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ABSTRACT

The 8-17 deoxyribozyme is an efficient RNA-cleaving DNA molecule,

holding considerable promise for applications. By covalently tethering photo

isomerizable azobenzene (Az) into different positions within the 8-17, light has

been successfully used as a versatile "effector" to regulate the enzyme's activity

via trans-cis conversion of Az. Trans-Az can stack comfortably within a DNA

double helix, stabilizing it, while cis-Az has a helix-destabilizing effect. I created

two classes of Az-modified 8-17 constructs, in which two Az are substituted for

nucleotides - either in the substrate binding arm (SBAs); or within the catalytic

core. Kinetics measurement for RNA cleavage under single-turnover conditions

revealed that the SBA constructs E11 and E13 had 5-6-fold higher catalytic rates

when the reaction was carried out under visible light (favouring trans-Az) as

compared to UV light (promoting cis-Az). Surprisingly, tile reverse result was

observed with the catalytic core construct E17, where UV irradiation resulted in

5-6-fold faster catalytic activity relative to visible light irradiation. The

development of such light-responsive nucleic acid enzymes may enable the use

of light as a regulator in the control of gene expression within cells and

organisms.

In order to improve on the 5-6-fold discrimination caused by trans-cis

isomerization of Az, efforts were made to select for photo-allosteric ribozymes

and photo-aptamers using SELEX, and the results are reported here.
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Although the 8-17 deoxyribozyme has been subjected to intensive

structural and mechanistic studies, high-resolution insight on its 3-dimensional

structure remains unknown to date. Thus, a systematic substitution of structurally

and catalytically important nucleotides within the enzyme and its substrate with

photoactivated thio-substituted and halogenated nucleotide analogues was

carried out to enable the formation of contact crosslinks within the folded

enzyme-substrate complex. Key nucleotides immediately flanking the scissile

phosphodiester within the substrate showed strong crosslinking patterns with

both a catalytically conserved internal bulge loop and a terminal loop within the

folded 8-17 and vice versa. Based on the significant set of distance constraints

obtained from photocrosslinking experiments, a model for the tertiary structure of

8-17 deoxyribozyme active site has been proposed.
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CHAPTER 1: INTRODUCTON TO IN VITRO SELECTION
AND FUNCTIONAL NUCLEIC ACIDS

1.1 The Structure and Central Roles of DNA

The DNA double helix structure that Watson and Crick deduced revealed

the secret of life and opened a new research chapter in modern science (Watson

and Crick 1953). The DNA double helix is composed of four possible base pairs

on the inside (adenine pairs with thymine, and guanine pairs with cytosine) and

two negative charge-carrying sugar-phosphate backbone on the outside. Figure

1-1 shows the different structural units in a tetradeoxyribonucleotide (A), and two-

hydrogen bonding AT and three-hydrogen bonding CG base pairs (8). The AT

and CG base pairs are isomorphous and similar in size such that the helix is

uniform.

The rules of complementary base paring make each strand of a DNA

double helix contain the "blueprint" for the other. The two strands separate and

each strand acts as a template for the replication machinery to synthesize new

complementary sequences. RNA polymerases then transcribe information in a

DNA sequence into a messenger RNA, which has the same sequence as the

DNA template (with the exception of uracil replacing thymine). Finally, ribosomes

translate the information content of mRNAs into proteins.
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Figure 1-1 Structure of a tetradeoxyribonucleotide and the base pairing scheme
according to Watson and Crick.

(A) Different structural units in a DNA strand; bases, nucleosides, nucleotides
and phosphodiester as well as numbering system of sugar and bases. (B) AT
and CG Watson-Crick base pairs.
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1.2 Naturally Catalytic RNA

Protein enzymes catalyze most cellular chemical reactions. The roles of

nucleic acids in the cell were believed to serve only as the means of storage and

propagation of genetic information. However, the discovery of ribozymes by

Sidney Altman and Thomas Cech in the early eighties (Kruger et al. 1982;

Guerrier-Takada et al. 1983) led to a revolution in thinking about RNA structure

and function. Protein enzymes are composed of 20 different amino acids with

diverse side chains with desirable properties for catalysis, such as the imidazole

of His, the carboxylate of Asp and Glu, tile alkyl amine of Lys, the hydroxyl of Ser

and the sulfhydryl of Cys. The different properties of side chains (non-polar or

polar, hydrophobic or hydrophilic, positive or negative charge) help proteins to

make up complex active sites, structural domains and elaborate tertiary

interactions. By contrast, one might assume that nucleic acid polymers would not

make good catalysts because of the low functional group diversity of nucleic acid

side chains (A, T, C, G and U, which are both poor acids and poor bases at

neutral pH); the high charge and flexibility of its backbone; as well as the

resultant limitations on precise positioning. Nucleic acids primarily form hydrogen

bonds between complementary bases on opposite strands to produce mainly

double helical elements, and the structure of these elements confines functional

groups of bases towards the interior of the helix. Nevertheless, these

disadvantages have not prevented nucleic acids from serving as biological

catalysts (Breaker 1997; Wilson and Szostak 1999; Joyce 2004). Confounding
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expectations, nucleic acids have also been found to fold and form very

complicated three-dimensional structures (Moore 1999).

Naturally occurring ribozymes are categorized as either "large" or "small"

based on their length (small ribozymes <200 nucleotides< large ribozymes). The

"large" group is composed of the group I and group II introns found in

Tetrahymena (Kruger et al. 1982) and elsewhere as well as RNase P (Guerrier

Takada et al. 1983). Both the group I and group II self-splicing ribozymes can

catalyse phosphoester transfer reactions. For group I, first step of splicing is the

intron using the 3'-OH of an external guanosine to attack the 5' splice site; the

second step, the 3'-OH of the 3'-end of the upstream exon attacks the 3' splice

site to produce the final spliced products. The group II intron has a similar

mechanism to the group I except it uses the 2'-OH of an internal adenine residue

as the nucleophile. In the cleavage by the RNase P ribozyme, a scissile-site

phosphodiester is attacked by a hydroxide ion to leave a 3'-oxygen and to

produce a 5'-phophate terminus (Takagi et al. 2001). Figure 1-2 shows the

mechanism of self-splicing by the group I ribozymes.

4
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Figure 1-2 The first and second steps of RNA splicing by group I ribozymes.

The small self-cleaving ribozymes include the hammerhead (Prody et al.

1986), the hairpin (Buzayan et al. 1986), the hepatitis delta virus (HDV) (Kuo et

al. 1988; Sharmeen et al. 1988), and the neurospora VS ribozymes (Saville and

Collins 1990). They all use the 2'-oxygen of the ribose moiety at the cleavage site

to attack a phosphodiester with resultant formation of a 3'-terminaI2',3'-cyclic

phosphate, shown in Figure 1-3.
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Figure 1-3 RNA cleavage by the self-cleaving ribozymes.

1.3 The RNA World

Given the critical roles of proteins in contemporary cells, early attempts to

explain how life began on earth naturally revolved around amino acids (Miller

1974). Amino acids could spontaneously form when a mixture of ammonia,

methane, hydrogen and water were subjected to extreme conditions simulating

that of the primitive earth atmosphere (Miller 1953; Miller and Urey 1959). They

evolved into proteins, the multicellular and diverse organisms of today. There

remained a question, however: how could their genetic information be coded and

passed on to successive generations? Proteins obviously do not possess this

ability. The unexpected discovery of ribozymes (Kruger et al. 1982; Guerrier-

Takada et al. 1983) that RNA can perform enzyme-like functions in cells makes

RNA capable of dual functions, of both storing genetic information and catalyzing

reactions. This brings a new vision about the puzzle that the first biocatalysts on

6



earth may have been RNA molecules. The "RNA world hypothesis" (White 1976;

Gilbert 1986; Benner et al. 1989) proposes that early life forms lacked proteins

and these organisms relied on RNA for enzymatic catalysis and coding genetic

information throl,1gh Watson and Crick base pairing. Over the course of millions

of millions of years, as the need for more complicated forms for catalysis arose,

RNA eventually evolved into polypeptide enzymes, and their genetic information

has stored by a more stable nucleic acid analogue, DNA (Bartel and Unrau

1999). In other words, it could be thought that RNA would "hand over" the jobs of

catalysis and genetic storage to the more qualified biopolymer proteins and to tile

more stable DNA, respectively. In some opinions, the modern naturally occurring

ribozymes are vestiges of the prior RNA world. However, the evidence provided

by RNA splicing catalyzed by group I intron, by RNase P, by the ribosome

(Nissen et al. 2000) and by the phosphodiester cleavage catalyzed by small

naturally occurring ribozymes, are not sufficient to support the RNA world. If RNA

world were to survive, ribozymes needed to catalyse some very important

reactions. For example, ribozymes needed to catalyse the synthesis of the

nucleotides themselves in RNA metabolism, and use NTPs to carry out RNA

synthesis. Ribozymes may have lost these abilities during their long evolutionary

history.

A question arose: could artificial ribozymes be created to perform catalysis

essential for self-survival in the RNA world? In addition to investigating the

structural and functional features of natural existing ribozymes, in vitro selection

(discussed later in this chapter) was found to be able to generate ribozymes with

7



entirely new structures and catalytic activities. Two promising examples came

from Bartel's group. One essential catalyst for RNA world successful survival was

a RNA replicase ribozyme. The class I ligase ribozymes, selected from random

RNA sequences, catalysed the template-directed addition of nucleotides onto the

3' end of an RNA primer strand (Ekland and Bartel 1996). However, this

ribozyme could only add two to three nucleotides to the primer. Subsequently, by

using in vitro evolution, eighteen rounds of selection were employed to further

evolve it from an RNA ligase into an RNA polymerase (Johnston et al. 2001). The

newly selected RNA polymerization ribozyme could extend a detached primer,

when supplied with template, by up to fourteen nucleotides with high fidelity.

Another important issue in RNA metabolism is the synthesis of the

nucleotides themselves. An in vitro selection study from the same research group

demonstrated that an RNA ribozyme could catalyse glycosidic bond formation

(Unrau and Bartel 1998). To achieve this, they tethered phosphor-ribosyl-1

pyrophosphoate (via the 5' phosphate) to the 3' end of a random RNA pool and

incubated this with 4-thiouracil base. Interestingly, mechanistic studies on the

glycosidic bond formation of the ribozyme indicated a mechanism more closely

resembling that of hydrolytic enzymes than that of protein-based nucleotide

synthases (Unrau and Bartel 2003). Indeed, these two ribozymes mentioned

above provide substantial pieces of the puzzle in the exploration of the RNA

world hypothesis.

In addition to the above artificial polymerase ribozyme and nucleotide

synthase ribozyme, a natural peptide synthase ribozyme also exists. The
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interesting finding was from the studies of the ribosome (Ban et al. 2000; Nissen

et al. 2000), which consists of both RNA and protein components and is

responsible for the synthesis of proteins in the cell. It was previously thought that

the protein components of the ribosome catalysed the peptidyl transfer reaction

and that the RNA components were responsible for supporting the structure, but

studies of Ban and Nissen turned the conclusion opposite (Ban et al. 2000;

Nissen et al. 2000). The crystal structure of the ribosome showed that within the

catalytic centre, there was no protein moiety tl1at could be held responsible to

catalyse a peptidyl transfer reaction. Thus, this led to the conclusions that RNA

would play the role of catalysis in the ribosome, and the protein machinery

ribosome is a ribozyme in essence. These results suggested that the protein

components practically provide the structural role for the RNA catalytic site and

not vice versa (Nissen et al. 2001). Furthermore, it triggers the imagination that

RNA could have evolved and synthesized the first protein enzymes.

1.4 In vitro Selection (SELEX)

The development of automated solid phase oligonucleotide synthesis

allowed extremely diverse random sequence libraries to be constructed. The

invention of in vitro amplification technique (such as peR) made it possible to

efficiently recover and carry out mUltiple-cycle amplifications of the selected

sequences. All of these advances promoted the generation of a powerful

technique called in vitro selection or SELEX (Systematic Evolution of Ligands by

Exponential amplification) (Ellington and Szostak 1990; Robertson and Joyce

1990; Tuerk and Gold 1990). The SELEX process begins with a synthesized pool
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of randomized single-stranded DNA molecules (typically 1013
-
16 molecules and

random stretches of 20-200 nucleotides) flanked by two constant primer binding

regions, followed by PCR amplification to prepare the single-stranded

sequences. Molecules are then folded under desired salt, pH and temperature

conditions, then they are subject to a designed selection for special physical or

chemical properties. The functional sequences are separated from non-functional

ones. The selected molecules are amplified by PCR (for RNA by reverse

transcription first then by PCR) to yield a new pool richer in active sequences.

The whole process is repeated until the pool is sufficiently enriched in molecules

with a desired property, shown in Figure 1-4.

DNA sequences

Clone & sequcece..
RT-PC{

Selected
sequences

Discard non-specific
sequences

oj, PCR

~~anscriPtionl
\eparation

Single-stranded
DNAs or RNAs

selection/

Figure 1-4 A general selection scheme of SELEX.

Using this technique, a number of ribozymes that catalyse a growing

variety of chemical reactions have been successfully selected. Examples are
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summarized in Table1-1. Some of them catalyzed phosphoester transfer

reactions including RNA cleavage and ligation, phosphotransfer, phosphoester

hydrolysis. Others can catalyze non-phosphoester reactions such as the Diels-

Alder reaction, self-alkylation, and peptide formation. These newly created

ribozymes enormously enforce "the RNA world" hypothesis.

Table 1-1 Examples of reactions catalyzed by in vitro-selected ribozymes.

Reaction type Ref. Reaction type Ref.

Cyclic phosphate (Pan and Glycosidic bond (Unrau and Bartel 1998)
hydrolysis Uhlenbeck formation

1992)

RNA ligation (Bartel and Polymerisation (Ekland and Bartel 1996;
Szostak 1993) Johnston et al. 2001)

RNA (Lorsch and Tetraphosphate cap (Chapman and Szostak
phosphorylation Szostak 1994) formation 1995)

Phosphodiester (Williams et al. Bridged biphenyl (Prudent et al. 1994)
cleavage 1995) isomerization

Porphyrin (Conn et al. RNA alkylation (Wilson and Szostak
metallation 1996) 1995)

Acyl transfer (Lorsch and RNA aminoacylation (Iliangasekare et al.
Szostak 1996) 1995)

RNA branch (Tuschl et al. Amide bond (Lohse and Szostak
formation 1998) formation 1996)

Peptide bond (Zhang and Diels-Alder addition (Seelig and Jaschke
formation Cech 1997) 1999)

Sulfur alkylation (Wecker et al.
1996)

1.5 Catalytic DNA

DNA in cells exists primarily in a double helix form, and serves mainly as

the repository of genetic information. The double helix buries the DNA functional
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groups on the inside and negative-charged sugar-phosphate backbones on the

outside of the helix. Thus, DNA within the cell has a constrained ability to fold into

higher-ordered structure and form complex domains due to the limited flexibility

imposed by a double helical structure. The discovery and creation of RNA

ribozymes activate one's curiosity that catalytic DNA, with functional groups that

are similar to those of RNA, could be obtained via in vitro selection, although no

such enzyme made of DNA has been found in nature. Indeed, the first examples

of catalytic DNAs or "deoxyribozymes" (also called DNAzymes) were isolated

from pools of single-stranded DNAs (Breaker and Joyce 1994). In the presence

of Pb2
+, the deoxyribozyme can directly cleave the sole RNA junction of the

substrate, which was made entirely from DNA except with a single embedded

ribonucleotide linkage. The result of kinetic studies demonstrated its kcat =1 min-1

and km =2 J..lM at 1 mM Pb2
+ (pH 7.0) and 23 aC. The rate enhancement of the

background phosphodiester cleavage was increased by an impressive 1OS-fold.

Pb2
+ made it easy for the 2'-hydroxyl next to the cleavage site to be

deprotonated. Finally the internucleotide phosphate backbone was broken (Joyce

2004).

In contrast to naturally occurring ribozymes, such as the hammerhead and

the hairpin, which have been used to cleave, and thereby inactivate, target viral

and messenger RNAs (Christoffersen and Marr 1995), the first and following two

deoxyribozymes (Breaker and Joyce 1995; Faulhammer and Famulok 1996),

selected in vitro, cannot cleave an all-RNA substrate. To overcome the

shortcoming, Santoro and Joyce used a modified selection protocol in which an
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all-RNA substrate strand was presented to an N50 DNA pool to select

deoxyribozymes that can cleave all-RNA substrates (Santoro and Joyce 1997).

After 8-10 rounds of selection, two most commonly used RNA-cleaving

deoxyribozymes 8-17 and 10-23 have been selected. By simply changing the

sequence of the substrate binding arms to complement the substrate, the two

enzymes can cleave almost any RNA sequences. For 10-23, kcat =3 min-1 and km

=0.8 ~M (kcat/km=4 x 109 M-1 min-1
) at 50 mM Mg2

+ (pH 8.0). The catalytic

efficiency is 1-2 orders of magnitude higher than that of the naturally occurring

hammerhead or hairpin RNA-cleaving ribozymes, further demonstrating that DNA

has no inherent catalytic inferiority relative to RNA. The 10-23 deoxyribozyme

has been subjected to a variety of applications; as therapeutic agents in vivo

(Cairns et al. 2002; Khachigian 2002), as biosensors (Li and Lu 2000), as a

operator in molecular computing (Stojanovic and Stefanovic 2003), and as a

nanomotor (Chen et al. 2004). Meanwhile, the 8-17 was studied intensively using

chemical and biochemical probes to explore its folding process, interaction with

metal ions, conservative nucleotides and key functional groups due to its relative

simple structure (Peraccrli 2000; Liu and Lu 2002; Brown et al. 2003; Peracchi et

al. 2005; Kim et al. 2007). In addition to catalyzing phosphodiester bond

cleavage, many deoxyribozymes that can perform different types of chemical

reactions have been selected via in vitro selection, such as DNA deglycosylation

and thymine dimer repair. Most of them are summarized in Table 1-2.
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Table 1-2 Examples of reactions catalyzed by in vitro-selected deoxyribozymes.

Reaction type Ref. Reaction type Ref.

DNA ligation (Cuenoud and Szostak DNA (Sheppard et al.
1995) deglycosylation 2000)

RNA cleavage (Santoro and Joyce 1997) DNA (Wang et al. 2002)
phosphorylation

Porphyrin (Li and Sen 1997) Thymine dimer (Chinnapen and Sen
metallation photoreversion 2004)

Oxidative DNA (Carmi et al. 1998) RNA ligation (Coppins and
cleavage Silverman 2004)

DNA capping (Li et al. 2000) 2',5' RNA (Coppins and
branch Silverman 2005)
formation

1.6 Aptamers

In vitro selection is not only used to select ribozymes and

deoxyribozymes, but is also being used to select another big class of single-

stranded nucleic acids with antibody-like functions. These single-stranded nucleic

acids that can bind to specific targets with high specificity and affinity are called

"aptamers" (Ellington and Szostak 1990; Wilson and Szostak 1999). Their

binding cover a variety of substances ranging from metal ions (Ciesiolka and

Varus 1996), small molecules (Sassanfar and Szostak 1993), to large viruses

and cells (Pan et al. 1995; Morris et al. 1998). Recently, naturally occurring

aptamers, "riboswitches", have been discovered (Mandai and Breaker 2004;

Tucker and Breaker 2005). Using riboswitches, the regulation of gene expression

can be achieved via changes in the conformation of mRNA transcripts in

response to alterations in physiological conditions (mediated by the binding of

small molecular metabolites within the "aptamer" domains). These mRNA
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conformational changes affect translational or transcriptional termination, or even

mRNA self-cleavage.

To date, numerous aptamers that bind to different targets have been

isolated (Table 1-3). Some common characteristics of the aptamer-ligand

complexes can be summarised as follows: (1) the ligands cover a wide range of

compounds. The compounds can be hydrophilic or hydrophobic, planar or

nonplanar, carrying negative or positive charge, or combinations of the properties

mentioned above, such as amino acid valine or tryptophan, nucleotides, free

nucleobases, cofactors, antibiotics and transition-state analogues. Importantly,

properties such as planarity, hydrogen bond donors, acceptors and positively

charged groups make the targets easily recognized by the aptamers, which is

reflected by the affinities of aptamers for their ligands; (2) Many of the aptamers

displayed very high specificity. For instance, all RNA aptamer that was selected

against theophylline with impressive specificity by at least 104-fold (Jenison et al.

1994) did not bind to caffeine, which differs from theophylline by only one methyl

group. Interestingly, DNA aptamers that were selected to bind to the same target

as RNA aptamers have different sequences. In other words, RNA aptamers do

not function if they are converted into DNA, and vice versa. This fact is not

unexpected, due to the role of the 2'-OH. Also DNA and RNA are different in

helical parameters, helix stability, and in their contribution to the tertiary

interactions that stabilize aptamer structure to interact directly with the ligand

(Wilson and Szostak 1999). Of course, there is an exception for the G-quartet-
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based flavin aptamer. When its RNA aptamer converted into DNA, both bind with

approximately equal affinity (Lauhon and Szostak 1995).

The structural basis for ligand recognition by RNA and DNA aptamers

tends to lie in purine-rich loops. The purines of the loops can participate in non

standard base pairing interactions with each other in order to form special

surfaces and proVide hydrogen bond donors and acceptors to fit the target

ligands. An example of this is seen with the ATP RNA aptamer (Dieckmann et al.

1996; ..liang et al. 1996; Dieckmann et al. 1997). Its structure determined by NMR

spectroscopy reveals that the purine-rich loop is highly ordered, and consists of

three consecutive turns. The precise binding pocket that it forms for the ligand is

closed by two mismatched G-G base pairs. The combination of irregular

structural elements provides bases for hydrogen bonding to and stacking against

the adenine portion of the ATP. The tertiary conformation of the ATP RNA

aptamer is stabilized upon binding of ATP. Interestingly, its DNA counterpart that

did not have similarities in sequence or secondary structure, but possessed

some commonalities in the local binding site (Huizenga and Szostak 1995; Lin

and Patel 1997), such as the ATP making hydrogen bonds with the minor groove

face of a G residue, and the ligand base stacking on top of a reversed Hoggsteen

G-G base pair. Generally speaking, many of the nucleotides at the cores of

aptamers play dual roles: they contact the ligand directly, and are also involved in

interactions with nucleotides in nearby environment by various normal or

mismatch pairing, and other interactions. The combination of those interactions

determines the overall structure of the binding site.
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Table 1-3 Examples of targets used for aptamer selections.

Target Type of aptamer Ko (IJM) Ref.

Metal ions

Ni2+ RNA 0.8-29 (Hofmann et al. 1997)

Organic compounds

Theophylline RNA 0.1 (Jenison et al. 1994)

Organic dyes RNA 100-600 (Ellington and Szostak 1990)

DNA 33-46 (Ellington and Szostak 1992)

Ricin toxin DNA 0.058-0.1 (Tang et al. 2006)

Nucleotides & nucleobases

ATP (adenosine) RNA 0.7-50 (Sassanfar and Szostak 1993)

cAMP RNA 10 (Koizumi and Breaker 2000)

Cofactors

Riboflavin RNA 1-5 (Lauhon and Szostak 1995)

biotin RNA 5 (Wilson et al. 1998)

Amino acids

L-arginine RNA 0.33 (Geiger et al. 1996)

DNA 250 (Harada and Frankel 1995)

D-tryptophan RNA 18 (Famulok and Szostak 1992)

Carbohydrates

Sialyllactose DNA 4.9 (Masud et al. 2004)

Antibiotics

Kanamycin B RNA 0.18 (Kwon et al. 2001)

Tetracycline RNA 1 (Berens et al. 2001)

Proteins

Thrombin DNA 0.2 (Bock et al. 1992)

HIV-1 integrase RNA 0.01-0.8 (Allen et al. 1995)

Hepatitis C NS3 helicase DNA 0.14 (Zhan et al. 2005)

Complex structures

Anthrax spores DNA n.s. (Bruno and Kie11999)

Leukemia cells CCRF-CEM DNA 8x10·4-O.2 (Shangguan et al. 2006)

Rous sarcoma virus RNA n.s. (Pan et al. 1995)

n.s. not specified
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Unlike the small RNA or DNA aptamers that have a specific cavity to

accommodate their ligands, proteins possess an extensive surface with different

shapes teemed with hydrogen bond donors and acceptors, making proteins

excellent targets for aptamers selection. The first aptamer for a protein was

single-stranded DNA for thrombin (Bock et al. 1992). It consisted of a highly

conserved guanine-rich 14-17 nucleotide sequence with binding affinities in the

range 25-200 nM, and was sufficient to inhibit the thrombin activity and decrease

the rate of blood clotting. The NMR and X-ray crystallography structure (Mathews

et al. 1994; Schultze et al. 1994) of the aptamer showed the DNA forms a G

quartet structure, but the details of the interaction with the protein are not

completely clear.

Many modified SELEX for this type of selection have been reported and

are briefly reviewed in the next part. It is possible to find high-affinity nucleic acid

aptamers for most proteins.

1.6.1 Recent Advances in SELEX for Aptamers

SELEX has become a powerful tool in producing aptamers for special

targets due to its flexibility, convenience and low cost-effectiveness since it was

created in 1990's. To date, various improvements of the original SELEX method

have been reported during the last decade, such as capillary electrophoresis

SELEX, Tailored-SELEX, Toggle-SELEX and Photo-SELEX. In general, these

new modified protocols greatly shorten selection time and increase the ability for

identifying aptamers with high specificity and affinity.
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1.6.1.1 Capillary Electrophoresis SELEX (CE-SELEX)

Usually in conventional SELEX, some inherent disadvantages exist. First,

target molecules use functional groups (such as carboxyl or amino) to covalently

bond to a solid matrix via a linker molecule. Thus, the linker eliminates a potential

binding site on the target, and prevents sequences from interplaying fully with the

target. Second, the kinetics bias involved in the elution of high affinity sequences

off the column creates a difficulty to wash off sequences that bind to targets

tightly, resulting in an unfavorable kinetics against the best binders. The third

disadvantage is in filtration techniques. Although the binding of targets and

sequences occurs in free solution, which eliminates the linker bias, many rounds

of selection are required because of the poor separation efficiency of filtration

techniques.

By using capillary electrophoresis with its high resolution, short operation

time and sensitivity, the above shortcomings can be avoided. High-affinity DNA

aptamers have been selected in a few rounds based on the free proteins, nucleic

acids and the protein-nucleic acid complexes traveling through the capillary at a

different velocity (Mendonsa and Bowser 2004; Mendonsa and Bowser 2005).

Other steps of the selection are the same as those of conventional SELEX. The

method was named capillary electrophoresis SELEX (CE-SELEX).

1.6.1.2 Tailored SELEX or Primer-free SELEX

The single-stranded RNA/DNA pool of SELEX has often a length of 60-90

nucleotides, comprised of a 30-40 nucleotides random region, flanked with two

15-25 nucleotides primer binding regions at the 5' and 3' ends. If the terminal
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primer binding sites are part of the target recognizing domain, a lot of time

consuming truncation experiments must be done to find the minimum or efficient

sequence before they can be further tested in biological system. Likewise, the

two fixed regions also possibly anneal with randomized region and exert an

impact on the binding of nucleic acid-target complex.

Tailored-SELEX is a process that uses 4 and 6 fixed nucleotides to

replace the regular primer binding regions of the sequences respectively. The

primers can be ligated to the sequences of the pool via two splinters, 3'-end of

one splinter contains a 2',3'-dideoxyribonucleotides to prevent mispriming in

PCR, the other (also used as a primer for C-DNA synthesis) contains two

nucleotides for alkaline cleavage after PCR. In comparison to traditional SELEX,

two more steps are needed for primers' ligation and fission before and after PCR

amplification. After transcription, the short-version RNAs without the primer

sequences can be obtained. Using Tailored-SELEX, RNA aptamers to calcitonin

gene peptide have been successfully selected (Vater et al. 2003).

