Cleaved Product

Cleaved Product

Figure 4-11 Denaturing gel showing the activity of the co-variation mutants of the bipartite
deoxyribozyme. A total of five co-variation mutants were tested 1) GC1 CG inversion of the G2
C16 base pair to a C-G base pair; 2) GC2CG: inversion of the G3-C15 base pair to a C-G base
pair; 3) AT3TA inversion of the A4-T14 base pair to a T-A base pair; 4) GT4TG inversion of the
proposed G5-T13 wobble base pair to a T-G wobble base pair; and 5) CVBP inversion of all four
base pairs. There are two wild-type constructs used (E9 and E1) The constructs based on the
E9 constructs have the following cleavage activity after 32 hours incubation: WIT - 10%; GC1 CG
- 4%; GC2CG - 7%; AT3TA - 4%; and GT4TG - 5%. The constructs based on E1 have the
following cleavage activity after 32 hours incubation: WIT - 92% and CVBP - 19%. The
background RNA hydrolysis bands were quantitated to be approximately 15% per band, therefore
the assumed actual cleavage of the substrate by CVBP mutant is approximately 4% (the
densitometry of the background reaction, 15%, subtracted from the cleaved product, 19%).
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4.3.5 Summary

The mutation and deletion data provided some interesting information

regarding catalytically important residues. Figure 4-12 summarizes all of these

findings.

3' J s'
-.-.-.-.-.-.-.-.-.-.-.-.NNNA(rA)-.-.-.-.-.-.-.-.-._._.IIIIIIIiI.

3'

Figure 4-12 Summary of the results from the mutation and deletion studies on the bipartite
deoxyribozyme. The residues in blue are the essential bases required for catalysis and important
functional groups are boxed in orange. The functional groups in orange dashed boxes reduce the
catalytic activity when removed, and therefore maybe important, but not essential for catalysis.
The residues in red could be mutated to the any other natural bases without significantly affecting
catalytic activity. The residues in green are bases that could be deleted without affecting catalytic
activity. The remaining bases in black are important for activity, but more mutants are required to
elucidate which functional groups are important. The exact hydrogen bonding pattern of the
proposed G'T wobble base pair is undetermined (dashed line in parenthesis).
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4.3.6 Thio-modified Base Crosslinking of the Bipartite
Deoxyribozyme

The structural interactions of enzyme-substrate complex were studied by

photo-crosslinking. Thio-modified bases were strategically substituted one at a

time within the enzyme-substrate complex. A total of three substitutions were

made in the pseudosubstrate at the cleavage site and seven substitutions were

made throughout the catalytic core (Figure 4-13). The locations of the

substitutions made within the catalytic core were chosen so that all three

structural regions, the stem and two loop regions, could be potentially mapped.

Five of the ten substitutions made yielded crosslinked species. Generally

speaking, the substitutions in the pseudosubstrate strand yielded more

crosslinked species when compared to the substitutions in the catalytic core.

3'

3' -J 5'

----NNm~----
I I I I I I I I I I I I 53 52 51 I I I I I I I I I I I I

A1 j:20
GG2 ffi9

mG6~h ~ 'c:tf18

It: • T [Os 1 17

~WGI~3 14

5'

Figure 4-13 Thio-modified base substitutions in the bipartite deoxyribozyme The boxed
bases were substituted for 4-thio-thymine for pyrimidines and 6-thio-guanine for purines. For the
pseudosubstrate strand, the first nucleotide of the five un-paired nucleotide region from the 5'
side is termed 81 and the next two nucleotides are termed 82 and 83 respectfully For the
substitutions on the enzyme strand, the naming of each substitution is based on its relative
nucleotide position. For example, E58 means the 5th nucleotide of the catalytic core has the thio
modified nucleotide.
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Figure 4-14 Denaturing gel showing the photo-crosslinking of the wild-type, S1 substitution,
and S2 substitution. A) Wild-type pseudosubstrate-enzyme construct; B) S1 pseudosubstrate
enzyme construct; and C) S2 pseudosubstrate-enzyme construct The single strand
pseudosubstrate, deoxyribozyme, and enzyme-pseudosubstrate complex were irradiated or not
irradiated with 354 nm UV The asterisk denotes which oligonucleotide was 32P-labelled
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Figure 4-15 Denaturing gel showing the photo-crosslinking of the 83 substitution, E5
substitution, and E7 substitution. A) 83 pseudosubstrate-enzyme construct; B) E5
pseudosubstrate-enzyme construct; and C) E7 pseudosubstrate-enzyme construct. The single
strand pseudosubstrate, deoxyribozyme, and enzyme-pseudosubstrate complex were irradiated
or not irradiated with 354 nm UV The asterisk denotes which oligonucleotide was 32P-labelled
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Figure 4-16 Denaturing gel showing the photo-crosslin king of the E13 substitution, E17
substitution, and E19 substitution. A) E13 pseudosubstrate-enzyme construct; B) E17
pseudosubstrate-enzyme construct; and C) E19 pseudosubstrate-enzyme construct. The single
strand pseudosubstrate, deoxyribozyme, and enzyme-pseudosubstrate complex were irradiated
or not irradiated with 354 nm UV The asterisk denotes which oligonucleotide was 32P_labelled
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There are two possible types of crosslinked species that can form. An

intramolecular crosslink is formed when the crosslink is between two bases

located within the same DNA strand. An intermolecular crosslink is formed when

the crosslink is between two bases located on two separate strands of DNA One

easy way to discriminate between the two different types of crosslinks is to radio

label one DNA strand in one reaction and radio-label to other strand in another

separate reaction. Intramolecular crosslinks will show up in one reaction, but not

in the other while intermolecular crosslinks will show up in both reactions.

