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ABSTRACT OF DISSERTATION

MOLECULAR RECOGNITION PROPERTIES AND KINETIC
CHARACTERIZATION OF TRANS EXCISION-SPLICING REACTION
CATALYZED BY A GROUP I INTRON-DERIVED RIBOZYME

Group I introns belong to a class of large RNAs that catalyze their own excision
from precursor RNA through a two-step process called self-splicing reaction. These self-
splicing introns have often been converted into ribozymes with the ability site specifically
cleave RNA molecules. One such ribozyme, derived from a self-splicing Prneumocystis
carinii group I intron, has subsequently been shown to sequence specifically excise a
segment from an exogenous RNA transcript through trans excision-splicing reaction.

The trans excision-splicing reaction requires that the substrate be cleaved at two
positions called the 5* and 3’ splice sites. The sequence requirements at these splice sites
were studied. All sixteen possible base pair combinations at the 5’ splice site and the four
possible nucleotides at the 3’ splice site were tested for reactivity. It was found that all
base pair combinations at the 5’ splice site allow the first reaction step and seven out of
sixteen combinations allow the second step to occur. Moreover, it was also found that
non-Watson-Crick base pairs are important for 5’ splice site recognition and suppress
cryptic splicing. In contrast to the 5 splice site, 3’ splice site absolutely requires a
guanosine.

The pathway of the trans excision-splicing reaction is poorly understood.
Therefore, as an initial approach, a kinetic framework for the first step (5’ cleavage) was
established. The framework revealed that substrate binds at a rate expected for RNA-
RNA helix formation. The substrate dissociates with a rate constant (0.9 min™), similar to
that for substrate cleavage (3.9 min™). Following cleavage, the product dissociation is
slower than the cleavage, making this step rate limiting for multiple-turnover reactions.
Furthermore, evidence suggests that P10 helix forms after the 5’ cleavage step and a
conformational change exists between the two reaction steps of trans excision-splicing
reaction. Combining the data presented herein and the prior knowledge of RNA catalysis,
provide a much more detailed view of the second step of the trans excision-splicing
reaction.

These studies further characterize trans excision-splicing reaction in vitro and
provide an insight into its reaction pathway. In addition, the results describe the limits of



the trans excision-splicing reaction and suggest how key steps can be targeted for
improvement using rational ribozyme design approach.

Keywords: Group I intron; ribozyme; trans excision-splicing; splice site sequence
requirements; kinetic characterization of 5’ cleavage step.
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CHAPTER ONE- INTRODUCTION

Ribonucleic acid, or RNA, is a biomolecule, that plays a pivotal role in the central
dogma of molecular biology although it was initially thought to be a relatively passive
molecule. The ability of RNA molecules to catalyze chemical reactions were discovered little
more than two decades ago in the early 1980’s (/, 2). This discovery of catalytic RNA
changed the old view of RNA. It was soon found that RNA catalysis occurs widely in nature,
occurring in plants, bacteria, viruses, and lower eukaryotes and also in mammals (3, 4). Also,
research has focused on characterizing these catalytic RNAs, or ribozymes, and utilizing their
properties to catalyze new reactions (3-8).

It has been previously shown that a ribozyme derived from a group I intron of a large
ribosomal subunit from the opportunistic pathogen Preumocystis carinii can catalyze the
sequence specific excision of regions from an RNA transcript (9-/7). The reaction was
termed the trans excision-splicing (TES) reaction. Our interest in this system is three fold.
First, the previous studies have uncovered many intriguing mechanistic questions. What is
the sequence requirement for the two reaction steps? What is holding the 3’ exon
intermediate between the two reaction steps? Is there a conformational change between the
two steps. Second, this reaction has potential use as a biochemical tool for the sequence
specific modification of RNA molecules. The ribozyme also has potential therapeutic
applications in that it could be used to remove mutations (at the RNA level) that are
implicated in a host of genetic diseases. Third, the ability to manipulate the substrate and
catalytic portion of the molecule separately provides the trans excision-splicing reaction with
the ability to serve as a unique model system for studying the structure and function of group
I introns. The purpose of this research is to understand the fundamental principles that govern
RNA catalysis. The research presented in this work further characterizes the TES ribozyme
in vitro by elucidating molecular recognition properties for the determination of 5° and 3’
splice sites (/0). This thesis further describes investigation of the kinetic pathway of the TES

ribozyme with emphasis on the first step of the reaction.