1.6.1.3 Photo-SELEX

Some modified nucleotides are photoactive, and can crosslink to their

targets. 5'-bromo-2'deoxyuridine (BrdU) is well suited for the purpose. This

compound absorbs UV light in the 310 nm range where the natural nucleic acids

and proteins do not absorb or absorb very weakly. These modified nucleotides

are incorporated into the random sequences of a DNA pool by PCR. The

modified single-stranded DNA pool is incubated with target proteins, and

irradiated with UV light. The UV-excited bases can crosslink with aromatic and
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sulphur-bearing amino acid residues of a protein target in right proximity. The

crosslinked species are separated and proteins are digested with protease. Then

the active sequences are amplified with peR and the cycle is repeated until the

aptamers are selected. The whole process is called photo-SELEX. Using this

protocol, with a random 61-nucleotides pool in which 5'-bromo-2'-deoxyuridine

replaced thymine, aptamers against the recombinant human basic fibroblast

growth factor 155 (Bfgf155) were selected (Golden et al. 2000). Selected photo

reactive nucleic acids, photo-aptamers, might be useful in medical diagnostics to

identify a protein characteristic of a pathological or disease state.

1.6.1.4 Expression Cassette SELEX

Although aptamers are promising reagents in diagnostic and therapeutic

field, the main obstacle in applications remains their delivery. By using in vivo

expression of RNA aptamers, the problem could be avoided. However, the

development of aptamers for gene therapy applications has been complicated by

the fact that expression of RNA aptamers in the context of flanking sequences

can inhibit the ability of an aptamer to fold into its functional conformation. The

insertion of an RNA aptamer that binds to transcription factor E2F in a tRNA

expression cassette resulted in the production of high levels of chimerical tRNA

that contains a misfolded and inactive aptamer in mammalian cells (Martell et al.

2002). By randomizing the sequence flanking the aptamer and selecting

chimerical tRNAs retained high affinity for the target, the expression cassette

SELEX protocol yielded RNAs that bind to E2F with high affinity and can be

expressed at high level in mammalian cell (Martell et al. 2002). The strategy
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provides an approach to convert existing aptamers to useful forms that can be

used in vivo setting.

1.6.1.5 Toggle-SELEX

The aptamers that bind to proteins usually have very high specificity due

to the intricate nature of the protein-aptamer interaction. But sometimes species

cross-reactivity is desired in the pre-clinical evaluation of a molecule in animal

models. Some potential therapeutic molecules that demonstrate excellent

efficacy in vitro might fail to enter clinical trial due to lack of compelling efficacy in

animal experiments. Some aptamers selected against human protein targets

decreased affinity for the homologous proteins in appropriate animal models may

be one reasons for lack of in vivo efficacy. Therefore, a method called Toggle

SELEX can be used to select the aptamers that have a broader range of

specificities by selecting against related targets in alternating cycles (White et al.

2001). By using human and porcine thrombin as alternating targets during

selection cycles, White and co-workers successful selected cross-reactive

aptamers that inhibit both porcine and human thrombin activity, as might be

expected that bind the evolutionary conserved regions of the protein. The toggle

SELEX should facilitate the isolation of ligands with needed properties for gene

therapy and other therapeutic diagnostic applications.

1.6.1.6 Automated SELEX

In order to develop aptamer sensor arrays that can be used for analyzing

molecular mixtures, various attempts at automation of SELEX have been made
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(Cox and Ellington 2001; Sooter et al. 2001; Eulberg et al. 2005). Automation of

the selection procedure means the integration and automation of different

molecular biology methods such as binding, partition, elution, amplification and

conditioning. One of robotic stations (Cox et al. 1998) can carry out eight

selections in parallel and will complete approximately 12 rounds of selection in

two days. Aptamers against 120 targets should be produced in one month, which

exceed the rate of throughput by a factor of 10-100 from manual to automated

selection. However, the lack of "quality control steps" routinely applied during

manual selections, may result in accumulation of artifacts or even the failure of

selection. Very recently, a microfludic SELEX prototype was described as an

automated microfluidic, microline-based assembly with Labview-controlled

actuatable valves and a PCR machine to verify the selection and synthesis of

anti-lysozyme aptamer (Hybarger et al. 2006). The aptamers generated by the

microfluidic prototype and that generated using the established automated robot

are identical in the sequence. The chip-based microfluidic platform combined

with the advantages of miniaturization in chip-based enzymatic assays, immuno

assays and nucleic acid detection may lead to the development of standardized

protocols and even "SELEX kits", which would make it easy for many

researchers to use automated aptamer selection. The high-throughput SELEX

would enable production of a multitude of aptamers in a short time, which can be

used as ligands for proteomics and metabolimics.
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1.7 Regulation of Activities of Nucleic Acid Enzymes

Protein enzymes catalyse almost every chemical reaction in the cell. The

regulation of metabolic processes involves a variety of molecular mechanisms.

To ensure efficient operation of cellular processes, a number of enzymes are

subjected to regulatory control, including non-covalent interaction with regulatory

factors, and covalent modifications such as protein phosphorylation and

proteolytic cleavage. "Allosteric regulation" is a principal mechanism for active

regulations of protein enzymes, in which effector molecules bind to regulatory

sites on proteins that are apart from the active sites of the proteins to induce or

inhibit the activities of the enzymes. Binding of the effector to the allosteric

binding site causes conformation changes in the protein structure that result in

changes of catalytic rate of the enzyme (Monod et al. 1963).

Natural and artificial ribozymes appear not to be regulated by effectors in

a way comparable to protein enzymes. However, the development of structural

dynamics in nucleic acid folding has led to engineering of the first allosteric RNA

catalysts (Tang and Breaker 1997) by fusing the RNA ATP aptamer with helix II

of the hammerhead ribozyme. The aptamer-ribozyme chimeras (also called

aptazymes) demonstrate that catalytic RNA can also be subject to allosteric

regulation. The addition of ATP reduced the catalytic rate by 180-fold. ATP

binding locks the two helices of the aptamer into a defined structural relationship

with each other, and one of them has a steric interference between the aptamer

and ribozyme tertiary structures, thus disfavouring the active ribozyme

conformation (Tang and Breaker 1998). Since the initial engineered allosteric
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ribozyme, a lot of allosteric nucleic acid catalysts corresponding to different

effectors have been generated (Soukup and Breaker 2000). Four different tactics

have been used to create allosteric ribozymes, shown in Figure 1-5.

Aptamer domain swapping~

Mutagenized aptamer
(allosteric selection) G •

Random sequence /
(allosteric selection)<!Y'

Ribozyme
domain

r'l
"----3'

n III 111111 5'

Iln~

Figure 1-5 The principle of modular rational design and combinatorial selection tactics
for allosteric ribozymes.

Four different tactics: (a) Aptamer domain swapping. (b) Communication
module selection. (c) Altering the effector specificity of existing aptamer
domains using allosteric selection. (d) Identifying novel effector-binding
domains from random sequences using allosteric selection. (See text for
details)

Modular rational design (Figure 1-5a) looks for an allosteric ribozyme

through the judicious combination of two pre-existing RNA structures. One is an

effector binding domain aptamer; the other is a catalytic domain ribozyme. The

critical structural features are adaptive binding of RNA aptamers, and dramatic

changes in catalytic rate that the ribozyme modification causes. By adjusting the

number of Watson-Crick base pairs and wobble base pairs in the stem between

the two functional domains, which greatly affects both folding and allosteric

regulation, the resulting ribozyme can display either allosteric activation or

inhibition (Tang and Breaker 1997; Araki et al. 1998; Soukup and Breaker 1999).
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To avoid individually testing the designed elements of the precise stem,

the sequences of the shared stem were randomized (Figure 1-5b) to generate a

pool of potential allosteric catalysts, and by using in vitro selection, allosteric

hammerhead ribozymes that can be activated or in~libited by FI\/IN effector

binding have been generated (Soukup and Breaker 1999). The allosteric

response abilities of these allosteric catalysts were better than those generated

with modular rational desjgn strategies alone (Araki et al. 1998; Soukup and

Breaker 1999). Furthermore, the unique stem elements of FMN-activated

ribozymes could be used as a universal"communication bridge", which conveys

the binding status of an appended aptamer domain to the adjoining ribozyme

domain. This was demonstrated by the fact that after replacements of ATP or

theophylline binding aptamers for the FMN aptamer, the hammerhead ribozyme

still kept its allosteric activity. Therefore, the selection of communication modules

gives us extra means for designing allosteric ribozymes when modular rational

design may be difficult to use, and simplify the module rational design by

providing novel components.

Similarly, a mutagenesis of the aptamer domain and subsequent in vitro

selection for catalysts that are activated by effector analogues (Figure 1-5c) can

be used for selection of new effector responsive allosteric ribozymes. For

example, the specificity of a theophylline-regulated hammerhead ribozyme has

been changed to 3-methylxanthine through mutations in the aptamer domain

after selection for catalysts that are activated by theophylline analogues (Soukup

et al. 2000). The analysis of the 3-methylxanthine-regulated ribozyme found tl1at
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the recognition change was attributed to a single point mutation in the aptamer

domain.

Likewise, the sequences of the aptamer domain can be fully randomized

to select new effector-binding domains that did not exist before (Figure 1-5d).

Starting with a single RNA pool, allosteric ribozymes that respond to three

different cyclic nucleotide monophosphate compounds (cNMPs) have been

identified (Koizumi et al. 1999). Each cNMP-regulated ribozyme discriminately

binds its cognate effector. Therefore, new effector-regulated ribozymes and

ligand binding motifs can be selected using powerful combinatorial selection

techniques. Furthermore, allosteric selection is unique in that multiple effector

specificities can be developed in a single selection effort. The combinatorial

selection strategies enforce design efforts by providing a diversity of possible

solutions (Soukup and Breaker 1999; Soukup et al. 2000). With the same

principle of modular rational design and combinatorial selection, allosteric

ribozymes that respond to RNA or DNA oligonucleotides have been developed

(Kuwabara et al. 1998; Robertson and Ellington 1999).

Sen and co-workers, likewise using oligonucleotides as effectors,

generated another activity regulation tactic named "expansive regulation" for

catalytic nucleic acids (Wang and Sen 2001; Wang et al. 2002; Wang et al.

2002). The principle of "expansive regulation" is shown in Figure 1-6. An RNA or

DNA regulator, which is different from either the enzyme or the substrate, by

binding simultaneously to both the enzyme and substrate, activates catalysis.

However, in the absence of such a regulator, the interaction of the enzyme-
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substrate was destabilized severely, hindering the catalytic efficiency of the

system. Therefore, the regulation mechanism of the strategy is different from

those of allosteric ribozymes, because both the kcat and km of the "expansive

regulation" would be affected. Two advantages of the method are: (1) No prior

knowledge of the secondary or tertiary folding of the enzyme is needed. (2) It can

be applied to both RNA and DNA enzymes.

An oligonucleotide regulated hammerhead ribozyme has successfully

demonstrated the inhibition of expression of a reporter gene construct in vivo, as

well as alleviating the effect of an oncogene product in normal and leukemic cells

(Kuwabara et al. 1998). This suggests that allosteric ribozymes possess

significant potential as genetic control elements, biosensor components or

controllable therapeutic agents.

RNA substrate

Cleavage site
3' ...

5' I I I I I I I I I I I I I I I
5'

3'

Catalytic
nucleic acid
domain

DNAor RNA
regulator

Figure 1-6 The concept of expansive regulation.

The binding of a regulator to the enzyme and substrate simultaneously
stabilizes the interaction of an enzyme-SUbstrate complex, and the substrate
is cleaved.
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1.8 Thesis Overview

My thesis is composed of five chapters, with this general introduction.

Four of them cover four distinct projects from my graduate research. In my

chemistry and biochemistry research efforts on nucleic acids, light plays

important roles in reversibly controlling enzyme activities, in the investigation of

three-dimensional structures of catalytic nucleic acids, as well as in the

exploration of association and dissociation of ligand-aptamer complexes.

Chapter 2 describes a body of work pertaining to the development of

photo-regulated catalytic nucleic acid enzymes. In particular, this work involves:

(1) the synthesis of pl10sphorarnidite monomer of the organic photoswitch

compound azobenzene. (2) Incorporation of the azobenzene into the sequence

of the 8-17 deoxyribozyme to make different constructs. (3) Testing of the

modified 8-17 deoxyribozyme constructs under different catalytic conditions to

find those constructs that demonstrate that their catalytic abilities can be

regulated reversibly by light. Most of the information in this chapter has been

published at the time of writing this thesis (Liu and Sen 2004).

Chapter 3 addresses my efforts to develop photo-allosteric ribozymes

using in vitro selection. The project has two goals. One is to try to obtain photo

allosteric ribozymes, which we hope that their activities can be controlled by

different wavelengths of light via reversible isomerization of organic

photoswitches. The other is, if the first goal is reached successfully, whether the

ligand-binding domain can be derived as a photo-aptamer by cutting it from the

allosteric ribozyme. If so, this might be a new method for selection of aptamers.
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Chapter 4 describes my efforts for in vitro selection of photo-aptamers in

which associate to and dissociate from the ligands can be controlled by different

wavelengths of light via the reversible isomerization of organic photoswitch

compounds, 4-(phenylazo) benzoic acid (PABA) and 1,2-bis(3-tl"lienyl)

cyclopentene dioic acid (TCPDA).

Chapter 5 describes the work done on exploring the three-dimensional

structure of the 8-17 deoxyribozyme active site using photocrosslinking

chemistry. The nucleotides in the cleavage site of substrate and in the invariant

positions of the 8-17 deoxyribozyme are substituted with either thio-substituted or

halogenated nucleotides, followed by irradiation of the enzyme-substrate

complexes with different wavelengths of light, under catalytic conditions, to

generate photocrosslinks. The crosslinked species were separated on a

denaturing polyacrylamide gel and treated with hot piperidine to identify the

nucleotides that were crosslinked. Finally, based on the data of distance

constraints obtained from these crosslinks, active site components and a three

dimensional model for the 8-17 deoxyribozyme active site are presented. The

contents of the chapter have been prepared for publication.
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CHAPTER 2: LIGHT-REGULATED RNA-CLEAVING BY
THE 8-17 DEOXYRIBOZYME

2.1 Introduction

Small natural RNA-cleaving ribozymes, like the hammerhead or the

hairpin, as well as in vitro-selected deoxyribozymes, are useful catalytic reagents

in biomedical research and have a great potential in therapeutics (Doudna and

Cech 2002; Emilsson and Breaker 2002). In comparison with RNA, the absence

of the 2' hydroxyl group makes DNA chemically very stable in vivo and in vitro,

and it is easy to chemically synthesize, modify and manipulate. Therefore, DNA-

based agents have become promising candidates in the applications of gene

therapeutics (lsaka 2007), and biosensors (Li and Lu 2000; Fahlman and Sen

2002; Sekella et al. 2002). DNA is also ideal for simple convenient model

systems for understanding the structure and mechanistic properties of nucleic

acid catalysis (Liu and Lu 2002; Brown et al. 2003; Peracchi et al. 2005; Kim et

al. 2007; Leung and Sen 2007).

The 8-17 deoxyribozyme is one of several well-known RNA-cleaving

catalytic nucleic acid molecules (Santoro and Joyce 1997). It consists of two

sequence-variable substrate binding arms and a 15 nucleotide conservative

catalytic core, which is composed of a three base pair short core stem, a AGC

terminal loop and a WCGR bulge loop (W=A or T; R=A or G). Of the 15

conserved nucleotides, six are strictly invariant while others can tolerate

substitutions with different bases. Figure 2-1 shows the sequence and secondary
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structure of the 8-17 deoxyribozyme and its substrate used in the study. By

altering the sequences of its substrate binding arms, the enzyme can hybridize

and cleave almost any RNA sequence. (Chen et al. 2000; Chakraborti and

Banerjea 2003; Vlassov et al. 2006; Sood et al. 2007).

Figure 2-1 Sequences and secondary structure of the 8-17 deoxyribozyme and substrate.

The DNA enzyme (bold letters) binds to its RNA substrate (thin letters)
through two substrate-recognizing arms, with Watson-Crick base pairing. RNA
cleavage occurs at a specific AG site, indicated by the arrow, the central
catalytic core contains the nucleotides strictly required for activity (outlined
letters). The core includes a 3-base pair intramolecular helix (the core stem)
surmounted by an AGC loop and followed by a short stretch of single
stranded nucleotides (RCGW loop).

In its original design, it is not per se an enzyme, whose activity can be

controlled by the addition of external agents, such as small-molecule effectors. In

order to use such ribozymes and deoxyribozymes at maximum efficiency in vivo,

the ability to control their activities in both spatial and temporal fashion are highly

desirable. Breaker and others have successfully demonstrated a series of

elegantlly allosteric-controlled mechanisms that can be built by rational

engineering and modification of pre-existing ribozymes, deoxyribozymes and

aptamers (Soukup and Breaker 1999; Soukup and Breaker 1999; Silverman

2003). Many allosteric ribozymes have now been designed, as well as in vitro
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selected, to respond to small-molecule, protein, as well as oligonucleotide

effectors. Recently, Winkler and co-workers reported the discovery of a naturally

occurring allosteric ribozyme that responded to glucosamine 6-phosphate in

Bacillus subtilis (Winkler et al. 2004).

Light offers many advantages for manipulating systems of either

microscopic or macroscopic size and can be easily utilized with extreme location

specific and time-specific resolutions with modern laser techniques. It also has

the advantage of not contaminating the system. Thus, different wavelengths of

light could be a flexible and non-invasive means of controlling nucleic acid

enzymes' activities as "effectors", provided one could make the helix-forming

properties of the nucleic acid enzyme and/or enzyme-substrate complexes

responded to different light irradiation via the structure conversion of

photoswitches.

In organic chemistry, varieties of small compounds have been reported to

go through reversible, light-induced isomerization. Azobenzene (Az) has been

the most widely used optical trigger over the last several decades for the design

and synthesis of a large of variety of photo responsive systems (Kumar and

Neckers 1989; Natansohn and Rochon 2002). Figure 2-2 shows its structure. Az

can reversibly isomerise from its generally more stable trans form (favoured by

light wavelengths ".>400 nm) to the less stable cis form (favoured by light

wavelengths in the range 300-400 nm) upon irradiation with UV or visible light, to

yield a photo stationary state composition that is wavelength and temperature

dependent.
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Photo-induced isomerism of Az also comes with a large structural change,

which is reflected in changes of its dipole moment and geometry (the

isomerization decreases the distance between the para carbon atoms in Az from

9.0 A in the trans form to 5.5 A in the cis form (Hampson and Robertson 1941 )).

likewise, trans-Az has no dipole moment while the nonplanar cis has a dipole

moment of 3.0 D. These properties must cause, to some extent, a perturbation to

the structure of a complexly folded macromolecule when the Az is part of the

structure. Thus, it has been found to be a useful probe for studying

conformational dynamics of macromolecules by site-specific photolabelling, for

estimating the free volume in crosslinked networks, and for designing

photoreactive molecules responsive to external stimuli (Kumar and Neckers

1989).

9A

~N~-o"=.r- N \ j

trans

300 nm<A.<400 nm
...

400 nm<;l..

5.5 A

cis

Figure 2-2 Photoisomerization of azobenzene.

Related derivatives from a planar conformation in the trans to a bended and
twisted conformation in the cis-isomer with a distance of 9 A between
para/para carbons for the trans-isomer reduced to 5.5 A for the cis-isomer.

Photo-regulation of the properties of nucleic acids is especially attractive.

Komiyama and co-workers first chemically incorporated Az into the side chains of

DNA oligonucleotides using phosphoramidite chemistry via automated synthesis
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(Asanuma et al. 1998). The results showed that short DNA duplexes with an

incorporated Az moiety in its trans form had significantly higher melting

temperatures Tm than having the Az in its cis form (Asanuma et al. 2001). Recent

NMR studies have demonstrated that the planar trans-Az stacks comfortably

between base-pairs, while the non-planar cis-Az interferes with optimal base

stacking (Liang et al. 2003). To make use of photo-induced cis-trans difference of

the Az, Komiyama and co-workers explored the stability of a DNA duplex and a

triplex, as well as the ability of RNA polymerase to move an interfering

oligonucleotide from a transcription template affected by photo-isomerization of

Az. It turned out that the above properties can be adjusted by the cis-trans

isomerization of one or more Az moieties that have been covalently incorporated

at appropriate positions within oligonucleotides (Asanuma et al. 1999; Asanuma

et al. 2000; Yamazawa et al. 2000).

We were interested in exploring whether an organic switch, such as Az,

could be used to control the activity of RNA-cleaving ribozymes and

deoxyribozymes. Nucleic acid enzymes are single strand RNNDNA molecules

whose activities are dependent on the three-dimensional structures of their

enzyme-substrate complexes. Once these delicate three-dimensional structures

are disturbed, their activities will be affected. Based on the properties of

RNNDNA enzymes and data from Komiyama's studies, we hypothesized that Az

could be a good photo controllable switch for catalytic nucleic acids. The basic

idea is that once Az is incorporated into a sequence of a RNNDNA enzyme,

under visible light the Az will take planar trans-form that can intercalate between

35



the base pairs and stabilize three-dimensional complex structure. The enzyme

will be maintained and will result in no big change in its activity. If irradiated with

UV light, the Az will then take on its non-planar cis-form and this will destabilize

the complex and cause the enzyme to lose or decrease its activity. Therefore, a

photo-controllable nucleic acid enzyme will be created.

For these studies, the 8-17 deoxyribozyme, the smallest general RNA

cleaving deoxyribozyme reported to date, was chosen (Figure 2-1). A DNA

enzyme was initially chosen over a ribozyme due to its relative ease of chemical

modification of the DNA, using automated synthesis. The synthetic strategy we

used to incorporate Az residues into DNA backbones was somewhat different

from that used by Komiyama (Asanuma et al. 1998), due to the starting with p

azobenzene-carboxylic acid rather than p-aminoazobenzene. The structure of

such Az incorporation into the backbone of DNA is shown in Figure 2-3.
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Figure 2-3 Chemical structure of azobenzene-derivatized DNA used in this study.

2.2 Materials and Methods

2.2.1 Chemicals and Modified Oligonucleotides

All chemicals were purchased from Sigma-Aldrich unless stated

otherwise. Solvents were all purchased from BOH. Synthetic RNA substrates

were purchased from Oharmacon Research Inc. (Boulder, CO). All

oligonucleotides greater than fifteen nucleotides in length were size-purified by

denaturing polyacrylamide gel electrophoresis (PAGE). The purified RNA

substrates were radiolabeled with T4 polynucleotide kinase (Invitrogen) and 32p_

y-ATP (NEN) using standard phosphorylation protocols, and then purified by 12%

PAGE. Purified ONNRNA were extracted from the gel by crush-soaking buffer

(10 mM Tris-HCI pH 7.5 at 25 DC, 200 mM NaCI and 1 mM EOTA) and then were

precipitated from the solution by the addition of 2.5x volume of 100% ethanol.
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2.2.2 Synthesis of Phosphoramidite Monomer of Azobenzene

The phosphoramidite monomer of the Az is not commercially available.

Although its synthesis protocol has been reported, unfortunately the purification

procedures were often omitted. During my efforts to synthesis the

phosphoramidite monomer of azobenzene, I found it very difficult to repeat the

results of Komiyama's (Asanuma et al. 1998) (even by trying to protect the two

hydroxyl groups with benzaldehyde, and change the carboxyl group into acetyl

chloride group). The reason for this was that the lone-electron pair of the amino

group of 4-aminoazobenzene delocalized in the whole molecule forming a big

conjugated 1[ bond, which decreased the nucleophilicity of the amino group.

Based on this analysis, we significantly modified Asanuma's method by swapping

the functional amino group of 4-amino-azobenzene with carboxyl of 2,2

bis(hydroxymethyl)propionic acid. Therefore, of the oligonucleotides used in my

studies the amide linkage between the Az and the DNA backbone had a reverse

orientation relative to the oligonucleotides used by them (Asanuma et al. 1998).

The results demonstrated that the peptide bond formation between 2-amino-2

methyl-1,3-propanediol and 4-(phenylazo)benzoic acid was faster, and gave

higher yields of products than the reaction between 4-aminoazobenzene and 2,2

bis-(hydroxymethyl)propionic acid. Other modifications in my synthesis were:(1)

the protection of one of the two hydroxyl groups in 2-amino-2-methyl-1 ,3

propanediol with dimethoxytrityl group was catalyzed with silver nitrate instead of

with 4-dimethylaminopyrimidine; and (2) the remaining hydroxyl group were

protected with 2-cyanoethyl-diisopropyl-chlorophoramidite instead of 2-
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cyanoethyl N,N,N',N'-tetraisopropylphosphoro-diamidite. The synthetic route to

make this compound is outlined in Figure 2-4.
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Figure 2-4 Synthetic route of phosphoramidite monomer of azobenzene.

2.2.2.1 The Formation of Peptide between the Two Starting Compounds

In a 100-150 ml round bottom flask, 3.10 9 (15.0 mmol) of N,N'-

dicyclohexylcarbodiimide (DCC) was added to a mixture of 4-(phenylazo)benzoic

acid (3.01 g, 13.3 mmol), 2-amino-2-methyl-1 ,3-propandiol (2.17 g, 20.6 mmol),
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1-hydroxyl-benzotrazole (1.97 g, 14.6 mmol) and N,N-dimethyl-formamide (DMF)

(150 ml). The mixture was stirred for overnight at room temperature, filtrated to

remove the N,N'-dicyclohexylurea (DCU), and 300 ml ethyl acetate was poured.

The organic layer was washed with 200 ml of saturated aqueous solution of

NaHC03(once) and NaCI (three times). Dried over anhydrous I\I1gS04, and

concentrated under reduced pressure. The product was purified by silica gel

column chromatography (hexane: ethyl acetate =1 : 1) to afford 3.43 9 of

compound 1 (85% yield). 1H NMR [CDCI3(TMS), 400 MHz] 8: 7.95-7.5 (m, 9H,

aromatic protons of azobenzene), 6.7 (s, 1H, -NH), 3.9-3.7 (t, 2 -ClliOH), 1.36 (s,

3H, CH3). MS-CI: 314 (M+1). Rr =0.55 (CH2Cb : MeOH =9.5 : 0.5).

2.2.2.2 Protection of One of the Two Hydroxyl Groups in Compound 1

2.20 9 (6.45 mmol) of 4, 4'-dimethoxytrityl chloride (DMT) was added to a

mixture of compound 1 (2.02 g, 6.45 mmol), AgN03 (1.33 g, 7.84 mmol),

tetrahydrofuran (THF) (100 ml), and pyridine (18 ml). The mixture was stirred for

1 h, and the solvent was filtrated to remove AgCI. It was then concentrated under

reduced pressure, 50 ml CH2Cb was poured and washed with 50 ml of 5%

NaHC03 (once), and saturated NaCI (twice). The CH2CI2 1ayer was dried over

MgS04 and concentrated under reduced pressure. The product was purified by

silica gel column chromatography (hexane: ethylacetate =9 : 1) to afford 1.87 9

of compound 2 (48% yield). 1H NMR CDCI3(TMS), 8: 8.0-7.5 (m, 22H, aromatic

protons DMT and azobenzene), 6.8(s, 1H, -NH), 3.8 ( s, 6H, -OCH3), 3.91-3.7 (d,

2H -CH 20H), ,2.8 (m,2H, DMT-OCH 2-), 1.36 (s, 3H, -CH3). MS-CI: 314 (M+1). Rr
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= 0.55 (CH2CI2: MeOH = 9.5 : 0.5). MALDI-TOF MS: 654 (M+K, 615+39). Rf

=0.84 (ethyl acetate: dichlomathane = 7 : 3 ).

