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ABSTRACT
Since the initial discovery that ribonucleic acids possess catalytic activity, various
examples of catalytic RNAs, or ribozymes, have been discovered. Of particular interest are those
that possess self-cleaving properties such as the recently discovered twister ribozyme. While the
catalytic mechanism has been thoroughly studied, much is still unknown about the biological role
partly due to the fact that twister is found in all domains of life. The explicit catalytic mechanism
for twister is also still unclear due to uncertainty regarding the role of a highly conserved and
important adenine residue, A1. Twister is hypothesized to conduct substrate-assisted catalysis via
its A1 residue, which is hypothesized to act via general acid catalysis at biological pHs assisted by
small molecule buffers. As the A1 residue is covalently linked to the scissile phosphate within the
active site, this makes twister unique among ribozymes as this residue may not require a complex
3D structure for optimal positioning. Therefore, I hypothesized that part of the twister catalytic
mechanism could be studied in isolation via short oligoribonucleotides. The small RNA hexamers
used in my studies were chosen or designed around those detailed in a previous 1992 paper
whereby RNA hexamers engaged in specific self-cleavage. It was observed that hexamers with a
UA/CA cleavage site were the most active and thus original oligos were designed with this in
mind. This observation along with their similarity to the cleavage site of the twister ribozyme,
predominately a UA or CA, made these hexamers viable models. Through my experiments, I test
the viability of these models in the context of the original studies as well as in conditions and
additional constructs relevant to the twister ribozyme. I find, surprisingly, that these UA and CA
linkages in small hexamers do not possess intrinsic reactivity as originally determined, illustrating
the importance of twister’s 3D structure to properly position the substrate for its self-cleavage
mechanism.
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Chapter 1
Introduction to Thesis

1.1 RNA Structure and Function
The central dogma of molecular biology has greatly influenced traditional research as it
has long been accepted that deoxyribonucleic acid (DNA), the storage unit of genetic information
within a cell, is transcribed into ribonucleic acid (RNA), which is in turn translated to proteins1
(Figure 1.1). Essentially, RNA was previously viewed as a transient molecule whose sole purpose
was to act as an intermediate between DNA, a long-lived and stable information carrier, and
proteins, amino acid composed macromolecules which catalyze chemical reactions in living
organisms.

Figure
1.1
Pictorial
Depiction
of
the
Central
Dogma.
DNA is first transcribed into RNA and RNA is subsequently translated into protein that will
perform specific functions within a cell.
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Only within the past few decades has it been observed that RNA may play a more active
and pivotal role in organisms than previously thought. With the ever-growing list of biological and
chemical processes involving and conducted via RNA macromolecules, RNA chemistry research
is a growing field. RNA is no longer thought of as a simple translation mediator, instead it is
thought of as a dynamic molecule that can perform various functions, such as catalyzing
reactions2,3 and regulating gene expression4–6. One important characteristic of RNA that allows it
to assist and conduct various activities is that, unlike DNA, RNA is both single-stranded and
flexible, giving it the ability to form a variety of structures. RNA structures, like proteins, are
described in terms of primary, secondary, and tertiary structures, and all three levels influencing
RNA structure to some extent. Analogous to proteins, the primary structure of RNA is the RNA
nucleotide sequence. The secondary structure of RNA is the intramolecular interactions within the
RNA strand, forming structures like simple base pairs, hairpins, loops, and bulges. Finally, the
tertiary structure of the RNA is when distant regions of the same RNA strand interact to form a
3D structure within the RNA molecule. RNA molecules with tertiary structure are often structured
enough to have a biological function7 and include structures such as kissing hairpins and
pseudoknots. These RNA structures are depicted below in Figure 1.2.
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Figure 1.2 Diagram of primary, secondary and tertiary RNA Structure

1.2 The Twister Ribozyme
The twister ribozyme was originally identified as a conserved RNA motif via a
bioinformatics pipeline in the bacterial class Clostridia as well as in various eukaryotic species by
Roth et al. in 20148,9. Interestingly, it was noted that the twister ribozyme had a similar genetic
context and was often found in proximity to hammerhead ribozymes, suggesting that they may
serve similar functions8. Twister class ribozymes were confirmed to self-cleave via in-vitro
transcription experiments and further characterized through additional in-vitro experiments
utilizing two-piece versions of various twister RNAs consisting of an RNA substrate and enzyme
strands, with the former containing the cleavage site8.
Structurally, the twister ribozyme contains two pseudoknots and is circularly permuted.
Circularly permuted RNAs means that the twister ribozyme’s “opening,” where the 5 and 3 ends
meet, can occur in multiple spots. The individual classes of twister are based on where this opening
occurs in nature. For example, if the RNA secondary structure begins and ends at the base of the
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P1 stem, this twister is identified as of the type P1. The main twister classes include P1, P3, and
P5 and follow the same naming scheme as mentioned above8. Certain stems, like P3 and P5, are
optional, whereas P1, P2, and P4 are necessary. The secondary structure for a two-piece version
of the env9 twister ribozyme from Messina et al.10, which is of type P3, is shown below in Figure
1.3.

Figure 1.3 Secondary Structure of the Two-Piece env9 Twister Ribozyme. The enzyme
strand is shown in black whereas the substrate strand is in black. The bases in red are the general
acid, A+1, and the general base, G+53. The bases highlighted in yellow and gray denote the two
pseudoknots. This is also the env9 twister ribozyme utilized for experiments in the cited paper.
Image adapted from Messina et al. (2018).
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Like most self-cleaving ribozymes, the twister ribozyme follows the general mechanism of
RNA phosphodiester cleavage resulting in the cleavage of the RNA backbone (Figure 1.4). In this
mechanism, a general base deprotonates the 2 hydroxyl group, priming the oxygen as a
nucleophile. This oxygen then attacks the phosphate, displacing the electrons onto the nonbridging
oxygen and forming an unstable cyclic phosphorane intermediate. When the 5 oxygen of the
second base is protonated or stabilized by a metal ion, the electrons from the nonbridging oxygen
move back on to the phosphorus. Simultaneously, the bond between the 5 oxygen and phosphorus
is cleaved resulting in two products, a 2-3 cyclic phosphate and a 5 hydroxyl.

Figure 1.4 General RNA phosphodiester Self-Cleavage Mechanism.

To accomplish this self-cleavage mechanism, the twister ribozyme is known to use a
conserved guanine, located at or near the position of G53, as the general base and is hypothesized
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to use the A+1 nucleotide, which is covalently linked to the scissile phosphate within the active
site11, as the general acid in two potential pathways. One way is the A1(N3) acting as the general
acid (in the presumed N3H+ state) via direct proton donation to the 5 leaving group10,12–14, or an
indirect proton transfer from a buffer molecule to accomplish the same task10. In order for general
acid catalysis to occur, the A+1 nucleotide must be in the syn conformation15. This syn
conformation means that the base, in this case adenosine, is positioned over the ribose sugar. This
positions the N3 of the A+1 near the 5O leaving group facilitating proton transfer for general acid
catalysis. Moreover, although it is known that Mg+2 ions are necessary for twister self-cleavage
to cleave, it is uncertain if Mg2+ plays a direct role in the catalytic mechanism8. Inconsistencies
within published crystal structures have made it unclear how direct of a role metal ions play. In
some crystal structures, metal ions are present within the active site, whereas other published
crystal structures of twister lack these metal ions12,15,16. Even though the general twister
mechanism is understood as general acid/general base catalysis12, twister has also recently been
shown to utilize buffer-assisted catalysis10.

7

Figure 1.5 2.9 Å Crystal Structure of the env22 Twister Ribozyme. Ribbon view of the
2.9 Å structure of a two-piece env22 twister ribozyme containing a substrate with dU5 at the U5A6 cleavage site. The sequence is color-coded according to helical segments observed in the
tertiary structure. Pseudoknot segments are labeled as T1 and T2. Image adapted from Ren et al.
(2014).
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Chapter 2
Baseline Kinetic Analysis of RNA Hexamers

2.1 Abstract
Since the initial discovery that RNAs possess catalytic activity, various examples of
catalytic RNAs, or ribozymes, have been discovered. Of interest are those that possess selfcleaving properties such as the recently discovered twister ribozyme. The twister ribozyme’s selfcleavage reaction involves the usage of a general base and is also hypothesized to conduct
substrate-assisted catalysis via the A1 residue10,13,14,17. Given that a complex 3D structure may not
be necessary for twister’s substrate-assisted catalysis, it is possible that a portion of the twister
catalytic mechanism could be studied in isolation via short oligoribonucleotides. The small RNA
hexamers used in this experiment were chosen or designed around those detailed in a previous
1992 paper whereby RNA hexamers engaged in specific self-cleavage18. Hexamers containing an
observed or predicted UA/CA cleavage site were selected as these motifs were the most active
according to the literature and emulated the UA, sometimes CA, cleavage site of the twister
ribozyme18,19. Reactions were run in a mixture containing PVP (polyvinylpyrrolidone) and
spermidine as per the established literature18,19. Additionally, to investigate the role of A1 in the
cleavage reaction, analogs of RNA Hexamers 1 and 4 in which bromine was substituted onto the
A+1 at the 8th position were also tested. This substitution would force the A1 into the syn
conformation, positioning the A1 properly for an in-line attack. Observed cleavage rates were
significantly lower than those found in the described paper18, on average only going to 20%
completion compared to the previously observed 90% or higher. These results also show an
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inconsistent amount of cleavage between trials, unlike the consistent cleavage demonstrated in the
original study18.