Investigation of the Molecular Recognition of Splice Sites in a Trans Excision-Splicing

Reaction

TES ribozyme recognizes their target through base pairing. These base pairing
interactions also help to define sites where the backbone is cleaved (called splice sites).
Previous works with the P. carinii group I intron-derived ribozyme, preserved the highly
conserved nucleotide sequences that define the splice sites in the native group I introns.
Specific sequence requirements at these critical positions would limit the sequences that
could be a useful target for TES ribozymes. In conjunction with another member of Testa
lab, Dana Baum, all possible sequences were identified that would allow the catalytic activity
at the splice sites. These studies would be useful for obtaining insight into molecular
recognition of the splice site by the ribozymes.

These results showed that the sequence requirement at the 5 splice site were not
stringent like other group I intron-derived ribozymes. However, certain sequences lead to
product degradation through cryptic splicing and should be avoided. This lax sequence
specificity indicates the molecular recognition of the 5 splice site is dependent on structure,
and not sequence (i.e. base pairing). In contrast, the sequence requirement at the 3’ splice site
is absolute. The 3’ splice site must have a guanosine for the second step of the TES reaction
to proceed leading to the formation of TES product (/0). These results provide guidelines for

rational development of new TES target systems.

Kinetic Characterization of the First Step of the Trans Excision-Splicing Reaction.

To understand the mechanism of RNA catalyzed reactions, establishment of kinetic
framework was widely used (/2-74). These studies have been mechanistically informative. It
has advanced our knowledge of the chemical basis and the pathway for the catalytic
functions of these ribozymes. For trans excision splicing ribozyme, the rate constants for 5’
cleavage and exon ligation reactions in a single turnover reaction have been reported and
possible mechanistic pathway has been proposed based on prior understanding of other group
I intron-derived ribozyme reactions (/0, 15). However, none of the reaction steps have been

studied in detail and rate constants for individual steps have not yet been determined. Thus, a



detailed kinetic scheme would provide a foundation for further mechanistic understanding of
trans excision splicing reaction.

The kinetic pathway of the 5° cleavage reaction shows that the substrate dissociation
is comparable to the substrate cleavage step and the chemical step is masked by a rate-
limiting conformational change. These results further suggest that the product dissociation is
so slow that it is rate limiting for multiple turnover reaction. These results provide
mechanistic insights for understanding of the TES reaction and establish a basis for further
studies on its mechanism. Furthermore, as the same ribozyme or its derivative has been used
to develop new reactions (/6, 17) where 5’ cleavage is the first reaction step, the framework

presented herein will also provide a starting point for further enhancement of these reactions.

Copyright © Joy Sinha 2006



CHAPTER TWO-BACKGROUND

Nucleic Acid Composition

Central Dogma of Molecular Biology

Nucleic acids occupy an important position in biological systems and participate in a
wide array of complex cellular functions even though they are based on relatively simple
nucleotide monomers. For example, in the cell, DNA stores all the genetic information. This
double stranded DNA is transcribed into single stranded RNA and RNA acts as a template
for translation of protein. This flow of genetic information was first described by Crick and is

known as the central dogma of molecular biology (Figure 2.1) (18).