2.2.2.3 Synthesis of the Phosphoramidite Monomer 3

0.50 g (0.813 mmol) of the compound 2 was dried by co-evaporation with

a 10 ml mixture of dried pyridine and CH2CI2(1 : 9). After that, 10 ml dried CH2CI2

was poured to dissolve the compound 2. 0.28 ml (1.63 mmol) N,N-Diisopropyl-

ethylamine and 0.27 ml (1.22 mmol) 2-cyanoethyl diisopropyl-chlorophosphor-

amidite were added under N2 After stirring for 2 hours, the mixture was washed

with 10 ml of 5% NaHC03,saturated NaCl, and dried over Na2S04 The solvent

was removed under vacuum. The product was purified by silica gel

chromatography (hexane: ethyl acetate: triethylamine = 10 : 1 : 0.01). The

phosphoramidite compound 3 was fluffy yellowish foam 0.412 g (62% yield). 31p

NMR (CD2CI2), 8: 149.06,148.96. 1H NMR CDCI3(TMS), 8: 8.0-7.2 (m, 22H,

aromatic protons DMT and azobenzene), 6.8 (s, -I H, -NH), 4.05-3.70 (m, 10H, -

OCH3, -OCH20P, CH20P), 3.62-3.55 (m, 2H, -CH(CH3b), 3.50-3.40 (m,2H,

DMT-OCH2-), 2.60-2.50 (m, 2H, -CH2CN),1.6-1.07 (m, 15H, -CH(CH3b-CH3).

MALDI-TOF MS: 854 (M+K, 815+39).

2.2.3 Synthesis of Azobenzene-bearing Oligonucleotides and Confirmation
of Photo-isomerization of Azobenzene Incorporated in DNA Oligos

The synthesis of oligonucleotides containing Az was carried out on an ASI

392 Automated DNA Synthesizer in Unrau's lab at SFU using standard protocols.

Following size-purification using denaturing 12% PAGE, oligonucleotides were

characterized routinely by absorption spectroscopy (scanning between 250-600

41



nm) in a Cary 300 Sio UV-visible spectrophotometer (Varian). The isomerization

of trans-cis forms of Az. incorporated oligonucleotides was monitored

spectroscopically following irradiation with light of the appropriate wavelengths.

For trans-cis isomerization, irradiation was carried out at 300<)..<400 nm using a

UVL-56 Siak-Ray lamp (6W), and it was found that the absorption peak at 330

nm (corresponding to trans-Az.) decreased in intensity as a function of time and

the one at 430 nm (corresponding to a cis-Az.) increased correspondingly. For

cis-trans isomerization, irradiation was carried out with a standard 60 W

incandescent lamp. Isomerization in both directions reached their photo

stationary state distributions after 30 minutes of irradiation. The results of E11

(for its sequence, see Table 2-1), an 8-17 construct with Az. incorporated in its

substrate binding arms, is shown in Figure 2-5. The black curve: 100 IJM E11 in

reaction buffer was irradiated with visible light for 30 minutes at 23 DC. The red

and blue curves: the same sample was irradiated with UV for 30 and 60 minutes

at 23 DC respectively.
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Figure 2-5 Changes of UV-vis absorption spectra of E11 oligo containing Az..

The distance from the sample to lamp is 50 mm. The black curve: 100 ~M E11
in reaction buffer was irradiated with visible light for 30 minutes at 23 C. The
red and blue curves: the same sample was irradiated with UV for 30 and 60
minutes at 23°C respectively.

2.2.4 Enzyme Kinetics Analysis of the Modified 8-17 Deoxyribozymes

RNA-cleaving reactions for all modified 8-17 deoxyribozyme constructs

were carried out routinely under single-turnover conditions with each of the 8-17

deoxyribozyme (2 ~M) in large excess over its 32P-labeled RNA substrate (10

nM). 10 ~I of a 0.1 ~M RNA substrate stock was mixed with 20 ~I of a 5x reaction

buffer (250 mM Tris pH 7.5 at 25 DC, 10 mM MgCI2 , 0.025% (w/v) SDS and 60 ~I

ddH20. Then 10 ~I of a 20 ~M stock of the deoxyribozyme (irradiated with visible

light of >400 nm for 30 minutes in advance) was added. The mixture was

transferred into a quartz microcuvette, placed in an SLM 4800C spectro-

fluorimeter, irradiated with light of 422-438 nm wavelengths, and aliquots were

removed as a function of time. Essentially identical experiments were carried out

with deoxyribozyme pre-irradiated and irradiated with 322-338 nm light during the
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reaction process. Removed aliquots were mixed with equal volume of a 2x

quenching/loading buffer (10 mM Tris pH 7.5, 40 mM EDTA, 95% (v/v)

formamide, plus dyes). Radiolabeled substrates and products were separated by

electrophoresis on 20% denaturing polyacrylamide gels and quantified in a

Typhoon 9410 Variable Mode Imager (Molecular Dynamics), using

IMAGEQUANT software (Molecular Dynamics). When pre-irradiation and

irradiation were carried out with the Blak-Ray and incandescent lamps rather

than with the narrow bandwidth irradiation of the spectrofluorimeter, very similar

RNA-cleavage data were obtained. This suggested that light intensities from both

irradiation protocols were sufficient for optimal trans-cis isomerization to photo

stationary state values. RNA cleavage experiments were carried out at 37°C

using pre-irradiated deoxyribozymes and the reaction mixtures were irradiated

with the Blak-Ray and incandescent lamps.

The measured rate constants did not increase significantly when the

concentration of the modified 8-17 deoxyribozyme was increased to 10 I-lM,

indicating that the substrate was completely saturated by the 8-17

deoxyribozyme. The observed rate constant reflected the cleavage of the

enzyme-substrate complex under these conditions. The data was obtained from

a curve that fitted a plot of fraction cleaved versus time, using a first-order rate

formalism, y=x (1_e-kt
), where y is the fraction reacted at time t, x is the fraction

reacted at the end-point, and k is the observed rate constant. All data are the

average of at least two independent determinations.
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2.3 Results and Discussion

2.3.1 Screening of the Modified 8-17 Deoxyribozymes

The ideal positions for incorporating Az moieties in the sequence of

ribozymes and deoxyribozymes should be at places where the trans-Az moieties

does not perturb the three dimensional structures of the enzyme-substrate

complexes, but the cis-ones does and vice versa However, the high-resolution

3-D structure of the 8-17 deoxyribozyme has not been reported and this makes it

hard to decide on which positions are best candidates, Two obvious possible

locations for placement of Az moieties are within the the 8-17 deoxyribozyme's

substrate-binding arms (SBAs), where the photo-isomerization of Az moieties

may stabilize or destabilize the interactions of the enzyme with the substrate, The

other is within the enzyme's catalytic core, where the photo isomerization of Az

may disturb the integrity of the enzyme's active site or structural domains, The in

vitro selection and mechanistic studies of the 8-17 and 10-23 enzymes have

shown that the substrate-binding arms of either seven or eight nucleotides long

(7+7 and 8+8) are optimal for substrate-specificity and multiple turnover catalysis

(Santoro and Joyce 1997; Santoro and Joyce 1998),

2.3.2 Constructs with Azobenzene in the Substrate-binding Arms of the 8
17 Deoxyribozyme

There are several things to consider when incorporating Az moieties into

substrate-binding arm, First are the positions of the Az within the substrate-

binding arm, Second, what nucleotides ordinarily present in the substrate-binding

arm should be substituted when considering the base pairing of the duplex (a
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purine or primidine base which Az. should encounter to in the opposite RNA

substrate strand), and third, the Az moieties could also be incorporated as an

"additional nucleotide" without removing any pre-existing nucleotide in the

substrate-binding arm. These "additional" Az moieties may intercalate between

successive base pairs in the double helix composed by the substrate-binding arm

of the deoxyribozyme and the RNA substrate.

The structure and catalytic activity results of six 8-17 constructs containing

Az either by substituting pre-existing nucleotides, or as "additional nucleotide"

residues within the enzyme's substrate binding arms are shown in Table 2-1.

The kinetic analysis was initiated under single-turnover conditions. The modified

constructs were pre-irradiated for 30 minutes with either 300<:\<400 nm or :\>400

nm light, mixed with substrate, and irradiated continuously for the remainder of

the reaction. E11 and E13 demonstrated interesting results. In both constructs,

the nucleotide-substituting Az. residues encountered primidine bases U and C in

the RNA substrate respectively (E11 was modified from a 7+7 substrate-binding

arm precursor (3+Az.+3)) and E13 from an 8+8 precursor (4+Az.+4)). Each Az.

was located approximately in the middle of each substrate-binding arm and was

three nucleotides away from the cleavage site. One nucleotide closer or further

gave poorer discrimination of cis-trans and therefore, activity or no activity as

demonstrated by E1, E12 and E14. Meanwhile, the Az. residues of E12 and E4

faced Gs in the RNA substrate may be another reason for compromising

substrate binding.
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E15, with its additional Az residues, performed like the unmodified 8-17

deoxyribozyme. No activity difference was observed between visible and UV

irradiation (trans vs. cis) approaches. The conclusion that could be drawn with

these results was that these additional residues were possibly excluded out from

the double helices formed by the RNA substrate and the substrate-binding arms,

and thus did not interfere with the stability of the helices.

Table 2-1 Structures and analysis of the 8-17 constructs with azobenzene moieties
within SBAs.

Activity Activity

Enzyme trans cis Enzyme trans cis

\A \A + +3'CCCGUUGG UGCCGUCAG 5' - - 3'CCCGUUGG UGCCGUCAG 5'
I I I I I' I I I I I I I I I I I I I I' I I I I I I I

5' GGCAAzC1l' ACGGCAGT 3' 5' GGGCAzACT ACGAzCAGT 3'

C A C A +
GC' 'GA ~ GC, 'GA @

fA. ,cG IC ilI.,G ~

lti iC E1 Ge
C

E13 +
\A + + \A + +

3'CCCGUUGG UGCCGUCAG 5' 3'CCCGUUGG UGCCGUCAG 5'
I I I I I· I I I I I I I I I I I I· I I I • I I I

5' GGCAzAC1I' ACGAzCAG 3' 5' GGGAzAAC1I' ACGGAzAGT 3'

C A + CC, A~
GC' GA @ ill. G, 'GGAiC

Ii. cG lC + If1J rr;C E14@<e E11

\A + + \A + +3'CCCGUUGG UGCCGUCAG 5' 3'CCCGUUGG UGCCGUCAG 5'
I I , I I I I I I I I I I I I I I I· I r I I , I I

3'5' GGGCAAAzl' AAzGGCAG 3' S'
GGC~Cl A..f~CAGc, A + +GC, GA ~ IAG~~GA~GIA. ,G lC

@!:,C E12 ~CC E15 + +

U_" no activity. U+" activity, Az: azobenzene.

The cleavage data of E11, E13 under different temperatures and ion

concentrations is shown in Figure 2-6. For E11, the conditions were room

temperature, 2 mM Mg2+; and for E13, conditions were 37 DC, 10 mM Mg2+. The

results showed that trans-Az stabilized double helices whereas cis-Az
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destabilized the helices (Asanuma et al. 1999; Yamazawa et al. 2000; Asanuma

et al. 2001; Asanuma et al. 2002; Asanuma et al. 2002; Liang et al. 2002). The

E13 kobs(trans) was 5.3x1 0-3 min-1 and kobs(cis) was 0.97x 10-3 min-1
, giving a

trans-cis ratio of 5.4. Interestingly, kObS of the E13 construct, measured under

identical conditions but in the dark, was 4.9 x 10-3 min-1
, which was close to the

value of kobS(trans), and this was as expected (the thermal equilibrium value

between cis and trans-Az in dark is 75-80% trans and 20-25% cis (Hartley

1937)) However, the cis to trans isomerisation of Az within an oligonucleotide

can also be initiated by heating. Cis to trans conversion slowly proceeded even in

dark (it took about 5 hours at room temperature to convert half of the

oligonucleotides) (Asanuma et al. 1998).
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Figure 2-6 The time-dependent cleavage of the 5'-J2P-labeled substrate by E11 and E13 at
different wavelengths of light.

(A) Upper: E: unmodified 8-17 deoxyribozyme (positive control). E11 trans:
sample was irradiated with 422-438 nm light, and E11 cis: sample was
irradiated with 322-338 nm light. Bottom: Percentage cleavage versus time
plots for the data shown in (A). (B)Upper: E13 trans: sample was irradiated
with 422-438 nm light, and E13 cis: sample was irradiated with 322-338 nm
light. Bottom: Percentage cleavage versus time plots for the data shown in
(B).
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Obviously, the rates for both predominantly trans-Az and cis-Az forms of

E11 and E13 were notably slower than those of the unmodified 8+8 and 7+7

enzymes (Santoro and Joyce 1997), no doubt due to a weakening of the

enzyme-substrate interaction. It is imaginable that the catalytic efficiency of the

Az-substituted constructs could be improved by various combinations of

substrate-binding arms length and number of incorporated Az residues, and as

well as their locations within the substrate-binding arms.

2.3.3 Constructs with Azobenzene in the Catalytic Core Stem of the 8-17
Deoxyribozyme

We also incorporated the Az moieties into the 8-17 catalytic core. Two

possible locations in which the Az moieties could be incorporated are within the

single-stranded loops and within the catalytic core stem. Table 2-2 shows the

structure and activity assay results of the second category of constructs.
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Table 2-2 Structures and analysis of the 8-17 constructs with azobenzene in the catalytic
core stem.

activity activity

Enzyme trans cis Enzyme trans cis

\A \A + +3'CCCGUUGG UGCCGUCAG 5' - - 3'CCCGUUGG UGCCGUCAG5'
I I I I I I. I I I I I I I I I I I I I I. I I I I I I I I

5' GGCAACil' ACGGCAGT 3' 5' GGCAAC'II' ACGGCAGT 3'

C A Az A +
GAZ GA ~ GC' AZA G
~,G C IA ,cG It:

+@~C E2 ~(G E17

\A
+ + \A

+ +3'CCCGUUGG UGCCGUCAG 5' 3'CCCGUUGG UGCCGUCAG 5'
I I I I I I. I I I I I I I I I I I , I I. I I I I I I I I

5' GGCAACT ACGGCAGT 3' 5 GGCAACT ACGGCAGT 3'

Az A~ + C A
GAl 'GA ~

GC'GT All: IA,Az iClAc
E16 rt1Jrr;C E18

il'illC

\A \A
3'CCCGUUGG UGCCGUCAG 5' 3CCCGUUGG UGCCGUCAG5

I I I I I· f I I I I I - - I I I I I I. I I I I I I I I - -5' GGCAzACY ACGAzCAG 3' 5' GGCAAC'!I' ACGGCAGT 3'
Az A CC, AGGC' AlA GJ

fA. ,G iC IAAz 'GGAC

Ge
C E20 G ~l E19

U_" no activity. U+" activity. Az: azobenzene.

In the constructs where one substituted a GC base pair with a pair of Az

residues, E17 showed a curiously opposite catalytic behaviour as compared to

E11 and E13. Here, the UV-irradiated cis-form construct was fivefold more

catalytically active than the visible light-irradiated trans-form construct (Figure 2-

8). The structural reason for this unexpected "reversal" trend is difficult to explain

at present, given that no high-resolution f\IMR or X-ray crystal structure of the

folded catalytic core of the 8-17 deoxyribozyme has been reported. It is plausible

to guess that the cis-Az residues within E17 contributed by unknown means to a

more stable catalytic core than the Az residues in their trans isomer. Figure 2-7

shows the cleavage data of by E17.
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Figure 2-7 The time-dependent cleavage of the 5,_32P_labeled substrate by E17 with
different wavelengths of light.

(A) E: unmodified 8-17 deoxyribozyme (positive control). E17 trans: sample
was irradiated with 422-438 nm light, and E17 cis: sample with 322-338 nm
light. (B) Percentage cleavage versus time plots for the data shown in (A).

In the construct E2, the Az residue in the catalytic core stem opposite to a

G, lost activity. In E16, the Az faced a T, and gave a poor discrimination of cis-

trans activity. E20 had four Az residues. One Az pair was in catalytic core stem

and the other two were in the substrate-binding arms. It showed very poor overall

activity.

Figure 2-8 highlights the fact that for the three constructs, E11, E13 and

E17, optimal catalytic performance as well as high cis-trans discrimination

happened under different experimental conditions. Maximal trans-cis (for E11)

and cis-trans (for E17) discrimination occurred at room temperature (shown in
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Figure 2-8). For E11 (kobs(trans)/kobs(cis) = 5.2), it occurred in the presence of 2-

10 mM Mg2
+, but for E17, however, the maximal discrimination

(kobs(cis)/kobs(trans) = 4.8) was at 2 mM Mg2
+. For E13, maximal trans-cis

discrimination was found to occur at 37 DC, with kobs(trans)/kobs(cis) =5.4

measured in the presence of 10 mM Mg2
+.
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o
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.L:l
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o
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E11

2 10 40
I

E13

2 10 40 mM
I

E17

Figure 2-8 Histograms of Mg2
+-dependent kobs values of RNA cleavage by E11, E13 and

E17.

Red bar: kobs of trans 8-17 constructs. Blue bar; kobs of cis 8-17 constructs.

For these three 8-17 deoxyribozyme constructs, the data shown in Figure

2-8 also highlighted that the overall catalytic rate increased as magnesium

concentration increased (>10 mM), but the trans-cis discrimination decreased.

The reason for this might be strong stabilization of the deoxyribozyme-substrate

complexes containing Az residues even in their cis form (or trans form in the

case of E17 under high magnesium conditions).

The structure and activity results of 8-17 with Az incorporated into catalytic

core loops are shown in Table 2-3.
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Table 2-3 Structures and analysis of the 8-17 constructs with azobenzene in the catalytic
core loops.

Activity Activity

Enzyme trans cis Enzyme trans cis

\A + + \A
3'CCCGUUGG UGCCGUCAG 5' 3'CCCGUUGG UGCCGUCAG 5' - -I 1'1 I I. I I I I I I I' I I I I I I. I I I I I I I I

5' GGCAAC1l' ACGGCAGT 3' 5' GGCAAC'1I' ACGGCAGT 3'
+

cC, A@
C A

AZGC:GGA!C~IA G, 'GGAzC

(j lCC E3 G C
C

E21

\A + + \A
3'CCCGUUGG UGCCGUCAG 5'

3'CCCGUUGG UGCCGUCAG 5' - -I I I I I I. I I I I I I I I
I I I I I I· I I I I I I I I 5' GGCAAC'1I' ACGGCAGT 3'

5' GGCAACir ACGGCAGT 3' + C A
CC, Az~

IA G~GGArc@lAG, 'GGArt:;
E22

rt1JCC E4 Az C

\A \A
3'CCCGUUGG UGCCGUCAG 5' - - 3'CCCGUUGG UGCCGUCAG 5' - -I r I I I I. I I I I I I I I I I I I I I. I I I I I I I I
5' GGCAAC'lI' ACGGCAGT 3' 5' GGCAAC'1I' ACGGCAGT 3'

CC, A<til C A

I!:.G,'GG AAz IA G~-;'GACrt!J
~ <rr E24 ~Az E23

\A
TCCCGUUGG UGCCGUCAG 5' - -I I I I I I. I I I I I I I I
5' GGCAAC'1I' ACGGCAGT 3'

C A
GC, 'G Az

I!:. 'CG A fC
~ fC E25

"-" no activity. "+" activity. Az: azobenzene,

The overall results for catalytic core loop residue substitutions were

disappointing. E3 and E4 showed poor activities and some trans-cis

discrimination, but the others totally lost activity. This was not wholly unexpected

because the changed nucleotides in E3, E4 are "allowed" while those replaced in

E21, E22, E23, E24 and E25 are "invariant" according to mutation analysis of the

8-17 catalytic core (Santoro and Joyce 1997).
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Another set of 8-17 constructs were constructed where one base-pair was

substituted at a time with an Az-abasic pair within the catalytic core stem, The

aim was to avoid the conflict between the normal base and Az, but the results

showed that all of these contructs totally lost activity (Table 2-4). The presence of

abasic site might damage tertiary interactions between the stem and other parts

of the 8-17 deoxyribozyme, or it might not maintain the proper geometry of core

stem (Peracchi et al. 2005).

Table 2-4 Structures and analysis of modified 8-17 constructs with azobenzene-abasic
pairing in catalytic core stem.

activity activity

Enzyme trans cis Enzyme trans cis

\A \A
3'CCCGUUGG UGCCGUCAG 5' - - 3'CCCGUUGG UGCCGUCAG 5' - -I I I I I I. I I I I I I I I I I I I r I. I I I I I I I I
5' GGCAAC1r ACGGCAGT 3' 5' GGCAAC'1I' ACGGCAGT 3'

C A Ca, A~Al G G
lAG, 'a AC G ,AlAefA,G
~cc E5 @C

C E8

\A \A3'CCCGUUGG UGCCGUCAG 5'
I , I ) I I. I I I I I I I I - - 3'CCCGUUGG UGCCGUCAG 5' - -5' GGCAAC1r ACGGCAGT 3' I I t I I I. I I I I I I "

a C' A@
5' GGCAAC1!' ACGGCAGT 3'

GC' A@llAG, 'AlGAe AAz 'cGAe
@l©C E6

Qe
a E9

\A \A
3'CCCGUUGG UGCCGUCAG 5' - - 3'CCCGUUGG UGCCGUCAG 5' - -, I I I I I. I I I I I I I I I I I I I I. I I I I I I I r
5' GGCAACY ACGGCAGT 3' 5' GGCAAC'1I' ACGGCAGT 3'

Az A GC, A@lC' 0
lAG, 'GaAC fAa, 'CGA~
Qrr;C E7 QC

Al E10

"_" no activity. "+" activity. Az: azobenzene. a: abasic site,

2.3.4 Reversible Activity Photoresponsiveness of the 8-17 Constructs

The final goal for this project was to try to create ribozymes or

deoxyribozymes whose activities can be controlled reversibly in both location-
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specific and time-specific fashion using different wavelengths of light. Figure 2-9

illustrates the possibility of reversibility in real time of the trans-cis isomerization

within this catalytic system.
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Figure 2-9 The time-dependent cleavage of the 5,-32P-labeled substrate incubated under
different wavelengths of light.

(A) Az-modified E11 and substrate mixture was first irradiated with visible
light, then switched to UV light after 120 minutes, again changed the
irradiation back to visible light 140 minutes later. (B) Swapping E11 to E17, the
process was the same.

Figure 2-9A demonstrates one of two examples. Excess E11 was

irradiated in advance for 30 minutes with 422-438 nm light, mixed with 32p_

labeled RNA substrate, and incubated under ongoing irradiation at the same

wavelength range. Aliquots were taken from the reaction mixture at different

time-points. After the reaction progressed for 120 minutes, the irradiation

wavelength was switched to 322-338 nm, and maintained the irradiation at these

wavelengths for another 140 minutes. Then the irradiation was then switched

back to 422-438 nm. Figure 2-9A shows that the RNA-cleaving rate of E11
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followed these alternating irradiations as the reaction carried on; faster with

visible light and slower with UV irradiation. Figure 2-9B shows the opposite

reversible pattern after swapping E11 to E17 (under the same reaction

conditions); slower during visible light and faster with UV irradiation. Therefore,

these two modes of catalysis were "switchable".

It has been shown that all three of the Az-derivatized deoxyribozyme

constructs E11, E13 and E17 have significantly lower (102-103-fold) catalytic

rates relative to the unmodified "7+7" and "8+8" 8-17 deoxyribozyme.

Nevertheless, the data from E13 at 40 mM magnesium suggested that it is

possible to desjgn a new generation of Az-modified deoxyribozymes by using

different combinations of substrate-binding arm length and the number of Az

residues at strategically placed positions. Their overall catalytic performances

may compare reasonably to that of the unmodified deoxyribozyme, meanwhile,

they possess UV-visible light-catalytic discrimination at higher than five- to sixfold

differences reported here. The development of such light-responsive allosteric

deoxyribozymes may open up new opportunities in using light as the activating or

repressing agent in the control of gene expression within liVing cells and

organisms.

Later, Woolley and Harnm attached the Az between two cysteine residues

of a 16-mer peptide that binds to DNA, to explore the ability of controlling its

formation into an a-helix (Borisenko and Woolly 2005; Bredenbeck et al. 2005;

Guerrero et al. 2005). It was found that the presence of the cis-isomer of the Az
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disrupts the a-helix, and upon photo-induced formation of the trans-Az. the a-helix

is ref-ormed such that DNA binding is initiated.

The studies show that photoinducible Az. can also be used to investigate

and control the folding of peptide secondary structures, such as ~-haipins and a

helices. Since the structure of peptides and proteins correlate with function, this

approach can be also used to modulate the function of an amino acid-based

polymer.
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CHAPTER 3: IN VITRO SELECTION OF PHOTO
ALLOSTERIC RIBOZYMES

3.1 Introduction

The study in chapter 2 successfully demonstrated that the activity of RNA-

cleaving 8-17 deoxyribozyme cou Id be reg ulated by different wavelengths of

light. The 5-6-fold discrimination caused by trans-cis isomerization of

azobenzene (Az) may seem modest here due to Az having a strict covalent

attachment to the 8-17 deoxyribozyme. However, the discrimination is not

enough for the modified 8-17 deoxyribozyme to be a potential tool in molecular

biology. In recent years, different combinatorial and rational design strategies

have been used to increase the structure and catalytic complexity of RNA

beyond that exhibited by natural ribozymes. These new allosteric ribozymes

derived from the self-cleaving hammerhead ribozyme can respond to various

effectors such as ATP, flavin mononucleotide (FMN) and theophylline, and

display greater than 1DO-fold modulation of catalytic rate upon introduction of

their corresponding effectors (Tang and Breaker 1997; Soukup and Breaker

1999; Soukup and Breaker 1999). More recently, a new combinatorial strategy

termed "allosteric selection", in which the RNA molecules are composed by

three-domain - the hammerhead core, the communication module and a 25

random-sequence ligand-binding domain, has been generated and successfully

selected allosteric ribozymes that responded to the second messengers cGMP

and cAMP (Koizumi et al. 1999).
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Az, described in Chapter 2, was fixed into the sequence of 8-17

deoxyribozyme, which might limit the interactions between Az and the chains of

the 8-17 enzyme-substrate complex so that the discrimination caused by trans

cis isomerization was mild. The aptamers possess exquisite specificities for their

ligands and this property might help to enlarge the discrimination effects, if

aptamers or aptamer domains can recognize the difference between the trans

and cis isomers well. Then, it should be possible to select photo-regulated

allosteric ribozymes whose activities could be controlled by light through using Az

as an effector via its photo isomerization and "allosteric selection" (Koizumi et al.

1999) - the combination of aptamer selection and ribozyme activity analysis.

The efforts in this study have been put to generate two classes of photo

allosteric ribozymes using in vitro selection protocol. One is able to cleave its

substrate when binding to cis-Az but not trans-Az; while the other demonstrates

the activity when binding to trans-Az, but not cis-Az. Therefore, the activity of the

allosteric ribozyme can be regulated by different wavelengths of light via

isomerization of the azobenzene.

Each of the two photo-allosteric ribozymes were subjected to 12 rounds of

selections with different constraint conditions. Unfortunately, analysis of cleavage

activity for the last round populations suggested that photo-allosteric ribozymes

that should respond to different wavelengths of light via isomerization of Az were

not obtained, instead those that responded to Mg2
+ were.
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3.2 Materials and Methods

3.2.1 RNA pool Preparation

DNA templates for the RNA pool and the oligonucleotides used for RT

PCR were ordered from University Core DNA Synthesis Lab (UCDNA) at the

University of Calgary. All DNAs were size-purified by denaturing polyacrylamide

gel (8 M urea) electrophoresis (PAGE) followed by crush/soak elution (200 mM

NaCI, 10 mM Tris-HCI pH 7.5, 1 mM EDTA) from the gel. The DNA template 5'_

GGGCAACCTACGGCTTTCACCGTTTCG(N4D)CTCATCAGGGTCGCCC (4 IJM)

was made double-stranded by extension in the presence of forward primer Hp1

(TAATACGACTCACTATAGGGCGACCCTGATGAG,6 IJM), which introduces

the promoter for T7 RNA polymerase (T7 RNAP). The DNA extension reaction

100 pi was carried out using SuperScript II reverse transcriptase (RT, Gibco

BRL) according to the manufacturer's directions.