2.2 Introduction
To reiterate, the twister ribozyme’s self-cleavage reaction involves the usage of a general
acid/base mechanism and is also hypothesized to conduct substrate-assisted catalysis due as the
A1 is proximal to the active site10,13,14,17. However, much is still unknown about both the biological
role as well as the true catalytic mechanism. As the A1 residue is covalently linked to the scissile
phosphate within the active site (Figure 1.3), this makes twister unique among ribozymes as this
residue may not require a complex 3D structure for optimal positioning. Therefore, I hypothesized
that part of the twister catalytic mechanism could be studied in isolation via short
oligoribonucleotides. The small RNA hexamers used in this experiment were chosen or designed
around those detailed in a 1992 paper whereby RNA hexamers engaged in site-specific selfcleavage18.
In this original paper, these hexamer reactions were initiated with various organic
compounds ranging from long polymers to enzymes, and incubated along with spermidine, a
polyamine that helps with nucleic acid stabilization, EDTA, and buffered with Tris-HCl. Given
that divalent metal ions are often necessary to promote ribozyme folding and subsequently
catalysis, it is important to note that no divalent salts were added to the reactions and EDTA was
used to sequester background divalent metals. Hexamers containing an observed or predicted
UA/CA cleavage site were observed to be the most active. This observation along with their

10

similarity to the cleavage site of the twister ribozyme, usually a UA or CA, made these hexamers
viable models12,18,19.
Once confirming that the results from the original study were reproducible18, baseline
catalysis rates could be calculated. These rates would serve as a comparison to any variation
imposed on the hexamer reactions and, in theory, would model the response that the twister
ribozyme would exhibit. In doing this, I would establish a model system for the twister ribozyme
that would simplify the investigation into the catalytic mechanism of twister.

2.3 Materials and Methods

2.3.1 RNA Sequence Design
RNA hexamer sequences, named “Hexamer 1–Hexamer 6” were chosen from Ryszard
Kierzek’s second 1992 paper18 with the criterion of having either a CA or UA cleavage site. The
following list highlights RNA Hexamers used in the described experiments in addition to the
nomenclature used for the remainder of this paper. Expected cleavage sites are shown in red font.
Hexamer 1
UCA UGA
Hexamer 2
UCA UAA
Hexamer 3
UUA CAA
Hexamer 4
UCG UAA
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Hexamer 5
UCU CAA
Hexamer 6
UCG CAA

2.3.2 RNA Preparation and Purification
RNA hexamers were ordered from IDT. The hexamers were 5-radiolabeled with [γ32

P]ATP via T4 polynucleotide kinase (New England Biolabs) by Kyle Messina. Samples were

purified via an 18% or 20% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration determined by scintillation counter.
[This protocol is adapted from a published protocol performed and written by Kyle Messina10]

2.3.3 RNA Hexamer Reaction Conditions
Reaction mixtures were made according to the following standard conditions with the
following final concentrations as per Kierzek199218: Reactions contained 50 mM Tris HCl (pH
7.5), 1 mM spermidine, 1 mM EDTA, 0.1 nM labeled RNA Hexamer, and 0.1% by weight PVP.
PVP was used as the reaction initiator and 2X loading buffer with 95% formamide was used to
quench the reaction10. All reactions were incubated at 37oC and conducted in VWR PCR tubes
unless otherwise noted10. All reactions were conducted in 100 μL volumes unless otherwise noted.
RNA Hexamers used in Chapter 2 experiments include Hexamer 1, Hexamer 2, Hexamer 3, and
Hexamer 4.
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When carrying out experiments, reaction mixtures were made containing all reagents other
than the PVP initiator. The reaction mixtures, minus PVP, were denatured for 2 min at 90oC and
allowed to cool for 10 min for RNA renaturation. The mixtures were then spun down for 30 sec
and then added to reaction tubes at 37oC and allowed to equilibrate for at least 3 min. Additionally,
the 10X PVP initiator was equilibrated for 3 min in a separate tube. Prior to reaction initiation, a
pre-initiation time point was taken from the reaction mixture. PVP was used as the reaction initiator
and 2X loading buffer with 95% formamide was used to quench the reaction10. Time points were
taken at appropriate times throughout the experiment.
For gel analysis, samples were fractionated on 7.0 M urea denaturing 20% polyacrylamide
gels. Gels were dried and bands visualized with a Typhoon Phosphorimager (Molecular
Dynamics). Visualized bands were quantified using ImageQuant software. After the data was
background subtracted, the fraction cleaved was calculated according to the following equation

𝑓cleaved =

P
P+R

where fcleaved represents the fraction of RNA hexamer cleaved, P is the intensity of the product
band, and R is the intensity of the reactant band.

2.4 Results and Discussion
RNA Hexamers 1-4 were conducted under the standard conditions of 0.1% PVP in order
to establish baseline catalysis rates. These hexamers serve as models of the twister active site given
their similarity in sequence to the twister ribozyme; they both revolve around either a UA or CA
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active site. These hexamers tested contain either a CA or UA expected cleavage motif and were
observed to be the most active in the original study18. In conducting these experiments, I would be
able to establish a baseline for comparison to variations in the reactions, like pH or temperature.
Given that these hexamers are to serve as models for the twister ribozyme, any variation in results
seen with these hexamers should translate to the twister ribozyme and provide insight to its
catalytic mechanism.
Kinetic experiments of Hexamer 1 (UCA UGA) were conducted under standard conditions
with 0.1% PVP. After incubation, the fraction cleaved of the RNA hexamer was determined and
compared to published literature values. Four separate incubations over 24 h yielded results
inconsistent with those published in the literature, ranging from no cleavage observed, to 15% and
16% fraction cleaved (Figure 2.1, Figure 2.2). When cleavage did occur, the observed rates were
much slower compared to the Kierzek 1992 paper18. It was previously observed that Hexamer 1
showed approximately 10% fraction cleaved at 1 h, 50% at 5 h, and 100% at 25 h. For Hexamer
1, as previously observed in the literature18, cleavage did occur between the CA motif as expected
and confirmed via a hydrolysis ladder
Kinetic experiments of Hexamer 4 (UCG UAA) yielded a cleavage rate consistent with
Kierzek’s data, having about 50% cleaved at 4 h compared to 50% at 5 h for Kierzek, and 93%
cleaved at 24 h (Figure 2.1), compared to just under 100% at 25 h for Kierzek18. The initial trial
showed cleavage between a UA motif, consistent with the expected cleavage point for Hexamer 4
with minor cleavage between the CU motif. However, successive trials with Hexamer 4 showed
little cleavage between UA with either no cleavage over 24 h or only achieving 7% completion at
24 h (Figure 2.2). This slowed cleavage is not consistent with and is much slower than Kierzek’s
data18.
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Hexamer 2 (UCA UAA) and Hexamer 3 (UUA CAA) were also conducted under the 0.1%
PVP conditions (Figure 2.3). Both Hexamer 2 and 3 also showed hindered cleavage compared to
Kierzek 199218. It was previously observed that Hexamer 2 was roughly 50% cleaved at 5 h and
100% at 25 h, whereas my data shows a max of 3.5% at 24 h. Hexamer 2 exhibited the majority
of its cleavage at the CA motif, consistent with the expected cleavage site with minor cleavage
occurring at the UA motif. It was previously observed that Hexamer 3 was roughly 10% cleaved
at 1 h, ~80% at 5 h, and 100% cleaved at 25 h. Contrary to this, our data showed Hexamer 3
reaching about 6% at 4 h and 14% at 24 h, with the major cleavage at the UA motif and a lesser
amount of cleavage between the CU motif.

Figure 2.1 PAGE of Hexamers 1 (A) and 4 (B) in the presence of 1 mM spermidine
and 0.1% by weight PVP conditions at 37oC over 24 h in PCR Tubes. A) Hexamer 1 shows
17% cleavage over 24 h. B) Hexamer 4 shows 93% cleavage over 24 h. Results for Hexamer 4
shown here were not repeatable with additional trials showing less cleavage.
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Figure 2.2 Representative PAGE of Hexamers 1 (A) and 4 (B) in the presence of 1
mM spermidine and 0.1% by weight PVP at 37oC over 24 h in VWR PCR tubes. Here,
Hexamers 1 (A) and 4 (B) show no specific cleavage at the same conditions as Figure 2.1.
Additionally, a hydrolysis ladder was also produced and run, left side of gel, to confirm the
observed cleavage products.
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Figure 2.3 Representative PAGE of Hexamers 2 (A) and 3 (B) in the presence of 1
mM spermidine and 0.1% by weight PVP at 37oC over 24 h in PCR tubes. Here, Hexamers 2
(A) and 3 (B) show minimal cleavage over the course of 24 h. The second lane in panel B is
excluded as it was a second load of the pre-initiation time point from Lane 1.

These inconsistencies in the observed fraction cleaved between experimental repeats along
with discrepancies between my results and those of the original study led us to expand and explore
additional experimental conditions. The author noted that for optimal self-cleavage activity,
spermidine and PVP had to be at very specific concentrations and moderate deviations from these
values resulted in sharp decreases in catalytic activity19. As moderate changes in spermidine and
PVP caused sharp drops in fraction cleaved, we suspected that our reagent concentrations may be
the cause for discrepancies between the observed and reported rates. Therefore, in Chapter 3, I
tested variation in the concentration in PVP and spermidine in order to determine this optimal
window for cleavage for the hexamers.