Deoxyribonucleic Acid

DNA, or deoxyribonucleic acid, is a polymer consisting of monomeric units termed
nucleotides. Each of these units contains three components: a phosphate group, a 2’ deoxy-
D-ribose molecule (a sugar), and a nitrogenous aromatic heterocyclic nucleobase (19, 20)
(Figure 2.2). The nucleobases are of two types: bicyclic purines and monocyclic pyrimidines.
Purines are adenine (A) and thymine (T), while pyrimidines are guanine (G), and cytosine
(C) (Figure 2.3). Each DNA nucleoside is joined by a phosphodiester from its 5’-hydroxyl to
the 3’-hydroxyl group of one neighbor and by a second phosphodiester from its 3’-hydroxyl
to the 5’-hydroxyl of its other neighbor (Figure 2.4). There are no 5°-5° or 3°-3’ linkages in
the regular DNA. The phosphodiester backbone has directionality from the 5’-carbon to the
3’-carbon on the sugar. The uniqueness of a given DNA primary sequence is based solely on
the sequence of its bases. The predominant DNA structure found under physiological
conditions is termed as B-DNA. This form of DNA consists of two anti parallel strands of
nucleic acid connected by base pairs around a central axis. The base pairs are formed by
hydrogen bonding between the nucleobases (Figure 2.5) and the most common base pairs are
called Watson-Crick base pairs. There are two sets of Watson-Crick base pairs: A-T or T-A
(forming two hydrogen bonds) and C-G or G-C (forming three hydrogen bonds). These two

sets of base pairs have an isomorphous geometry and thus A-T pairs can replace C-G pairs



and vice versa without changing the overall geometry of the helix. While Watson-Crick base
pairing is predominant, other pairings have also been discovered although these base pairs
are not isomorphous with Watson-Crick pairs. Most significant of them is the Hoogsteen
pairs (21) (Figure 2.6). The nature of Watson-Crick base pairing results in a duplex structure
composed of single strands that are self-complimentary so that knowledge of nucleobase
sequence in one strand is sufficient to define the sequence of the other. This feature facilitates

the replication and repair of DNA.

Ribonucleic Acid

RNA, or ribonucleic acid, like DNA is also a polymer of nucleotides. The main
difference between RNA and DNA is that RNA contains a ribose sugar instead of a
deoxyribose sugar. The ribose sugar has a hydroxyl group on its 2’-carbon (Figure 2.7), and
the presence of this additional functional group makes RNA chemically less stable than
DNA. The extra hydroxyl group also allows the RNA to have the catalytic functions
discussed here. Another difference between RNA and DNA is that RNA uses nucleobase
uracil while DNA uses thymine. In addition, some RNAs sometimes contain modified
nucleobases like pseudouridine etc (Figure 2.8).

RNA, like DNA is a polymer with a phosphodiester backbone linked in a 5’ to 3’
direction (Figure 2.4). Therefore, like DNA the sequence of nucleobases determines the
primary structure of RNA, but unlike DNA, RNA is typically single stranded. Presence of an
additional 2’ hydroxyl group, helps RNA to fold so that it can base pair with complementary
sections of itself (only when forming the secondary and tertiary structures), producing
structures. The current model of RNA folding proposes that it is hierarchical in nature
although there are well documented exceptions (22, 23). In a hierarchical folding model,
primary sequence interacts to form the secondary structure, and from the secondary structure
develops the tertiary structure (23-25). The formation of the tertiary structure minimally
distorts the secondary structure.

The secondary structure in RNA is dominated by Watson-Crick base pairs that form
A-form double helices. The secondary structure forms first between neighboring regions in

the primary sequence, followed by end-to-end stacking of adjacent helices (26). The



preformed helices in a secondary structure associate into bundles of helices (also known as
structural domains) to constitute the tertiary structure. The tertiary structure is generally
maintained by long-range interactions called tertiary interactions (27). The tertiary structure
of large RNAs are often composed of several structural domains, which can assemble and
fold independently (28, 29).

RNA secondary structures are most commonly comprised of helices, internal and
asymmetric loops, bulges, and junctions (Figure 2.9). Bases in loops, bulges, and junctions
are sometimes paired but the pairing is usually non-canonical. Even unpaired nucleotides
might not be single stranded and are frequently involved in a variety of interactions. These
secondary structures play very important roles in substrate binding and determining the
correct folding of RNA. For example, non Watson-Crick base pairs and coaxial stacking of
helices are important mediators of RNA self-assembly. Non-canonical base pairs widen the

major groove, thereby making it accessible to ligands (30).