The resulting double-stranded DNAs were recovered by precipitation with

2.5x volume 100% ethanol and resuspended in a 500 IJI transcription mixture

containing 50 mM Tris-HCI (pH 7.5 at 23 DC), 20 mM MgCb, 5 mM dithiothreitol,

2 mM spermidine, 1 mM each of the four NTPs, 200 IJCi a_32p UTP, and 60,000

U T7 RNAP. The transcription mixture was incubated at 37 DC for 1-2 hour, and

isolated with denaturing 10% PAGE, followed by crush/soak elution from the gel.

The full-length RNA precursors (internally 32P-labeled) were resuspended in 10x

dilution TE buffer. Note that PAGE purification eliminates ribozymes that have

undergone self-cleavage during the in vitro transcription reaction. This inherently
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introduces an additional negative selection step that disfavours the isolation of

ribozymes that function without activation by an effector.

In vitro selection recovered single-stranded RNAs that were then reverse

transcribed and amplified by PCR. Reverse transcription was conducted in a

reaction buffer (1 00 ~I) using SuperScrip II RT according to the manufacturer's

instructions and using primer Hp2 (5'-GGGCAACCTACGGCTTTCACCGTTTC

G), Subsequent PCR amplification of the resulting eDNA contained 200 ~M of

each dNTPs, 10 mM Tris-HCI, pH 8.4, 50 mM KCI, 2.5 mM MgCl2,and 2.5 units

of Taq polymerase per 100 ~I reaction. Forward primer was Hp1 and reverse

primer Hp2, and their concentrations were 1 ~M. Thermal cycling was 94 DC for

45 s, 54 DC for 45 s, 72 DC for 1 min.

3.2.2 Photo-allosteric Ribozyme Selections

Selection of allosteric ribozymes activated by cis-Az: In vitro selection

for photo-allosteric ribozymes that responded to the different wavelengths of light

via isomerization of Az was carried out using repeated rounds of negative and

positive selections. For the first round of negative selection, the RNA pool was

first heated at 70 DC for 10 minutes, and cooled down to 23 DC, then mixed with

5x reaction buffer (250 mM Tris-HCI pH 7.5 at 23 DC, 0.5%Triton x-1 00), 5x trans

Az solution (0.5 mM Az, 5% DMSO, and irradiated with visible light for 30

minutes in advance), and maintained 5 minutes at 23 DC. Then 5x 100 mM MgCI2

was added to the mixture for initiating the cleavage reaction and the reaction

lasted overnight. Uncleaved full-length RNAs during the incubation were isolated

by denaturing 10% PAGE. Purified full-length RNAs were then subjected to
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positive selection at the same reaction buffer but using cis-Az (the Az solution

was irradiated with 312 nm UV for 30 minutes before addition to), and after

addition of Mg2
+ to start the reaction, the reaction was allowed to proceed for 30

minutes (keep irradiating the sample with UV during the whole process). Then 5'

cleavage products were isolated by 10% denaturing PAGE, imaged and

quantified in a Typhoon 9410 Variable Mode Imager (Molecular Dynamics), using

IMAGEQUANT software (Molecular Dynamics).The fragments were recovered

from the gel by crush-soak elution and amplified by reverse transcription followed

by the polymerase chain reaction (RT-PCR). In addition, negative selections

were altered to select more aggressively against ribozymes that distribute

between active and inactive conformations upon refolding. To disfavour

misfolding ribozyme, mild alkali (Koizumi et al. 1999) was used in an iterative

fashion between periods of negative selection to induce multiple cycles of

denaturation, renaturation and self-cleavage. This selective amplification process

was repeated many times to favour the enrichment of allosteric ribozymes that

function in the presence of cis-Az.

Selection of allosteric ribozymes activated by trans-Az: The selections

were carried out using the identical selection fashion just mentioned above

except swapping the negative selection with positive selection.

3.2.3 Analysis of Photo-allosteric Ribozyme Activities

RNA populations displaying either trans- or cis-Az-dependent self-

cleavage were amplified by RT-PCR and in vitro transcribed into RNAs (internally

32P-labeled) as described here. The prepared RNAs were heated at 70 DC for 10
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minutes and cooled down to 23°C. Then mixed with 5x reaction buffer and

splited into three aliquots for testing activities in the presence of 20 mM Mg2
+

only, 100 ~M trans-Az plus 20 mM mg2
+, and 100 IJM cis-Az plus 20 mM Mg2

+

respectively. Aliquots were removed as a function of time, and then mixed with

equal volume of quenching/loading buffer (containing additional EDTA to

sequester the Mg2+); radiolabeled substrates and products were separated by

electrophoresis on a 10% denaturing polyacrylamide gel and quantified in a

Typhoon 9410 Variable Mode Imager (Molecular Dynamics), using

IMAGEQUANT software (Molecular Dynamics). The initial rate constants were

obtained from a curve that fitted to a plot of fraction cleaved versus time, using a

first-order rate formalism, y=x (1_e-kl
), where y is the fraction reacted at time t, x is

the fraction reacted at the end-point, and k is the observed rate constant. Data

are the average of at least two independent determinations.

3.3 Results and Discussion

3.3.1 In vitro Selection of Photo-allosteric Ribozymes

Selection began with 1013
-
15 RNA molecules that were composed of the

hammerhead core and a 40 random-nucleotide ligand-binding domain. The

selection scheme is shown in Figure 3-1.
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Figure 3-1 Selection scheme of photo-allosteric ribozymes.

Precursor RNAs are (I) subjected to negative selection in the presence of
trans-Az. Uncleaved RNAs are isolated by PAGE and subjected to positive
selection in the presence of cis-Az. Cleaved RNAs are (II) amplified by RT/PCR
to produce double-stranded DNA templates. The resulting DNAs are (III)
transcribed to produce a new RNA population that are (IV) subjected to the
next round negative and positive selections. (V) Proper round DNAs are
cloned and sequenced for further analysis.

After 12 rounds of selection following the strategy, the cleavage

percentages of the two photo-allosteric ribozymes (cis-Az. activation and trans-Az.

activation) increased from 1.6% and 1.9% to 39 % and 37 % respectively (shown

in Figure 3-2). It seems allosteric ribozymes that responded to either cis- or

trans-Az. were obtained.
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Figure 3-2 Results of in vitro selection of photo-allosteric ribozymes activated by either
cis-Az or trans-Az.

Black bar represents population that activated by cis-Az; white bar represents
those activated by trans-Az.

3.3.2 Analysis of Selective Activation of G12 Population

To confirm whether the self-cleaving activity of round 12 RNAs really

activated by the different effectors, the G12 DNA population (from cis-Az

activation) were transcribed into RNAs and performed a preliminary analysis of

selective activation by Mg2
+ only, trans- or cis-Az activated respectively. The

results were shown in Figure 3-3. In panel A: lanes 1-5 show RNAs percent self

cleavage at different time points in the presence of Mg2
+ only. Lanes 6-9 show

the cleavage in the presence of 100 ~M trans-Az and 20 mM Mg2
+, and lanes 10

13 were in the presence of 100 ~M cis-Az and 20 mM Mg2
+. The results

demonstrated that the RNAs could cleave themselves with slight difference under

the three different conditions. Panel B shows the rate constant curves for G12

RNAs under the conditions in panel A separately. The rate constant kobs was 0.81
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min-1 for Mg2
+ only, 0.71 min-1 for trans-Az, Mg2

+ and 0.91 min-1 for cis-Az, Mg2
+

respectively. Self-cleavage of the RNAs mostly activated only by Mg2
+. The cis-

or trans-Az could help increase or decrease the activities a little. Allosteric

hammerhead ribozymes that responded to Mg2
+ were obtained instead of those

that responded to the isomerization of azobenzene. The similar results were

observed for another G12 population activated by trans-Az (data not shown).
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Figure 3-3 Selective activation of RNA self-cleavage by Mg2~, trans-Az or cis-Az.

(A) The time-dependent self-cleavage of RNA by different effectors. (8)
Percentage cleavage versus time plots the data shown in (A). Filled triangle:
cis-Az the rate constant was 0.96 min-1

. Square: Mg2~ only, the rate constant
was 0.81 min-1

. Open triangle: trans-Az, the rate constant was 0.71 min-1
.
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3.4 Summary

"Allosteric selection" has been successfully used to select allosteric

ribozymes that responded to the second messengers cGMP and cAMP (Koizumi

et al. 1999). In theory, this technique facilitates isolation of new allosteric

ribozymes with specificity for nearly any effector molecule. However, the results

of this study demonstrated that the selection failed to produce allosteric

ribozymes that responded to the isomerization of Az. instead of those that

respond simply to Mg2
+. Thus, the protocol has its own priority for ligand binding

to the allosteric domain. In order to make it work and be more efficient, some

modifications may be considered. For example, the negative selection incubation

time can be increased, and positive selection incubation time shortened to

disfavour the emergence of effector-independent ribozymes. Also,

chromatography can be used to separate active folding from inactive folding

molecules (Koizumi et al. 1999). In addition, ligands are also important variables.

How to make small organic effectors to compete with Mg2
+ for priority to bind to

the allosteric domain? Like our case, on one hand, the concentration of Mg2
+ can

be decreased by using the "natural" hammerhead ribozyme, which requires the

presence of additional nonconserved sequence elements outside of the

conserved catalytic core and functions well at low concentration Mg2
+ (Khvorova

et al. 2003). On the other hand, ligands can be modified with functional groups

that carry hydrogen bond donors and acceptors, positive or negative charges and

so on. In general, ligands should possess the properties that enable them to
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interact with nucleic acids very well, with the ability to form hydrogen bonds,

electrostatic interactions, stacking and van der Waals forces.

70



CHAPTER 4: IN VITRO SELECTION OF PHOTO
APTAMERS

4.1 Introduction

Since "aptamers", single-stranded RNA or DNA molecules that bind tightly

to different ligands, were isolated by three separate groups using in vitro

selection (SELEX) approaches (Ellington and Szostak 1990; Robertson and

Joyce 1990; Tuerk and Gold 1990), an abundant literature has reinforced the

initial insight that single-stranded nucleic acids are a source of a vast number of

three-dimensional shapes. Numerous aptamers and variations of the SELEX

protocol have been published (see chapter 1), and successfully applied to many

research areas (Bunka and Stockley 2006). One of the applications is to

manipulate gene expression. RNA aptamer inhibitors of proteins have been

expressed inside eukaryotic cell and shown to elicit an inhibitory effect on their

target proteins in the cell environment (Toulme et al. 2004). In addition, small

molecule aminoglycoside antibiotics kanamycin A and tobramycin binding

aptamers were inserted into the 5' untranslated regions of messenger RNA and

allowed the translation of the mRNA to be repressible by binding the ligands in

vitro as well as in mammalian cells (Werstuck and Green 1998). However, one

obvious drawback of the RNA aptamers mentioned above was that the

association and dissociation of aptamers to their ligands was not regulatable or

reversible. Though, this ability is very useful in tight temporal regulation of protein

activity such as during the cell cycle or the early development (Ambros 2000;
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McCollum and Gould 2001), having an expressed but inhibited gene product

(protein bound by aptamer), then activating it (the aptamer dissociating from the

protein) at a desired point in time would be more valuable for dissecting protein

functions in vivo. Therefore, a regulatable aptamer for formamidopyrirnidine

glycosylase (Fpg), a DNA repair enzyme, had been selected using in vitro

selection (Vuyisich and Seal 2002). Neomycin was employed in each selection

round to dissociate Fpg-bound RNAs. The aptamer bound and inhibited the

activity of Fpg but dissociated from it when challenged with neomycin, thereby

restoring its activity. Another example for regulating an aptamer was by addition

of complementary RNA molecule to interrupt the association of the blood

coagulation factor IXa with its aptamer (Rusconi et al. 2002), which provided an

alternative method for controlling coagulation in patients who were intolerant of

heparin.

Recently, an alternative approach of aptamer regulation by light was

reported using 'caged' photolabile thymidine [2-(2-nitrophenyl)-propyl group

(NPP) attached to 6-oxygen of pyrimidine] in the well-characterized anti-thrombin

aptamer (Heckel and Mayer 2005; Mayer et al. 2005). These modified nucleic

acid residues were placed at functionally important positions in the aptamer,

completely inhibiting its binding. After the NPP protecting groups were removed

by irradiation with UV light, the aptamer fully restored activity and demonstrated

one route for precise spatial and temporal regulation of the aptamer activity.

However, all the regulations were not reusable and needed an addition of extra

molecules.
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To overcome the disadvantages, making the association and dissociation

of an aptamer-ligand complex at will, two organic photoswitch compounds 4-

(phenylazo) benzoic acid (PABA) and 1,2-bis(3-thienyl)cyclopentene dioic acid

(TCPDA) were used in the research (Figure 4-1).

/0
0
II

~ j, -c 300 nm<A<400 nm
N- ~ H \ -

( /- OH - 400 nm4

trans-4-(phenylazo) benzoic acid cis-4-(phenylazo) benzoic acid

o

"C-OH

close-form purple

300 nm<A<350 nm
o
IIY 450 nm<A<600 nm
OH

open-form colorless

o
II

HO-C

1,2-bis(3-thienyl)cyclopentene dioic acid

Figure 4-1 Structures of two photoswitch compounds under different wavelengths of
light.

PABA, like Azobenzene (chapter 2), usually takes trans-form (planar, non-

polar) under visible light (>400 nm) and can reversibly isomerise into its cis-form

(non-planar, polar) when irradiated with near UV light (300nm<A<400nm).

TCPDA usually takes an open form and is colourless under visible light. It can

reversibly change into the closed form and become purple when irradiated with a

312 nm UV light.
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By making use of the advantage of structure conversion of such

photoswitch compounds, our goal was to try to create real photo-regulated

aptamers that exclusively bind to one structure of a photoswitc~1 but detached

when the structure was converted to the other by different wavelengths of light.

Thus, the association and dissociation of an aptamer-ligand complex could be

controlled reversibly by different wavelengths of light.

The efforts in this study had been given to generate three categories of

photo-aptamers using in vitro selection protocol. One bound to trans-BAPA but

not cis-BAPA, another bound open-form TCPDA (O-TCPDA) but not close-form

TCPDA (C-TCPDA), and the other bound to C-TCPDA but not O-TCPDA.

Each of the three aptamers was subjected to independent selections with

different constraint conditions twice. Analysis of sequencing for the first and

second selections suggested that the diversity of the population for each pool

decreased. Promising sequences had been tested individually for their affinity

and specificity to their ligands using different probing methods. Unfortunately, the

identifying results showed that none of them could recognize the differences

between two photoswitch different forms, trans vs. cis or open vs. close,

illustrated by their poor binding abilities.
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4.2 Materials and Methods

4.2.1 RNA pool Preparation

DNA templates for the RNA pool and oligonucleotides used for RT-PCR

were ordered from University Core DNA Synthesis Lab (UCDNA) at the

University of Calgary. All DNAs were size-purified by denaturing polyacrylamide

gel (8 M urea) electrophoresis (PAGE) followed by crush/soak elution from the

gel. The DNA template 5' -ATAGTGCCAAGCTTACCG(N4D)AGCACTTAGTCTCT

GAGTCC (400 pmol) was made double-stranded by extension in the presence of

forward primer Ap1 (TAATACGACTCACTATAGGACTCAGAGACTAGATGCT,

600 pmol), which introduces the promoter for T7 RNA polymerase (T7 RNAP).

The DNA extension reaction (100 I-JI) was carried out using SuperScript II reverse

transcriptase (RT, Gibco BRL) according to the manufacturer's directions.

The resulting double-stranded DNAs were recovered by precipitation with

2.5x volume 100% ethanol and resuspended in a 500 I-JI transcription mixture

containing 50 mM Tris-HCI (pH 7.5 at 23 DC), 20 mM MgCb, 5 mM dithiothreitol,

2 mM spermidine, 1 mM each of the four NTPs, 200 I-JCi a_32 p UTP, and 60,000

U T7 RNAP. The transcription mixture was incubated at 37 DC for 1 hour, isolated

by denaturing 10% PAGE, followed by crush/soak elution from the gel. The full

length RNAs (internally 32P-labeled) resuspended in 1Ox dilution TE buffer.

In vitro selection recovered single-stranded RNAs were reverse

transcribed and amplified by PCR, which contained 200 I-JM of each dNTPs, 10

mM Tris-HCI, pH 8.4, 50 mM KCI, 2.5 mM MgCb,and 2.5 units of Taq

polymerase per 100 I-JI reaction. Primer concentrations were 11-JM. Forward
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primer was Ap1. Reverse primer was Ap2 (5' -ATAGTGCCAAGCTTACCG).

Thermal cycling was 94°C for 45 s, 54°C for 45 s, 72°C for 1 min.

4.2.2 Immobilizing BAPA and TCPDA on Oxirane Acrylic Beads

BAPA coupling: 300 mg white oxirane acrylic beads were added to a 13

ml mixture of 20 mM BAPA, 200 mM Na2C03-NaHC03 pH 10,40% DMSO. The

reaction was incubated for 48 hours at 45°C. The beads changed to a yellow

color, and were filtrated and washed with 10 ml of the same reaction buffer

without the compound. Then 13 ml 4% l3-mecaptoethanol was added and the

reaction was incubated for 48 hours at 45°C to inactivate unreacted epoxy

groups. The inactivated beads were washed with binding buffer (20 mM Tris-HCI

pH 7.5 at 23°C, 200 mM NaCI, 100 mM KCI, 10 mM MgCI2, 0.5% triton x-100,

5% DMSO). The amount of immobilized BAPA was determined by Varian Cary

300 Bio UV-visible spectrophotometer with a coupling efficiency of about 25%.

TCPDA coupling: 350 mg white oxirane acrylic beads were added to 4.8

ml mixture of 56 mM TCPDA, 100 mM Na2C03-NaHC03 pH 10, 50% DMSO. The

reaction was incubated for 48 hours at 45°C. The following treatments were the

same as BAPA coupling reaction described above. The coupling efficiency was

about 28%.

4.2.3 Photo-aptamer Selections

For each selection round, the RNA pool was first heated at 70°C for 10

minutes, then cooled down to 23°C and mixed with 5x binding buffer (100 mM

Tris-HCI pH 7.5 at 23°C, 1 M NaCI, 500 mM KCI, 50 mM MgCI2, 2.5% triton x-
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100, and 25% DMSO) and maintained 10 minutes at 23 DC. The sample was

ready for selection. Progress of the elution at each round of selection was

calculated by dividing the number of counts eluted by the number of counts

originally loaded.

The selection of aptamers against trans-BAPA: (1) Negative selection;

the prepared RNA pool was mixed with an equal volume of negative oxirane

beads (oxirane beads only treated with 4% J3-mecaptoethanol, and pre

equilibrated with binding buffer), and incubated at 23 DC for 1 hour. The slurry

was transferred to a column and washed with binding buffer to get rid of those

RNAs that bound to the column matrix. (2) Positive selection; the unbound RNAs

were incubated with positive trans-BAPA beads (pre-equilibrated with binding

buffer and irradiated with visible light for 30 minutes) at 23 DC for 2 hours. The

yellow slurry was loaded on a column and washed with 6-bed volume of binding

buffer to remove the RNAs that did not bind to trans-BAPA. The RNAs that were

still selectively retained by the trans-BAPA beads were eluted by 6-bed volume of

elution buffer (5 mM Tris-HCI pH 7.6, and 1 mM EDTA), These fractions were

pooled, and precipitated with ethanol. The recovered RNAs were amplified by

reverse transcription followed by the polymerase chain reaction (RT-PCR). For

selection rounds 0-3, both negative and positive selections were performed while

subsequent rounds had only positive selections. Prepared RNA pool was mixed

directly with an equal volume of trans-BAPA beads. The selection conditions

gradually became more stringent, RNAs binding-time decreased from 2 hours to

20 minutes. To select aptamers that were responsive to isomerization of BAPA,
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at round 8, the column was no longer eluted with elution buffer after unbound

RNAs were washed away from trans-BAPA column. The beads with binding

buffer were transferred to a glass vial and irradiated with 365 nm light for 30

minutes to isomerize the trans-BAPA to cis-BAPA, the RNAs that did not bind to

trans-BAPA were eluted with binding buffer. The RNAs were recovered and the

same steps were repeated for other rounds. The proper round RNA pool was

cloned and sequenced.

The selection of aptamers against O-TCPDA: The method was very

similar to the selection of aptamers binding to trans-BAPA just described above,

except for using new RNA pool and O-TCPDA modified beads. For selection

rounds 0-3, the RNA pool encountered both negative and positive selections. At

round 8, the RNAs that did not bind to O-TCPDA column were washed away and

the remaining beads with binding buffer were transferred to a glass vial and

irradiated with 365 nm light for 10 minutes, which changed the O-TCPDA to C

TCPDA (the white beads became purple). The purple beads were then eluted

with binding buffer to collect the RNAs that did not bind to the C-TCPDA.

The selection of aptamers against C-TCPDA: Likewise, the selection

was carried out using new a RNA pool and C-TCPDA beads (the TCPDA

modified beads was pre-equilibrium with binding buffer and irradiated with 365

nm light for 10 minutes). For rounds 0-3, there were both negative and positive

selections. After washing away the unbound RNAs at round 8 from the C

TCPDA-column, the beads were transferred to a glass vial and irradiated with

visible light for 60 minutes, which changed the C-TCPDA to O-TCPDA (the
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purple beads became white). Then white beads were eluted with binding buffer to

collect the RNAs that responded to the conversion of TCPDA from closed to

open form.

The secondary photo-aptamer selection: Because it was hard to obtain

aptamers that specially responded to the different photoswitch structures from

the first time selections, we made two small strategic changes in the secondary

selection as follows: (1) the negative selections were stressed and carried out

from round zero until the last round. The matrices were also a mixture of equal

volume of negative beads (only treated with 4% ~-mecaptoethanol) and the

opposite form of molecule beads. For example, for tl1e selection of trans-BAPA

aptamers, the negative selection matrixes were half-negative beads and half cis

BAPA beads, and for the selection of O-TCPDA aptamers, the negative

selection matrices were equal volume of negative beads and C-TCPDA beads

and vice versa. (2) During positive selections, after the unbound RNAs were

washed away from the positive beads (trans-BAPA, O-TCPDA and C-TCPDA

beads), the RNAs left selectively on the positive beads were eluted with elution

buffer. The RNA bound positive beads were not irradiated with different

wavelengtl1s of light to convert structure of the photoswitch.

4.2.4 Cloning and Sequencing

The population of proper round selection for each selection was cloned,

using standard protocols. The amplified DNAs were gel purified in an 8% native

gel and ligated into the pCR2.1 plasmid using a TA cloning kit (Invitrogen). The

recombination plasmids were transformed into INVaf' competent E.co!i cells. The
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positive clones were picked for analysis and sequenced using Thermo

sequenase dideoxy kit (USB Amersham). The DNA sequences were aligned

using clustal W (http://www.ebi.ac.uk/clustalw) program to find consensus

domains witbin these photo-aptamer candidates.

4.2.5 Binding Analysis

4.2.5.1 UV-visible Spectroscopy

Measurements of UV-visible spectra of RNA-photoswitch complexes were

carried out in a Varian Cary 300 Bio UV-visible spectrophotometer. Different

concentration RNA samples (0, 1, 3, 5, 7, 9, 111JM) were heated at 70 DC for 10

minutes and allowed to cool down to 23 DC. The RNA samples were mixed with

5x binding buffer and left on bench for 10 minutes, and then a photoswitch

compound was added. These samples were scanned from 240 to 700 nm. The

concentrations of trans-BAPA and C-TCPDA used for UV-visible spectrometry

were 10 IJM and 7 IJM respectively.

4.2.5.2 In Line Probe

The principle of in line probe (Soukup and Breaker 1999) relies on the

structure-dependent spontaneous cleavage of RNA. The self-cleavage of RNA

takes place when 2'-oxygen nucleophilic attacks the 3'-phosphrous. It is

necessary that positioning of 2'-oxygen, phosphorus, and 5'-oxygen atoms of a

given RNA linkage precisely "in-line" for a productive nucleophilic attack to occur.

RNA linkages within stable base-pairing structures rarely adopt an in-line

orientation so that they rarely undergo spontaneous cleavage, while those
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nucleotides located in relatively unstructured regions experience much greater

levels of spontaneous cleavage. So the probing of a RNA receptor in the

presence and absence of its ligand can provide information for RNA secondary

structural model and even to determine the dissociation constant (kd) of ligand

RNA complexes (Soukup et al. 2001).

The in-line probe reaction was set up as following: a selected DNA

sequence was amplified by primer extension to obtain a double strand DNA,

which was in vitro transcribed into RNA. The purified RNA was dephosphorylated

with calf intestine phosphatase (CIP) (Invitrogne) and then 5'-labeled with 32p_y_

ATP and T4 kinase. The labeled RNA was incubated with probing buffer (20 mM

Tris-HCI, pH 8.0, 200 mM NaCI, 0.05% Triton X-100, 2% DMSO and 10 mM

MgCI2), and different concentrations of photoswitch compound (0, 0.05 , 0.3, 10,

100 and 300 IJM) at 23 DC for 44 hours. Trans-BAPA and O-TCPDA samples

were kept under visible light during the incubation. C-TCPDA sample was

irradiated with 365 nm UV for 44 hours. Different reactions were set up to provide

a concentration gradient of photoswitch molecules. The results were resolved

using 15% PAGE with G-specific cleavage ladders (incubating RNA in 10 IJI

containing 25 mM sodium citrate (pH 5.0 at 23 DC), 7 M urea, 1mM EDTA, RNase

T1 (Boehring Mannheim) for 15 min at 55 DC) and partial alkali digested ladders

(incubating RNA with 200 mM Na2C03-NaHC03 pH 9.0 at 23 DC, 90 DC for 10

min), analyzed in a Typhoon 9410 Variable Mode Imager (Molecular Dynamics),

using IIVIAGEQUANT software (Molecular Dynamics).
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4.3 Results and Discussion

4.3.1 In vitro Selection of Photo-aptamers

Figure 4-2 schematically describes the process of in vitro selection of

photo-aptamers. Round 0-3, the RNA pools were subjected to both negative and

positive selections. Round 4-7, only positive selections were given. Figure 4-28

shows that from round 8, after washing away unbound RNAs, the RNA-bound

beads were transferred to a glass vial and irradiated with light to change the

structure of the photoswitch. Then the RNA molecules that could not bind to the

structure-changed beads were eluted with binding buffer. Multiple cycles of

selections were carried out to isolate photo-aptamers that were possessed a high

affinity and specificity only to one of two structures of the photoswitches.
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Figure 4-2 An outline of in vitro selection of the photo-aptamer.

The fraction of bound RNA in each round (% bound RNA per round) was
calculated by dividing the number of counts eluted by the number of counts
originally loaded.

4.3.1.1 Selection of Photo-aptamer against trans-BAPA

RNA aptamers specific to trans-BAPA were selected from a pool of RNA

molecules with a 40-nt random region and 5', 3' constant regions for reverse

transcription and peR. The complexity of the initial pool was approximately 2.4 x

1014 independent sequences. RNAs in high salt buffer were subjected to negative

selections (round 0-3) to remove the molecules that bound to beads. Then

positive selections were exerted to obtain the molecules that bound to trans-

BAPA (round 0-7). Prior to elution of the bound RNAs, the column was

extensively washed with binding buffer. A significant increase (42%) in elution

was observed at generation 6 of the selection. The results shown in Figure 4-3

imply that some RNAs bound to trans-Az isomer were enriched. From round 8
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the unbound RNAs were washed away and the beads were transferred to a glass

vial and irradiated with UV light for 30 minutes to isomerise trans-BAPA to cis-

BAPA. Then the beads were eluted with binding buffer to collect the RNA

molecules that could not bind to cis-BAPA. The percent elution yield dramatically

dropped to around 7.1 % and maintained in successive rounds. The decreasing

elution yield at structure conversion point was reasonable since only a fraction of

RNAs were able to respond to the isomerization. However, it was not clear why

the elution yield did not increase in later round selections.
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Figure 4-3 Results of in vitro selection of the photo-aptamers against trans-BAPA.