17

Chapter 3
Effects on RNA Hexamer Cleavage by Varying Reaction Components and Usage of
Modified Constructs

3.1 Abstract
After repeated experiments of the RNA hexamers in standard 0.1% PVP conditions led to
a discrepancy between my data and published data18, the reaction mixture composition was
reevaluated. Kierzek noted that small deviations from the optimal concentrations of PVP and
spermidine had a significant negative effect on cleavage19. Therefore, I hypothesized that the
concentrations of these additives were not in the optimal range and conducted reactions in which
concentrations of spermidine and PVP were increased and decreased by 10% in order to determine
the optimal window for cleavage. Following these experiments, only slight, non-significant
increases in cleavage rates were observed. Moreover, reactions which contained only PVP, only
spermidine, or neither, were conducted to test the necessity of these molecules for the RNA
hexamers’ self-cleavage reaction. I found that minimal cleavage still occurred even in the complete
absence of either molecule.
Additionally, it had been noted that proline, a molecule that resembles PVP, had a positive
effect on RNA self-cleavage in plants20, leading me to hypothesize that the addition of proline to
the small RNA hexamers may be able to stimulate the self-cleavage mechanism of these RNA
hexamers. However, none of the RNA hexamers tested exhibited cleavage beyond the initial preinhiation time point over several trials.
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3.2 Introduction

3.2.1 Dependence of RNA Cleavage on the Concentration of Spermidine and PVP
The baseline kinetic reactions on the RNA hexamers conducted in Chapter 2 showed
inconsistent amounts of RNA hexamer cleavage in addition to a discrepancy between my data and
the published data in the literature. On average, reactions approached 20% completion compared
to the previously published data whereby ~90% completion was often observed18. To reiterate,
these

reactions

involved

the

chosen

hexamers

reacting

in

a

mixture

containing

polyvinylpyrrolidone (PVP), an organic polymer used to initiate the reaction, and spermidine, a
polyamine used for stabilization of nucleic acids, as per the established literature18,19. However,
although these molecules were deemed necessary for reaction, there is no proposed mechanism for
how these RNA hexamers cleave utilizing PVP or spermidine, or if these molecules participate in
the reaction. This discrepancy and inability to reproduce the published data led to an investigation
for possible causes for this drastically low degree of cleavage. Upon reevaluation, it was noted that
small deviations from the optimal concentrations of PVP and spermidine had a significant negative
effect on cleavage (Figure 3.1)19.
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Figure 3.1 Rate of hydrolysis of p*AGUGUAUUCU as a function of
polyvinylpyrrolidone (), spermidine (⚫), and oligoribonucleotide () concentrations.
Image adapted from Kierzek (1992)19.

As seen in Figure 3.1, deviation from the optimal spermidine or PVP concentrations
resulted in a sharp drop off in the rates of hydrolysis for the RNA oligo p*AGUGUAUUCU.
Based on this information, additional experiments were designed with varying concentrations of
spermidine and PVP to determine for our solutions the optimal concentration of PVP and
spermidine for maximal hexamer cleavage. Once the optimal combination of concentrations is
determined, baseline cleavage rates could be determined and investigation of the RNA hexamers
as models for the twister ribozyme could continue.
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3.2.2 Proline May Promote RNA Cleavage
It was noted that in in vivo plant stress trials, proline levels were high along with increased
RNA cleavage20. This correlation led to the hypothesis that proline promotes heightened activity
of RNA self-cleavage. Therefore, we hypothesized that if these in-vivo experiments showed
heightened levels of RNA cleavage with heightened levels of proline, RNA cleavage may have a
dependence on the concentration of proline. Additionally, proline also bears a striking similarity
to PVP (Figure 3.2). Although PVP is a long organic polymer, proline and PVP share chemical
properties. Upon examination, both molecules contain a five-membered ring with a nitrogen as
one of the members and a carbonyl group near or on the ring. These chemical similarities may
make proline a viable substitution for PVP in the RNA hexamer reactions. Moreover, as the role
of PVP in the RNA hexamer reactions is unknown, there is a possibility that the similar structural
characteristics of PVP and proline may be functionally interchangeable.

Figure 3.2 Molecular Structure of Proline (A) and Polyvinylpyrrolidone (B). Proline
and PVP are structurally and visually similar molecules, with both molecules containing a fivemembered ring with a nitrogen as one of the members and a carbonyl group near or on the ring.
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3.2.3 8Br Substitution
RNA bases can either adopt a syn or anti conformation about the glycosidic bond. A base
being in the syn conformation means that the base is positioned over the ribose sugar, whereas the
anti-conformation means that the base is not over the ribose sugar and is instead facing away from
the sugar. Typically, the anti-conformation is adopted as it is the lower energy, and thus more
favorable, state. The bromine substitution forces the A1 into a syn-conformation as the additional
steric bulk of the bromine is unfavorably positioned over the sugar and thus the syn-conformation
becomes the lower energy, and more favorable, state. This not only positions the N3 of A1 to act
as a proton donor as it effectively mimics the orientation of the A1 nucleotide in twister ribozyme
active site (Figure 3.3).

Figure 3.3 Depiction of Adenosine in the (A) anti conformation, (B) syn conformation,
and (C) the syn conformation with an 8Br substitution. For these experiments, the bromine
substitution forces the A1 into a syn conformation which not only positions the N3 of A1 to act as
a proton donor but also effectively mimics the arrangement of the twister ribozyme active site. The
numbers in red denote the conventional numbering scheme for Adenine.
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Given that this bromine substitution would force the adenine into the syn conformation, it
is expected to increase the cleavage rate and fraction cleaved as the adenine would be primed to
act as a general acid. Experiments similar to these have been performed with a modified version
of the env9 twister ribozyme by Kyle Messina that supports this hypothesis.

3.3 Materials and Methods

3.3.1 RNA Sequence Design
RNA Hexamer sequences, named “Hexamer 1–Hexamer 6” were chosen from Ryszard
Kierzek’s second 1992 paper18 with the criterion of having either a CA or UA cleavage site. The
following list highlights RNA Hexamers used in the described experiments in addition to the
nomenclature used for the remainder of this paper. Expected cleavage sites are shown in red font.
Hexamer 1
UCA UGA
Hexamer 2
UCA UAA
Hexamer 3
UUA CAA
Hexamer 4
UCG UAA
Hexamer 6
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UCG CAA
In addition, hexamers with 8Br modifications were also utilized as it was hypothesized
that an 8Br modification may increase the consistency and rate of self-cleavage. Hexamer 1 and
4 were selected for an 8Br modification as these hexamers had more consistent cleavage compared
to the other RNA hexamers. The 8Br modification was present in the +1 nucleotide in their
respective cleavage motif and are denoted Hexamer 1 8Br-A1 and Hexamer 4 8Br-A1. The
sequences expected cleavage site (red font) and base of modification (subscript preceding the base)
are listed below.
Hexamer 1 8Br-A1
UCBrA UGA
Hexamer 4 8Br-A1
UCG UBrAA

3.3.2 RNA Preparation and Purification
RNA hexamers were ordered from IDT. The hexamers were 5-radiolabeled with [γ32

P]ATP via T4 polynucleotide kinase (New England Biolabs) by Kyle Messina. Samples were

purified via an 18% or 20% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration determined by scintillation counter.
[This protocol is adapted from a published protocol performed and written by Kyle Messina10]
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Hexamer 8Br-A1 analogs were synthesized by collaborator Ryszard Kierzek from the
Institute of Bioorganic Chemistry at the Polish Academy of Sciences. Following initial HPLC
purification by Kyle Messina, these hexamers were radiolabeled and purified utilizing the same
method as the other RNA hexamers.

3.3.3 Proline Titration Assay
Reaction mixtures were made and conducted following the basic schema outlined in
Chapter 2, Section 2.3.3. Variations on the basic RNA hexamer reaction scheme for the proline
titration assays are as follows. Proline at varying concentrations was used as the initiator for the
reaction in place of PVP and thus PVP was not present in these reactions. Appropriate amounts of
proline were added to create final 1X proline concentrations of 1 mM, 10 mM, and 100 mM in the
appropriate reaction mixture. RNA hexamers used in these experiments were Hexamer 1 and
Hexamer 4.
When carrying out experiments, reaction mixtures were made and prepared as described in
Chapter 2, Section 2.3.3, with the substitution of 10X proline for PVP as the initiator.
Gel analysis for these trials was carried out as described in Chapter 2, Section 2.3.3.

3.3.4 Variation of Spermidine and PVP Concentrations
Reaction mixtures were made and conducted following the basic schema outlined in
Chapter 2, Section 2.3.3. Variations on the basic scheme for the variation of spermidine and PVP
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concentrations assays are as follows. Spermidine and PVP concentrations were varied with
spermidine concentrations of 0.9 to 1.1 mM and PVP concentrations of 0.095 and 0.11%. Hexamer
1 was used under the following specific conditions:
A. 1.00 mM spermidine, 0.1% PVP (Standard concentrations outlined in Chapter 2, Section
2.3.3)
B. 1.00 mM spermidine, 0.090% PVP
C. 1.00 mM spermidine, 0.095% PVP
D. 1.00 mM spermidine, 0.105% PVP
E. 1.00 mM spermidine, 0.11% PVP
F. 0.9 mM spermidine, 0.1% PVP
G. 0.9 mM spermidine, 0.095% PVP
H. 0.9 mM spermidine, 0.090% PVP
I. 0.9 mM spermidine, 0.105% PVP
J. 0.95 mM spermidine, 0.1% PVP
K. 1.05 mM spermidine, 0.1% PVP
L. 1.05 mM spermidine, 0.095% PVP
M. 1.05 mM spermidine, 0.090% PVP
N. 1.05 mM spermidine, 0.105% PVP
O. 1.1 mM spermidine, 0.1% PVP

For Hexamers 2, 3, 5 and 6 the following conditions from those listed above were used:
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A. 1.00 mM spermidine, 0.1% PVP (Standard concentrations outlined in Chapter 2, Section
2.3.3)
M. 1.05 mM spermidine, 0.090% PVP

Additionally, a final set of experiments were conducted with Hexamer 1 and 4 whereby
only spermidine, only PVP or neither, were used. In cases in which PVP was not present, water
was used to initiate the reaction in place of PVP. This means that reactions were considered
initiated once the water was added.
When carrying out experiments, reaction mixtures were made and prepared as described in
Chapter 2, Section 2.3.3.
Gel analysis for these trials was carried out as described in Chapter 2, Section 2.3.3.