RNA Splicing

Eukaryotic genes usually contain noncoding DNA sequences termed introns. RNA
polymerases transcribe both the coding sequences (exons) and the introns to give large
precursor RNAs. After transcription, the introns are removed by a process known as RNA
splicing, which results in the introns being excised out and the flanking exons being ligated
together (37). RNA splicing proceeds through two consecutive phosphotransesterification
reactions forming mature RNA (32). The process requires sequence recognition, strand
cleavage, and ligation. In addition, the splicing process must be efficient and accurate; error
in pre-mRNA will destroy the reading frame for protein synthesis, inaccuracy in pre-rRNA
and pre-tRNA will produce nonfunctional ribosomes and tRNAs (33). In vivo, the splicing is
carried out by a large, multicomponent, and dynamic RNA-protein complex termed as
spliceosome (34, 35). It should be noted that in many cases, RNA splicing involves the RNA

molecule not only as a substrate, but also as a catalyst.



RNA Catalysis

Catalytic RNA or Ribozyme

In the early eighties, it was discovered that naturally occurring RNA sequences have
the ability to catalyze the cleavage of phosphodiester bonds in the absence of proteins (1, 36)
which falsified the longtime thought that only proteins were capable of catalyzing chemical
reactions. These RNA sequences have been termed “catalytic RNA”.

Seven different classes of catalytic RNA motifs have been found in nature:
hammerhead (37, 38), hairpin (39, 40), hepatitis delta virus (HDV) (41), and Varkud satellite
(VS) (42) catalytic RNAs, group I (2) and group II introns (43-45), and the RNA subunit of
RNase P (7). Recently an eighth natural catalytic RNA motif, called g/mS ribozyme, has been
identified in a riboswitch (46) that only shows catalyzes cleavage of phosphodiester bond
upon cofactor binding. In addition, RNA components of ribosomes have been shown to have
catalytic activity (47).

Based on their size and mechanism, the catalytic RNAs have been broadly divided
into two categories. The hammerhead, HDV, VS, and g/mS are small catalytic RNAs (also
known as self-cleaving) of only 50-150 nucleotides, or even less. Other three catalytic RNAs
(group I and II introns, and the RNA subunit of RNase P) are larger, several hundred
nucleotides in length, and fold into complex structures containing single and double stranded
regions, base triples, loops, bulges, and junctions. Surprisingly, with one exception, naturally
occurring catalytic RNAs cannot be termed true enzymes (or catalysts) because they catalyze
reactions that modify themselves. The exception is RNase P, which processes the 5 end of
tRNA precursors and is the only known example of a true naturally occurring RNA-based
enzyme. However, all theses naturally occurring catalytic RNAs can be engineered, so that
they can modify external RNA molecules in trans (intermolecular fashion) without becoming
altered themselves. The engineered catalytic RNAs behave like true enzymes and are termed
ribozymes (ribonucleic acid + enzyme).

In addition to size, the catalytic mechanisms of small and large ribozymes are
different, although all of them catalyze a phosphotransesterification reaction. The
hammerhead, hepatitis delta virus (HDV), hairpin, Varkud satellite (VS), and glmS

ribozymes perform site-specific reversible phosphodiester cleavage reaction. The reaction



proceeds due to an attack of a neighboring 2°-OH on the phosphorus atom and generates 5’
hydroxyl and 2°, 3’ cyclic phosphate termini (48) (Figure 2.10A). RNase P (49), self-splicing
group I and II introns catalyze phosphodiester cleavage and ligation reactions that produce 5’
phosphate and 3’ hydroxyl termini (7, 50, 57) (Figure 2.10B). All these reactions proceed by
attack of a nucleophile. This nucleophile is either 3° hydroxyl of an external guanosine
(group I intron), or water molecule (RNase P), or 2° hydroxyl of an internal adenosine (group
II introns).

One absolute requirement for ribozyme catalysis is the presence of a divalent metal
ion, most commonly Mg**, or a high concentration of monovalent cations (most commonly
Na" or K") (52-66). In this regard the ribozymes are similar to protein metalloenzymes and
metal ions seemed to offer the chemical versatility that RNA functional groups lack (60). The
phosphotransesterification reactions catalyzed by either small or large ribozymes are roughly
equivalent to non-enzymatic hydrolysis of RNA and proceeds with an inversion of the
configuration at the phosphorus atom undergoing nucleophilic attack (67-69). Inversion of
the configuration suggests that the reactions follow an Sy2 type in-line attack mechanism

with the development of a pentacoordinate transition state or intermediate.