Figures 4-14 to 4-21 show the denaturing gels of the cross-labelling experiments

of the constructs that yielded crosslinked species.

The screening for crosslinked species showed that 51 (Figure 4-14 B), 52

(Figure 4-14 C), 53 (Figure 4-15 A), and E55 (Figure 4-15 B) all formed

intermolecular crosslinked species while E135 (Figure 4-16 A) and E175 (Figure

4-16 B) formed intramolecular crosslinked species. El35 crosslinked species only

formed in the enzyme-substrate complex. Interestingly, E75 (Figure 4-15 C) and

E195 (Figure 4-16 C) formed both intramolecular and intermolecular crosslinked

species.

6-Thio-guanine generated three crosslinked species at position 51 and five

crosslinked species at position 52. 4-Thio-thymine at position 53 generated six

crosslinked species. The 6-thio-guanine substitution at E5 formed two

crosslinked species with very similar gel mobility. 4-Thio-thymine at E7 and E19

formed one intermolecular and one intramolecular crosslinked species each.
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However, the 4-thio-thymine at E10 and 6-thio-guanine at E17 generated only

one intramolecular crosslinked specie each.

The mapping of the intermolecular crosslinked species showed that 51

formed crosslinks with G2, G3, A4, G5, G6, G17, T29, and with the G 3' of the

catalytic core (Figure 4-17). Very strong signal could be seen with G3, T19 and

with the G 3' of the catalytic core. The mapping showed that 52 formed

crosslinks with Ai, G2, G3, G5, G6, T7, T14, G17, T19, and the first G 3' of the

catalytic core of the enzyme strand (Figure 4-18). Very strong signals could be

been at G2, G3, G6, T7, G17, T19, and with the G 3' of the catalytic core. The

crosslinks of 53 shows that the first A 5' of the catalytic core, A1, G2, T7, T14,

G17, C18, T19, and C20 of the enzyme strand are within close proximity of this

pseudosubstrate base. Very strong signals could be seen at the first A 5' of the

catalytic core, A1, G2, and C20 (Figure 4-18).

The thio-modified bases located on the enzyme strand showed that E55

crosslinked to Ai, A2, G4, A4, and the first T 3' of the five un-paired nucleotides

of the pseudosubstrate. E75 crosslinked to A1 and A2 of the pseudosubstrate

and E195 cross-linked to A1 and to the C 5' to the five un-paired nucleotides.

Interestingly, very strong signals for both E7 and E19 positions could be seen

with the dinucleotides of the cleavage site on the pseudosubstrate (Figure 4-19).

The piperidine treatment of the irradiated un-crosslinked radiolabelled

pseudosubstrate or enzyme strands provided the background photo-induced
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cleavage signals not attributed to the mapping procedure of the crosslinked.

Figure 4-20 summarizes all of the crosslinking data of each construct.
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Figure 4-17 Sequencing gel showing the mapping results for the intermolecular crosslink
species generated at the S1 position. Lanes 1 and 12 thymine sequencing ladder; lanes 2 and
11. guanine sequencing ladder; lanes 3 and 4 32P-labelled enzyme strand, irradiated; lanes 5
and 6 crosslink 1; lanes 7 and 8. crosslink 2; lanes 9 and 10 crosslink 3. The "+" indicates which
samples were piperidine treated.
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Figure 4-18 Sequencing gel showing the mapping results for the intermolecular crosslink
species generated at the S2 and S3 positions. Lanes 2 to 7 and 10 t015 are for the S2 position
reaction samples Lanes 18 to 24 and 27 to 33 are the S3 position reaction samples. Lanes 1 is
the untreated 32P-labelled enzyme strand For the S2 position reaction samples, lanes 2 and 10:
32P-labelled enzyme strand, irradiated; lanes 3 and 11: crosslink 1; lanes 4 and 12: crosslink 2;
lanes 5 and 13 crosslink 3; lanes 6 and 14 crosslink 4; and lanes 7 and 15 crosslink 5. For the
S3 position reaction samples, lanes 8 and 27 32P-labelled enzyme strand, irradiated; lanes 9 and
28: crosslink 1; lanes 10 and 29 crosslink 2; lanes 11 and 30 crosslink 3; lanes 12 and 31
crosslink 4; lanes 13 and 32 crosslink 5; and lanes 14 and 33 crosslink 6. Lanes 8, 16, 25, and
34 are the guanine ladder and lanes 9, 17,26, and 35 are the thymine ladder. The "+" indicates
which samples were piperidine treated.
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Figure 4-19 Sequencing gel showing the mapping results for the intermolecular crosslink
species generated at the E5, E7 and E19 positions Lanes 2 to 5 are for the E5 position reaction
samples. Lanes 8 to 11 are the E7 position reaction samples and lanes 14 to 19 are for the E19
position reaction samples Lanes 1 is the untreated 32P-labelled pseudosubstrate strand. For the
E5 position reaction samples, lanes 2 and 4 32P-labelled pseudosubstrate strand, irradiated; and
lanes 3 and 5 crosslink sample. For the E7 position reaction samples lanes 8 and 10: 32 p_
labelled pseudosubstrate strand, irradiated, and lanes 9 and 11: crosslink sample For the E19
position reaction samples lanes 14 and 17: 32P-labelled pseudosubstrate strand, irradiated; lanes
15 and 18 crosslink 1, and lanes 16 and 19 crosslink 2. Lanes 6 and 12 are the guanine ladder
and lanes 7 and 13 are the thymine ladder. The "+" indicates which samples were piperidine
treated.
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Figure 4-20 Summary of the crosslinking data. The crosslinking data for the enzyme-
pseudosubstrate complex: A) 6-thio-guanine at the S1 position; B) 6-thio-guanine at the S2
position; C) 4-thio-thymine at the S3 position; D) 6-thio-guanine at the E5 position; E) 4-thio
thymine at the E7 position; and F) 6-thio-guanine at the E19 position. The bases shown in red are
the ones that have been substituted with a thio-modified base. The blue arrows mark the major
crosslink species, defined by the strong signal give upon mapping the crosslink species.
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4.4 Discussion

Unlike ribozymes, the structural features of deoxyribozymes are not very

well understood. Of all of the known deoxyribozymes, the 8-17, has been the

most studied. Detailed structural studies of the bipartite will enhance the

knowledge of how deoxyribozymes function and what are the similarities and

differences between them and ribozymes.