The fraction of bound RNA in each round (% bound RNA per round) was
calculated by dividing the number of counts eluted by the number of counts
originally loaded.

4.3.1.2 Selection of Photo-aptamer against O-TCPDA

Likewise, photo-aptamers against the O-TCPDA compound were selected

from a new RNA pool. The results are summarized in Figure 4-4. During rounds
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0-3, both the negative and positive selections were exerted. At round 7, the

elution yield increased to 37%. At round 8, after the unbound RNAs were washed

away with binding buffer, the beads were transferred to a glass vial for irradiation

with 365 rim UV light for 10 minutes, which changed the O-TCPDA to C-TCPDA

(white beads became purple). The RNAs that could not bind to O-TCPDA were

eluted with binding buffer. The elution yield decreased to around 6.2% with no

obvious change for the subsequent rounds.
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Figure 4-4 Results of in vitro selection of photo-aptamer against O-TCPDA.

4.3.1.3 Selection of Photo-aptamer against C-TCPDA

Starting with a new RNA pool and C-TCPDA beads. The selection

processes were the same as the photo-aptamer against O-TCPDA just described

above, except the irradiation time with visible light to change the C-TCPDA to 0-
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TCPDA was 60 minutes since round 8 (it takes longer for C-TCPDA to 0-

TCPDA). The results were shown in Figure 4-5. The yield of RNAs bound to C-

TCPDA increased to 35% at round 7. However, the elution yield dropped around

8.1 % since the structure change was applied at round 8 and then slightly

increased to 9.5% at round 12. The reason may have been a longer irradiation

time (60 min).
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Fjgure 4-5 Results of in vitro selection of photo-aptamer against C-TCPDA.

4.3.1.4 Results of in Line Probe

Due to the high elution yields of G7 for each selection, there may have

been some RNA molecules among each population that could bind to trans-

BAPA, O-TCPDA and C-TCPDA respectively. Thus, the G7 population for all
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selections and the G12 population for the C-TCPDA were cloned and

sequenced. The sequences are summarized in appendices.

By comparison of alignments of the sequences in the different pools, total

ten sequences (the decision was made by the sequence repeat times and

possibly existing domains; G7AS, G7A35 from the selection against trans-BAPA;

G7010, G7024 from the selection against O-TCPDA; G7CS/G7C2S and

G12C11, G12C23, G12C31, and G12C36 from the selection against C-TCPDA)

were subjected to the in line probe analysis, resolved in 15 % denaturing PAGE.

The results overall were disappointing: no differences in cleavage patterns

were observed when in the presence or absence of different concentrations of

each target compound for all the ten sequences mentioned above (data not

shown). These results were beyond what we expected. In addition, different

methods were used to analyze in detail.

4.3.1.5 Column-binding Analysis

During this selection process, we just focused on percent elution of bound

RNA, and did not pay attention on percent flow through or percent RNA left on

the column for the selection rounds.

Table 4-1 shows the results of RNAs flow through, elution and amount left

on the column for eight rounds against trans-BAPA. As the elution yield

increased from 0.23 of round 0 to 37% of round 7 (160-fold), the RNAs left on the

column increased from 2.S to 46.0% (17-fold). The growth of RNAs bound to

trans-BAPA column was bigger than that of RNAs bound to column matrix. It
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implied that the RNA molecules that bound to trans-SAPA were enriched.

However, the absolute value of the elution RNA was still smaller than that of

RNAs left on the column (especially considering the isomerization of trans-cis of

SAPA at round 8). This suggested that only a small fraction of RNA population

bound to trans-SAPA.

Table 4-1 The results of the flow through, elution and left on the column for eight round
selections against trans-BAPA.

Selection round Flow through% Elute % Left on column%

GO 97 0.23 2.8

G1 93 0.41 6.6

G2 98 0.54 1.46

G3 38 0.91 61

G4 70 3 27

G5 50 13.4 36.6
I

G6 25 42 33

G7 17 37 46

G8* 45 6.6 48.4

*: represents trans-SAPA conversion to cis-SAPA during the selection.

Table 4-2 shows the results of RNAs flow through, elution, and the amount

left on the column for eight rounds against O-TCPDA. The elution yield increased

230-fold (from 0.16% of round 0 to 37% of round 7), and the RNAs left on the

column increased 4-fold (from 10.8 of GO to 44% of G7). The amount of RNAs

bound to O-TCPDA was greater than that of RNAs bound to column matrix. It

implied that the RNA molecules that bound to O-TCPDA were enriched.
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However, the absolute value of the elution RNA was still smaller than that of

RNAs left on the column (especially in case of the round 8 the photoswitch

structure change). This suggested that only a small fraction of RNA population

bound to O-TCPDA.

Table 4-2 The results of the flow through, elution and left on the column for eight round
selections against O-TCPDA.

Selection round Flow through% Elute % Left on column%

GO 89 0.16 10.8

G1 82 0.4 17.6

G2 94 0.31 5.7

G3 57 1.56 41.4

G4 70 5.12 24.9

G5 42 19.4 38.6

G6 23 34 43

G7 19 37 44

G8* 28 5.8 66.2

*: represents O-TCPDA change to C-TCPDA during the selection.

Table 4-3 shows the similar results for the C-TCPDA aptamer selection.

The RNA molecules that bound to C-TCPDA and those left on the column

increased around 160-fold, and 4-fold respectively. The same conclusion could

be drawn that only a small fraction of RNAs bound to C-TCPDA.
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Table 4-3 The results of the flow through, elution and left on the column for eight round
selections against C-TCPDA.

Selection round Flow through% Elute % Left on column%

GO 97 0.23 2.8

G1 93 0.41 6.6

G2 98 0.54 1.46

G3 38 0.91 61

G4 70 3 27

G5 50 13.4 36.6

G6 25 42 33
I

G7 17 37 46

G8* 45 6.6 48.4

*: represents C-TCPDA change to O-TCPDA during the selection.

4.3.1.6 Analysis of Column Binding for Individual Sequences

The data analysis just described above suggested that there may be a

small fraction of population for each selection that may bind to its targets. In

order to obtain more data about the binding between the photoswitches and RNA

molecules, individual sequences from the three selections were subjected to

column binding analysis and compared with G7 population of each selection.

Table 4-4 shows results of the flow througll and elution of two sequences

from the selection against trans-BAPA binding to trans-BAPA and cis-BAPA

columns respectively. In addition, the population from G7 pool binding to trans-

BAPA column is shown. The flow through data suggested that G7A8 (lower flow

through) was better than G7A35 for binding to the trans-BAPA column.

G7A8/G7A35 bound to the cis-BAPA column tighter than to the trans-BAPA

column (lower flow through and elution values). However, this was not what we
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wanted. G7A8 was more adequate than G7 pool in binding and G7A35 was not

in comparison to G7 pool.

Table 4-4 The results of the flow through, elution of G7A7/G7A35 and population of G7
against trans-BAPA selection on trans- and cis-BAPA columns.

Flow through % Elute% (Elution buffer)

I Sequence trans-BAPA cis-BAPA trans-BAPA cis-BAPA
column column column column

G7A8 21 16 48 29

G7A35 55 45 20 13

G7 pool 17 37

Table 4-5 shows the similar results for the two sequences G701 0 and

G7024 from the selection against O-TCPDA binding to the O-TCPDA and C-

TCPDA columns respectively. Also the population from G7 pool binding to the 0-

TCPDA column is shown. The data demonstrated that G7010 bound to the C-

TCPDA column (36% flow through) with higher binding ability than the O-TCPDA

column (46% flow through) which was opposite to what we wanted. G7024

bound to both the columns with similar abilities. Both of the sequences were

worse binders than the G7 pool (19% flow through). It implied that the best

sequences had not been found from the population.
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Table 4-5 The results of the flow through, elution of G7010/G7024 and population of G7
against O-TCPDA on open- and close-TCPDA columns.

Flow through % Elute % (Elution buffer)

Sequence O-TCPDA C-TCPDA O-TCPDA C-TCPDA

column column column column

G7010 46 36 27 29

G7024 48 45 27 26

G7 pool 19 37

Table 4-6 shows the third set of data for G7C8 and G7C28 sequences

from selection against C-TCPDA binding to the O-TCPDA and C-TCPDA

columns respectively as well as the population from G7 pool binding to the C-

TCPDA column. The data showed both of the two sequences bound to the open

and close-TCPDA columns almost equally (the flow through of each was very

close). They could not tell the difference between the open and close-TCPDA.

The flow through of G7C8 and G7C28 on the open and close-form columns was

greater than that of G7 pool. It suggested that both bound to the TCPDA worse

than the G7 pool. The elution fluctuated a lot. It was hard to give a definite

conclusion. Maybe the same sequence could adopt different secondary

structures to bind to different forms of the TCPDA.
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Table 4-6 The results of flow through, elution of G7C8/G7C28 and population of G7
against C-TCPDA on open- and close-form TCPDA columns.

Flow through % Elute % (Elution buffer)

Sequence O-TCPDA C-TCPDA O-TCPDA C-TCPDA

column column column column

G7C8 38 32 42 28

G7C28 34 35 28 31

II
G7 pool 17 37

4.3.1.7 Analysis of Responding to Photoswitch Structure Changes

Besides the analysis that tested these sequences binding to one form of

the photoswitches, another test we tried was whether the association and

dissociation of these sequences to photoswitches could respond to structure

conversion of the photoswitches. G7010 and G7C8 were chosen to test. Table

4-7 shows that G7010 was loaded on two O-TCPDA columns. One was always

kept open-form during the process of washing and eluting as a control while the

other was converted from the open to close-form TCPDA with 365 nm light after

washing away unbound RNAs. Comparison was made to the G8 population from

the selection against O-TCPDA. On average, 39% flow through was seen for

G7010 compared to 28% for G8 pool. Therefore, G7010 did not bind to the 0-

TCPDA column very well. 6% elution 'from the O-TCPDA column was very close

to 5% of the C-TCPDA column and 5.8% of G8. Therefore, G7010 did 110t

respond to structure conversion of the photoswitch.
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Table 4-7 The results of the flow through, elution and left on the column of G7010 on
open- and close-form TCPDA columns.

O-TCPDA column O-TCPDA G8 pool
switch to C-TCPDA column only (against O-TCPDA)

Flow through % 47 (open-form) 31 (open-form) 28 (open-form)

Elute % 5 (close-form) 6 (open-form) 5.8 (close-form)

Left on column % 47 63 66.2

Table 4-8 shows the results of using G7C8 sequence on two C-TCPDA

columns (one as a control, the other changing structure in the middle of the

process with visible light) with comparison to those of G8 population from the

selection against C-TCPDA. 34% average flow through of G7C8 was seen for

G7C8 and 45% for G8 pool, meaning that G7C8 was better for binding than G7

pool to the close form column. Almost the same elution percent for the open-,

close-TCPDA columns and G8 indicated that the sequence could not respond to

the structure conversion of the photoswitch. The signal could be background

noise.

Table 4-8 The results of RNAs flow through, elution and left on the column of G7C8 on
open- and close-form TCPDA columns.

C-TCPDA column C-TCPDA G7 pool

switch O-TCPDA column only (against C-TCPDA)

Flow through % 30 (close-form) 38 (close-form) 45 (close-form)

Elute % 8 (open-form) 8 (close-form) 6.6 (open-form)

Left on column% 62 54 48.4
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4.3.1.8 Analysis of Binding to Different Columns

All sequences that had been tested on different modified columns were

from G7 population of each selection where no structure conversion of the

photoswitches had been applied during the selection process. What behavior

were the sequences after G8 (the structure conversion applied to during the

selection process) performing? Thus, G12C36 from G12 population selected

against C-TCPDA was tested on negative, open- and close-TCPDA columns and

was compared to G7C28 from G7 against the C-TCPDA selection.

Table 4-9 shows results of G12C36 binding to negative (no ligand

attached to beads and only treated with ~-mecaptoethanol), open-, and close-

TCPDA columns and compared to G12 pool. The data suggested that G12C36

could form different structures. Some bound to the negative column tightly (0.9%

elution), some bound to the open form column (19% elution); the others bound to

the close form column well (53% left on column). The activities for binding were

close>open> negative column. G12C36 could be an aptamer candidate.

Table 4-9 The results of the flow through, elution and left on the column of G12C36 on
negative, open- and close-form TCPDA columns.

Negative O-TCPDA C-TCPDA G12 pool
column column column (against C-TCPDA)

Flow through % 66 43 33 29

Elute % 0.9 19 14 7

Left on column% 33 38 53 64
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Table 4-10 shows the results of G7C28 and G7 population binding to

negative, open-, and close-form TCPDA columns. The data suggested that

G7C28 sequence could form different structures. Some bound to negative

column well (elute 0.5%, 66% left on column), the others bound to both open-

form and close-form columns the same (almost the same flow through (14%),

elute (22%) and left on column (63%)). G7C28 could not differentiate between

open and close TCPDA.

Table 4-10 The results of the flow through, elution and left on the column of G12C11 on
negative, open- and close-form TCPDA columns.

Negative O-TCPDA C-TCPDA G12 pool
column column column (against C-TCPDA)

Flow through % 34 13 16 23

Elute % 0.5 22 22 35

Left on 65.5 65 62 42
column%

In summary, analysis from the three selections and the individual

sequences binding to the different columns indicated that (1) Some functional

sequences that bound to modified columns were enriched (Table 4-1, 2, 3) in

later round selections because the elution percent increased (160-fold for trans-

BAPA, 230-fold for O-TCPDA and 160-fold for C-TCPDA). However, the absolute

values were still small, if compared to the RNAs left on the columns (for instance,

6.6% elution vs. 48.4% left on the column of C-TCPDA selection). (2) none of

sequences displayed the abilities that could bind to only one isomer of the

photoswitches and respond to structure conversion well (similar or equal percent
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flow through and elution from Table 4-4, 5, 6, 7, 8). (3) These sequences may

adopt different structures to bind to beads and different isomers (Table 4-9, 10).

4.3.2 Secondary in vitro Selections

In order to pursue our goal and avoid the disadvantages of first time

selections, we carried out secondary selections. The improvements for

secondary selections were (1) the negative selections were performed

throughout all rounds, and the negative selection matrices consisted of equal

volume of negative beads and the beads that the photoswich compound that

were in the opposite structure forms (i.e. for the selection of trans-BAPA

aptamers, the negative selection matrixes were half-negative beads and half cis

BAPA). (2) During positive selections, after washing away the RNAs that did not

bind to positive beads (i.e. trans-BAPA, O-TCPDA and C-TCPDA beads), the

RNAs that still remained selectively on the positive beads were eluted with

elution buffer. The step that the beads were irradiated with different wavelengths

of light to convert structure of the photoswitch was omitted.

The results for secondary selections are shown in Figure 4-6. For the

trans-BAPA selection (yellow bar); at round 10, the percent elution reached

13.8% and was maintained for subsequent rounds. For both open- and c1ose

TCPDA selections (white and purple bar), both yields increased to 11.2 and

13.2% respectively at round 9. After freshly made-TCPDA beads were

implemented at round 10, the yield dropped dramatically to around 2.8 and 3%

respectively until to round 12. These results implied that trans-BAPA aptamers

might be enriched and the aptamers for open- and close-TCPDA might not. To
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confirm, G12 population of trans-BAPA was cloned, sequenced and aligned

(sequences see appendices).
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Figure 4-6 Results of secondary in vitro selection of photo-aptamers against trans-BAPA,
open- and close-form TCPDA.

Yellow bar: trans-BAPA; white bar: O-TCPDA; purple bar: C-TCPDA.

4.3.2.1 Binding Analysis with UV-visible Spectroscopy

By exerting more strict selection conditions, the diversity of sequences

converged to five groups (see appendices). Four representative sequences (Az1,

Az2, Az3 and Az4) had been chosen to test with UV-visible spectroscopy.

Different concentrations of RNA samples (0, 1, 3, 5, 7, 9, 11IJM) and a DNA

control were heated at 70 DC for 10 minutes and allowed to cool down to 23 DC.

The samples were mixed with 5x binding buffer and left on bench for 10 minutes

before adding 10 IJM trans-BAPA compound. These samples were scanned from

240 to 700 nm. The results were very disappointing. No absorption peak shift
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was observed for trans-BAPA (326 nm). Slight absorption peak increases were

observed for both RNA samples and the DNA control (data not shown).

Therefore, these results were not what we expected.

4.4 Summary

Although much more strict selection conditions were applied to secondary

selection, the results were still disappointing and beyond what we expected. By

analyzing each step and different factors involved the in vitro selection such as

the preparation of RNA pool; attachment of photoswitch compounds to oxirane

acrylic beads; temperature; buffer (concentrations of salts, detergent, solvent,

and pH); use of light; photoswitch compounds; bead matrix and analysis

methods. The most possible reason for the unsuccessful ones might be

attributed to photoswitch compounds themselves. By analyzing the TCPDA in

detail, we found (1) the only geometric change when changing from open- to

close-form was actually two methyl groups moving up and down, because the

two methyl groups are located in the middle of the molecule. The Sp2 hybrid of

the long carbon chain keeps the TCPDA's backbone carbon atoms lie in a plane

and decrease the chances for the two methyl groups interacting with the RNA

molecules. (2) TCPDA does not have enough hydrophilic or positive charge

groups and the solubility is poor (it only has two carboxylic groups, but two

hydroxyl groups had been consumed when attached to the beads). Thus, except

for stacking interactions with RNA, TCPDA does not have enough hydrogen

bond and electrostatic interactions with RNA molecules, which are essential for

being good ligands. Likewise, PABA does not have enough hydrophilic and
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positive charge groups (it has one carboxylic group, but the hydroxyl group was

used up when coupled to the matrix). Its two nitrogen atoms are in the center of

the molecule and rounded by two big benzene rings. Therefore, it is hard for the

two nitrogen atoms to have strong interactions with RNA molecules. To contrast,

the oxirane beads have many hydrogen bond-forming acceptors and donors,

peptide bond, keto, and amino groups (structure see appendices). The selected

sequences can bind to the beads well.

To date, although the "photo-aptamer" was not selected out, we still

believe that it is achievable to obtain the reversible photo-controlled acceptor by

making those photoswitch compounds good ligands through attachment of

hydrophilic, positive charge, and hydrogen donor and acceptor groups such as

phosphate, imidazole, amide groups, as well as sugar rings, and changing

selection conditions such as at lower temperature.

More recently, in a related study, Lee et al. used a dihydropyrene

photoswitch compound, 10-carboxy-2,7-di-t-butyl-trans-12c, 12d-dimethyl

12c,12d-dihydrobenzo[e]pyrene, as a ligand to select a photo-aptamer. They

then, combined the aptamer with a hammerhead ribozyme via a U.G bridge.

Light-responsiveness studies showed that the newly engineered photo-allosteric

ribozyme's catalysis was controllable by irradiation with visible light versus UV

light, exhibiting a greater than gOO-fold difference in catalytic rate (Lee et al.

2007). This provided a strong piece of evidence in support of our idea that the

catalytic activity of nucleic acid enzymes derivatized or complexed with

photoswitch compounds could indeed be controlled by selective irradiation.
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CHAPTER 5: A THREE-DIMENSIONAL MODEL OF THE
8-17 DEOXYRIBOZYME BASED ON
PHOTOCROSSLINKING DISTANCE
CONSTRAINTS

5.1 Introduction

The RNA-cleaving 8-17 deoxyribozyme has been a hot topic in the field of

catalytic nucleic acids, and its conservative catalytic motif had been isolated

independently by four groups (Faulhammer and Famulok 1997; Santoro and

Joyce 1997; Li et al. 2000; Cruz et al. 2004) under different in vitro selection

conditions. The 8-17 deoxyribozyme can cleave the phosphodiester bond

between an NG dinucleotide of its substrate, which is either an RNA strand or a

DNA strand incorporating a single ribonucleotide at the N position of the required

NG dinucleotide (Santoro and Joyce 1997). The original in vitro selection study

(Santoro and Joyce 1997) showed that 6 out of 15 conservative nucleotides were

strictly invariant while others could tolerate replacements with different bases.

However, the information collected from "phylogenetic" sequence comparison of

individual deoxyribozyme clones obtained from an in vitro selection itself was

limited to the structural and/or catalytic necessity of critical residues. The fine

details of the corporeal organization of the members of catalytic active site, the

tertiary interactions and globe folding of the deoxyribozyme-substrate complex

remains unknown. To date, minimal structural information exists about the spatial

relationship of the catalytically essential residues in the WCGR(A) bulge loop and
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in the AGC terminal loop to the cleavable phosphodiester bond of its substrate.

Efforts have been taken to understand the critical structural and functional

features of the 8-17 deoxyribozyme in order to make better use of it in vivo and in

vitro. The 8-17 deoxyribozyme has been subjected to intensive studies using a

variety of chemical and biochemical probes: systematic mutagenesis;

fluorescence resonance energy transfer (FRET); fresh in vitro selections;

modelling; as well as electrical charge flow patterns (Liu and Lu 2002; Brown et

al. 2003; Cruz et al. 2004; Peracchi et al. 2005; Kim et al. 2007; Leung and Sen

2007). Interestingly, by substituting defined nucleotides in substrate binding arm

and/or in the catalytic core stem with a photochromic compound, such as

azobenzene, its activity can be reversibly controlled by different light (Liu and

Sen 2004), and has potentially opened a new and useful methodology for

studying molecular biology. Figure 5-1 shows the sequences and secondary

structure as well as numbering of the 8-17 deoxyribozyme and its substrate used

in this study.

Figure 5-1 Sequences and secondary structure of the 8-17 deoxyribozyme and substrate.

The arrow indicates the cleavage site. Outlined letters represent invariant
nucleotides. The nucleotides are numbered by a system used for hammerhead
ribozyme (Hertel et a!. 1992) and proposed by Peracchi (Peracchi 2000).
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Efforts to obtain a deoxyribozyme that could cleave all 16 possible

ribodinucleotide combinations flanking the cleavable phosphodiester, Cruz and Li

(Cruz et al. 2004) carried out 16 parallel in vitro selections from a common DNA

library. It turned out that hundreds of sequence variants of the 8-17 DNA were

discovered, and the sequence analysis identified four absolute conserved

nucleotides: A6 and G7 in the AGC terminal loop, as well as C13 and G14 in the

WCGR(A) bulge loop. These findings confirmed results from previous studies

(Santoro and Joyce 1997). Furthermore, Cruz and Li proposed a model for the

active structure of 8-17 deoxyribozyme in which the catalytic site is consisted of

three elements: (1) the two substrate ribodinucleotides flanking the cleavage site,

(2) the conserved C13 and G14 residues in the WCGR bulge loop, and (3) a

metal ion (Cruz et al. 2004). They also suggested a facilitator for catalysis that

consisted all of the rest nucleotides of conservative core, including 3-bp core

stem, the AGC terminal loop, and the W/R residues in the WCGR bulge loop.

Particularly, the A6 and G7 residues also were thought to be a component of

either the catalytic active site itself or as a medium to unite the catalytic active

site and the facilitator together.

A systematic mutagenesis study by Peracchi and co-workers (Peracchi et

al. 2005) provided detailed information about how each of the six conserved

nucleotides contributed to activity of the 8-17 deoxyribozyme, and what functional

groups of bases played key roles in tertiary interactions and/or activity by

studying the kinetics of over 60 variants of the 8-17 deoxyribozyme. Mutations

were systematically made within the conserved catalytic core with either regular
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nucleotides or nucleotide analogues. The results were consistent with earlier in

vitro selection studies (Santoro and Joyce 1997). Mutations of the four conserved

nucleotides (A6 and G7 in the AGC terminal loop, C13 and G14 in the WCGR

bulge loop) severely decreased the activity of the 8-17 deoxyribozyme. By

removing or modifying individual functional groups of A6, G7 and C13, G14, they

concluded that A6, G7 were involved in a close-contact interaction and formed a

functionally important hydrogen bond network. The residue C13 might perform a

role as a general acid/base catalyst. By substituting G1 0 with a 7-deazaguanine

analogue, the possibility of the core stem interacting with other functional groups

or metal ions was also excluded (Peracchi et al. 2005). The central base pair had

something to do with keeping the stem in a specific geometry. It suggested that

the helical stability of the core stem was important for optimal activity.

To understand what roles metal ions play and how the 8-17

deoxyribozyme folds with the assistance of metal ions, studies from Lu and co

workers (Liu and Lu 2002; Brown et al. 2003; Kim et al. 2007) indicated that the

8-17 deoxyribozyme had highest activity in the presence of lead ion. The single

turnover rate constants followed the order of Pb2+ » Zn 2+ » Mn2+ ::::: Co2+ > Ni2+ >

Mg2+ ::::: Ca2+ > S~+ ::::: Ba2+, and metal-binding affinity was in the order of Pb2+>

Zn2+ > Mg2+. Unlike other metal ions capable of catalyzing the transesterification

reaction forming 2',3'-cyclic phosphates, Pb2+continues to hydrolyze the 2',3'

cyclic phosphates to form 3' phosphate products. The most surprising result from

metal-dependent global folding studies with Fluorescence Resonance Energy

Transfer (FRET) was that no global folding was observed in the presence of Pb2+
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(Kim et al. 2007). The investigators suggested that the 8-17 deoxyribozyme could

form a special pocket to accept Pb2
+, similar to previous studies (Peracchi 2000)

for Ca2
+. In the presence of Zn2

+ and Mg2
+, the 8-17 deoxyribozyme folded into a

compact structure where stem III (3'end of the cleavage site) comes close to the

unsymmetrical fork configuration formed by stem I and II without altering the

angle between stem II and I. Finally, they found a pseudo tripod-like shape. In

general, Zn2
+ and Mg2

+ metal ions at low concentrations promote the folding of

the enzyme-substrate complex (kd(Zn) =52.6 IJM and kd(Mg) =1.36 mM) first, and

then at high concentrations help the 8-17 deoxyribozyme cleave its substrate

(kd(zn) =1.15 mM and kd(Mg) =53 mM).

Recently a novel approach exploring DNA double helix electron transfer

(Giese 2002) was applied by Leung and Sen (Leung and Sen 2007) to explore

the 8-17 deoxyribozyme stem stacking interactions. The results showed that the

AQ stem and the catalytic core stem experienced poor coaxial stacking at low

metal ion concentration, to greater coaxiality and ending with poorly coaxial again

as increasing Mg2
+ concentrations, which essentially agrees with the result of Yi

Lu's (Liu and Lu 2002). In addition, they found that C13 was highly exposed to

solvent, but not G7 in the AGC terminal loop. C13 and G14 in the WCGR bUlge

loop were catalytically distinct residues.

The studies mentioned above provided great amount information on metal

ion usage, important functional groups and critical bases of the deoxyribozyme,

its global folding and stem stacking preferences, as well as the chemical

environment of individual nucleotides of the 8-17 deoxyribozyme-substrate
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complex. However, some important questions still are not answered. First, what

are the components of the active site of the 8-17 deoxyribozyme? Second, is it

possible to find direct data for the proposed participation of the WCGR bUlge loop

in active site? Third, could evidence be found for the involvement of the AGC

terminal loop in the active site (given three base pair duplex, about 14 A, partition

this loop from the cleavage site, is it reasonable for this loop to fold back to the

cleavage site?). Fourth, If the AGC terminal loop does take part in forming a

widespread hydrogen bonded network with other elements of the enzyme

substrate complex (Peracchi et al. 2005), what might the other collaborators be?

Fourth, based on the special role that Pb2+displays, very high affinity and highest

activity but no significant global conformation change for the 8-17 deoxyribozyme

(Kim et al. 2007), could the 8-17 deoxyribozyme fold in different way in the

presence of Pb2+?