Group I Intron Self-Splicing

Group I introns belong to a phylogenetically diverse family of large RNAs, its size
ranging from a few hundred nucleotides to around 3000. More than 2000 of them have been
discovered to date in tRNAs, mRNAs, and rRNAs of prokaryotes but were not yet found in
higher eukaryotes. The group I introns from phylogenetically diverse sources can be
recognized by a common secondary structure, although they can show less than 10% overall
sequence identity. A common secondary structure implies a common tertiary structure and a
common splicing pathway (7). The catalytic activity of RNA was first discovered in the
group I intron of the pre-rRNA of Tetrahymena thermophila (36). It was found that the intron
could self-splice, excising itself out of the pre-rRNA in the absence of proteins.

Prior to this reaction, the intron folds into its catalytically active form through
extensive base pairing and tertiary interactions. Through this folding pathway, the helices P1

to P9.0 form the catalytic core of the intron (Figure 2.11). The helices are further organized



in two principal pseudo-helical domains: domain P4-P5-P6 and domain P3-P7-P8 (70, 71).
These two domains together form a cleft in which helices P1 and P10 reside. These two
helices together constitute the internal guide sequence (IGS) of the intron and form by base
pairing with the endogenous 5’ and 3’ exons (7).

The self-splicing reaction of a group I intron consists of two consecutive
phosphotransesterification reactions. The first catalytic step of self-splicing reaction is called
5’ cleavage (Figure 2.12) reaction. This step is initiated by either an exogenous guanosine or
one of its 5’ phosphorylated forms (GMP, GDP or GTP) (7). The exogenous guanosine
nucleotide binds a specific site located in P7 helix, known as the guanosine binding site
(GBS) (Figure 2.11) (72, 73). The 3’ hydroxyl of this guanosine acts as a nucleophile and
attacks the phosphodiester backbone at the 5° splice site within the P1 helix. The 5’ splice
site is defined by the last nucleotide of the 5° exon, base-paired to a specific nucleotide that is
part of the internal guide sequence of the intron. The last nucleotide of the 5’ exon is
normally a uridine, exceptionally a cytidine, and paired to a conserved guanosine (part of the
IGS) in all known group I Introns. Therefore, a conserved GeU wobble pair at the 5° end of
the P1 helix defines the 5’ splice site (74-76). Due to the nucleophilic attack the backbone is
cleaved, resulting in a free 3’ hydroxyl on the terminal uridine nucleotide (part of GeU
wobble pair), the last base of the 5’ exon. The exogenous guanosine nucleophile after the
first catalytic step gets covalently attached to the end of the intron (2, 36, 77).

The second catalytic step is the exon ligation reaction, in which the newly generated
free 3’ hydroxyl of the terminal uridine attacks the phosphodiester backbone at the 3’ splice
site (Figure 2.12) (78, 79). This results in ligation of the exons and excision of the intron.
Following its excision, the intron goes on to circularize via an intramolecular reaction
pathway. The 3’ splice site of a group I intron is defined by a guanosine which always
precedes the splice site (80, 81). Mutational analysis (82) confirmed the importance of this
nucleotide in defining this site. This conserved G is known as ®G and it needs to bind the
GBS for exon-ligation step. However, the exogenous G binds the GBS prior to the first step
and needs to be removed so that ®G can bind. This is achieved through a conformational
change preceding the second step, which replaces the exogenous G with the @G at the GBS.
The nucleotide preceding the ®G is not conserved among group I introns, but is nevertheless

important for the determination of the 3’ splice site as demonstrated in the Tetrahymena and



sunY introns (82, 83). The sequences preceding 3’ splice site form the P9.0 helix and along
with P10 helix can participate in the determination of the 3’ splice site. In addition, formation
of these two helices precisely positions the 3’ exon and brings the phosphodiester bond
between the ®G and 3’ exon next to the nucleophilic 3’ hydroxyl group of the 5’ exon,

resulting in the exon ligation reaction.