Bioinformatic based secondary structure model prediction program, M

Fold, was first used to generate all possible secondary structures of the bipartite

enzyme-substrate complex. Since this server-based program predicts the

secondary structure of single stranded nucleic acid molecules, an intramolecular

form of the bipartite was used in which the pseudosubstrate was linked to the

deoxyribozyme by a poly-thymine loop. A poly-thymine linker was chosen

because this sequence is known to be unstructured and therefore will not

interfere or perturb the predicted secondary structure. The experimental

conditions in which the simulation was performed in were experimental

conditions in which the bipartite was known to have optimal catalytic activity

(100 mM Na+ and 20 mM Mg2+).

The structure predicted by the program was strikingly similar to the

secondary structure of another deoxyribozyme, the 8-17. The twenty nucleotide

conserved catalytic core was predicted to form a hairpin comprised of a three

Watson-Crick base-pairs and a GT wobble base-pair stem with a seven
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nucleotide loop. This hairpin was linked to the other substrate binding arm by

four nucleotide loop. When compared to the secondary structure of the 8-17

deoxyribozyme, the catalytic stem of the bipartite has the same number of

Watson-Crick base-pairs as the catalytic stem of the 8-17 and an additional G.T

wobble base-pair. The terminal loop of the 8-17 is only three nucleotides long

whereas the bipartite has a loop of seven nucleotides. The other loop region of

the 8-17 and bipartite were exactly the same length of four nucleotides. In order

to confirm the validity of this predicted structure, structural analysis of this

deoxyribozyme were conducted by detailed mutation analyses of the bipartite

deoxyribozyme catalytic core and photo-crosslinking with thio-modified base at

354 nm.

Single point mutations of the conserved bases of the catalytic core could

proVide some insights into which bases are important for catalysis. One could

discriminate between the importance of purine versus a pyrimidine at a particular

position and in more detail, the possible importance the functional groups of

each base. These results could also provide some insights into possible base

pairing partners or possible divalent metal ion coordination bases. A total of 50

mutants were tested under conditions in which the bipartite was known to have

optimal catalytic activity.

Results showed that many of the bases located within both loop regions

were tolerable to mutations with activity comparable to the wild-type

deoxyribozyme. However, three positions within the terminal loop (A8, G11, and
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G12) and G17 of the linker loop were not tolerable to mutations except for

guanine to inosine mutations. This is extremely interesting because it showed

that the keto-functional group of the guanines and the amino fUllctional group of

the adenine are very important for catalysis. One possible explanation for these

results is that these bases form the hydrogen bonding network with the

catalytically relevant divalent metal ion. Mechanistic studies of the bipartite

deoxyribozyme, indicated that two hydrated magnesium metal ions and two

deprotonation events are required for optimal activity (Feldman, Leung et al.

2006). These four key residues could form the binding pocket for both hydrated

magnesium metal ions; and could aid in stabilizing, and therefore promoting, the

two deprotonation events required for the formation of the bimetallic catalytic

centre.

Mutations to the residues proposed to form the stem region of the

catalytic core also gave some interesting insights into the possible stability and

sequence specificity required to form this stem. Results suggest that formation

of another wobble pair in place of a Watson-Crick base pair could be tolerated

with comparable catalytic activity to that of the wild-type bipartite

deoxyribozyme. The bipartite deoxyribozyme could function quite well with two

Watson-Crick base pairs and two wobble base pairs. In order to further study

the sequence specificity and to confirm the base pairing of the stem region,

single co-variation mutants were constructed and test for catalytic activity. The

GC, AT, and GT base pairs were changed to CG, TA, and TG mutants and all of
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these mutants displayed activity. However, the construct in which all four stem

base pairs were changed displayed no activity. One possible explanation for this

is the bipartite is only active as long as stem sequences are more or less, the

wild-type sequence because the overall general structure of this stem provides

some function. A replacement with a wobble base pair or a co-variation

mutation, or the disruption of a base pair might not perturb the overall active

structure significantly.

Deletion analysis of the catalytic core of the bipartite revealed that Ai of

the catalytic core is not important for activity. Of the twenty conserved

nucleotides for the catalytic core, nineteen are absolutely required for catalytic

activity.

Cross-linking experiments could be achieved with the utilization of

nucleotides modified with photo-active functional groups. One such commonly

used modification is thio-substitution of oxygen functional groups of the base.

Not only does the sulphur atom have similar atomic radius as oxygen, it also has

similar electronegativity. Therefore, the substitution of thio-modified bases

should not change the hydrogen-bonding pattern and therefore should not alter

or perturb the structure of the nucleic acid molecule.