5.1.1 Photocrosslinking

One method that could answer the questions above could be

photocrosslinking. It has been used intensively for many years in exploring active

site compositions, tertiary interactions and folding of functional nucleic acids, and

complex nucleoprotein assemblies (Woisard et al. 1992; Dos Santos et al. 1993;

Willis et al. 1993; Harris et al. 1997; Yu and Steitz 1997; Podar and Perlman

1999; Heckman et al. 2005; Lambert et al. 2006). Indeed, naturally occurring

DNNRNA bases can be photoactivated to form new covalent bonds with other

proximal bases under favourable distances and conditions (Behlen et al. 1992;

Butcher and Burke 1994; Nejedly et al. 2001; Pinard et al. 2001). They have two
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disadvantages when compared with their halo- or thio-substituted analogues: low

yields of crosslinked products and a necessity for irradiation with 260 nm light

which is absorbed by all the DNA and RNA bases and thus not specific for a

particular nucleotide and making them less practical. Halo- or thio-substituted

base analogues that are more reactive and absorb at longer wavelengths than

the natural bases and are therefore preferred for photoactivated crosslin king

(Verma and Eckstein 1998). The most widely used modified nucleotide

analogues are thio-substituted (Favre et al. 1998) and halogenated ones

(Meisenheimer and Koch 1997) such as 4-thiouracil, 4-thiothymine, 6

thioguanine, 8-bromoguanine and 5-iodocytocine. Thio-substituted bases absorb

in the 330-370 nm wavelength range, which decrease undesirable side reactions

to a minimum. Understanding of their photochemical mechanism mostly comes

from the studies on 4-thio-pyrimidines-containing mono, di- or polynucleotides

(Favre et al. 1998). Usually two common photoadducts are formed: the C4 atom

of thio-pyrimidine covalently attached to either the C5 or C6 atom of other

pyrimidines (shown in Figure 5-2).
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Figure 5-2 Photoadducts obtained by irradiation of a mixture of thiouracil and different
bases.

Likewise, the photoadducts produced by halogenated nucleotides have

been studied extensively with 5-bromo-2'deoxypyrimidine-containing di- or

oligodeoxynucleotides (Zeng and Wang 2004; Hong and Wang 2005; Zeng

2006). Typically, the maximum absorption peaks of halogenated nucleotides are

red shifted to around 290 nm; even though, individual halogenated nucleotides

within a larger nucleic acid can still be selectively excited with wavelengths

greater than 300 nm. Four categories of photoadducts are produced by

irradiation of these nucleotides. The C5 of 5-bromo-2'deoxypyrimidines can form

covalent bonds with either C8 or C2 of purines, and with the exocyclic N2

(guanine) or N6 (adenine) atoms of purines (shown in Figure 5-3).
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Figure 5-3 Proposed mechanism for photoadducts from bromo-substituted cytosine and
uracil with different bases.
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5.1.2 Identification of the Crosslinked Nucleotides

Those specifically "modified nucleotides" by halo- or thio-substituted

analogues within a photocrosslinked DNA sequence become alkali-labile. When

the sequence is 5,-32P-labeled and treated with hot piperidine, those "modified

bases" experience the deglycosylation, and l3-elimination as well as 0

elimination on their 3' and 5'-phosphates. The events lead to breaking the

backbone of the sequence (Burrows and Muller 1998), shown in Figure 5-4. They

can be run alongside similarly generated Maxam-Gilbert sequence ladders

(Maxam and Gilbert 1977) in a denaturing polyacrylamide gel to identify the

crosslin king positions. The fast migration bands correspond to the crosslinked

nucleotides, which can be mapped out from the sequences of the DNA

sequencing ladders. It is a little bit different from the identification of RNA

crosslinked nucleotides, in which there is clear-cut window upon the gel, because

partial hydrolysis of a crosslinked RNA species before the crosslinked nucleotide

can produce an even ladder, after the crosslinked nucleotide can give rise to a

branched, fully-length RNA because of the covalent attachment (Hiley et al.

2002). Although the photocrosslinking is a relatively simple "low tech" approach

at gaining distance constrains of a complexly folded nucleic acid, it has been a

successful means for establishing a hammerhead three-dimensional model that

is very similar to that obtained by crystallography with a few interesting

differences (Laugaa P. 1995).
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Figure 5-4 DNA alkali strand scission.

(A) A nucleobase modified by reagent "X" followed by strand scission under
alkaline conditions. (B) Mechanism of 13-elimination and l5-elimination after
formation of an abasic site.

In this chapter, thio- or bromo-, iodo-modified nucleotide analogues were

used to substitute the nucleotides both in the cleavage site of the substrate and

invariant positions of the 8-17deoxyribozyme, followed by photocrosslinking. The
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crosslinked species were identified and mapped. The studies of active site

components and tertiary interactions of the 8-17 deoxyribozyme were under

catalytic conditions. The results suggest that the active site consisted mainly of

the G1.1, G18 residues of the substrate, wobble pair T2.1, the residues A6, G7

and C8 within the terminal loop as well as C13, G14 and A15 in the bulge loop.

The AGC terminal loop folds back to a location close to the cleavage site of the

substrate. Meanwhile, the WCGR bulge loop also folds to close to proximity to

cleavage site, but opposite to the AGC loop. The tertiary interaction of the

enzyme-substrate complex in the presence of Mg2
+ and Pb2

+ is the same. Based

on the contact crosslinking data, a model for the active site of the 8-17 enzyme is

proposed.

5.2 Materials and Methods

5.2.1 DNA Oligonucleotides and Reagents

All DNA oligonucleotides (natural or modified with thio-, halogenated as

well as DNA/RNA chimera) were ordered from University Core DNA Synthesis

Lab (UCDNA) at the University of Calgary. Halogenated oligonucleotides were

deprotected by UCDNA. Thio-modified oligonucleotides were deprotected

following Glen research approach. First, deprotection of thio-groups. 1 ml 1 M

DBU (1.8-diazabicyclo[5,4,0]-undec-7-ene) in dry acetonitrile was added to

synthesizing beads, and incubated 5 hours at 23 DC. The supernatant then was

taken out and the beads were washed with 1 ml dried acetonitrile 3 times. To cut

off oligos from the beads, 1.5 ml 50 mM NaSH ammonia solution was added to

the beads, incubated 24 hours at 23 DC, the supernatant was taken and dried
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with speed vac. The dried sample was purified with 12% denaturing PAGE and

the full-length products were excised, extracted out with crush extract buffer,

precipitated with 2.5x volume 100% ethanol and stored in TE buffer at - 20 DC.

For the DNA-RNA thio-containing chimera, oligonucleotides first the thio-groups

were deprotected like previous description. The 2'-hydroxyl groups of ribo

sugars were then deprotected with triethylamine trihydrofluoride (TEA-3HF) at

room temperature for 24 hours and the sample was purified with 12% denaturing

polyacrylamide gel. The full-length products were excised and extracted out with

crush extract buffer, precipitated with 2.5x volume 100% ethanol and stored in

TE buffer at - 20 DC. The purified oligonucleotides were radiolabeled with T4

polynucleotide kinase (Invitrogen) and 32p_y_ATP (NEN) using standard

phosphorylation protocols. Other chemicals were from Sigma-Aldrich Company,

unless stated otherwise.

5.2.2 Chemical Probing

5.2.2.1 Dimethyl Sulphate

Dimethyl sulphate (OMS) methylates the N-7 of guanines (Maxam and

Gilbert 1980), and leads to piperidine sensitive modifications. 2 1-11 of a freshly

prepared 1.2% dimethyl sulfate (OMS) solution was added to 10 1-1 1of 5'_32p_

labeled DNA in 60 mM lithium cacodylate pH 8.0 solution, incubated 30 minutes

at 23 DC. The reaction was stopped by addition of 5 1-11 7% (v/v) ~

mercaptoethanol followed by precipitation by adding 10 IJI 3 M NaOAc (pH 5.3)

and 2.5x volume 100% EtOH and then washed 1x with 200 1-11 70% EtOH. The

recovered DNA was suspended in 10% (v/v) piperidine and heated for 30
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minutes at 90 DC, then dried under vacuum. The dried sample was resuspended

in 50 IJI ddH20, and then dried two more times. Finally, the DNA was then

dissolved in denaturing loading buffer (10 mM Tris pH7.5, 90% formarnide v/v

and 40 mM EDTA, plus loading dyes) and for analysis on 12% sequencing gels.

The gel was visualized on a Typhoon 9410 Variable Model Imager (Molecular

Dynamics).

5.2.2.2 Diethyl Pyrocarbonate

Diethyl pyrocarbonate (DEPC) is known to specifically react with single-

stranded adenines at N-7 positions (Kohwi-Shigematsu and Kohwi 1992). DEPC

can also react with N-6 of adenine but only the modification at N-7 results in the

DNA strand being sensitive to cleavage by hot piperidine (Figure 5-5). 5 IJI of a

freshly prepared 3% (vlv) DEPC was added to 10 IJI of 5,-32P-labeled DNA in

water and incubated 60 minutes at 37 DC. The reaction was terminated by

addition of 5 IJI 7% (v/v) l3-mercaptoethanol followed by precipitation by adding1 0

IJI of 3 M NaOAc (pH 5.3), and 2.5x volume 100% ethanol. The precipitated

sample was washed 1x with 200 IJI 70% ethanol, resuspended in 100 IJI 10%

(v/v) piperidine, heated at 90 DC for 30 minutes, and dried under vacuum. The

dried sample was then resuspended in 50 IJI ddH20, then dried two more times,

and dissolved in the denaturing loading buffer and was ready for loading on 12%

sequencing gels.
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Figure 5-5 Reaction of adenine with diethyl pyrocarbonate.

5.2.2.3 Hydroxylamine

Hydroxylamine reacts specifically with single-stranded cytosine (Rubin

and Schmid 1980), and the resultant is sensitive to strand cleavage by hot

piperidine ( shown in Figure 5-6). 20 ~I 4 M NH20H-HCI (pH 6.0) was added to

10 ~I of 5,-32P-labeled DNA in water and incubated 45 minutes at 23 DC, The

reaction was terminated by addition of 5 ~I 7% (vlv) ~-mercaptoethanol followed

by precipitation by adding 10 ~I of 3 M NaOAc (pH 5.3), and 2.5x volume of

100% EtOH. The precipitated sample was washed 1x with 200 ~I 70% EtOH,

resuspended in 100 ~I 10% (vlv) piperidine, heated at 90 DC for 30 minutes, and

dried under vacuum. The dried sample was resuspended in 50 ~I ddH20, dried

two more times, and dissolved in denaturing loading buffer and for analysis on

12% sequencing gels.

115



~~
HON

NH20H LNH.,
NAoN 0

~R ~R

tNH20H

HON

(:N NH 20H CNH
HOHN NAo ., HOHN NAo

I I
dR dR

Figure 5-6 Reactions of cytosine with hydroxylamine.

Two products are sensitive to strand cleavage by hot piperidine.

5.2.2.4 Potassium Permanganate

Potassium permanganate oxidizes single-stranded thymines forming a

thymine dial (Figure 5-7) (Nielsen 1990). The resulted product is also susceptible

to strand cleavage by piperidine treatment. 3 ~110 mM KMn04 was added to 12

~I of 5,-32P-labeled DNA in 50 rnM lithium cacodylate (pH 8.0) and was incubated

at 23 DC for 3 minutes. The reaction was terminated by addition of 4 ~I allyl

alcohol followed by 10 ~I of 3 M NaOAc (pH 5.3), and 2.5x volume of 100% EtOH

for precipitation. The sample was then washed 1x with 200 ~I 70% EtOH,

resuspended in 100 ~I 10% (vlv) piperidine, heated at 90 DC for 30 minutes, and

dried under vacuum. The dried sample was then resuspended in 50 ~I ddH20,

dried again, and finally dissolved in denaturing loading buffer, and analysed on

12% sequencing gels.
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Figure 5-7 Oxidation of thymine by KMn04.

The 5-6 double bond is removed and the resultant is susceptible to strand
cleavage by hot piperidine.

Selectivity for single strand by these reagents is not exclusive; some

bases in non-double stranded regions are also resistant to these agents.

Mismatch base pairs or hairpin loops can provide environments for an unpaired

base such that its susceptibility to the chemicals used is abolished. A general

rule of thumb when interpreting the modification data when using these

chemicals is that bases that react are not in a double stranded context while

bases that show protection may be double-stranded or in some other compact

structure.

5.2.3 Photocrosslinking Experiments

For the different combinations of 8-17 deoxyribozyme-substrate

complexes (the substituted substrate with unsubstituted 8-17 and vice versa, as

well as either the substrate or enzyme with a control DNA strand). One strand

(5' -32P-labeled final concentration 0.1-0.5 IJM) was mixed with the other strand in

excess (final concentration 2 IJM). These combined samples were heated for 1
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minute at 90 °C, spun briefly in a microfuge and equilibrated at 23°C for 10

minutes. 5x reaction buffer (250 mM Tris pH 7.5, 500 mM NaCI and 50 mM

MgClz) was then added to the samples. These samples were exposed to either

no light (dark) or UV light (UVL-56 Blak-Ray lamp 6W, 360 nm for thio-modified

oligos, 312 nm for halogenated oligos) for 30 minutes at 1 cm distance in a big

water bath at 23°C. An equal volume 2x loading buffer was added to denature

the sample and minimize free-radical damage. The crosslinked species were

separated from parent strands by electrophoresis using a 12% denaturing

polyacrylamide gel. The crosslinked species and uncrosslinked monomer parent

bands were excised, extracted out with crush-soaked buffer, precipitated with

ethanol, washed with 70% ethanol, dried, dissolved in water and split into two.

One was carried on for further analysis and the other was used as a control.

5.2.4 Analysis of Photocrosslinking Products

One set of the samples above were treated with 10% piperidine at 90°C

for 30 minutes and dried under vacuum three successive times. The DNA was

then dissolved in the loading buffer, and analysed with sequence ladders on 12%

denaturing polyacrylamide gels to identify the crosslinked nucleotides.

5.2.5 Enzyme Kinetics of Different 8-17 Deoxyribozyme and Substrate
Constructs

The RNA-cleavage reactions were under single-turnover conditions with

the deoxyribozyme (2 IJM) in large excess of the substrate (60 nM and 5'-end

labeled with 3Zp_y_ATP by T4 kinase). The substrate was mixed with different

unsubstituted or substituted 8-17 deoxyribozymes, heated at 90°C for 1 minute,
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spun briefly in a microfuge and equilibrated for 10 minutes at 23 GC, and 5x

reaction buffer was added to initiate the reactions. Aliquots were removed as a

function of time and mixed with equal volume of quenching/loading buffer. The

radiolabeled substrate and product were separated by electrophoresis on a 20%

denaturing polyacrylamide gel and quantified in a Typhoon 9410 Variable Mode

Imager (Molecular Dynamics), using IMAGEQUANT software (Molecular

Dynamics).

The measured rate constants did not increase significantly when the

concentration of the 8-17 deoxyribozyme (either natural or modified) was

increased to 10 IJM, indicating that the substrate was completely saturated by the

8-17 deoxyribozyme. The observed rate constant reflected the cleavage of the

enzyme-substrate complex under these conditions. The rate was obtained from a

curve that fitted the plot of tl1e fraction cleaved versus time. A first-order rate

formalism, y=x (1-e-I<I), where y is the fraction reacted at time t, x is the fraction

reacted at the end-point, and k is the observed rate constant was used and the

data were the average of at least two independent determinations.

5.3 Results and Discussion

5.3.1 Crosslinking and Mapping of Substrate Cleavage Site by
Thioguanine Substitutions with the Unsubstituted 8-17
Deoxyribozyme

To study the interactions of the nucleotides of NG cleavage site with other

nucleotides of the 8-17 deoxyribozyme in detail, the NG cleavage site, which is

essential for the 8-17 deoxyribozyme, used in this study had been changed from
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more regular GA to GG (Cruz et al. 2004). Having thioguanines at the GG

cleavage sequence (G1.1 and G18, respectively, Figure 5-1) can provide

information of what residue(s) of the 8-17 are spatially close to the residues on

either side of the cleavage site. The substrate strand used in all

photocrosslinking experiments was entirely DNA (lacking the single

ribonucleotide at the cleavage site and therefore resistant to enzyme-cleavage).

The first of two substituted substrates had a 6-thioguanine at position 18 (S18Gs)

or position 1.1 (S1.1 Gs) separately. Each substituted substrate was bound to the

unsubstituted 8-17 deoxyribozyme (U E) in the catalytic reaction buffer. Then the

complex was irradiated with approximately 360 nm light to induce crosslinks

(such crosslin king experiments were done with either 32P-5'-labeled substrate

bound to cold deoxyribozyme, and vice versa).

Figure 5-8 shows the results as seen in a denaturing gel: Lane 1: 10 base

pair ladder. Lanes 2/3/4/5 show the UE-S18Gs complex (lanes 2/3, the substrate

(S18Gs) was 5'-32P-labeled - indicated with an asterisk; whereas lanes 4/5, the

enzyme UE was 5,-32 P-laleled, but not the substrate). Lanes 3/5 show that a

major lower mobility crosslinked band, xl1, and a very minor band, xl2, (not

investigated any further) were generated when the complex was irradiated with

360 nm light (hv) for 30 min. The non-irradiated controls (lanes 2/4) did not show

these crosslinked bands. The fact that xl1 was observed in both lane 3 (with the

substrate labeled) and lane 5 (the enzyme labeled) demonstrated that the band

was an inter-strand crosslink that contained both enzyme and substrate strands.

Similar photocrosslinking experiments on the UE-S1.1 Gs complex gave exact
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equivalent results (lanes 6/7/8/9). Lanes 10/11 show the results of non-specific

crosslinking (an enzyme thio-substituted at position 7, E7Gs, mixed with

unsubstituted enzyme (UE) and irradiated, a faint crosslinked band, x13, with very

different gel mobility from those of the enzyme-substrate complexes. Lanes

12/13 show the results of unmodified enzyme (UE) itself irradiated with 360 nm

light, and no crosslinked bands could be seen. Likewise, lanes 14/15 show the

consequence of irradiation on the unsubstituted enzyme-substrate complex (UE

US) again, and no crosslinked band emerged.
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Figure 5-8 Crosslinking results of the 8-17 deoxyribozyme with modified substrates
S18Gs and S1.1Gs.

S18Gs: G18 of the substrate is substituted with 6-thio-G; S1.1Gs: G1.1 of the
substrate is substituted with 6-thio-G. Asterisk "*,, represents the 5'- 32p_
labeled strand. Abbreviations used: Pip, treated with piperidine; hv, irradiated
with 365 nm lights 30 min; UE, unmodified 8-17 deoxyribozyme; US,
unmodified substrate; xl, crosslinked bands; E, light irradiated 8
17deoxyribozyme monomer; 5, light irradiated substrate monomer. All of them
are used in the chapter, unless otherwise mentioned. E7Gs: G7 of the 8-17
deoxyribozyme substituted with 6-thio-G; Lane 1:10 base pair ladder. Lanes
2/3/4/5: crosslinking of the UE-S18Gs complexes. Lanes 6/7/8/9: crosslinking
of the UE-S1.1Gs complexes. Lanes 10/11: non-specific crosslin king of E7Gs
UE. Lanes 12/13: unsubstituted 8-17 itself. Lanes 14/15: unsubstituted 8-17
enzyme and substrate complex. One or two slow migration bands appeared on
each irradiated lane 3/5/7/9 at very similar position, and one migrated very
slow band appeared on lane 11. No slow migration bands appeared on non
irradiated lane 2/4/6/8/10 and 12 t015.
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These photocrosslinking experiments demonstrated that the slow

migration band, x11, is an inter-strand crosslinked species coming from the

complex of thioguanine-containing substrate-unsubstituted 8-17 deoxyribozyme.

One interesting observation from these results was the weak crosslinked bands

from lanes 3/7 migrated very close but not identical to those more intense

crosslinked bands of lanes 5/9. This led to the question: whether the xl1 products

seen in these lanes were actually the same product. Possible explanations for

this were that (1) a different total number of phosphates and/or (2) Different

positions of the phosphates within a given crosslinked species might give rise for

the slightly different migrations. In order to test this idea, both 5'-end phosphates

labeled crosslinked products were produced and loaded next to each other. In

Figure 5-9A, lane 6 shows 5,-32 P-labeled enzyme with cold-5'-labeled substrate,

and lane 7 shows 5,-32 P-labeled substrate and cold-labeled enzyme. The

mobilities of the xl1 species (as well those of the x12) were in excellent conformity

in these two lanes. To double check that this was true, the xl1 bands of lanes 6

and 7 were cut out and extracted respectively. The purified products (equal

counts) were mixed together and run in lane 3 of Figure 5-98 next to xl1 from

lane 6 alone in lane 2. It was not beyond what we expected; only a single band

was observed in the mixed sample lane, and this band migrated with a mobility

identical to that of the band in lane 2. Another curious thing was that the intensity

of xl1 products from lanes 3/7 was weaker than that of xl1 from lanes 5/9. The

reason was not clear.
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Figure 5-9 Confirmation of isomers of the crosslinked species.

(A) Lane 1:10 base pair ladder. Lane 2: S1.1Gs, 5,-32P-labeled; UE, 5'end no
phosphate, without UV irradiation. Lane 3: S1.1 Gs, 5'end no phosphate; UE,
5'- 32P_labeled, without UV irradiation. Lane 4 like lane 2 but irradiated with UV.
Lane 5 like lane 3, but irradiated with UV. Lane 6: S1.1 Gs, 5'end cold
phosphate; UE, 5'- 32P-labeled and irradiated with UV. Lane 7: S1.1Gs, 5'- 32 p_
labeled; UE, 5'end cold phosphate, irradiated with UV. Lane 8: like lane 6 but
no UV. Lane 9: like lane 7 but no UV. (8) Lane 2: the sample is from the
intensive crosslinked band xl1 in lane 6 of (A). Lane 3: the mixed sample from
equal counts intensive crosslinked band xl1 in lane 6 and lane 7 of (A).

125



A
1 2 3 4 5 6

365 nm UV

7 8 9
B

r-
~

CD
---.J

E
0s-

'+-

...--
s- XQ) CD
-0 ---.J '+-

-0 0
co E Q)

0 s-
o.. s- :::J

..0 '+- ---...-- .x
a x E...--
1 2 3

+- xl2 -
+-x11

+-x11

+-E

126

+-8



To identify the positions of the crosslink or crosslinks buried in the xl1

species resulted from the complexes of the UE-S18Gs and the UE-S1.1 Gs,

respectively, the denaturing gel purified crosslinked products were treated with

hot piperidine, lyophilized and loaded in a 12% denaturing gel side-by-side with

controls and Maxam-Gilbert sequence ladders. Figure 5-1 OA (for UE-S18Gs) and

10B (for UE-S1.1Gs) show these locations. In both Figure 5-10A and 10B, lanes

2/3 show the crosslinked species treated without/with piperidine respectively.

Lanes 4/5/6 show Maxam-Gilbert G/NC ladders of UE. Lane 7 shows the light

irradiated 8-17 deoxyribozyme monomer (E) cut off from crosslinking gel that

produced the crosslinked species, and treated with piperidine. Lane 8 shows

unirradiated UE-S18Gs or UE-S1.1 Gs complexes treated with piperidine. Lane 9

shows the unirradiated and unsubstituted substrate (US) treated with piperidine.

In both gels, the asterisks indicated the DNA strand that was 5,-32P-labeled.

Figure 5-1 OA shows that a thioguanine at position 18 of the substrate strongly

crosslinked with positions T2.1, G14 and A15 of the deoxyribozyme, with a

weaker but reproducible crosslink with A6 of the deoxyribozyme. Figure 5-1 DB

shows similar but not the same results. Thioguanine at position 1.1 of the

substrate crosslinked strongly with positions T2.1 and G14, and symmetrically

weaker crosslinked with C13, A15 (the last three in the WCGR bulge loop) as

well as much weaker crosslink with A6 and G7 (in the AGC terminal loop) of the

8-17 deoxyribozyme. This data strongly suggested that T2.1, C13, G14 and A15

residues of the deoxyribozyme were highly involved in the formation of active site

around G18 and G1.1 flanking the cleavage site of the substrate. In addition, the
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data also revealed that the residues in the terminal AGC loop are also at least

located near the cleavable phosphodiester. These results are also highly

consistent with the earlier studies that A6, G7, C13, G14, and the T2.1 residue

participating in a wobble base-pair with the substrate are the most highly

conserved residues in the various in vitro selected as well as mutated forms of

the 8-17 deoxyribozyme (Santoro and Joyce 1997; Cruz et al. 2004; Peracchi et

al. 2005).
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Figure 5-10 Mapping results of the crosslinked species of the UE-S18Gs (A) and UE
S1.1Gs (B) complex.

Both (A) and (B); Lane 1: 10 base pair ladder. Lanes 2/3: the crosslinked
species treated without /with piperidine respectively. Lanes 4/5/6: G/AIC
ladders of the UE. Lane 7: the light-irradiated 8-17deoxyribozyme monomer (E)
cut off from crosslinking gel, and treated with piperidine. Lane 8: the UE
S18Gs or UE-S1.1Gs complexes no UV irradiation treated with piperidine. Lane
9: the US treated with piperidine.
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5.3.2 Crosslin king and Mapping of the Catalytically Indispensable CG in
the WCGR Loop of the 8-17 Deoxyribozyme to the Substrate

Previous experiments demonstrated that G18 and G1.1 residues

immediately flanking the cleavage site of the substrate strongly crosslinked with

cytosine 13 and guanine 14 of the deoxyribozyme. The following question was

what kind of behaviour can the C13 and G14 perform? Could they crosslink

reversibly back to the G18 and G1.1? An investigation therefore was carried out

with substituted iodo- and thio- bases at the C13 and G14 to generate crosslinks

to the cleavage site of the substrate. Figure 5-11 shows the crosslinking results

of the complex formed by the unmodified substrate (US) and the substituted 8-17

enzyme at position C13 with 5-iodo-C (E13Ci) irradiated with -312 nm light.

Lane 1 is 10 base ladders. Lanes 2/3/4, 11/12, and 15/16 show experiments with

5,-32P-labeled substrate (US) and cold 8-17 enzyme; whereas lanes 5/6/7/8/10

and 13/14 show experiments with cold substrate and 5,-32P-labeled 8-17 enzyme

or iodo-modified 8-17 enzyme (E or E13Ci). Lane 7 shows that a co-incubation of

substituted deoxyribozyme (E13Ci) with excess unsubstituted deoxyribozyme

(UE) did yield non-specific faint crosslinked products (xis) with very low gel

migrations. However, lanes 10 and 12 show that reciprocally 5,-32P-labeled

substrate (US) and deoxyribozyme (E13Ci) produced a distinct and relatively

high-yield crosslinked species (xI1).

Figure 5-11 also shows another interesting relatively high-mobility band

BF in lanes 6/7/8/10, which contain 5,-32P-labeled iodo-modified 8-17 enzyme

(E13Ci) that was subjected to irradiation. Theoretically, the fast moving band

could mean an intra-deoxyribozyme crosslinked product created by attachment
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of the iodo-substituted C13 to another part of the enzyme (rather than the

substrate). However, a further analysis of the BF band showed that it was a

fragment of the deoxyribozyme strand, broken next to the iodo-substituted C13

position (data not shown). Such breakages on the DNA often happen to

halogenated nucleic acids when existence of free-radicals upon irradiation

(Pogozelski and Tullius 1998).

132



+ + + + + + . + + + hv
I- + Mg2+Q) + + + + + + + + + +-0
-0 + + + + + + + + + + + USco
0... + + + + + + + + • E13Ci

..Q + + + + UE
<:)

+ • control DNA~ -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

~ xis

~ xl1

~s

~ E/E13Ci

~ ,~.

i . :

"~ - - \.

~--------BF

Figure 5-11 Crosslinking results of the US with modified 8-17 deoxyribozyme E13Ci (C13
of the 8-17 deoxyribozyme substituted with 5-iodo-C).