3.4 Results and Discussion

3.4.1 Proline Has No Observable Effect on Hexamer Self-Cleavage
It was noted that in plant stress trials proline levels were high along with RNA cleavage
levels20. This correlation led to the hypothesis that proline may promote RNA self-cleavage and
could potentially be involved mechanistically. Additionally, proline and PVP share structural and
chemical similarities suggesting that proline may promote self-cleavage as PVP is proposed to do.
Thus, I hypothesized that the addition of proline to RNA hexamers may be able to rescue or
stimulate the self-cleavage mechanism of the RNA hexamers. Proline titrations with Hexamer 1
(Figure 3.4) and Hexamer 4 (data not shown) were conducted via kinetic experiments. As it was
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noted that heightened levels of proline were associated with heightened levels of RNA cleavage
in plant stress, different concentrations were used to see if the effect of proline was concentration
dependent. Neither hexamer exhibited self-cleavage beyond the pre-inhiation time point over
several trials. As either no cleavage or cleavage beyond non-catalyzed cleavage was seen with
proline at any concentration, it can be determined that proline does not have any observable effect
on RNA hexamer cleavage.

Figure 3.4 Representative PAGE of Hexamer 1 in the presence of varying
concentrations of proline at 37oC over 24 h. A) Hexamer 1 in 1 mM proline solution. B)
Hexamer 1 in 10 mM proline solution. C) Hexamer 1 in 100 mM proline solution.
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3.4.2 Variations of Spermidine and PVP Concentrations Have No Effect on Hexamer
Cleavage
After discrepancies between my data and Kierzek’s published data18 as well as
inconsistencies in observed fraction cleaved values of the RNA hexamers, reaction conditions were
reexamined based on observations made by Kierzek19. He had noted a steep dependence between
PVP and spermidine concentration and RNA hydrolysis (Figure 3.1). In essence, one needed fairly
specific concentrations of each molecule to have optimal conditions for RNA hexamer cleavage19.
Therefore, I tested different combinations of varying PVP and spermidine concentrations with
Hexamer 1 to determine the best combination that promoted RNA hexamer cleavage. Once the
combination of concentrations was determined, baseline cleavage rates could be determined and
investigation of the RNA hexamers as models for the twister ribozyme could continue. Upon
investigation, there was no significant change in fraction cleaved over 24 h and cleavage continued
to be inconsistent between trials (Figure 3.5). However, condition M, 1.05 mM spermidine,
0.090% PVP, had a slightly higher fraction cleaved than the others at roughly 50% compared to
average 10% and was tested on other RNA hexamers.
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Figure 3.5 PAGE of Hexamer 1 in the presence of varying concentrations of
spermidine at 37oC over 25 h. A) Hexamer 1 in Condition K, 1.05 mM spermidine and 0.1% by
weight PVP, shows 43% cleavage over 25 hours. B) Hexamer 1 in Condition O, 1.1 mM
spermidine and 0.1% by weight PVP shows minimal cleavage over 25 hours. This is a
representative PAGE of the results for Conditions A-J and L-O. Lane 8 was left empty due to
malformation of the well when the gel was poured.

Again, with Hexamers 2, 3, and 6, no significant change in fraction cleaved over 24 h was
observed, remaining in the typical range at approximately 10% cleaved. (Figure 3.6). From the
results seen with Hexamers 1, 2, 3, and 6, it was concluded that the variations in the concentration
of PVP and spermidine had no significant impact on RNA hexamer cleavage.
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Figure 3.6 PAGE of Hexamers 2, 3, and 6 in Condition M, 1.05 mM spermidine and
0.090% by weight PVP at 37oC over 24 h. A) Hexamer 2 shows 43% cleavage over 24 h. B)
Hexamer 3 shows no cleavage over 24 h. C) Hexamer 6 shows very little to no cleavage over 24
h.

Having seen that the variations in PVP and spermidine concentrations had no impact on
RNA hexamer cleavage as suggested by Kierzek18,19 in addition to uncertainty in their role in the
self-cleavage mechanism, I began to question the necessity of PVP and spermidine in the RNA
hexamer cleavage reaction. Hexamer 1 and Hexamer 4 were tested under variations of the standard
0.1% PVP and 1 mM spermidine conditions whereby only PVP, only spermidine or neither were
included. All of these conditions showed cleavage in the hexamers at a consistent strand length
that I would expect and of similar fraction cleaved at approximately 10% cleaved (Figure 3.7,
Figure 3.8).
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Figure 3.7 PAGE of Hexamer 1 in the presence of (Left) 1 mM spermidine and no
PVP, (Middle) 0.1% by weight PVP and no spermidine, and (Right) no PVP or spermidine
conditions at 37oC over 24 h in Denville tubes. Additionally, a hydrolysis ladder was also
produced and run, left side of gel, to confirm the observed cleavage products.

Figure 3.8 PAGE of Hexamer 4 in the presence of (Left) 1 mM spermidine and no
PVP, (Middle) 0.1% by weight PVP and no spermidine, and (Right) no PVP or spermidine
conditions at 37oC over 24 h in Denville tubes. Additionally, a hydrolysis ladder was also
produced and run, left side of gel, to confirm the observed cleavage products.
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3.4.3 Modified Hexamer Constructs Do Not Show an Increase in Hexamer Cleavage
In order to investigate the role of A1 in the cleavage reaction, analogs of RNA Hexamers
1 (UCBrA UGA) and 4 (UCG UBrAA) in which a bromine was substituted into A+1 nucleotide at
position 8 were also tested. This substitution would force the A1 into the syn conformation,
positioning the A1 properly for general acid catalysis. Therefore, I hypothesized that these 8Br
analogs of the RNA hexamers would show higher fraction cleaved and faster cleavage rates as the
A1 is forced into the syn conformation. In establishing baseline rates for both the RNA hexamers
and the 8Br analogs, I would then be able to compare these rates and better understand what role
A1 plays in the reactions.
Kinetic experiments of these 8Br analogs were conducted under standard conditions with
0.1% PVP. After incubation, the fraction cleaved of the RNA hexamer was determined and
compared to the RNA Hexamers 1 and 4. Incubations over 24 h yielded results similar to those of
the non-bromine substituted hexamers, achieving fraction cleaved values of around 10% (Figure
3.9). These 8Br analogs, like Hexamers 1 and 4, showed inconsistent fraction cleaved values and
remained in a similar range of fraction cleaved when compared to each other and the non-modified
versions.
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Figure 3.9 Representative results of PAGE of Hexamers 1 8Br (A) and 4 8Br (B) in
the presence of 1 mM spermidine and 0.1% by weight PVP conditions at 37oC over 24 h. A)
Hexamer 1 8Br shows 6% cleavage over 24 h. B) Hexamer 4 8Br shows 13% cleavage over 24 h.
Additionally, a hydrolysis ladder was also produced and run, left side of each gel, to confirm the
observed cleavage products.

Strangely, minimal cleavage still occured without the presence of PVP or spermidine, the
two components Kierzek noted as necessary18. Furthermore, this amount of cleavage observed was
similar to the observed fraction cleaved values seen in prior experiments from Chapter 2. This
means that spermidine and PVP are not necessary for hexamer self-cleavage. This detail taken
together with the inability to replicate published data18 suggests that these hexamers may not be
undergoing self-cleavage at all. A recently published paper detailing Tudor-SN, an enzyme
exhibiting endonucleolytic cleavage at CA and UA motifs21, led us to believe that the observed
hexamer self-cleavage may actually be a result of protein contamination.
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Therefore, I hypothesized that a protein contaminant present in the form of a nuclease was
present in both our and the original studies resulting in enzymatic RNA degradation and not selfcleavage. This proved more likely when examining Kierzek’s papers18,19, in which he did not
perform a control reaction with the RNA hexamers incubated in the presence of sodium dodecyl
sulfate (SDS), a detergent that denatures and inhibits protein activity. Therefore, to examine this
protein contamination hypothesis, the RNA hexamer reactions were conducted in the presence of
SDS described in Chapter 4.
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Chapter 4
Utilizing SDS and Boiling Conditions as Protein Control Experiments

4.1 Abstract
A recent study detailing an enzyme exhibiting endonucleolytic cleavage at CA and UA
motifs known as Tudor-SN21 led to the hypothesis that an enzyme contaminant was responsible
for the observed cleavage in Kierzek’s18,19 experiments as well as the inconsistent cleavage in our
own experiments. Further, it was noted by that this particular enzyme was upregulated in plants
during salt stress and is the likely reason for heightened RNA cleavage and not the increased
proline concentration under salt stress20. If the presence of an enzyme contaminant was proven
true, this would explain why RNA cleavage was still observed in Chapter 3 even in the absence
of PVP and spermidine, the two components that Kierzek had deemed necessary for site-specific
self-cleavage18,19.
To test for potential protein contamination, the self-cleavage activity of Hexamer 1 and
Hexamer 4 were tested under conditions that would inactivate proteins but leave the RNA
unperturbed. Protein inactivation was done by boiling the RNA and reagents in the presence of
0.1% SDS. Further, to ensure that SDS had no observable effect on RNA self-cleavage activity,
the catalytic activity of the twister ribozyme was determined in the presence of 0 to 1% SDS. As
no significant change in twister cleavage activity was observed for SDS concentrations of 0.1%
and below, we surmised that the if the hexamers did have self-cleavage activity, then the 0.1%
SDS and boil protocol would not inhibit self-cleavage. Upon addition of SDS and boiling to the
RNA hexamer reactions, cleavage beyond background was no longer observed even for hexamers
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which had shown some cleavage. These results suggest that the observed hexamer self-cleaving
mechanism was a result of protein contamination and not SDS interfering with hexamer selfcleavage mechanism. I also performed additional experiments specifically RNA competition
assays using non-radiolabeled (cold) RNA to test for protein contamination.