A total of ten substitutions were made throughout the entire substrate

enzyme complex. Three substitutions were made at the site of cleavage on the

pseudosubstrate to map which bases of the catalytic core are in close proximity

to the cleavage site. Even though the most optimal sequence cleaved is
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between two adenines, the most important residue of this adenine doublet is tile

5'-most adenine. The second base can be any of four bases and the bipartite

could still cleave it (Feldman and Sen 2001). Since there are no thio-base

modifications possible for adenine, 6-thio guanine was still used under the

assumption that a guanine base will not alter the structure of the active site too

significantly. The other two positions are not sequence-specific; therefore, 6-thio

guanine and 4-thio thymine should have no effect on the structure of the

enzyme-substrate complex. The substitutions made within the bipartite were

dispersed throughout the catalytic core. All of the substitutions were guanines

for 6-thio guanine and thymine for 4-thio thymine except for C25.

The experiments showed that all of the substitutions on the

pseudosubstrate were capable of forming intermolecular cross-linked species, but

only three substitutions within the catalytic core formed intermolecular

crosslinked species. Another interesting observation is that substitutions on the

pseudosubstrate formed at least five different intermolecular crosslinked species.

This suggested that, during the time span of the experiment, many multiple

different bases of the deoxyribozyme are within close proximity to each of these

three thio-modified bases. This could reflect a complex structural network that

forms the active site of the enzyme-substrate complex; or that the enzyme

substrate complex is very dynamic and flexible structurally and that not all of

these bases are required or forms the active site, but that multiple different
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bases could be within cross-linking distance over the duration of UV irradiation

time.

Not surprisingly, position 11 and 12 of the pseudosubstrate cross-linked

mainly to the bases closest to the cleavage site within the catalytic core, but with

a preference to the purine rich side. At position 13, however, the results were

almost the reciprocal to position 11 and 12. The bases that formed cross-linked

species at this position were mainly the ones closest to the cleavage site, but

mainly with the pyrimidine rich side. When combined together, the data

suggested that both purine and pyrimidine rich sides were within cross-linking

distance from the active site with the purine rich side closer to the 5' side of

cleavage site and the pyrimidine rich side closer to the three-unpaired region.

On the other hand, only three of seven substitutions within the catalytic

core that yielded intermolecular crosslink species. Two of these substitutions

were on the purine rich side and the remaining one was from the pyrimidine rich

side. All of these crosslink species were mapped to the five unpaired region of

the pseudosubstrate. Some of these crosslinks could be identical to those cross

link species formed when the pseudosubstrate contained the thio-modified

bases. These results showed that the purine and pyrimidine rich sides of the

catalytic core are within close proximity to the cleavage site.

A structural model (Figure 4-21) is proposed for the bipartite

deoxyribozyme in which the catalytic stem region is bending up towards the
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cleavage site. The bimetallic catalytic centre is close to the cleavage site and is

hydrogen bonding with A8, Gll, G12, and G17 of the catalytic core.
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Figure 4-21 Structural model proposed for the bipartite deoxyribozyme. A) A summary of the
major crosslink species The different coloured arrows indicate which bases are involved in
making the major crosslink species A structural 3-D model proposed for the bipartite
deoxyribozyme (B and C). The black arrow marks the site of cleavage. The bimetallic catalytic
centre (marked by the orange arrow) is located within close vicinity of the site of cleavage by
hydrogen bonding (green dashed lines) with A8, 811, 812, and 817.
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4.5 Conclusion

Upon closer examination of the M-Fold predicted secondary structure, the

mutation analyses and cross-linking data complement each other. This

secondary structure is very similar to the secondary structure of another

deoxyribozyme that also catalyses the site specific cleavage of single-stranded

RNA, the 8-17. Since both deoxyribozymes catalyze almost identical reactions

with very similar catalytic rates, have similar divalent metal ion specificity, and

have very similar secondary structures, it is not inconceivable that both

deoxyribozymes might also share a similar tertiary structure motif.

Point mutation analysis showed that A8, Gll, and G12 of the hairpin loop

and G17 of the linker loop are the important residues required for catalysis.

These residues may form the binding pocket for the bimetallic catalytic centre

proposed for the mechanism for the bipartite deoxyribozyme. Poly-thymine and

deletion mutants revealed that Ai of the catalytic core is not important. This

base can be deleted with no effects to activity. The co-variation mutants

suggested the possibility of an internal hairpin within the catalytic core as

predicted by M-Fold. The stem region can tolerate one or two mutations at any

one give time, but the original conserved sequence of the stem region might the

optimal sequence required to fold into the most active structure.

The thio-modified base crosslin king results showed the predicted stem

region is close to the cleavage site. It might be possible that this stem bends up

towards the site of cleavage on the substrate and brings the catalytically
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important loop residues to form the active site. This is similar conclusion

proposed from photo-crosslinking data performed on the 8-17 deoxyribozyme

(Liu, 2008). From the mutation analysis data, three bases within this terminal

loop (A8, Gll, and G12) and one in the linker loop (G17) were identified as

possible bases involved with the direct coordination with the catalytically

essential divalent metal ions. A model derived from the mutation and

crosslinking data for the bipartite deoxyribozyme is presented figure 4-21.
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4.6 Future Directions

Many more experiments are required to improve the structural model

presented in figure 4-21. In the immediate future, kinetic rates can be obtained

for some of the bipartite mutants to gauged the level of detrimental effects of

each mutations. It will be very interesting to observe the effects on activity the

addition or subtraction of a base-pair or base-pairs to the stem region will have.

Analysis of the sequence requirement of the stem region will provide some

insights into the structural properties of this helical region. Protection and

interference experiments with N-ethyl-N-nitrosourea (ENU) can also be done to

map metal ion binding phosphates.

In the long term, NAII"1 can be conducted on the bipartite to map the key

functional groups of the catalytic core. Phosphorothioates could be used to map

and possibly determine the function of important phosphate groups. Charge

flow dependent oxidative damage (discussed in chapter two) of the enzyme

pseudosubstrate complex can provide interesting structural information such as

helical stacking partners and the degree of solvent accessibility of certain bases.