Here hy uses with 312 nm wavelength. SF: broken fragment.
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The crosslinked band, xl1 from lane 12 (containing a 5,-32 P-labeled

substrate) was cut out, extracted from the gel, treated with piperidine at 90 DC for

30 minutes, and analyzed on a 12% den of Az within a oligonucleotide aturing

polyacrylamide gel. The mapping results are shown in Figure 5-12. Lanes 2/3

show the crosslinked species treated without/with piperidine respectively. Lanes

4/5/6 show Maxam-Gilbert G/CIT ladders of the US. Lane 7 shows the irradiated

substrate monomer (S) was cut out from lane 12 of crosslin king gel, and treated

with piperidine Lane 8 shows the E13Ci-US complex without UV irradiation

treated with piperidine. Lane 9 shows the natural and 5,-32 P-labeled UE treated

with piperidine. The bands in lane 3 demonstrated that 5-iodo-cytosine strongly

cross-linked with G1.1, and weakly with G18, 81.2 and T1.3 of the substrate.

These results strengthened previous observations shown in Figure 5-10, and

indicated that the spatial contact of C13 to the NG cleavage site of the substrate

can be proved reversibly via round-trip crosslink formed from substrate to the

enzyme and vice versa.
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Figure 5-12 Mapping results of the crosslinked species of the E13Ci-US complex.

Lane 1: 10 base pair ladder. Lanes 2/3: the crosslinked species treated
withouUwith piperidine respectively. Lanes 4/5/6: G/CIT ladders of the US.
Lane 7: the light-irradiated substrate monomer (S) cut off from crosslinking
gel, and treated with piperidine. Lane 8: the E13Ci-US complex no UV
irradiation treated with piperidine. Lane 9: the LIE treated with piperidine.
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The crosslinking results of the unsubstituted substrate (US) with the 8-17

deoxyribozyme substituted at position G14 with 6-thioguanine (E14Gs) are

shown in Figure 5-13 (one of exploring the sites that thio-substituted G14

crosslinks to other part of the folded complex). The common crosslin king product

xl is seen on lanes 10/12 (both were reciprocally 5,-32 P-labeled editions of the

E14Gs-US complexes). In general, the data in this Figure are similar to those in

Figure 5-11, except that the notable the deoxyribozyme breakage fragment SF

did not show up. The crosslin king that was generated by thioguanine with -365

nm light, unlike by halopyrimidines with light greater than 300 nm, did not involve

in the formation of a radical on the guanine base. The inspection of lanes 10/12

in Figure 5-13 without observing the SF band demonstrated that the thio

substituted G14 just crosslinks to the substrate and did not form any obvious

intra-deoxyribozyme crosslink.

The crosslinked band, xl from lane 12 (the crosslinked species containing

a 5,-32P-labeled substrate) was purified, and treated with piperidine. The mapping

results of the crosslin king positions are shown in Figure 5-14. The corresponding

controls are as shown in Figure 5-12. From bands in lane 3 we can conclude

that thio-G14 strongly crosslinks with T17.1, G18, and G1.1 within the substrate

strand. These results are consistent with and confirm those shown in Figure 5-10

once more.
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- + + - + + + + - + + - + hv
..... + + + + + + + + + + + Mg 2+(1) - - -

""0 + + + + + + + + + + + US""0 -co + + + + + + + + E14Gs- .
CL

+ UE...Cl - - - - + + +
a - + - - control DNA....-
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~xl

+- E/E14Gs

+-S

Figure 5-13 Crosslinking results of the US with modified 8-17 deoxyribozyme E14Gs (G14
of the 8-17 deoxyribozyme substituted with 6-thio-G).
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Figure 5-14 Mapping results of the crosslinked species of the E14GS-US.

Lane 1: 10 base pair ladder. Lanes 2/3: the crosslinked species treated
withouUwith piperidine respectively. Lanes 4/5/6: G/CIT ladders of the US.
Lane 7: the light-irradiated substrate monomer (S) cut off from crosslinking
gel, and treated with piperidine. Lane 8: the E14Gs-US complex no UV
irradiation treated with piperidine. Lane 9: the UE treated with piperidine.
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5.3.3 Crosslinking and Mapping of the Catalytically Dispensable GC in the
AGC Loop of the 8-17 Deoxyribozyme to the Substrate

The three nucleotides in the AGC terminal loop are highly conservative

and are critical for the activity of the 8-17 deoxyribozyme. Two different studies

have suggested that they could either form a hydrogen bond network with

nucleotides at active site (Peracchi et al. 2005) or join with other parts of the 8-17

as a "facilitator" to support the active conformation (Cruz et al. 2004). The

crosslink position mapping results shown in Figure 5-10 already revealed that

G18 and G1.1 next to the cleavage site did crosslink, although weakly, with A6

and G7 in the AGC terminal loop. In return, to confirm whether nucleotides of the

AGC terminal loop crosslink to the substrate, G7 was substituted with both 8-

bromo-G (E7Gbr) and 6-thio-G (E7Gs) respectively, C8 with 5-iodo-C (E8Ci), and

these modified deoxyribozymes were then analyzed for crosslin king with the

unsubstituted substrate (US) within the folded deoxyribozyme-substrate

complexes. Figure 5-15 shows the results of the crosslin king experiments by the

substituted E7Gbr deoxyribozyme when irradiated with -312 nm light. The two

bands in lanes 10/12 are similar to those with E13Ci shown in Figure 5-11.

Interestingly, other two crosslinked bands, at low levels, also are seen in lanes

14/16, which are control complexes consisted of purely unsubstituted

deoxyribozyme (UE) and substrate (US). At a glimpse of the latter observation, it

seemed abnormal in terms of the data shown in Figure 5-11. However, longer

exposures of the gel of Figure 5-11, the identical crosslinked products also

emerged at very low levels in that gel. Even though the wavelength used is

141



greater than 300 nm, natural DNA in a folded complex still can be still excited to

generate these crosslinks (Meisenheimer and Koch 1997).

Irradiation of the complex of thio-substituted deoxyribozyme, E7Gs, with

US using -360 nm light gave good yields of the crosslinked products (no

crosslinked bands could be seen from the UE-US complex control under the

case of irradiation with longer wavelength - data not shown).

The crosslin king results from the E8Ci-US complex using -312 nm light

irradiation gave relatively low level of an intermolecular crosslinked species very

similar to those with E13Ci shown in Figure 5-11. The mapping of the crosslinked

species with hot piperidine-treated showed that the deoxyribozyme's C8 weakly

crosslinked with G1.1, G18, and T17.1 residues within the substrate (data not

shown).

Also, a further analysis for a high-mobility band from the crosslinking gel

(around 1O-nt position) demonstrated that the band was a fragment of the 8-17

deoxyribozyme strand, broken next to iodo-substituted C8 position, and was not

intra-deoxyribozyme crosslinked product generated by attachment of the iodo

substituted C8 to another part of the enzyme (rather than the substrate, data not

shown). Such breakages often happen to halogenated nucleic acids (Pogozelski

and Tullius 1998).
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Figure 5-15 Crosslinking results of the US with modified 8-17 deoxyribozyme E7Gbr (G7 of
the 8-17 deoxyribozyme substituted with 8-bromo-G).

Here, hy uses with 312 nm wavelength.
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Figure 5-16 shows mapping results of the positions of the crosslinks

formed within the complexes of the substrate with bromo- and thio-substituted G7

(E7Gbr-US and E7Gs-US) respectively. Lane 3 in Figure 5-16A shows that

E7Gbr crosslinked relatively weakly with a broad region of the substrate centred

around the cleavage site. Whereas in Figure 5-168, lane 3 shows that E7Gs

crosslinked strongly and more specific with G1.1 and G18 in the substrate. This

data suggests a definite interaction of the terminal AGe loop with the cleavage

site, and thus participation of the loop bases in the 8-17 active site. The much

focused and intensively crosslinked bands of G1.1 and G18 in Figure 5-168 and

the differences of the crosslinked bands between panel 8 and panel A likely

reflect the relative crosslin king efficacies of the thio- versus halo-substituents.

Meanwhile, keep in mind that the bromo- and thio-substitutions are placed at

different positions on the guanine (position 6 versus 8); thus, the more specific

crosslinking pattern of E7Gs relative to E7Gbr may reflect the different orientation

of the 6 versus 8 positions of this guanine base relative to the substrate.
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Figure 5-16 Mapping result comparisons of the crosslinked species of the E7Gbr-US and
E7Gs-US.

E7Gs: G7 of the 8-17 deoxyribozyme substituted with 6-thio-G. E7Gbr: G7 of
the 8-17 deoxyribozyme substituted with 8-bromo-G. Both (A) and (B). Lane 1:
10 base pair ladder. Lanes 2/3: the crosslinked species treated withouUwith
piperidine respectively. Lanes 4/5/6: G/CIT ladders of the US. Lane 7: the light
irradiated substrate monomer (S) cut off from crosslinking gel, and with
piperidine. Lane 8: the E7Gbr-US in (A) and E7Gs-US in (B) complexes no UV
irradiation treated with piperidine. Lane 9: the UE treated with piperidine.
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5.3.4 Mapping of the Crosslinked Species of Unmodified UE-US Complex

The crosslinks formed by the substituted enzyme-substrate complex

really provide valuable data on exploring the complex's global structure, but to

some extent, specified thio- or halo-substituted bases within the strand of the

substrate or 8-17 deoxyribozyme also disturb, more or less, the three

dimensional structure of the enzyme-substrate complex. Therefore, we were

interested in the crosslink bands formed within the complex of purely

unsubstituted deoxyribozyme and substrate (UE-US) in Figure 5-15 lanes 14/16,

due to no thio- or halo-substitution within these complexes, crosslink-related

breakage was sought in both the substrate (US) and enzyme (UE) strands. The

mapping results are shown in Figure 5-17. In Figure 5-17A (5,-32P-labeled

substrate), lane 3 shows faint, but extensive crosslin king bands centred around

cleavage site of the substrate, whereas, in Figure 5-17B (5,-32P-labeled enzyme),

lane 3 shows an intensive crosslin king band involved with G14 and one much

weaker with C3 at the end of the 3 base pair stem of the 8-17 catalytic core. The

involvement of G14 with a series of nucleotides in the substrate centred on the

cleavage site is entirely consistent with data presented above, particularly those

shown in Figures 5-10 and 5-14. However, T2.1 does not show crosslink like

those in Figure 5-10. The reason could be that thymine has highest redox

potential (Eo=17 V) among AlG/CIT (Burrows and Muller 1998). The result also

hinted that there may be some photocrosslinkable domains in DNA structure like

in RNA (Butcher and Burke 1994).
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Figure 5-17 Mapping results of the crosslinked species of the natural UE-US complex.

(A) Lane 1: 10 base pair ladder. Lanes 2/3: the crosslinked species treated
without/with piperidine respectively. Lanes 4/5/6: G/CIT ladders of the US.
Lane 7: the light-irradiated substrate monomer (S) cut off from crosslin king
gel, and treated with piperidine. Lane 8: the UE-US complex no UV irradiation
treated with piperidine. Lane 9: the UE treated with piperidine. (B) Lane 1: 10
base pair ladder. Lanes 2/3: the crosslinked species treated without/with
piperidine respectively. Lanes 4/5/6: G/A1C ladders of the UE. Lane 7: the light
irradiated 8-17 Deoxyribozyme monomer (E) cut off from crosslin king gel, and
treated with piperidine. Lane 8: the UE-US complex no UV irradiation treated
with piperidine. Lane 9: the US treated with piperidine.
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5.3.5 Investigation of the Structural Effect of Mutation-inactive Constructs
of the 8-17 Deoxyribozyme

It has been demonstrated by a number of studies (Santoro and Joyce

1997; Cruz et al. 2004; Peracchi et al. 2005) that wobble pair G1.1 oT2.1 is crucial

to the function of the 8-17, and its mutation to a Watson-Crick G-C pair turns the

8-17 enzyme into totally inactive. To understand what a GoT to G-C mutation

does to the structure of the enzyme-substrate complex, the crosslinks formed

from the complexes of the thio-substituted substrates, S1.1 Gs and S18Gs, with a

mutated but unsubstituted deoxyribozyme variant E2.1 C were investigated.

E2.1 C had its T2.1 residues mutated to a cytosine. Figure 5-18 shows the

crosslin king results. Lanes 2/3/4/5 show the E2.1-S18Gs complex. Lane 5 shows

that upon irradiation the complex generated a major low-mobility crosslinked

band (a corresponding band can be seen on lane 3 after the gel was exposed

longer). Lanes 6/7/8/9 show the E2.1-S1.1 Gs complex. Three crosslinked bands

appeared on lane 9 when the complex was irradiated. Lane 11 shows two non-

specific crosslinked bands formed from the complex of E2.1-E7Gs. No bands

show up in controls for non-irradiated, mutated 8-17 itself and the natural

enzyme-substrate complex (lanes 2/4/6/8/10/14/15). The results are very similar

to those shown in Figure 5-8.
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Figure 5-18 Crosslinking results of mutated 8-17 deoxyribozyme E2.1C with substituted
substrates S18Gs and S1.1Gs.

S18Gs: G18 of the substrate is substituted with 6-thio-G; S1.1 Gs: G1.1 of the
substrate is substituted with 6-thio-G. Asterisk "*,, represents 5'- 32P_labeled
strand. Abbreviations used: Pip, treated with piperidine; hv, irradiated with 365
nm lights 30 min; UE, unmodified 8-17 deoxyribozyme; US, unmodified
substrate; xl, crosslinked bands; E, light irradiated 8-17deoxyribozyme
monomer; S, light irradiated substrate monomer. E7Gs: G7 of the 8-17
deoxyribozyme substituted with 6-thio-G; Lane 1:10 base pair ladder. Lanes
2/3/4/5: crosslinking of the E2.1C-S18Gs complexes. Lanes 6/7/8/9:
crosslinking of the E2.1-S1.1 Gs complexes. Lanes 10/11: non-specific
crosslin king of E7Gs-E2.1 C. Lanes 12/13: mutated 8-17 (E2.1 C) itself. Lanes
14/15: unsubstituted 8-17 and substrate complex.
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Figure 5-19 shows a side-by-side comparison of the locations of the

crosslinks formed from the complexes of the mutated E2.1 C and unsubstituted 8

17 (UE) with 818Gs and 81.1 Gs. Lanes 2-7 show the three crosslinked species

- x11, xl2 and xl3 bands from the complex E2.1 C-81.1 Gs treated and untreated

with piperidine. Lanes 8/9/10 and 15/16/17 show G/AiC ladders of the E2.1 C

and 8-17 enzyme respectively. Lanes 11/12 show the crosslinked species of the

E2.1 C-818Gs treated and untreated with piperidine. Lanes 13-19 show the

corresponding controls of the UE-81.1 Gs and UE-818Gs. The bands appearing

in lane 3 show C2.2, C2.1 and G11 residues of the mutated 8-17 strongly

crosslinked with 811Gs. Lane 7 shows G14 residue of the 8-17 enzyme

crosslinked strongly with 81.1 Gs and lane 5 shows a transition crosslin king

pattern between lane 3 and lane 7. Lane 11 shows G14, A15 residues of the

E2.1 C strongly crosslin king with 818Gs. when comparing with natural 8-17

enzyme (red and blue boxes respectively), the most obvious changes are: (1)

C2.1 did not crosslink to cleavage site nucleotides 81.1 Gs and 818Gs in some

cases like those shown in lanes 5/7/11. (2) When 81.1 Gs did crosslink to C2.1,

then it also crosslinked to G11, which is at the end of core stem, but very weak

with the conservative G14 (lane 3). These results suggested: (1) Three different

complexes exist after G·T wobble pair mutates to G-C pair. (2) the three

dimensional structure of the substrate-enzyme complex changes a lot; three

hydrogen bond G-C pulled C2.1 away from G18 and G1.1 of the substrate and

makes core stem G11 close to G1.1. Therefore, the G·T wobble pair plays an

important role in keeping proper orientation for nucleotides in active site.
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Figure 5-19 Mapping results of the crosslinked species of the E2.1 C-S1.1 Gs, E2.1 C-S18Gs
complexes

E2.1C: T2.1 of the 8-17 deoxyribozyme mutated to C. Lane 1: 10 base pair
ladder. Lanes 2-7: the crosslinked species of E7C-S1.1 Gs complexes. Lanes
2/3: crosslinked species xl3 treated withouUwith piperidine respectively.
Lanes 4/5: crosslinked species xl2 treated withouUwith piperidine
respectively. Lanes 6/7: crosslinked species xl1 treated withouUwith
piperidine respectively. Lanes 8/9/10: G/AfC ladders of the E2.1C. Lanes 11/12:
the crosslinked species of E2.1 C-S18Gs treated with/without piperidine
respectively. Lanes 13/14: corresponding controls of the UE-S1.1Gs complex.
Lanes 15/16/17: G/AfC ladders of the UE. Lanes 18/19: corresponding controls
of the UE-S18Gs complex.
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In addition to the mutation of E2.1 C to T, replacements of invariant

nucleotides within the 8-17 by different bases also destroyed the function of the

8-17 (Santoro and Joyce 1997; Peracchi et al. 2005). Therefore, four other

mutant constructs of the 8-17 deoxyribozyme of invariant nucleotides were tested

to understand what these mutations did to the structure of the enzyme-substrate

complex. The C13, G14, G7 and C8 residues of the 8-17 were individually

mutated to T (E13T), A (E14A), and A (E7A) as well as T (E8T).

There were two crosslinked bands formed from the complex E14A-S18Gs

and one from E14A-S1.1 Gs (data not shown). Figure 5-20 shows the locations of

the crosslinked species side-by-side with those of the crosslinks from the controls

of UE-S18GS and UE-S1.1 Gs complexes. When comparing lane 3 (the

crosslinked bottom band of E14A-S18Gs) to lane 10 (red boxes), lane 3 shows

the intensities of the bands increasing from A15 to C13 and implies WCGR loop

sliding away the cleavage site a little bit to its 3'end making C13 close to G18

and away from G1.1 of the substrate. Thus, G14A mutation altered the structure

and interaction of the enzyme-substrate complex.
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Figure 5-20 Mapping results of the crosslinked species of the E14A-S1.1Gs, E14A-S18Gs
complexes

E14A: G14 of the 8-17 deoxyribozyme mutated to A. Lane 1: 10 base pair
ladder. Lanes 2/3: the crosslinked species of the E14A-S18Gs complex treated
withouUwith piperidine respectively. Lanes 4/5/6: G/AIC ladders of the E14A.
Lanes 7/8: the crosslinked species of the E14A-S1.1 Gs complex treated
with/without piperidine respectively. Lanes 9/10: corresponding controls of
the UE-S18Gs. Lanes 11/12/13: G/AIC ladders of the UE. Lanes 14/15:
corresponding controls of the UE-S1.1Gs.
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There was only one crosslinked band for each of the E8T-S18Gs and

E8T-S1.1 Gs complexes (data not shown). Likewise, Figure 5-21 shows the

mapping results of the crosslinked species of E8T with S18Gs and S1.1 Gs as

well as the controls like those shown in Figure 5-20. Comparison of lane 2 with

lane 9 (red boxes) and lane 6 with lane 13 (blue boxes), we can see C13 residue

of the 8-17 cleavage band intensity increasing in both complexes. Therefore,

C8T mutation makes C13 close to the cleavage site G18 and G1.1, and shifts the

WCGR orientation.
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Figure 5-21 Mapping results of the crosslinked species of the E8T-S1.1Gs, E8T-S18Gs
complexes

E8T: C8 of the 8-17 deoxyribozyme mutated to T. Lanes 1/2: the crosslinked
species of the E8T-S18Gs complex treated withouUwith piperidine
respectively. Lanes 3/4/5: G/AfC ladders of the E8T. Lane 6/7: the crosslinked
species of the E8T-S1.1 Gs complex treated with/without piperidine
respectively. Lanes 8/9: corresponding controls of the UE-S18Gs. Lanes
10/11/12: G/AfC ladders of the UE. Lanes 13/14: corresponding controls of the
UE-S1.1Gs.
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Likewise, there was only one crosslinked product for each of the

complexes E13T-S18Gs, E13T-S1.1Gs, and E7A-S18Gs, E7A-S1.1Gs (data not

shown). The mapping results for the crosslinked species from those complexes

showed each of the four crosslinked species had very similar crosslin king

patterns to the corresponding controls of UE-S18Gs and UE-S1.1 Gs complexes

(data not shown). This suggests that the mutations in position 7 and 13 of the 8-

17 deoxyribozyme might not change the 3-D structure. The reasons for these

mutations to cause the 8-17 to lose activity might be changes to metal ion

binding or changes of pKa of the environment instead of the global structure

alteration.

5.3.6 Crosslinking and Mapping of Modified 8-17 Deoxyribozyme-substrate
Complexes in the Presence of Pb2

+

Studies by Yi Lu's group (Brown et al. 2003; Kim et al. 2007; Kim et al.

2007) showed the 8-17 deoxyribozyme and its variants were most active in the

presence of Pb2
+, even though they were selected under non-Pb2

+ conditions.

The concentrations of metal ions for the 8-17 deoxyribozyme cleavage are very

different. For Pb2
+, usually the concentration is micro molar magnitude, and Mg2

+

is mille molar magnitude. Surprisingly, they observed no global folding occurring

in the presence of Pb2
+ when studied metal-dependent folding with FRET and

suggested that it might not be necessary for the 8-17 enzyme to fold preceding

the cleavage reaction. The 8-17 deoxyribozyme might be prearranged to accept

Pb2
+, which could contribute to its highest activity in the presence of Pb2

+.
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Based on the properties of photocrosslinking probing and studies above,

we were interested in obtaining the information about the global folding or local

environmental conditions of the active site of the 8-17 enzyme in the presence of

Pb2
+, for example, whether the 8-17 deoxyribozyme adopts alternative structure

to catalyze the cleavage reaction after binding Pb2
+ What causes the lead, at low

concentrations, to have such a fast catalytic rate?

To address these issues, four different modified complexes (UE-S1.1 Gs,

UE-S18Gs, E14Gs-US and E8Gs-US) were subjected to photocrosslinking

analysis under the same conditions as in the presence of Mg2
+, but changed

crosslin king buffer to 200 ~M lead acetate, 100 mM NaNG3, 50 mM Tris-HCI, pH

7.6. Surprisingly, the results of photocrosslinking and mapping for all of them

were the same as those shown in the presence of Mg2
+ (data not shown). These

preliminary results suggest that the 8-17 deoxyribozyme keeps the same folding

or local environmental conditions around the active site of the 8-17

deoxyribozyme-substrate complex in the presence of either Pb2
+ or Mg2

+, which

is different from the conclusion of Yi Lu's studies. It is possible that Pb2
+ could

expedite the complex's folding so that it might be too fast to be detected with

FRET. At present, the preliminary data is not sufficient for describing a clear

picture about folding of the 8-17 enzyme-substrate complex. In order to

understand the catalysis of Pb2
+, lots experiments will need to be done such as

non-metal ion buffer control, monovalent and divalent metal ions titration.
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5.3.7 Enzyme Kinetics Analysis of Modified 8-17 Deoxyribozyme and
Substrate Constructs

The global structure fidelity that photocrosslinking can provide can be

decided by factors such as specificity of photoreaction, the extent of perturbation

of modified complexes, and the ability for identification of crosslinked bases. By

comparing the relative rate constants of modified complexes to that of native one,

we can evaluate the perturbation caused by thio- or halo-substitution of

nucleotides either within the substrate or enzyme strands.

5.3.7.1 The Activity of Unmodified 8-17 Deoxyribozyme-substrate Complex

To evaluate the effects of the activities caused by replacements of

modified nucleotides. First, the rate constants of the unsubstituted 8-17 enzyme

cleavage reaction were assayed under single-turnover conditions. A 5,_32 p _

labeled all DNA but containing an rG at position18 substrate was used in the

experiment. The experimental situations were the same as those used for

crosslinking studies to ensure close correlation between the two studies. The

curve of fraction cleaved products over time is shown in Figure 5-22 and the

calculated rate constant kobs was 0.47 min-1
.
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Figure 5-22 Catalytic rate of the 8-17 deoxyribozyme under single-turnover conditions ..

Reactions were carried out in the presence of 10 mM Mg2
+, 100 mM Na+, 50 mM

Tris-HCI, pH 7.6 at 23°C. The rate constant was 0.47 min-1
.

5.3.7.2 Effects of the Thio-substituted Substrates to the Activity of the 8-17
Deoxyri bozyme

To determine the effects of the modified uncleavable substrate S1.1 Gs

and S18Gs to the activity of the 8-17 deoxyribozyme and how close to reality of

the unsubstituted enzyme-substrate complex, two cleavable substrate analogues

were used to test. One was S18rGs, where G18 was substituted with a ribo-6-

thio-G and the other was S1.1 GsS18rG, where G1.1 was substituted with 6-thio-

G and the G18 substituted with ribo-G. Figure 5-23 shows the analysis curve of

fraction cleaved products versus time. Panel A is for substrate S1.1 Gs18rG;

panel B for substrate S18rGs. The rate constant kobs for S1.1 Gs18rG was 0.14

min-1
, and for S18rGs was 0.29 min-1 respectively.
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Figure 5-23 Catalytic rates of the modified substrates under single-turnover conditions.

(A) The rate constant for substrate S1.1 Gs18rG was 0.14 min·1
• (8) The rate

constant for substrate S18rGs was 0.29 min·1
•

S1.1Gs18rG and S18rGs maintain the activity of the unmodified substrate

at around 30% (0.14 over 0.47), and 60% (0.29 over 0.47) respectively. This

suggests that the 6-keto of the G1.1 might perturb hydrogen bonds of either G·T

wobble pair or between the G1.1 and some other parts of the 8-17

deoxyribozyme. However, the interference of the 6-keto of G18 to the hydrogen

bonds or tertiary interaction relatively is small.

5.3.7.3 Effects of the Modified Catalytically Indispensable CG in the WCGR Loop to
the Activity of the 8-17 Deoxyribozyme

Figure 5-24 shows the results of the activity test of the modified 8-17

deoxyribozyme E13Ci (panel A) and E14Gs (panel B) respectively. The rate

constant kobs was 0.16 min·1 for E13Ci and 0.42 min·1 for E14Gs respectively.

The E13Ci remained 34% (0.16 over 0.47) activity of the unmodified enzyme that

might be caused by the bulky iodo group disturbing the conformation. However,
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the E14Gs just lost 10% (0.42 over 0.47) activity of the native enzyme Therefore,

the 6-keto of G14 did not form crucial hydrogen bonds and possessed relative

independence.
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Figure 5-24 Catalytic rates of the modified 8-17 deoxyribozyme E13Ci and E14Gs under
single-turnover conditions ..

(A) The rate constant of the E13Ci was 0.16 min'1. (B) The rate constant of the
E14Gs was 0.42 min'1.

5.3.7.4 Effects of the Catalytically Dispensable GC in the AGC Loop to the Activity
of the 8-17 Deoxyribozyme

Likewise, the Figure 5-25 shows the rate constant curves of the modified

8-17 deoxyribozyme E7Gbr (panel A), E7Gs (panel B) and E8Ci (panel C)

separately. The rate constant kobs for each of them was 0.009 min'1 (E7Gbr),

0.002 min,1 (E7Gs) and 0.29 min'1 (E8Ci) respectively. E8Ci remained 62% of

original activity. It might imply that the non Watson-Crick face of the cytosine 8

was flipped out from the loop due to slightly active inhibition by the bulk iodo. The

loss of 98% original activity for E7Gbr might be explained by steric clash due to

the introduction of a bulky, electronegative substituent on the position 8 of the

guanine ring. However, almost the same loss for E7Gs suggested that the 6-keto
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of G7 could be part of a hydrogen bond network between the G and other parts

of the complex. A question arose; did the crosslinks that the E7Gbr and E7Gs

generated have any significance?
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Figure 5-25 Catalytic rates of the modified 8-17 deoxyribozymes E7Gbr, E7Gs and E8Ci
under single-turnover conditions.,

The rate constant of E7Gbr was 0.009 min-1
• (8) The rate constant of E7Gs was

0.002 min-1
. (C) The rate constant of E8Ci was 0.29 min-1

.