If a protein

contaminant was the cause of the observed hexamer cleavage, the cold RNA should slow down
the cleavage activity of the protein on the radiolabeled RNA. If hexamers did engage in selfcleavage, no change in cleavage would be seen. However, after the competition experiment did
not produce as clear a result as we had hoped, likely due to the inconsistency of the hexamer
cleavage.

4.2 Introduction
As described in Chapter 2, I was unable to replicate the results outlined in the original
published RNA hexamer cleavage reactions18. Additionally, in Chapter 3, in an attempt to
determine optimal reaction conditions based on data published in the literature, I observed that
minimal cleavage still occurs without the presence of PVP or spermidine, the two components
Kierzek noted as necessary18. These results along with a recently published paper detailing TudorSN, an enzyme exhibiting endonucleolytic cleavage at CA and UA motifs21, led us to believe that
the observed hexamer self-cleavage may actually be a result of protein contamination.
In order to investigate this hypothesis, I conducted SDS and boiling experiments. Like
ribozymes, protein function is highly dependent on their structure; if a protein cannot form the
proper structure, they will not be able to perform their proper function22. Experimental conditions
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which facilitate the interruption of protein secondary and tertiary structure are said to denature the
protein. Several ways exist to denature proteins, including highly acidic or basic conditions, high
salt concentrations, high heat, or the addition of a detergent. Upon being introduced to these
conditions, most proteins will no longer be able to adopt their proper form and will thus be inactive.
For example, high temperatures begin to overcome and break intermolecular and intramolecular
bonds that keep the proteins ordered. Once these bonds are disrupted, the protein can no longer
adopt the proper shape. With respect to detergents, these molecules contain both hydrophobic and
hydrophilic portions. These regions allow for the detergent to interrupt inter- and intra-molecular
bonds that proteins have, replacing them with interactions with the detergent. The hydrophilic
portion allows for the protein to remain solubilized in solution. By interrupting the structure of the
protein in this way, the protein’s function is also impaired. Importantly, some of these methods are
particularly detrimental to proteins and not nucleic acids and thus certain conditions can be used
to selectively inactivate proteins but not RNAs.

4.3 Materials and Methods

4.3.1 RNA Sequence Design

4.3.1.1 RNA Hexamer Design
RNA hexamer sequences, named “Hexamer 1” and “Hexamer 4” were chosen from
Ryszard Kierzek’s second 1992 paper18 with the criteria of having either a CA or UA cleavage site.
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The following list highlights RNA Hexamers used in the described experiments in addition to the
nomenclature used for the remainder of this paper. Expected cleavage sites are shown in red font.
Hexamer 1
UCA UGA
Hexamer 4
UCG UAA

4.3.1.2 Twister RNA Sequence Design
The twister construct utilized was that of a two-piece version of the env9 twister ribozyme
consisting of an enzyme and substrate strand as described by Roth et al. (2014)8 and Messina et
al. (2018)10 (Figure 1.3).

4.3.2 RNA Preparation and Purification
[The following protocols are adapted from a published protocol performed and written by Kyle
Messina10.]
RNA hexamers were ordered from IDT. The hexamers were 5-radiolabeled with [γ-32P]
ATP via T4 polynucleotide kinase (New England Biolabs) by Kyle Messina. Samples were
purified via an 18% or 20% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration determined by scintillation counter.
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The twister RNA sequence used was that of a twister env9 utilizing a two-piece construct
comprised of an enzyme and substrate strand as described by Roth et al. (2014)8,10. The twister
env9 enzyme strand was produced by Kyle Messina utilizing in vitro transcription from a hemiduplex DNA template (IDT). The template DNA for the transcription consisted of a top-strand T7
promoter sequence and a bottom-strand template.

Top-Strand DNA Primer: 5-TAA TAC GAC TCA CTA TAG G -3

Bottom-Strand DNA Template: 5-CGC GAC ATT ACT CTG CTA TTT TTG CGG GCT
TGT AAC CGC TTT ATT GCC CCT ATA GTG AGT CGT ATT A-3

After in vitro transcription, the produced enzyme RNA was purified on a 10% 8.3 M urea
denaturing polyacrylamide gel, visualized by UV shadowing, excised, and eluted overnight at 4oC
into TN250. The RNA was then ethanol precipitated, resuspended in sterile water, and concentration
determined via Nanodrop spectroscopy.
The twister env9 substrate strand RNA was ordered through IDT and radiolabeled with [γP] ATP on the 5’ end with 32-P by T4 polynucleotide kinase (New England Biolabs) by Kyle
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Messina.

Twister env9 Substrate: 5-CGC GGC AUA AUG CAG CUU UAU UGC C -3
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Samples were purified via a 10% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration was determined by scintillation
counter.

4.3.3 RNA Hexamer Reactions in Standard PVP Conditions
Reaction mixtures were made and conducted following the basic schema outlined in
Chapter 2, Section 2.3.3.
When carrying out experiments, reaction mixtures were made and prepared as described in
Chapter 2, Section 2.3.3.
Gel analysis for these trials was carried out as described in Chapter 2, Section 2.3.3.

4.3.4 SDS Titration Reactions with the Twister Ribozyme
Twister reaction mixtures were made following this basic schema: 30 mM Tris HCl (pH
7.0), 100 mM NaCl, 100 nM twister RNA enzyme strand, 0.25 nM twister RNA substrate strand
and 1 mM MgCl2. SDS of concentrations of 0%, 0.01%, 0.1%, 0.3%, and 1% were performed.
Reactions were quenched using a stop mix containing 20 mM EDTA and 2X formamide loading
buffer and placed on dry ice. All reactions took place at 23oC. All reactions were conducted in 100
μL volumes unless otherwise noted.
When carrying out experiments, reaction mixtures contained all reagents, excluding the
MgCl2 initiator. The reaction mixture was reannealed for 2 min at 90oC and allowed to cool for 10
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min. The mixtures were then spun down for 30 sec and equilibrated for 3 minutes at 23oC, along
with the MgCl2 initiation mixture. A pre-initiation time point was taken during this time. After
this step, reactions were initiated by adding the RNA containing mixture into the 10X MgCl2
solution and mixed. Time points were taken at appropriate times throughout the experiment. For
gel analysis, samples were fractionated on 8.3M urea denaturing 18% polyacrylamide gels. Gels
were dried and bands visualized with a Typhoon Phosphorimager (Molecular Dynamics).
Visualized bands were quantified using ImageQuant software. After the data was background
subtracted, the fraction cleaved was calculated according to the following equation

𝑓cleaved =

P
P+R

where fcleaved represents the fraction of RNA hexamer cleaved, P is the intensity of the product
band, and R is the intensity of the reactant band. Data was then graphed using KaleidaGraph
(Synergy Software) and fit to a single exponential equation

𝑓cleaved = A + B𝑒 −𝑘obs 𝑡

where fcleaved represents the fraction of RNA hexamer cleaved after time t, A is the final
fraction of RNA cleaved, -B is the amplitude of the phase, kobs is the observed rate constant, and
A+B is the fraction cleaved at time zero.
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4.3.5 Hexamer Boiling and SDS Protein Denaturation Assay
Reaction mixtures were made and conducted following the basic schema outlined in
Chapter 2, Section 2.3.3. Variations on the basic RNA hexamer reaction scheme for these SDS
and boiling protein denaturation assays are as follows. If the reactions were to include SDS, SDS
was added to a final concentration of 0.01% or 0.1% as noted.
When carrying out experiments, reaction mixtures were made and prepared as described in
Chapter 2, Section 2.3.3. Variations on the basic RNA hexamer reaction scheme for these SDS
and boiling protein denaturation assays are as follows. If the reactions were to include SDS, SDS
was introduced to the general reaction mixture with other reaction components before initiation.
SDS containing reactions which were boiled were incubated for 10 min in a heat block at 100oC
to denature any possible protein contaminants. The mixtures were then allowed cool for 10 min to
allow the RNA to renature.
Gel analysis for these trials was carried out as described in Chapter 2, Section 2.3.3.

4.3.6 RNA Competition Assays
Reaction mixtures were made and conducted following the basic schema outlined in
Chapter 2, Section 2.3.3. Variations on the basic RNA hexamer reaction scheme for these RNA
competition assays are as follows. Non-radiolabeled (cold) RNA hexamer of concentrations equal
to 1X, 10X, or 100X the labeled RNA concentration (0.1 nM, 1 nM, and 10 nM) were utilized as
noted.
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When carrying out experiments, reaction mixtures were made and prepared as described in
Chapter 2, Section 2.3.3. Variations on the basic RNA hexamer reaction scheme for these RNA
competition assays are as follows. If the reactions were to include non-radiolabeled RNA hexamer,
non-radiolabeled RNA hexamer was introduced to the general reaction mixture with the other
reaction components before initiation.
Gel analysis for these trials was carried out as described in Chapter 2, Section 2.3.3.

4.4 Results and Discussion

4.4.1 0.1% SDS Does Not Impact Twister’s Catalytic Mechanism
To ensure that SDS had no observable effect on RNA self-cleavage activity, the catalytic
activity of the twister ribozyme was determined in the presence of various SDS concentrations
from 0 to 1% (Figure 4.1). The twister reactions were conducted in 1 mM MgCl2 and pH 7.0
which were observed to have a kobs of 0.033 s-1 as determined by Kyle Messina. As can be seen in
Figure 4.1, my results showed a similar kobs of 0.052 s-1 for 0% SDS. Given the similarity between
the kobs values, the twister ribozyme was performing in my hands as expected, and thus any changes
in kobs could be attributed to the addition of SDS. At 0.01% and 0.1% SDS, conditions at which
the RNA hexamers would later be tested, I observed kobs values of 0.043 s-1 and 0.40 s-1,
respectively. These kobs values showed fold changes compared to the 0% SDS control of 0.84 and
0.78, respectively, meaning that in these conditions, twister’s cleavage rate in SDS was slightly
inhibited but still active. However, at concentrations of 0.3% and 1% SDS, twister’s cleavage rate
was impacted at a greater degree. At 0.3% SDS, the cleavage rate was down roughly a third from

44

standard conditions and even more so at 1.0% SDS with a 10-fold decrease in the cleavage rate
from standard conditions.