The ultimate goal of a high resolution structure will provide detailed structural

and mechanistic information about the active structure of the bipartite

deoxyribozyme.
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All of these experiments will help answer the following question. What

are the differences between ribozymes and deoxyribozymes that catalyze the

identical reaction?
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5: CHAPTER FIVE

Conclusion

5.1 Structural Studies on the RNA-Cleaving 8-17
Deoxyribozyme by Photo-induced Charge Transfer

The experiments reported in chapter two support the idea that the study

of charge flow patterns, and the patterns of solvent-based quenching of such

charge flow, through a folded nucleic acid complex provided an interesting new

approach for obtaining valuable structural and electronic information about the

complex. The exploration of the 8-17 deoxyribozyme, bound to a

pseudosubstrate, has shown that this simple, gel electrophoresis-based method

supplies information not easily obtained by methods such as chemical and

enzymatic probing, mutagenesis, phylogenetic mapping, as well as fluorescence

and other spectroscopic methods.

It was shown that charge flow patterns are able to provide the following

types of information about the 8-17 enzyme- pseudosubstrate complex (and, by

extension, other folded DNAs): 1) insights into the coaxial stacking preferences

of three double-helical elements, information that, in turn, can be used to study

the global structure of the folded enzyme-pseudosubstrate complex; 2) the

unusual charge flow-dependent reactivity of certain non-guanine bases, such as

the catalytically relevant cytosine residue within the catalytic core of the 8-17
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deoxyribozyme; 3) tile sensitive monitoring of structural transitions of different

segments or domains of the folded DI\IA in response to changing solvent

conditions, such as metal ion concentration; and (4) insights, based on the

quenching patterns of charge flow-dependent radical cations, into the extent of

solvent exposure of different residues within the folded complex.

CFDC is a very versatile technique. This method can be easily modified to

study any nucleic acid structures (DNA or RNA). The structural information

gained from CFDC complements those obtained by other biochemical structure

probing techniques, NMR, and X-ray crystallography.

5.2 Mechanistic Studies on the RNA-Cleaving Bipartite
Deoxyribozyme

The bipartite deoxyribozyme was found to be an obligate metalloenzyme.

Magnesium or manganese cations are reqUired to support its catalysis. Analysis

of metal usage indicated the requirement of two magnesium or manganese ions.

Furthermore, two deprotonation events appeared to be required for the metal

ion-utilizing deoxyribozyme.

Like the bipartite, the larger naturally occurring ribozymes (RNase P and

the Group I and II self-splicing ribozymes) appear to be obligate

metalloenzymes, absolutely requiring divalent metal ions for activity (reViewed in

(Takagi, Warashina et al. 2001). In contrast, four of the five small, self-cleaving

ribozymes (the hammerhead, hairpin, HDV, and VS ribozymes) have been shown

in vitro not to definitively require divalent metal ions for catalysis. Thus, the
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hammerhead and VS ribozymes have been found to be as catalytically active in

high alkali metal chlorides concentration conditions as they are in low-to

physiological concentrations of divalent metal chlorides.

High-resolution crystal structures and functional studies have suggested

that these ribozymes utilize metal ions only in passive, non-catalytic ways.

These four small ribozymes have been described as "non-obligate"

metalloenzymes that might not strictly require divalent metal cations for

catalysis, but whose activity is undoubtedly maximized by the presence of

divalent cations.

The properties of the two small RNA-cleaving deoxyribozymes 10-23 and

8-17, both obtained, like the bipartite, by in vitro selection, have also been

studied. Unlike the self-cleaving ribozymes, these deoxyribozymes are obllgate

metalloenzymes that require magnesium, manganese, or calcium. Although

studies had shown that catalytic mechanisms of the 10-23 and 8-17 to resembles

more closely to that of the hammerhead ribozyme, the bipartite deoxyribozyme

appears to be kinetically, and likely, mechanistically, distinct from the small, self

cleaving ribozymes as well as from the 8-17 and 10-23 deoxyribozymes.

The purposed bimetallic centre catalytic mechanism is the first for any

ribozyme or deoxyribozyme. The experimental results presented provide very

strong evidence for the potential degrees of complexity and the differences in

catalytic strategies in which nucleic acid molecules can employ to catalyze a

chemical reaction. As we expand our knowledge about the chemical repertoire
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of nucleic acids, better and more efficient catalytic nucleic acid molecules will be

engineered and discovered. This will lead to better and more efficient

techniques for genetic and therapeutic applications.

5.3 Structural and Mutational Analysis of the Bipartite
Deoxyribozynle

Not many structural studies on the RNA-cleaving deoxyribozymes have

been reported. Currently, no high resolution structure of any deoxyribozyme

have been published. Therefore, it will be beneficial to study the structure of the

RNA-cleaving deoxyribozymes because of their potential applications in gene

regulation, nanotechnology and pharmacology.

The bipartite deoxyribozyme is a single-strand RNA cleaving

deoxyribozyme isolated by Feldman and Sen in 2001. The catalytic core of this

deoxyribozyme was studied in detail by mutagenesis to identify catalytically

important residues and by photo-affinity crosslin king to study tertiary structure

interactions. Experimental results suggest that the bipartite folds into a structure

similar to that of the 8-17 deoxyribozyme. Mutational analysis revealed that

nineteen of the twenty conserved nucleotides of the catalytic core are required

for catalysis. Four nucleotides within the proposed loop regions have the

potential of forming a network of hydrogen bonds with catalytically important

metal ions.