Overall, the order of effects from big to small was E7Gs>E7Gbr >

S1.1 Gs18rG>E13Ci> E8Ci=S18rGs> E14Gs. Perturbations caused by 6-thio-

G14 and 5-iodo-C8 within the 8-17 deoxyribozyme as well as 6-thio-G18 in

cleavage site were relatively small. The 6-keto group of G7 within the 8-17
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enzyme plays a very important role. These results highly agree with those of

Peracchi's (Peracchi et al. 2005) with a variant of the 8-17 deoxyribozyme.

5.3.8 Model of the 8-17 Deoxyribozyme-substrate Complex

All nucleotides involved in photoreactions have been summarized in

Figure 5-26. The thickness of the curves symbolizes the intensity of the

crosslinked band: the thicker the stronger. The double-arrow represents that the

two bases connected by the line can chemically crosslink to each other. The

single-arrow means one base can crosslink to the other in one direction, but the

reversal direction has not been tested (A6) or was not observed (G7 and C8).

Figure 5-26 Summary of the 8-17 deoxyribozyme photocrosslinking.

Nucleotides involved in crosslinking have been connected with curves for
each other. The thickness of a curve represents the crosslinked band
intensity, the thicker the stronger. The double-arrow represents the two bases
connected by the line can chemically crosslink to each other. The single-arrow
means one base can crosslink to the other in one direction, but the reversal
direction has not been tested (A6) or was not observed (G7 and C8).
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From the connections in the Figure 3-26, G1.1 and G18 residues

immediately flanking the cleavage site have similar but not identical crosslinking

pattern. Both of them strongly crosslink with wobble pair T2.1 but not to A16.1,

though its secondary structure mirrors that of T2.1. It is easy to understand that

T2.1 and A16.1 may have comparable relationships to the cleavage site in the

secondary structure but this is not valid in the tertiary fold, and the crosslin king

data confirm the structural importance of T2.1 relative to A16.1. Similarly, a

striking change in the crosslin king patterns was seen when the vital T2.1 is

mutated to a cytosine, which makes the enzyme inactive. G1.1 and G18 also

crosslink with C13, G14 and A15 within bulge loop of 8-17 deoxyribozyme and

vice versa. It also demonstrates that G1.1 and G18 residues link with A6

residues within the AGC terminal loop in a less intensive way. G7 residue has the

similar weak crosslinks with G1.1 and G18 as A6 does. C8 also crosslinks

weakly with G1.1, G18 and T17.1 residues of the substrate. From the

crosslinking situations that A6 and E8Ci displayed as well as E8Ci maintaining

62% original activity, the crosslinks that G7 generated have significance. Last,

but not least, no intra-strand crosslin king is observed.

Based on all of the distance constraint data, we propose that the "active

site" of the 8-17 enzyme contains the G1.1 and G18 residues of the substrate,

wobble pair T2.1, nucleotides A6, G7, C8 in the terminal loop and C13, G14 and

A15 from the bulge loop The four nucleotides G1.1, T2.1, G14 and G18 could

form a kind of sandwich-like stacking, where G1.1 and G18 are the outside, T2.1

and G14 sit inside of the sandwich. Each of T2.1 and G14 has similar distances
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to the cleavage site G1.1 and G18 (strong crosslinking), but the distances are

shorter than that of between T2.1and G14 (no crosslinking between them). C13

mainly crosslinks with G1.1, and G18 with A15 could suggest the reliable

orientations, with C13 located at the 3'side of G1.1 and A15 at the 5'side of G18.

Similarly, A6, G7 and C8 weakly crosslink with G1.1, G18 and T17.1 of the

substrate, which implies that the AGC loop could fold back towards the cleavage

site from a direction different from the bugle loop and be around by the substrate

strand. Therefore, a three-dimensional model for the active site is hypothesized

in Figure 5-27. The model displays that the T2.1 from the bottom, nucleotides in

the AGC terminal loop and in the WCGR bulge loop from both sides enclose the

substrate strand. The T2.1, WCGR and ACG elements are close to cleavage site

but not close to each other in space The substrate strand crosses over the

groove formed by the core stem and A12, C13 in the bulge loop of the 8-17 and

concaves at cleavage site to form a V shape (giving more space for other

nucleotides to contact). However, the limitation of the photocrosslinking

technique could not provide information about relative orientation of those bases.

Finally, the spatial orientations of bases and three-dimensional structural details

of the 8-17 deoxyribozyme need to be confirmed by future study of X-ray

crystallographic or NMR on the 8-17 deoxyribozyme bound to its substrate.
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Figure 5-27 The proposed model for the 8-17 deoxyribozyme.

The light green represents 8-17 deoxyribozyme. The magenta represents the
substrate and dark green short bars represent hydrogen bonds. The white and
yellow circles represent nucleotides.
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CHAPTER 6: CONCLUSION

The unexpected discovery of ribozymes, showing that RNA can both

convey hereditary information and participate in catalysis, provided the basis for

the "RNA world" and inspired the findings of antibody-like aptamers and

ribozyme-like deoxyribozymes. The field is still on the verge of an explosion of

discoveries of major new functions for nucleic acids. For example, recent

discoveries related to microRNAs, RNA interference, and small interfering RNAs

(siRNAs), have revealed a new class of mechanisms for gene regulation that is

mediated by small, non-coding RNAs through their primary sequence. All of the

new functions of nucleic acids demonstrate a great potential for them to function

as gene therapeutic agents (Gesteland et al. 2006).

6.1 Light-regulated RNA Cleavage by the 8-17

By incorporating the photochromic Az into different positions, either

substrate-binding arms or catalytic core, of the 8-17 deoxyribozyme, the

deoxyribozyme activity can be reversibly regulated by light. Among 25 modified

constructs, E11 and E13, which have two Az moieties in the middle of each of

substrate-binding arm, respectively, demonstrate higher activities when the Az

moieties are in trans than when they are in cis. However, E17, which has a pair

of Az residues in the catalytic core stem, displays a curiously opposite catalytic

performance as compared to E11 and E13. E17 shows higher activity when its

Az moieties are in cis, instead of the double helix-stabilizing trans. The structural
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reason for the unexpected "reversal" is not yet clear Overall, all of modified

constructs have significantly lower (102-1 03-fold) catalytic rates relative to the

unmodified enzyme. Nevertheless, E11, E13 and E17 show that their optimal

performances and high trans-cis discriminations occur under different

experimental conditions. Based on the data, we consider: (1) it is possible to

design a new generation of Az-modified deoxyribozymes by using different

combinations of substrate-binding arm length and varying the number of Az

residues at strategic positions? The overall catalytic performances of some such

constructs may compare reasonably to that of the unmodified deoxyribozyme,

while maintaining UV-visible light-catalytic discrimination at higher than the five-

to six fold differences reported here; (2) this approach can also be applied to

ribozymes and to aptamers; (3) the development of such light-responsive

functional nucleic acids may open up new opportunities in using light as the

activating agent in the control of gene expression within living cells and

organisms.

6.2 In vitro Selection of Photo-allosteric Ribozymes and Photo
aptamers

Although the RNA-cleavage activity of the 8-17 deoxyribozyme has been

successfully regulated by light, the 5-6-fold discrimination caused by trans-cis

isomerisation of Az is not good enough for the modified enzyme to be a potential

tool in molecular biology. Therefore, efforts were to made to select for photo-

allosteric ribozymes and RI\JA photo-aptamers using in vitro selection, which we

hope that they would bring up higher trans-cis discrimination, meanwhile,
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maintaining ribozyme activity unchanged. The biggest lesson from the study is

that decisions about suitable photochromic switch candidates for this kind of

application needed to be made carefully. In theory, almost any molecule can be

used as a ligand for selecting aptamers from large, random-sequence nucleic

acid pools. Practically speaking, only those photochromic ligand compounds that

can play multiple interactions with nucleic acids (such as hydrogen bonds,

electrostatic interactions, stacking and van der Waals forces) and undergo large

geometrical alterations as part of their isomerization are likely to be good

candidates.

6.3 Tertiary Structure of the 8-17 Deoxyribozyme Active Site

In order to make use of the 8-17 deoxyribozyme better in vivo and in vitro,

a systematic substitution of structurally and catalytically important nucleotides

within the enzyme and its substrate with photoactivated thio-substituted and

halogenated nucleotide analogues was performed, to enable the formation of

contact crosslinks within the folded enzyme-substrate complex. Key nucleotides

immediately flanking the cleavable phosphodiester within the substrate showed

strong crosslin king patterns with both a catalytically conserved internal bulge

loop and a terminal loop within the folded 8-17 and vice versa. Based on the

significant set of distance constraints so obtained from photocrosslinking

experiments, we think that the active site of the 8-17 deoxyribozyme is composed

of two nucleotides flanking the cleavage site, a wobble G-T pair T, nucleotides

within the AGC terminal loop and the WCGR bulge loop. A tertiary structure

model for the active site is proposed. In this model, the wobble T and nucleotides
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from within the terminal and bulge loops, respectively, enclose the substrate

strand from different directions. All three elements are expected to be close to

the cleavage site but are not close to each other in space. I hope that this newly

proposed tertiary structure will prove beneficial to future studies aimed at trying to

determine how this enzyme catalyzes the hydrolysis of an RNA phosphodiester

bond with the help of divalent metal ions.

All of the projects carried on in this thesis will greatly contribute to our

understanding how to use light to regulate the activities of nucleic acid enzymes

via isomerization of photochromic compounds, and should prove helpful in the

development of novel nucleic acid photo-allosteric enzymes and photo-aptamers

as well as using "low tech" photocrosslinking procedures to explore the tertiary

structure of nucleic acids.
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APPENDICES

1. Sequences and Alignments of RNA Molecules against Photoswitches for

the First in vitro Selections

1.1 Against trans-BAPA from G7

,it" Tested Sequences

G7A2
G7A14
G7A1
G7A21
G7A7
G7A8It
G7A13
G7A28
G7A12
G7A26
G7A24
G7A3
G7A27
G7A19
G7A29
G7A23
G7A18
G7A33
G7A36
G7A20
G7A32
G7A4
G7A15
G7A30
G7A22
G7A3
G7A6
G7A40
G7A17
G7A5
G7A10
G7A25
G7A37
G7A16
G7A38
G7A11
G7A9
G7A34

ACACATAGCACATCCCTGATACT------GATAACGCCGTC---------cCTAA----40
---ACC CTGCTAGCCCGTTCCTAAAGAGCTCAAACA-----------cCAGC---40

----cCCA-cTGACCGGCGATTGTCCCAT------------AAACAATCTACCTTG ---39
---CCCA TGACCGGCGATTGTCCCAT------------AAACAATCTACCTTG ---39

-------ACTCCAGACCTGGCATATCCCA GCCCC T-AGACCGTC----------- 40
-------CCAGCAT GTGGCATATCCG TGCCCAGAGAGACTGCC----------- 40
------CCCGCCGTTAACCCTGCTCCTTCAA-CCCAGAG---GA--T---CG-GCC--- 40
------CCCGACATTACGTGGGA-CATGA---GCCC GACGAC------TTGCC---40
--------ACGACACA--GCACA--CTCATTTGAGTAC-----ATAGGCCTGTTCGT----40
-------------ACCTCT---GCACAGCTCAGCAAACTCCA--ATAGAGAACTACGC---40
------------ACCATGGGCACTCACG-------AAAGTACAGATAGATGGTCCACTA--40
------------TCAC---GGGCACATCT-----TTAAATTCAATTCCAC--TGGATCGGTT-- 40
-----cCCACTGACCAGCAACCACATTAAACCGAATTCC GCACA--------------- 40
-----cCAACCCCG--ACG----------------CAAATTCACTCCATCGACGGTTGAA-----37
---CCTCACCCACCACCGGACA-----CAACTC TTTTA-----GACGGTGT--------40
----ACCACGGCACAA--CAC----------CAA-AAG-ATTTTATCGATGTTCCCTA----40
-------ACACCC----cAAGCACGACACC---AAG ------TTCA-GGGACCTGACCAT--39
---------CCCGATGCATG----CTCGCCACTAATCTCACGACAGACCATCC------- 40
----------ACCACTACGCAC-CACATCTACGCACTC GATGGTCCCTA--------- 40
----------ACC-CTGCCCTCG-CTCGCATCTAA--CTTGTGACTC--CCTAAGC----- 40
----------ACACATCCCCACCCTC--CAT--TACCCTTCAGACTA--CCAAAG------- 39

CGACTTCACA--CCCCAA--CTC-----TAACGCC--ATAACACAGACT-------------- 38
--ACCGACC --AAGC --AACGATGACTCAAACAGCCGTCCATC----------------- 39

CCCACAC--AGGGC TAGCACCG CTTTAGAAGACGTGTC------------------- 40
CCCA--ACCCAAGCCT--AGCACAGAG----AACCCAG CTTAT-GGTTC------------40
CCCA--ACCCAA--cCG--AGCACATCA--AAACCGAGTAGACGGTTC------------40
CCCAGACCCGTGTGCAATCTTC-TCATGACACCCGTGGTGC-------------------- 40
CCCAGACCCAGCACCAATCATC-TCAAGAAACCCATGG-GT------------------- 39

CCA---ACC-ATCAT-CAA GCA ----TAAA-- CTCGACTGGTC------ 40
------------- CAG GT---------AAAA GGTAGATTTTGCTTGGTTTGCTA

----TGCACACCCAG---TAGATGAAAATCTAACCC-GATTT--GCAA---TT ------40
---TACGCACAGGACTAGCTATCTTTTGCTACTAGACCGGTT-----------------39
---TACGCACAGGACTAGCTATCTTTTGCTACTAGACCGGTT-----------------39

-AGGCGAGGAGGACTCCTATAGTTATTG C GATCGGTT----------------- 40
--ACACCTGGC CTGTCAACCCAAGTCGT--AC--TTGTCCCTAA----------- 40
---CCCGACGAGATCGTACACATTTCC-CGAGACGTTCACGGCC------------ 40

---CCGACCGGGCAAGGACCTCCCGCACGAGACGTTGTTTGGT--------------40
----ACCTCGGGACTTTTAGGTCA CATCTAGTCTCTGAGTCCT--------------40
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1.2 Against Open-form TCPDA from G7

G7021
G7039
G7013
G7026
G701
G7035
G7022
G7031
G7038
G7017
G702
G709
G7011
G7030
G707
G7037
G7029
G7020
G702
G708
G705
G7033
G706
G701
G704
G7036
G7040

-------GCCACAAGACTCTCATCGACCCTAGTGCTATATGTTTG-CC------ 40
---------CCCTT---GACACGCTAAAACCCAAAAATCCCATGGGCACCTA- 40
---------TACTACCCGCCATAGCACTGTCGCGGGACTTAG--GACCGT---- 39
---------TACTGCCAACTTTAGCACT-CCATACGC---CTCACAGACCGC----39
--ACACAACCATTAAACCCAAAAAGACACACTTGGTITGCTA----------- 40
--ACAC ---------------AACCCCAAAAAC -----ACTTTGTITGC GCTGATAG-39
-------GCCACTGATTAACATAG-ACTCCCC-------TGGTITGCTTCGGGTG----- 40
----ACACCGTCCAACCCAGAGCAATACTTTC----GGTITGCTTTAC-------- 40
----ACACC CCCTAACGGACAAAGAAGG-CTGCTGGTITGCT---CGC------ 40
-GACACGGGACGCTAGTAATATGCTCACTTCT--~TTTGCCT-AG--------- 41

--------GCCCACCCATTACACTCACCTAACCCTGCAT--eCCGGTAT---- 39
--CCAG-CCATAAGCT--CACCCAGTCAACATACTTAGCCCACGA----------- 40
---CCACCACTTGATGTT--ATGG ----CAC---AGACAGTGCAACCCCAGG---- 40
--CGCACACCA------GATGTITA- G----CAC---AC TTATCTGG--CCAGG-- 40

-----GCCCACCAATAAGCCTTT----GGAACAGGACATGCGAC----GGTCC-- 40
-----CCCCACCAATAAGCCTTT--- GAACAGGACATGCGAC----GGTCC-- 40
-----CCC GGCATAAACACA--------GAACAC ---ATGAGAT-- GGCCTA-- 39
---o6GTTGGC CCA ATCGT CCCTAAGCTACCCCCCTA--------- 40
---o6GTAGCACT CT CG CAACCCAGTCT CCTCCCCT--------- 40

----o6G----ACCGGGCAAAAGCAACTCCTGACAAAGCTCCCCCTAA------ 39
-----CCACACCCGATGTTG-TACAGCACTCTACCAGCGAGTCAGG------- 40
-------TACTGCCGC---TA-----TACACCA CTAACTACTCGGAAGACCGC--- 40

--------GCAACCAACATAGGCTCACTA-----CTCAC--ACTGGGTAT-- CTTC---- 40
-·-CCTCAGGAGATTCGTGGCGAA----------CTCAGAAGCCCCTCTGGC------ 39
----------ACCATCTCCAGCCTGATA--CCGAAAGCAACTCACAGTTAG---- 39
-----CCACCTGAA--CACCCAGA--CTCCCGGACCATAAC------GGGGAGAC--- 40
---CCCAC--GGC----CAACCAACTCTTCAATTCA------AACAACGGGCCTA---- 40

1.3 Against Close-form TCPDA from G7

G7C3
G7C12
G7C17
G7C15
G7C8tf
G7C35
G7C7
G7C16
G7C29
G7C22
G7C2~
G7C21
G7C27
G7C31
G7C4
G7C6
G7C30
G7C38
G7C10
G7C39
G7C24
G7C36

---------CCCACTGTCAAG-CTTCTTGGCGATCTCAGGTCGATCAGTC---------- 40
---------CCCACTGTCAAG-CTTCTTGGCGATCTCAGGTCGATCAGTC---------- 40
---------CCCACTGTCAAG-CTTCTTGGCGATCTCAGGTCGATCAGTC---------- 40
------CGCCTCATCTAACTCTCATTC---CGAT GCTATTTCGGCCG-------------40

--------CCCACCTAGCATCGGAC--CTTAATTGTo6AAAC CA-GTTTGGT-----------40
---------CC CCAGCACAGCACTCTCATTGGC-GAAACTAA--ATCG-TC------- 40

----------CCA--CC TCTCGA-ACCCTGGCGAGAGAAAATAGACCGGTT--------40
----CCTACCGTG-----CTCGC-ACTTGCCCTTAACTCCC----AGATCGGTT-------- 40
-AATTCCA-GCACACTGGCG-------GCCGTTACTAGTG------GATCCGAGC----- 40
-------------CGACACGT-TCC-ATA-ACTCTCC-CTTCCCGGITTGCAGAATG----- 40
-------------CGACACGT-TCC-ATA-ACTCTCC-CTTCCCGGrrTGCAGAATG----- 40
--CCACATGGCACAC -TCCCA-GTACTCTCA--TTGCCGGCCCT------AA--------- 40
--------TACGGGACACCTCCGGGT TC----ACTTCAGAGTGATCGGTT--------- 40

ACGCCAGCACAAATGGGACAC--ACGGCCAATAAC---------------GITTCAA---------40
---------C---GCACAAACAAACCCTTTA-----CCCGCTAGAGCCCGGrrTGC-------------39

------T-------CAACCTATAGCTTAACTTCCCAG-AGTGCGT-GGTCGCGGG-------40
--AGGGCACGC-TT--CTCA-----GACTCATGG---------GGTTTGCACACCAGACG
---------ACACCCGATGCTCATCTGACTCCCGCGCTGGGrrTGCTTC-------- ----40
----CCAACCTACTCGACACGCTT-----------·ATACCAGGAGACCCGAATATC-- 41
-------CCCTTGACACGCTAAAACCCAAAAATCCCATGGGCACCTA------------- 40
-------CCCGACGCACACTATAGCACCGACACAGAGCCG---ACCGTCC--------- 40
-------------ACAGC---ACACAACTCAGA-----TACTCCCGGTTTGCAGGAGTAG--39
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G7C33
G7C25
G7C32
G7C13
G7C18
G7C11
G7C26
G7C34
G7C5
G7C23
G7C9
G7C19
G7C40
G7C20
G7C14
G7C37
G7C1

---TACTGCCGCTATACACCATTCTAAC----TACTCGGAAGACCGC---------------- 40
------------ACACTACATACGAAAGGACCAGACCATCTTGGTTTGCTTA--------- 40
------------ACAC AAGGACTGCACCTACAAAACGCCCTAGGTTTGCTTC-------- 40
---------ACCACTCCCGCACGAACACTA TCACATAGACTCTACCAGG------------ 40
---------AGCACACCAACAGAAATCCT TACAGACA--TATACCGGGT-------- 40
----------CCACCCCCAGCTGAACACTAAGTCAGAAACTAGCATAGGC---------- 40
------------ACACTGCAG---CTTACCCACGTCTGTTCACCAAGAGAGTTAC------ 40
--------CCCTAC-CCACNGCTTGTACACATCC--C- AGGAAGACGGGCC------- 40

----------------AGGCGGCTTIGGAATCAGTTAACAACAGACCAAATCGGTT----- 40
------CGCACCGGA-TGTTTCAG----CACTAAACACATCTGGGCACAGG--------- 40

------------------------CACAC CATATGCTCAGACT--GTTTGCTT-AGACTAGA------ 35
------------------ACATCTAGCCCCAGAAGTTCAGGTTTGCTTTATACTAGC------ 39
-------TAGGCGGACAGACGACAAATTACCAATGCT---CCGGTTIGCA---------- 40
----------ACACCGGACGAAAATTGACATACAGAAATGCTGGTTIGCT---------- 40
-----------CCAACCTGCACTTCCAGAGCTAGCATCGGTTCGTAGATG-------------39
-----------CCCCACCAATAAGCCTTTGGAACAGGACATGCGACGGTCC--------- 40

-----------CACTAGCAACGTA---CTTCCC-----CAGGAGCTCTCATTCTCGTT------ 39

1.4 Against Close-form TCPDA from G12

G12C2:J*
G12C30
G12C24
G12C38
G12C4
G12C3
G12C13
G12C17
G12C25
G12C8*
G12C26
G12C16
G12C19
G12C10
G12C14
G12C3
G12C28
G12C3
G12C12
G12C1
G12C32
G12C29
G12C20
G12C2
G12C5
G12C6
G12C27
G12C22
G12C9
G12C21
G12C33
G12C15
G12C18
G12C35

-----------CCACCCGACTTAGCACCAACACAGCGAGACAGGACGGGC----- 39
-----------CCACCCGACTTAGCACCAACACAGCGAGACAGGACGGGC----- 39
-----------CCACCCGAGTITCCACCTT-CTCCT-CG CAGGACGGGC----- 39

-GGACGAGGCGAGAGAACTTGACGGGCCCTTATCCACC GG-----------40
-----GGGCCACGAGCGAAACGTACTCAAAGTG-CTGGGTTAGCAC------- 40
----GGGCCACGAGCAAAACGTACTCAAAGTG---CTGGGTTAGCAC------- 40
----- GGCCAC-CAATAAGAC--TACT- TAAGACAACTGGGTTTGCAC------ 39

---GGGGGACACG--ACAACCACTCTCACAAA-TACGTCCTTACTT------- 40
CCCAACCGACACC CAG--CAGACTAGCAAA-CAGGGTAGTA----------- 40
----------CCACACGCAGCCAAAGCACAATACTCGAATCCGAATTCCA----- 40
----------CCACCGAGCA--CAAACCTCACAACCATTCCAGGGCCATAAC--- 40
-------ACCAGCCCGAC- AAGCAGACATCAGTAACACTGCGGTTCGT------- 40
-------GGCAGCACGACTAAGACA--AGACCA--ATAT-CGATCCGGCG------- 38
GGCGGCA---TCCAC CACCCA GA--TTATTA-CGATCCGGCG-------- 40
---- GGACGCCTGATACACCCACAGACCTTATCGCGATCCCT------- 39
-----GGGACGCCTGATACACCCACAGACCTTATCGCGATCCCT------- 39
---- GGACGACTGT CGG CCTCGATCTTTGCCCGATCCCT------- 39

------CGG--CCAT-----T CGCGGACGCAGCTCACTGACCTGCATCGCC--- 40
----------ACCGA-CGCAGCTTAGCGAATCATTGACACTGCCA--ATCG----- 38
----GGCAAC CTCGCACGCACC GACAGAT --GCGCCTAGT---------- 40
----GGCAACTCCGACAC C--AACTCCAGATCCATGCGCCTAGT---------- 40
----------CCACACGT----AACACAGGCAAATGGCCCCAG GGATCGTGC-- 40
--------------TACGCACCAATGATGGACGAAGCGCCAAGACCGACCGGTT--- 40

---------CCC GCACGC--GTACAGAG G ACAA----CGG--GCCATA---- 38
-------CACCAAGGCACAA--CGCTCAAGACAATACAA--T--GGTGCCATA---- 40
---------ACCCGGGCACCTCAACATAAGATAAG----CGATC--GT--CCATAAA-- 40
--------ACCCGT-GCACAATGTGACCAATAGATTACGA-CGGT--CCCTA---- 40
------CACCAGGGCT--CAAGGTAAAGACGCTTCT--C TCTCTTAT----- 39

--------GGCAGGATG----AACATC CTTCTCAAAAGACAGTCCATTTGCC---40
-------GGCAGTCTGGCAACATCGTCCTCAGACTATCGCGCCTCGT--------- 40
---------ACCGT----GGCTACTACTCTA---CAGACTTTTGTGATGGTCCATA- 40
---------ACCAGCCCG----ACTTGA--T GG--- TTAGTCTACAGCACTACAAC 40
--------------CCCAGTGACACAAACTCAGTTACAAAACAACGGGCCATA---- 39

-GGTAGC-TGGGAGACGGTACCTCATTACGCCGGCCTAGTAC--------- 40
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G12C37
G12C34
G12C39
G12C1

----GGGCGTGCGGTT-CG ----ACCTAGTIACTAGGCCCTACCT--CAAC-- 40
-GGGCAGACT----------------GCACTCTCAGAACATAT---CCCCCCAAAC GTT 39
---GGCC----AACAGG-TGAGCACTCCAGGAAAGTAAGCCCCCTCAC-- 40

--ACACACATAACCT----TGAC----CTC---AGAAACTCAGCTGTGCATCG-- 40

2. Sequences and Alignments of RNA Molecules against Trans-BAPA for

the Second in vitro Selection from G10

Az1* ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az5 ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az8 ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az28 ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az33 ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az35 ACCAGGGCACGTAACTTGCGAGACGTCACTGATGGTCCAT
Az36 ATTAGGGGGCGGACGTTGTAC CGTCACTGATGGTCCAT
Az2* ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az6 ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az9 ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az15 ACACACATCCCCGATGACTATCTAACGCTAGGTTCCTTT
Az16 ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az17 ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az31 ACACACAACCCCGATGACTATCTAACGCTAGGTTCCTTT
Az3* GGCACCGAACCGAAAGATTCCACTCAGGCCAAA CCGGTT
Az10 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az20 GGCACCGAACCGAAAGATTCCGCTCAAGCCAAACCGGTT
Az23 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az25 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az32 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az34 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az41 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az43 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az44 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az47 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az38 GGCACCGAACCGAAAGATTCCACTCAGGCCAAACCGGTT
Az4* ACCGACCAAGCTTAACGATGACTCAAACAGCCGTCCATC
Az14 ACCGACCAAGCTTAACGATGACTCAAACAGCCGTCCATC
Az27 ACCGACCAAGCTTAACGATGACTCAAACAGCCGTCCATC
Az48 ACCGACCAAGCTTAACGATGACTCAAACAGCCGTCCATC
Az12 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az19 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az26 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az39 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az18 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az21 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
Az42 CCCACACAGGCTTTAGCACCGAACTTTAGAAGACGTGTC
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Az46 ATGAATCAAACTTACGGACGACTCCATCTACCCTCTGACT

The Structure of the Oxirane Acrylic Beads. (Rohm GmbH & Co. KG)

o
/ "H3C~-C-O-CH -CH-CHII 2 2

o

o
II H

H C- -C-I\J H 0
3 'c II

H'N-C--+--CH3
H

copolymer of N, N'-methylene-bis-(methacrylamide),
glycidyl methacrylate,allyl glycidyl ether and methacrylamide
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