Figure 4.1 PAGE of twister ribozyme reactions with various concentrations of SDS.
At 0.1% SDS and below, there is no significant impact on twister cleavage rate. Rates are shown
in the units of s-1.

As no significant change in twister cleavage activity was observed for SDS concentrations
of 0.1% and below, we surmised that the if the hexamers did have self-cleavage activity, then the
0.1% SDS and boil protocol would not inhibit self-cleavage.

4.4.2 SDS and Boiling Treatment Suggests that the Observed Self-Cleavage is a Result of
Protein Contamination
The inability to replicate the published data18 on the RNA hexamers in the standard
(Chapter 2) and varied (Chapter 3) conditions combined with the recent study on Tudor-SN21,
led to the hypothesis that the RNA cleavage observed was due to protein contamination in the
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reaction mixtures. In order to address this, I conducted a series of experiments in which Hexamer
1 and Hexamer 4 were tested under conditions that would inactivate protein contaminants but leave
the RNA unperturbed. Protein inactivation was performed by boiling the RNA and reagents in the
presence of 0.1% SDS as this would denature any proteins present in the sample. Furthermore, as
I observed in Chapter 4, Section 4.4.1 that utilizing concentrations of 0.1% SDS and below did
not hinder twister’s rate significantly. Thus, I concluded that SDS has a minimal effect on RNA
chemistry and any change in cleavage of the RNA hexamers would be due to inactivation of a
protein contaminant.
First, the reactions were run with the standard 0.1% PVP and 1 mM spermidine reactions
with the hexamers without SDS or boiling. I again saw large amounts of cleavage about the UA
and CA motifs, with Hexamer 1 reaching 69% cleaved and Hexamer 4 showing apparent specific
cleavage totaling to 12% cleaved over 24 h (Figure 4.2). Our second variation involved the
addition of 0.01% SDS and no boiling to the hexamer reactions. This was because I hypothesized
that by adding a slight amount of SDS, I would be able to ascertain if just SDS was enough to
inhibit protein activity. From this variation, it was seen that the addition of SDS caused decreased
cleavage over 24 h for both Hexamers 1 and 4 (Figure 4.3), suggesting that protein was being
inhibited. In this condition, cleavage was still visible but was lower in intensity. Finally, with the
addition of 0.1% SDS and boiling for 10 minutes, I saw no specific cleavage (Figure 4.4). This
indicates that there was likely a contaminant in the samples and, after inhibiting the contaminant
with SDS and boiling, all specific cleavage activity was lost and any cleavage observed is entirely
non-specific.
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Figure 4.2 Representative PAGE of hexamers 1 (A) and 4 (B) in the presence of 1 mM
spermidine, 0.1% by weight PVP conditions at 37oC over 24 h in Denville tubes. A hydrolysis
ladder was also produced and run, left side of each gel, to confirm the observed cleavage products.
A) Hexamer 1 shows 69% cleavage over 24 h. B) Hexamer 4 shows 12% cleavage over 24 h.

Figure 4.3 Representative PAGE of hexamers 1 (A) and 4 (B) in the presence of 1 mM
spermidine and 0.1% by weight PVP, 0.01% SDS conditions at 37oC over 24 h in VWR tubes.
A hydrolysis ladder was also performed and is located to the left of the hexamer experiments. A)
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Hexamer 1 shows minimal to no cleavage over 24 h. B) Hexamer 4 shows minimal to no cleavage
over 24 h.

Figure 4.4 Representative PAGE of hexamers 1 (A) and 4 (B) in the presence of 1 mM
spermidine, 0.1% by weight PVP, 0.1% SDS, and boiling conditions at 37oC over 24 h. A
hydrolysis ladder was also produced and run, left side of each gel, to confirm the observed cleavage
products. A) Hexamer 1 shows no cleavage over 24 h in Denville tubes. B) Hexamer 4 shows no
cleavage over 24 h.

Knowing that boiling reaction mixtures with the addition of SDS is sufficient to inhibit any
nuclease contaminant, any change in fraction cleaved of the RNA hexamers would be due to the
lack of protein contaminant activity. Given that there was a significant decrease in specific
cleavage observed, it is likely that these hexamers were not cleaving themselves and that all
observed specific cleavage in prior experiments in Chapter 2 and Chapter 3 was due to the
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presence of a protein contaminant. Furthermore, the absence of cleavage in protein-inhibited
conditions supports that the observed cleavage activity was not due to the intrinsic reactivity of
UA and CA linkages as was originally thought.

4.4.3 RNA Competition Assays Lead to Unclear Results
We reasoned that if a protein contaminant was the cause of cleavage, the addition of nonradiolabeled RNA (cold RNA) in increasing amounts would decrease the observed final fraction
cleaved of the labeled RNA. This is because, if there was a protein contaminant present, the cold
RNA would out-compete the radiolabeled RNA for cleavage by the protein. As the cold RNA is
not radiolabeled, cold RNA cleavage would not be visible during gel analysis on the gel during
analysis and thus should see a decrease in labeled RNA cleavage. If cleavage was intrinsic to the
hexamers, no change in cleavage should be observed. For Hexamer 1, fraction cleaved values at
24 h were fairly constant at 21%, 20%, and 19% for concentrations of 1X, 10X, and 100X cold
RNA, respectively (Figure 4.5). For Hexamer 4, observed fraction cleaved values at 24 h were
constant at 19% and 20% for concentrations of 1X and 10X, respectively (Figure 4.6). However,
at concentrations of 100x, cleavage reached 54% over 24 h. Later time points appeared to plateau
again, with some time points being equally as intense or as cleaved as at 24 h.
These results are unexpected and unclear. Other experiments point to there being a protein
contaminant, whereas for Hexamer 1, it seems as if there is no protein contaminant given no
reduction in cleavage at increasing concentrations of cold RNA. Furthermore, for Hexamer 4, it is
uncertain why cleavage would increase with higher concentrations of cold RNA. These
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preliminary results seem to suggest that the protein contaminate may have a greater preference for
Hexamer 4 and why there is increased cleavage compared to Hexamer 1. These experiments were
only conducted for one trial and more trials may be necessary to establish any patterns.

Figure 4.5 PAGE of stability of Hexamer 1 the presence of varying concentrations of
titrated in cold RNA at 37oC over 24 h. Left: Hexamer 1 in 1X concentration cold RNA. Middle:
Hexamer 1 in 10X concentration cold RNA. Right: Hexamer 1 in 100X concentration cold RNA.
The fraction cleaved of the final time point at 24 h is shown in the “Cleaved” row. A hydrolysis
ladder was also produced and run, left side of each gel, to confirm the observed cleavage products.
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Figure 4.6 PAGE of stability of Hexamer 4 the presence of varying concentrations of
titrated in cold RNA at 37oC over 24 h. Left: Hexamer 4 in 1X concentration cold RNA. Middle:
Hexamer 4 in 10X concentration cold RNA. Right: Hexamer 4 in 100X concentration cold RNA.
The fraction cleaved of the final time point at 24 h is shown in the “Cleaved” row. A hydrolysis
ladder was also produced and run, left side of each gel, to confirm the observed cleavage products.
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Chapter 5
Effect of Varying pH on RNA Hexamer and Twister Ribozyme Substrate Cleavage

5.1 Abstract
Recently published work from the Bevilacqua lab conducted by Kyle Messina discusses
the influence of buffers on the catalytic activity of the twister ribozyme10. In this study, they
propose a catalytic mechanism at low pH involving a direct proton transfer from A1(N3H+) to the
5O-leaving group10. This, coupled with previous experiments examining the influence of low pH
on RNA cleavage in both the gas phase23 and in solution24, suggest that hexamer self-cleavage
may be more efficient at low pH instead of at biological pHs as we originally investigated. At low
pH, the A1(N3) is more likely to exist in a protonated state as N3H+ and thus can serve as a more
effective proton donor, promoting hexamer cleavage. Furthermore, the usage of 8Br-A1 analogs
could be used in low pH conditions to further mimic the active site of the twister ribozyme. The
bromine substitution forces the A1 into a syn conformation which positions the N3 of A1 to act as
a proton donor as it mimics the observed orientation of A1 in the twister ribozyme active site. As
these hexamers were chosen to be models of the twister ribozyme, these experiments could give
additional insight into the low pH catalytic mechanism of the twister ribozyme. Similar low pH
experiments were performed with the wild-type and modified forms of the twister env9 ribozyme
including a hyperactive 8Br-A1 analog and an inactive 3-deaza-A1 analog. Preliminary data from
these experiments show that low pH may promote RNA cleavage at both the UA and CA motifs
with additional sites.
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5.2 Introduction
Our lab has proposed that at low pH, the twister ribozyme conducts general acid catalysis
via a direct proton transfer from A1(N3H+) to the 5O-leaving group10. Furthermore, previous
experiments examining the influence of low pH on RNA cleavage in both the gas phase23 and in
solution24 have demonstrated that low pH may accelerate RNA cleavage. These observations have
led to the examination of these RNA hexamers and variations of the env9 twister substrate strand
at low pH. At a low pH, the A1(N3) is more likely to exist in a protonated state as N3H+ and thus
to serve as a proton donor, promoting hexamer cleavage.
Given that these hexamers are to serve as models for the twister ribozyme and that this low
pH catalytic pathway has been proposed to be active in the twister ribozyme10, experiments will
be conducted on the env9 twister. Specifically, as seen in Figure 1.3, the twister construct used is
the substrate strand of the bi-molecular env9 twister. The substrate strand of the bi-molecular env9
twister construct is 25 nucleotides in length and cleaves about a UA motif. Within this substrate
strand, the sequence does include an additional UA linkage and CA linkage. Twister does not
cleave about these particular linkages normally, yet, in these low pH experiments, cleavage about
these motifs may be possible.
Additional 8Br-A1 analogs of both the RNA hexamers and twister substrate strand were
used as the bromine substitution, forcing the A1 into the syn conformation. This conformation not
only positions N3 of the A1 to act as a proton donor, but is also how the active site of the twister
ribozyme is arranged. Thus, these 8Br analogs may show a higher fraction cleaved and faster
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cleavage rates. Additionally, the 3-deaza-A1 analog was used as it is known that this modification
inhibits all reactivity of the twister ribozyme11. As it is thought that the low pH pathway may be
dependent on this N3, this analog would be expected to show less cleavage compared to the wild
type and 8Br versions.