Group I Intron-Derived Ribozymes

Group I introns are frequently exploited as model systems for a thorough
understanding of RNA structure, function and reactions. Because the self-splicing introns
evolved to act as a single-turnover catalyst, studies often utilize group I intron-derived
ribozymes that can catalyze multiple turnover reactions. These ribozymes are essentially
introns lacking their endogenous 5’ and 3’ exons (5, 84). Such group I intron derived-
ribozymes recognize an exogenous RNA substrate by base-pairing, and cleave the substrate
using either exogenous guanosine or 3’ terminal guanosine or hydrolysis (6, 16, 79, 84-87).
New non-native ribozyme reactions are also developed by exploiting the molecular
recognition interactions and the inherent catalytic properties of the intron. In addition, it has
been shown that the IGS sequence of these ribozymes can be mutated so that it can target
different substrates. This characteristic has been exploited for engineering group I intron-
derived ribozymes that target and react with specific sequences. The trans excision-splicing
reaction studied throughout this work was developed based on the self-splicing reaction of
group I introns, in fact, the ribozyme catalyzing this reaction is itself derived from a self-

splicing group I intron (9, 88, 89).

The Trans Excision-Splicing Reaction

The Trans Excision-Splicing (TES) reaction was developed by the Testa lab using a
ribozyme derived from a group I intron in the ribosomal RNA of the opportunistic pathogen
Pneumocystis carinii (9, 88, 90) (Figure 2.13). This ribozyme can catalyze sequence specific
excision of a targeted sequence (from 1 to at least 28 nucleotides) from an exogenous RNA
substrate (10, 91). Prior to the reaction, the ribozyme folds into its catalytically active form

and binds the substrate (Figure 2.13). The ribozyme folding and substrate binding are similar
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in TES and self-splicing reactions. RE1 base pairs with the 5’ region of the substrate (5’
exon), forming the P1 helix (Figure 2.13 and 2.14). RE2 base pairs with the segment targeted
for excision (when larger than a single nucleotide), forming the P9.0 helix, while RE3 base
pairs with the 3’ region of the substrate (3’ exon) to form the P10 helix (Figure 2.13 and
2.14). It should be noted that like self-splicing reaction, all the base pairing interactions
mentioned above are not absolutely required for reactivity. Engineered ribozymes without the
ability to form either P9.0 or P10, still retain the ability to catalyze reactions (917, 92).

After the ribozyme binds the RNA substrate, the reaction proceeds with two
phosphotransesterification reactions that are analogous to the self-splicing reaction (Figure
2.12). Prior to the reaction, the 3’ terminal guanosine (G344) of the ribozyme binds to the
guanosine binding site (5, 79, 84) and then activates its 3’ hydroxyl of the nucleoside for
nucleophilic attack. This phosphotransesterification reaction releases the 5’ exon, linking the
3’ exon of the substrate to the 3’ end of the ribozyme (P. P. Dotson, unpublished result). The
cleavage site (located within helix P1) for the first catalytic step (5’ cleavage) is at the
position that is equivalent to 5’-exon/intron junction in the self-splicing intron (the splice site
is known as 5’-splice site). This step does not require an exogenous guanosine. In the second
step (exon-ligation), the newly released nucleophilic 5’ exon attacks a specific base within
the 3’ exon of the intermediate, simultaneously ligating the exon intermediates and excising
an internal segment from the substrate. To position the 3’ exon mimic for the second
nucleophilic attack, the 3’ exon mimic forms a P10 helix with the ribozyme (Figure 2.14).
The 3’ splice site is defined by a guanosine (Figure 2.14) and this G acts like the ®G from

the intron, and presumably interacts with the guanosine binding site (GBS) in the ribozyme.

Experimental Methods used for Nucleic Acids

Gel Electrophoresis

Electrophoresis is the separation of charged molecules in an applied electric field.
Positive or negative charges are common in biomacromolecules. When placed in an electric
field, charged biomolecules move towards the electrode of opposite charge due to the
electrostatic attraction. The main method of analysis used in these studies is gel

electrophoresis.
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Hydrated gel networks have many desirable properties for electrophoresis. The most
important of them 