Photo-affinity crosslinking revealed that the proposed stem structure of

the catalytic core is within close proximity to the cleavage site on the substrate

194



molecule. This stem region may play the role as a facilitator to bridge and bring

the metal ion binding pocket close to the cleavage site for catalysis.
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Appendix I: Oligonucleotide Sequences

All sequences are from 5' to 3' from left to right.

Chapter Two

DNA

P5:

P5':

8-17El:

8-17E1C23G:

8-17E1C23A:

8-17E1C23T:

H2N-C6-TTT AGC TCA CAA GCA CTC CCT AGT

ACT AGG GAG TGC nG TGA GCT AAA

ACT AGG GAG TGT CCG AGC CGG ACG ATG TGA GCT AAA

ACT AGG GAG TGT CCG AGC CGG AGG ATG TGA GCT AAA

ACT AGG GAG TGT CCG AGC CGG AAG ATG TGA GCT AAA

ACT AGG GAG TGT CCG AGC CGG ATG ATG TGA GCT AAA

Chapter Three

RNA

59:

DNA

Bipartite El:

GGA AUU GAA GCA UAG CCG CA

GGC TAA GGA GGT AGG GGT TCC GCT CCA An CC

Chapter Four
RNA or DNA with embedded ribose

59:

d535(r):

GGA AUU GAA GCA UAG CCG CA

ACG GCA An qrA)A CGA TAG CCT TGC T

DNA (Mutations are indicated by bolded letter)

d535:

El:

ACG GCA An CAA CGA TAG CCT TGC T

GGC TAA GGA GGT AGG GGT TCC GCT CCA An CC
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E9:

El5:

El6:

El7:

El8:

El9:

E20:

E2l:

E22:

E23:

E24:

E25

E26:

E27:

E28:

E29:

E30:

E3l:

E32:

E33:

E34:

E35:

AGC AAG GCT AAG GAG GTA GGG Gn CCG CTC GAA nG
CCGT

GGC TAA GGA GGT AGG GGT TCC GCT TCA An CC

GGC TAA GGA GGT AGG GGT TCC GCT ACA An CC

GGC TAA GGA GGT AGG GGT TCC GTI CCA An CC

GGC TAA GGA GGT AGG GGT TCC GAT CCA An CC

GGC TAA GGA GGT AGG GGT TCT GCT CCA An CC

GGC TAA GGA GGT AGG GGT TCA GCT CCA An CC

GGC TAA GGA GGT AGG GGT TTC GCT CCA An CC

GGC TAA GGA GGT AGG GGT TAC GCT CCA An CC

GGC TAA GGA GGT GGG GGT nc GCT CCA An CC

GGC TAA GGA GGT CGG GGT nc GCT CCA An CC

GGC TAA GGA GGT AGG GGT TCC GCT TCA An CC

GGC TAA GGA GGT AGG GGT TCC ACT CCA An CC

GGC TAA GGA GGT AGG GGT TCC CCT CCA An CC

GGC TAA GGA GGT AGG GGT CCC GCT CCA An CC

GGC TAA GGA GGT AGG GGC nc GCT CCA An CC

GGC TAA GGA GGT AGG GAT nc GCT CCA An CC

GGC TAA GGA GGT AGG GCT nc GCT CCA An CC

GGC TAA GGA GGT AGG AGT nc GCT CCA An CC

GGC TAA GGA GGT AGG CGT nc GCT CCA An CC

GGC TAA GGA GGT AGA GGT nc GCT CCA An CC

GGC TAA GGA GGT AGC GGT nc GCT CCA An CC
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E36:

E37:

E38:

E39:

E40:

E41:

E42:

E43:

E44:

E4S:

E46:

E47:

E48:

E49:

ESO:

ES1:

ES2:

ES3:

ES4:

ESS:

ES6:

ES7:

GGC TAA GGA GGT AAG GGT TIC GCf CCA ATI CC

GGC TAA GGA GGT ACG GGT TIC GCf CCA ATI CC

GGC TAA GGA GGC AGG GGT TIC GCf CCA ATI CC

GGC TAA GGA GAT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGA GCT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGA AGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGA CGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGG GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGC GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GAA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GCA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA AGA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA CGA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAG GGA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAC GGA GGT AGG GGT TIC GCf CCA ATI CC

GGC TAA GGA GGT AGG GGT TCC TCf CCA ATI CC

GGC TAA GGA GGT AGG GGT TCC ICf CCA ATI CC

GGC TAA GGA GGT AGG GGG TIC GCf CCA ATI CC

GGC TAA GGA GGT AGG GTT TIC GCf CCA ATI CC

GGC TAA GGA GGT AGG GIT TIC GCf CCA ATI CC

GGC TAA GGA GGT AGG TGT TIC GCf CCA ATI CC

GGC TAA GGA GGT AGG IGT TIC GCf CCA ATI CC
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ES8:

ES9:

E60:

E61:

E62:

E63:

E64:

E6S:

El-polyT:

El-Tl:

El-T2:

El-T3:

El-T4:

El-Dell:

El-DeI2:

El-DeI3:

El-DeI4:

El-cvbp:

E9:

E9GC12:

E9GC13:

GGC TAA GGA GGT AGT GGT TIC GCT CCA ATI CC

GGC TAA GGA GGT AGI GGT TIC GCT CCA ATI CC

GGC TAA GGA GGT ATG GGT TIC GCT CCA ATI CC

GGC TAA GGA GGT AIG GGT TIC GCT CCA ATI CC

GGC TAA GGA GTT AGG GGT TIC GCT CCA ATI CC

GGC TAA GGA GIT AGG GGT TIC GCT CCA ATI CC

GGC TAA GGA TGT AGG GGT TIC GCT CCA ATI CC

GGC TAA GGA IGT AGG GGT TIC GCT CCA ATI CC

GGC TAT GGA GTI ATI GGT TCC GTI TCA ATI CC

GGC TAT GGA GGT AGG GGT TCC GCT CCA ATI CC

GGC TAA GGA GTI AGG GGT TCC GCT CCA ATI CC

GGC TAA GGA GGT ATI GGT TCC GCT CCA ATI CC

GGC TAA GGA GGT AGG GGT TCC GTI TCA ATI CC

GGC TA GGA GGT AGG GGT TCC GCT CCA ATI CC

GGC TAA GGA G AGG GGT TCC GCT CCA ATI CC

GGC TAA GGA GGT A GGT TCC GCT CCA ATI CC

GGC TAA GGA GGT AGG GGT TCC GCA ATI CC

GGC TAA CCT TGT AGG GGG AGG GCT CCA ATI CC

AGC AAG GCT AAG GAG GTA GGG GTI CCG CTC GAA TIG
CCGT

AGC AAG GCT AAC GAG GTA GGG GTI CGG CTC GAA
TIG CCGT

AGC AAG GCT AAG CAG GTA GGG GTI GCG CTC GAA
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E9AT14:

E9GT15:

TIG CCGT

AGC AAG GCT AAG GTG GTA GGG GTA CCG CTC GAA TIG
CCGT

AGC AAG GCT AAG GAT GTA GGG GGT CCG CTC GAA TIG
CCGT

Thio-substituted DNA

Sl(dS35-11S):

S2(dS35-12S):

S3(dS35-13S):

E5(E9-15S):

E7(E9-17S) :

El0 (E9-20S):

E13(E9-23S):

E15(E9-25S):

E17(E9-27S):

E19(E9-29S):

ACG GCA ATI C(6-S-G)A CGA TAG CCT TGC T

ACG GCA ATI CA(6-S-G) CGA TAG CCT TGC T

ACG GCA ATI CAA (4-S-T)GA TAG CCT TGC T

AGC AAG GCT AAG GA(6-S-G) GTA GGG GTI CCG CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG G(4-S-T)A GGG GTI CCG CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG GTA G(6-S-G)G GTI CCG CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG GTA GGG G(4-S-T)T CCG CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG GTA GGG GTI (4-S-T)CG CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG GTA GGG GTI CC(6-S-G) CTC
GAA TIG CCGT

AGC AAG GCT AAG GAG GTA GGG GTI CCG C(4-S-T)C
GAA TIG CCG T
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Appendix II: Common Experimental
Procedures

Ethanol Precipitation

All oligonucleotide samples were precipitated by adding 1/10th volume 3 M

NaOAc (or l'JaCl to a final concentration of 300 mM) and 2.5 times the volume

with anhydrous ethanol. At times, 1 IJg of glycogen was added to the samples to

act as a carrier during precipitation. The samples were vortexed, placed in dry

ice until it was frozen, and centrifuged at 4°C at 16.1 RCF for 40 minutes. The

supernatant was removed and the resulting pellet was resuspended in the

desired solvent.

5' End-labelling

2.5 IJM of the oligonucleotide was incubated with 20 units of T4

polynucleotide kinase and 1.25 IJM y_32p_ATP in a 20 IJL reaction volume. The

reaction was incubated at 37°C for 30 minutes and was ethanol precipitated as

mentioned above. The oligonucleotide pellet was resuspended in 20 IJL of

denaturing gel loading buffer and purified by denaturing polyacrylamide gel

electrophoresis. The oligonucleotide band was visualized by using film

autoradiography and excised from the gel. The sample was eluted by crush-soak

methodology using 1 mL TE overnight. The gel pieces were briefly spun down

and the supernatant was removed and placed into new microcentrifuge tubes.

The samples were ethanol precipitated as previously mentioned, resuspended in

a final volume of 30 IJL ddH20 or TE, and stored at -20°C.
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Dimethyl Sulfate Modification of DNA (Guanine Ladder)

The modification reaction was performed using 1.25 IJM DNA oligomer

and trace amounts of 5,_32p end-labeled of the DNA oligomer in 50 mM

NaOHjcacodylate (pH 7.5). The sample was then made to a volume of 35 IJI

using ddH20, heated at 100°C for 1 minute, briefly spun in a microcentrifuge,

and equilibrated at 22°C for 10 minutes. Dimethyl Sulfate (DIVIS) modification

was initiated by adding 5 IJI 4% (vjv) DMS and the reaction was incubated at

22°C for 30 minutes. The reaction was quenched by adding 10 IJI DMS Stop

Solution (1 M ~-Mercaptoethanol and 1.5 rvl NaOAc) and ethanol precipitated by

adding 110 IJI anhydrous ethanol. The DNA pellet was re-dissolved in 100 IJI

10% (vjv) piperidine, heated at 90°C for 30 minutes, and lyophilized. The

sample was resuspended in 40 IJI denaturing gel loading dye. Figure 2-12 shows

the reaction scheme of DMS modification of guanine.
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R.-f"-o-.., R.-P-o-....,

OH"

?:c3

HyN N....H Cjil" 9' Deoxyribose
I + RM-o + o-P-.o- +

J\. NA(H 6' 6 fragment

H H H ~2

Appendix Figure 2.1 Guanine ladder reaction scheme (Bloomfield, Crothers et al. 2000).