5.3 Materials and Methods

5.3.1 RNA Sequence Design

5.3.1.1 RNA Hexamer Design
RNA hexamer sequences, named “Hexamer 1” and “Hexamer 4” were chosen from
Ryszard Kierzek’s second 1992 paper18 with the criteria of having either a CA or UA cleavage site.
The following list highlights RNA Hexamers used in the described experiments in addition to the
nomenclature used for the remainder of this paper. Expected cleavage sites are shown in red font.
Hexamer 1
UCA UGA
Hexamer 4
UCG UAA

The above hexamers had a bromine substituted onto the 8th position on the A1 in the
sequence. These were Hexamer 1 and Hexamer 4 as they had been the hexamers that were most
readily and demonstrate a suspected CA and UA cleavage motif, respectively. These hexamer
variations are denoted as Hexamer 1 8Br-A1 and Hexamer 4 8Br-A1. Their sequences, as well as
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their sites of expected cleavage (shown in red font) and modifications of the bases (shown in
subscript preceding the base), are listed below.
Hexamer 1 8Br-A1
UCBrA UGA
Hexamer 4 8Br-A1
UCG UBrAA

5.3.1.2 Twister RNA Sequence Design
The twister RNA sequence used was that of twister env9 utilizing only the substrate strand
as described by Roth et al. (2014)8 and that was utilized in Kyle Messina’s twister experiments in
the Bevilacqua lab10, mentioned in Chapter 4. Variations of the twister env9 substrate strand were
also used. The twister env9 8Br-A1 analog substrate strand had a bromine substituted onto the 8th
position on the A1 in the sequence whereas the twister env9 3-deaza-A1 analog substrate strand
had the 3rd amine on the A1 in the sequence removed and replaced with a hydrogen.

5.3.2 RNA Preparation and Purification
Non-modified RNA hexamers were ordered from IDT. The hexamers were 5-radiolabeled
with [γ-32P]ATP via T4 polynucleotide kinase (New England Biolabs) by Kyle Messina. Samples
were purified via an 18% or 20% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration determined by scintillation counter.
[This protocol is adapted from a published protocol performed and written by Kyle Messina10.]
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Hexamer 8Br-A1 analogs, as well as the twister env9 8Br-A1 substrate strand and the
twister env9 3-deaza-A1 substrate strand, were synthesized by our collaborator, Ryszard Kierzek,
from the Institute of Bioorganic Chemistry at the Polish Academy of Sciences. Prior to
radiolabeling, these were HPLC purified by Kyle Messina. The RNA hexamer and twister RNA
were radiolabeled and purified utilizing the same method as the other RNA hexamers mentioned
above.
[The following preparation was adapted from a protocol by and performed by Kyle Messina10.]
The twister env9 substrate strand RNA was ordered through IDT and radiolabeled with [γ32

P] ATP on the 5 end with 32-P by T4 polynucleotide kinase (New England Biolabs) by Kyle

Messina.
Twister env9 Substrate: 5-CGC GGC AUA AUG CAG CUU UAU UGC C -3
Samples were purified via a 10% 8.3 M urea denaturing polyacrylamide gel, excised, and eluted
overnight at 4oC into 10 mM Tris, pH 7.5, and 250 mM NaCl (TN250). The RNA was ethanol
precipitated, resuspended in sterile water, and concentration was determined by scintillation
counter.

5.3.3 RNA Reaction Conditions
Reaction mixtures were made according to the following schema with the following final
concentrations in the reaction mixture as denoted by Linjalahti and Mikkola paper24: 10 mM NaCl,
0.5 mM EDTA, and 0.1 nM labeled RNA hexamer. For reactions that included the presence of
magnesium, a final concentration of 10.5 mM MgCl2 was used. For reactions that involved SDS,
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a final concentration of 0.1% SDS was used and included with reaction components prior to
initiation.
As per Linjalahti and Mikkola paper and Dr. Bevilacqua’s recommendations, the following
buffers were used: 10 mM hydrochloric acid at pH 2, 2 mM MES at pH 5.5 and 6.5, 25 mM MOPS
at pH 7.5, and 10 mM sodium hydroxide at pH 12. Individual buffers were produced, and pH
measured at an appropriate temperature, either 37oC or 45oC. Reactions were conducted at a final
volume of 50 μL for all reactions, excluding the first trial with Hexamer 1 which took place at a
final volume of 100 μL.
When carrying out experiments, reaction mixtures were made fully, excluding the RNA.
The RNA was then incubated separately for 2 min in a heat block at 90oC to denature any structures
and then allowed to cool for 10 min to allow the RNA to renature. The RNA was then spun down
and added to room temperature PCR tubes with a pre-initiation time point taken after. Immediately
after this, reactions were placed in a heat block at 37oC or 45oC, which was designated as the
initiation time of the reactions. Reactions which containing SDS and were incubated for 10 min
in a heat block at 100oC to denature any possible protein contaminants. The mixtures were then
allowed cool for 10 min to allow the RNA to renature. Time points were then taken at appropriate
times throughout the experiment over the course of 7 days. Reactions were quenched with 2X
loading buffer with 95% formamide and subsequently stored in a -20oC freezer until gel analysis.
For the first trial, mock reactions without RNA were made to mimic those using strong
acid or strong base to determine the stability of the pH throughout the time course. For subsequent
trials, the pH of each reaction was measured at halfway through the time course and upon reaction
completion to ensure to Significant change in pH. These reactions were completed using the
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following RNA constructs: Hexamer 1, Hexamer 4, Hexamer 1 8Br-A1, Hexamer 4 8Br-A1,
twister env9 WT strand, twister env9 8Br-A1, and twister env9 3-deaza-A1.
For gel analysis, samples were fractionated on either 7.0 M urea denaturing 20%
polyacrylamide gels or 8.3 M Urea 15% polyacrylamide gels. Gels were dried and bands visualized
with a Typhoon Phosphorimager (Molecular Dynamics). Visualized bands were quantified using
ImageQuant software. After the data was background subtracted, the fraction cleaved was
calculated according to the following equation
𝑓cleaved =

P
P+R

where fcleaved represents the fraction of RNA hexamer cleaved, P is the intensity of the product
band, and R is the intensity of the reactant band.

5.4 Results and Discussion

5.4.1 Low pH May Promote Cleavage of RNA Hexamers
In order to investigate a proposed catalytic mechanism by which the twister ribozyme uses
the N3 of A1 as the general acid (in the presumed N3H+ ground state), pH-rate profile experiments
of Hexamer 1 (UCA UGA) were conducted. These experiments were designed around previous
experiments examining the influence of low pH on RNA cleavage23,24 and modified based on
recommendations from Dr. Philip Bevilacqua and Kyle Messina.
Reactions utilizing Hexamer 1 were initially conducted at pH values of 2, 5.5, 6.5, 7.5, and
12 at 37oC or 45oC and in the presence or absence MgCl2 over the course of 7 days (Figure 5.1).
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Additionally, the reactions’ pH values were tested via pH paper at the beginning, middle, and end
of the experiments, showing no significant change in pH over the course of the reactions. In the
presence of Mg2+, no cleavage was observed at pH 5.5 or 6.5, and moderate cleavage was observed
at pH 7.5. Cleavage was observed for Hexamer 1 at pH 2 and 12 in both temperatures and Mg2+
concentrations with a wide range of observed final fraction cleaved values.
Upon gel analysis, reactions at pH 12 often showed cleavage patterns consistent with nonspecific base catalyzed RNA degradation rather than site-specific cleavage. Based on Hexamer 1’s
sequence (UCA UGA), Hexamer 1 was expected to cleave and yield one 5 labeled product that is
2 nucleotides in length. However, this was not observed at pH 2. Instead, points of cleavage often
include either several bands and smears, with bands often occurring at product lengths longer than
2 nucleotides. This shwed that the cleavage observed may be non-specific and that low pH may
promote general RNA cleavage and not specifically at UA and CA motifs.
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Figure 5.1 Representative PAGE of Hexamer 1 at various pHs at 37oC in the presence
(A-E) and absence (F-J) of magnesium over the course of approximately 7 days. Gels for
reactions at 45oC are not shown as these reactions exhibited similar gel and cleavage patterns as
those seen above. Additionally, a hydrolysis ladder was also produced and run, left side of gel, to
confirm the observed cleavage products.

Due to a lack of cleavage at pH 5.5 and 6.5 for Hexamer 1, additional reactions were
conducted at pH values of 2, 7.5, and 12 without MgCl2 over 7 days. Additionally, like in Chapter
4, reactions with Hexamer 1 at low pH were conducted in the presence of SDS and boiling as a
control for protein contamination. While low pH typically denatures proteins, SDS and boiling
were used to ascertain that the observed cleavage was not due to protein contamination. (Figure
5.2, Panel A). As seen in Figure 5.2, Panel A, there were still visible bands of varying lengths,
showing that cleavage was not a result of protein contamination at low pH but may be non-specific.
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When comparing the Hexamer 1 trials with SDS to those without, the bands are much more distinct
in those trials with SDS present. Additionally, it is also apparent that at pH 12 base catalyzed
degradation was still observed.
Hexamer 4 was also tested to determine if the previous observations were hexamer specific.
(Figure 5.2, Panel C). Compared to Hexamer 1 (Figure 5.1, Panels A, D, and E), Hexamer 4
shows similar cleavage patterns. Cleavage at pH 2 was seen at varying lengths of RNA. At pH 7.5,
there also was specific cleavage with Hexamer 4, yet there was not any observed with Hexamer 1
at the same pH. Finally, at pH 12, for both Hexamer 1 and 4, the cleavage appears to be base
catalyzed and entirely non-specific.
To investigate the role of A1 in this proposed low pH reaction pathway, Hexamer 1 8Br
(Figure 5.2, Panel B) and Hexamer 4 8Br (Figure 5.2, Panel D) were tested in these conditions.
We had hypothesized that these 8Br analogs would show higher cleavage compared to the nonmodified constructs due to the aid in positioning of the base. Upon gel analysis, reactions for
Hexamer 1 8Br and Hexamer 4 8Br tested at pH 12 often showed patterns consistent with RNA
degradation rather than site-specific cleavage (Figure 5.2). No significant change in cleavage was
observed when comparing the temperatures of reaction. Like Hexamer 1 (Figure 5.1), cleavage at
pH 2 was seen at varying lengths of RNA. This showed that the cleavage observed may be nonspecific and that low pH may not only promote cleavage about UA and CA motifs but RNA
cleavage in general.
At pH 7.5, there appeared to be one band of cleavage product. This appeared to be
potentially confirming an increase in specific cleavage, yet, when compared to the results from
Hexamer 1 in these conditions with the addition of SDS and boiling (Figure 5.2, Panel A), there
was a drastic difference. It is possible that the cleavage observed was due to protein contamination
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and may not be present upon addition of SDS and boiling to the reactions of Hexamers 4, 1 8Br,
and 4 8 Br.

Figure 5.2 Representative PAGE of (A) Hexamer 1, (B) Hexamer 1 8Br, (C) Hexamer
4, and (D) Hexamer 4 8Br at various pHs and in the absence of Mg +2 over the course of
approximately 7 days. A) Hexamer 1 reactions conducted at 45oC in the presence of 0.1% SDS
and boiling. Cleavage is still observed at low pH even in the absence of protein activity. Similar
results at 37oC were observed. B) Hexamer 1 8Br conducted at 37oC. Similar results at 45oC were
observed. C) Hexamer 4 conducted at 45oC. Similar results at 37oC were observed. D) Hexamer 4
8Br conducted at 37oC. Similar results at 45oC were observed. Additionally, a hydrolysis ladder
was also produced and run, left side of gel, to confirm the observed cleavage products.
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5.4.2 Low pH May Promote Cleavage of Twister Substrate Strands
As initial experiments with the RNA hexamers showed that acidic conditions may promote
general RNA cleavage, we proceeded to determine if the twister ribozyme substrate strand, without
the enzyme strand, also underwent specific or non-specific cleavage. Three different substrate
strands based on the env9 twister ribozyme were utilized including the wild type, an 8Br-A1
substrate analog, and a 3-deaza-A1 substrate analog. The 8Br analog follows the same rationale
previously outlined for the hexamers and should exhibit hyperactive self-cleavage. Conversely,
the 3-deaza-A1 analog is known to inhibit twister ribozyme catalytic activity11. As it is
hypothesized that the low pH pathway is dependent on this N3, the 3-deaza-A1 analog is a control
and should show less specific cleavage compared to the wild type and 8Br versions. These
experiments were designed around previous experiments examining the influence of low pH on
RNA cleavage23,24 and modified slightly based on the recommendations of Kyle Messina and Dr.
Philip Bevilacqua.
Reactions took place at pH values of 2, 7.5, and 12, temperatures of 37oC and 45oC, and in
the presence of absence of Mg2+ over the course of 7 days (Figure 5.3, Figure 5.4). Upon gel
analysis, all reactions at pH 12, often showed cleavage consistent with base catalyzed RNA
degradation rather than site-specific cleavage. Just as with Hexamer 1 and 4, high pH conditions
for all constructs appeared to be base catalyzed general RNA cleavage as all RNA disappears by
the latest time points.
At pH 7.5, all three variants of twister in all conditions showed highly similar cleavage
patterns in which longer cleavage products were preferred, and short cleavage products were
observed (Figure 5.3, Figure 5.4). Using only visual analysis, all conditions at pH 7.5 have darker
bands of a longer RNA at approximately the same length, indicated by the red arrow. This may
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suggest specific cleavage but as these conditions at pH 7.5, it is likely this is due to protein enzyme
contamination. Additionally, little to no cleavage was seen with the Hexamer 1 at this condition,
showing a discrepancy between what was observed and what was expected based on the RNA
hexamer model experiments. However, these experiments were only performed once on the twister
substrate strands and would need a repeat.
At pH 2, it appears that non-specific cleavage occured in most conditions, albeit at a slower
rate compared to the pH 12 conditions. A couple of the constructs and conditions did seem to show
specific self-cleavage but it is not as significant as one would expect compared to the background
cleavage. The wild type env9 twister substrate strand did show some specific cleavage but overall
did not appear as site-specific as we would expect (Figure 5.3, Panel A). This cleavage is located
at a longer cleavage product than the active site of twister. However, the substrate strand contains
an additional UA linkage and CA linkage aside from its known active site. It is likely the specific
cleavage was occurring at one of these locations. Additionally, these observations are true of the
3-deaza-A1 analog, which would be expected to show much less cleavage. Instead, cleavage
patterns still highly resembled that of a hydrolysis ladder (Figure 5.4). Specific cleavage at a
longer length of RNA was observed like the other env9 twister substrate strands. In Figure 5.4,
Panel C there was also specific cleavage at pH 2, very similar to that observed pH 7.5 at a similar
length.
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Figure 5.3 Representative PAGE of (A) env 9 twister and (B) env 9 twister 8Br at various
pHs over the course of approximately 7 days. A) env 9 twister reactions conducted at 37oC in
the presence of magnesium. Similar results at 45oC were observed as well as with and without
magnesium. B) env 9 twister 8Br reactions conducted at 37oC in the presence of magnesium.
Similar results at 45oC were observed as well as with and without magnesium. The red arrows
indicate bands of consistent cleavage between conditions and env 9 twister constructs.
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Figure 5.4 PAGE of the env 9 twister 3-deaza-A1 analog at various pHs over the course of
approximately 7 days. A) env 9 twister 3-deaza-A1 reactions conducted at 37oC in the presence
of magnesium. B) env 9 twister 3-deaza-A1 reactions conducted at 45oC in the presence of
magnesium. C) env 9 twister 3-deaza-A1 reactions conducted at 37oC in the absence of
magnesium. D) env 9 twister 3-deaza-A1 reactions conducted at 45oC in the absence of
magnesium. The red arrows indicate bands of consistent cleavage between conditions and env 9
twister constructs.
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Finally, it is interesting to see as previously described that cleavage patterns visualized via
PAGE are highly similar between all conditions and variations of twister tested. While we
hypothesized that the 8Br analog would show hyperactive specific cleavage at the spot of
modification and that the 3-deaza-A1 analog would inhibit cleavage, this was not observed.
Instead, we generally observed non-specific cleavage regardless of the construct or conditions
utilized. Some results, including reactions utilizing the 3-deaza-A1 analog, show that some
portions of the twister substrate strand may exhibit specific self-cleavage but these portions often
did not correlate with the modifications. Overall, we observed that the low pH likely promotes
general RNA cleavage and not specifically at UA and CA motifs. However, these experiments
were only conducted one time and additional repeats are necessary. Furthermore, as mentioned
above, these experiments did not take place in the presence of SDS and boiling and thus it is
possible that any observed specific cleavage may be due to protein contamination.
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Chapter 6
Synopsis
The experiments in this thesis sought out to determine the viability of RNA hexamers as
models of the twister ribozyme active site to investigate the catalytic mechanism of this ribozyme.
Through kinetic analysis and several experimental conditions and set-ups, a variety of conclusions
and insight were determined with respect to the twister ribozyme and the viability of these RNA
hexamer models.
First, we conclude that proper controls are an absolute necessity when conducting
experiments. In Chapter 2, we observed that our selected RNA hexamers had cleavage patterns
inconsistent than presented an original study18. Additionally, the observations in Chapter 3 that,
unlike the original study, spermidine and PVP were not necessary for the self-cleavage reaction
leading us to hypothesize that the observed inconsistent cleavage in both the original18,19 and my
study was a result of protein contamination. To examine this, we tested these hexamers under
protein denaturing conditions in Chapter 4, discovering that specific cleavage disappeared upon
addition of SDS and boiling.
We also determined that the usage of small hexamer models, which lack tertiary structure,
to investigate the role of N3 of A1 in the twister ribozyme was oversimplified.

In ribozymes, it

is observed that secondary or complex tertiary structure is often necessary to properly position
residues for proper cleavage. As illustrated in Chapter 3 and 5, simply using hexamer oligos with
8Br modifications to force the syn conformation is not enough to promote general acid catalysis
and tertiary contacts likely still play an important role11. This is also exemplified by how low pH
conditions which should promote general acid catalysis, were not enough to facilitate specific selfcleavage above the background.
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From these findings, future experiments in similar conditions as those that have been
conducted will be performed utilizing new constructs. These constructs would have limited
secondary and tertiary structure to see if these changes would improve catalysis. Additionally, we
hypothesize that these new constructs would show a decrease in non-specific cleavage and allow
for easier analysis. These constructs would then be used as models for twister and, although they
would not be as simple as the hexamers used in these experiments, they would still provide a
simpler system for studying twister.
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