Hydrazine Modification of DNA (Cytosine-Thymine Ladder)

The modification reaction was performed using 1.25 IJM DNA oligomer

and trace amounts of 5,_32p end-labeled of the same DNA oligomer and the

sample was then made to a volume of 20 IJI using ddH20, heated at 100°C for 1

minute, briefly spun in a microcentrifuge, and equilibrated at 22°C for 10

minutes. Hydrazine modification was initiated by adding 30 IJI anhydrous

hydrazine and the reaction was incubated at 22°C for 30 minutes. The reaction

was ethanol precipitated. The DNA pellet was re-dissolved in 100 IJI 10% (vjv)

piperidine, heated at 90°C for 30 minutes, and lyophilized. The sample was

resuspended in 40 IJI denaturing gel loading dye. The reaction scheme of

hydrazine modification of cytosine is shown in figure 2-13 and the modification of

thymine is shown in figure 2-14.
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H

~

w"RX: 0
~ R:..--o--p

6
-_-0--, ~

H

'P
I l Y" Deoxyribose

+ R~ 0 + O=P-o- +
H I H 6- 6 fragment

H t

Appendix Figure 2.2 Cytosine-Thymine ladder cytosine reaction scheme (Bloomfield, Crothers
et al. 2000).

~
~. 9" Deoxyribose

H + R~-o + o-P--O" +, :" 6- t fragment

Appendix Figure 2.3 Cytosine-Thymine ladder thymine reaction scheme (Bloomfield, Crothers
et al. 2000).
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Potassium Permanganate Modification of DNA (Thymine) Ladder

The modification reaction was performed using 1.25 pM DNA

oligonucleotide and trace amounts of 5,_32p end-labeled of the same DNA

Oligonucleotide in 50 mlVl NaOHjcacodylate (pH 7.5). The sample was then

made to a volume of 38.5 pi using ddH20, heated at 100°C for 1 minute, briefly

spun in a microcentrifuge, and equilibrated at 22°C for 10 minutes. The reaction

was initiated by adding 1.5 pi 64 mM KMn04 and the reaction was incubated at

22°C for 30 seconds. The reaction was quenched by adding 2 pi allyl alcohol,

ethanol precipitated as previously mentioned, and the DNA pellet was re-

suspended in 100 pi 10% (vjv) piperidine. The sample was heated at 90°C for

30 minutes, lyophilized, and re-suspended in 40 pi denaturing gel loading dye.

o=p-o-

f,

:~N""'H 9- 9" Deoxyribose
I + RM-o+ ~-o"+

H "" 6- f fragment
N 0

~ 2

Appendix Figure 2.4 Thymine ladder reaction scheme (Bloomfield, Crothers et al. 2000).
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Appendix III: List of Reagents and Suppliers

All reagents listed below are biotechnology performance certified grade or
analytical grade.

Acetone

Acetonitrile

Allyl Alcohol

Anachemia

Caledon

Sigma-Aldrich

2-Amino-2-(hydroxymethyl)propane-l,3-diol Chloride (Tris-CI)
BioShop

2-Amino-2-(hydroxymethyl)propane-l,3-diol Chloride (Tris-CI)
Caledon

Ammonia Hydroxide EI"1 Science

Ammonium persulfate EI"1D

Anthraquinone-2-carboxylic Acid Sigma-Aldrich

y-32p-ATP New England Nuclear

L-Ascorbic Acid Sigma-Aldrich

L-Ascorbic Acid-6-Palmitate Sigma-Aldrich

2-Butanol caledon

Cacodylate Acid Sigma-Aldrich

Chloroform caledon

3-(cyclohexylamino)-l-propanesulfonic acid (CAPS) Sigma-Aldrich

Diaminoethanetetraacetic Acid (EDTA) BioShop

1,8-Diazbicyclo[S.4.0]-undec-7-ene (DBU) Sigma-Aldrich

1,3-Dicyclohexylcarbodiimide (DCC) Sigma-Aldrich
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Dimethyl Formamide (DMF) - anhydrous

Dimethyl Sulfate (DI\1S)

Dimethyl Sulfoxide (DMSO)

Deuterium Oxide (99.9%)

Ethanol - anhydrous

Ethyl Acetate-255

Formamide

Glycogen

Hexaamminecobalt (III) Chloride

Hydrazine - anhydrous

Caledon

Sigma-Aldrich

Caledon

C1eadron

Alcohol Products

Caledon

BDH

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

[(2-Hydroxy-l,l-bis(hydroxymethyl)ethyl)amino]-l-propanesulfonic acid (TAPS)
Sigma-Aldrich

4-(2-Hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES)
BioShop

4-(2-Hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES)
Sigma-Aldrich

N-(2-hydroxyethyl)piperazine-N'-3-propanesulfonic acid (EPPS)
Sigma-Aldrich

N-hydroxysuccinimide (NHS)

Manganese Chloride

Magnesium Chloride

~-Mercaptoethanol

4-morpholine-ethanesulfonic acid (MES)

4-morpholine-propanesulfonic acid (MOPS)
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Sigma-Aidrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
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Piperidine Sigma-Aldrich

Polyacrylamide 19:1 Bis EM Science

Potassium Permanganate (KIVln04) Sigma-Aldrich

Soduim Acetate (I\1aOAc) EMD

Soduim Acetate (NaOAc) Sigma-Aldrich

Sodium Chloride (NaCl) EM Science

Sodium Borate (Na2B407) Sigma-Aldrich

Sodium Carbonate (NaHC03/Na2C03) Sigma-Aldrich

Sodium Deuteroxide (99 atom % deuterium atom) Sigma-Aldrich

Sodium Hydrosulfide Hydrate (NaSH) Sigma-Aldrich

T4 Polynucleotide Kinase Invitrogen

N,N,N',N'-Tetramethylethylenediamine Sigma-Aldrich

Triethylamine acetate (TEAA) Sigma-Aldrich

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Sigma-Aldrich

Urea
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